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ABSTRACT 

Adaptation of the Electroslag Welding Process 
to Joining of Railroad Rail 

Robert Byron Turpin, M.S. 
Oregon Graduate Center, 1983 

Supervising Professors: 
William E. Wood and Jack H. Devletian 

For more than fifty years, the use of continuous welded rail has 

been increasing in American rail track systems. Field welding for re- 

pair and maintenance purposes has largely been limited to use of the 

thermit process. During this same time period, the train car tonnage 

and speeds have come to exceed the mechanical property limits of the 

thermit process, which had a relatively high failure rate even during 

the early years. This investigation entailed adaptation of the consum- 

able guide electroslag welding (E.S.W.-C.G.) process as an alternative 

for field welding of 136 pound per yard carbon steel rail, The electro- 

slag process was selected forthis application because of the sound weld 

deposits normally produced with the high deposition single-pass welds 

and its potential for portability through use of an engine-driven genera- 

tor power source. 

The weld sensitive rail chemistry and complex geometry posed a very 

unusual application for E.S.W., which is normally applied to structural 

steel plates of uniform thickness. The high E.S.W. heat input and slow 

cooling rate, however, proved to be advantageous for producing acceptable 

properties in the weld heat affected zone, and electroslag welded rail 



sections are presently being observed in track to determine their actual 

degree of acceptability. 

The success of the E.S.W. application for rail welding (E.S.R.W.) 

was largely a result of the development of (I) a multi-section copper 

mold assembly, (2) a unique weld starting method, (3) a plate guide tube 

that accommodates two electrode wires and regionally affects slag bath 

heating, and (4) a welding procedure that provides a uniform depth of 

fusion over the length of the weld joint. 



DEFINITION OF THE PROBLEM 

Of t h e  welding methods app l i ed  t o  j o in ing  r a i l r o a d  r a i l ,  on ly  t h e  

thermi t  process  has  been p r a c t i c a l  f o r  f i e l d  maintenance and r e p a i r  

s i t u a t i o n s .  However, g r e a t e r  ra i l  s t r e n g t h  requirements  t o  accommodate 

increased  tonnage and t r a i n  speeds have outda ted  t h e  mechanical proper ty  ' 

and q u a l i t y  l e v e l s  of thermi t  welds.  The o b j e c t i v e  of t h i s  p r o j e c t  was 

t o  adapt t h e  consumable guide e l e c t r o s l a g  process  wi th  i t s  sound s i n g l e  

pass  v e r t i c a l  welds,  as an a l t e r n a t e  f i e l d  r a i l  welding process .  

Major process  and procedural  v a r i a t i o n s  were r equ i r ed  t o  meet pro- 

duc t ion  s t anda rds  and t o  compensate f o r  t h e  complex geometry of t h e  

r a i l .  To meet p r a c t i c a l  product ion s t anda rds ,  t h e  run-in and run-out, 

normally removed a f t e r  completion of t h e  weld, had t o  be modified i n  

o rde r  t h a t  it be r e t a i n e d  o r  more e a s i l y  removed. A mold had t o  be 

developed t h a t  allowed f r e e  v e r t i c a l  movement of t h e  s l a g  and weld pool ,  

s u f f i c i e n t  guide tube  c l ea rance ,  and compensation f o r  ra i l  shape discon- 

t i n u i t i e s .  Procedura l ly ,  t h e  changes i n  rail  width from 6 inches  a t  t h e  

base t o  314 i nch  a t  t h e  web and t o  3 inches  a t  t h e  head requi red  compen- 

s a t i o n  f o r  changes i n  s l a g  depth and depth of fu s ion  wi thout  i nc reas ing  

the  welding ope ra to r  involvement. 



1. INTRODUCTION 

Continuous welded r a i l r o a d  ra i l ,  f i r s t  used over  f i f t y  y e a r s  ago, 

has demonstrated s i g n i f i c a n t  economic and s e r v i c e  improvements over  

otherwise bo l t ed  r a i l  j o i n t s .  Welded r a i l  no t  only e l imina te s  f requent  

maintenance of bo l t ed  j o i n t  components, i t  e l i m i n a t e s  damage t o  ties, 

f a s t ene r s ,  b a l l a s t ,  r o l l i n g  s tock  and f r e i g h t  caused by wheel impact on 

f l e x i b l e  bo l t ed  j o i n t s .  Welded r a i l  ha s  r e s u l t e d  i n  15  t o  50 percent  

increased t r a c k  l i f e  and reduct ion  of t r a c k  maintenance c o s t s  by $198 

t o  $1,200 pe r  m i l e  pe r  y e a r  according t o  1975 s t a t i s t i c s  .' Between 1929 

and 1975, average f r e i g h t  c a r  capac i ty  has  increased  from 45 t o  74 tons ,  

with l oads  reaching  120 tons  under accep tab le  condi t ions .*  Continuous 

welded r a i l  (CWR) is  a n e c e s s i t y  f o r  t h e  f a s t e r  and heav ie r  t r a i n s  and 

most new r a i l  i n s t a l l a t i o n s  a r e  w i t h  CWR. R a i l  networks i n  t h e  United 

S t a t e s  a r e  g radua l ly  and sys t ema t i ca l ly  conver t ing  t o  t h e  welded r a i l  

system. 

A survey r e p o r t  i n  1975 by D. ~ a u s e r , l e n t i t l e d  "Methods f o r  Jo in ing  

of Rai l" ,  po in ted  ou t  t h a t  "present ly  a v a i l a b l e  r a i l  welding and l a y i n g  

f a c i l i t i e s  l i m i t  t h e  conversion of bo l t ed  t r a c k  t o  CWR t o  about 6,000 

miles  per  year." When shape and chemistry are cons idered ,  t h e  primary 

d i f f i c u l t y  i n  welding r a i l r o a d  r a i l  is  obvious, F igure  1 and Appendix 

11. The ra i l  shape p r o h i b i t s  use  of common welding processes  because 

of high l a b o r  c o s t  and s k i l l  l e v e l  requirements .  The thermally s ens i -  

t i v e  r a i l  chemistry f u r t h e r  complicates  r a i l  j o in ing  procedures .  3 



1.1. In-Plant R a i l  Welding 

R a i l  welding processes  can be gene ra l ly  ca tegor ized  as "in-plant" 

o r  " f i e l d  welding processes ."  In-plant  methods produce t h e  h ighes t  

q u a l i t y  welds and dec idedly  t h e  h ighes t  product ion volume. In-plant  

welding is  normally used f o r  j o i n i n g  39 foo t  s e c t i o n s  of new o r  reclaimed 

r a i l  i n t o  114-mile r ibbon r a i l  s e c t i o n s  t h a t  a r e  t r anspor t ed  t o  t h e  r a i l  

s i t e  f o r  i n s t a l l a t i o n .  F l a sh  welding and gas p re s su re  welding a r e  t h e  

most u n i v e r s a l l y  accepted in-p lan t  processes .  

These methods produce a high volume of good q u a l i t y  welds,  bu t  

development of a l t e r n a t i v e  techniques  l i k e  f r i c t i o n  welding a r e  a l s o  of 

i n t e r e s t  t o  t h e  r a i l r o a d  indus t ry  because of a d d i t i o n a l  energy and c o s t  

saving p o t e n t i a l .  

1.1.1. Flash-Butt Welding. Flash-but t  welding is  accomplished i n  

an automatic  two-step procedure whi le  t h e  r a i l  s e c t i o n s  a r e  pos i t i oned  

i n  a f i x t u r e  t h a t  provides  a x i a l  movement of one o r  both r a i l s .  Pre- 

hea t ing  i s  t h e  f i r s t  s t e p ,  and involves  b u t t i n g  and s e p a r a t i n g  t h e  mated 

r a i l  ends repea ted ly .  During each b r i e f  c o n t a c t ,  a cu r r en t  of 20,000 

t o  100,000 amps a t  5 t o  10  v o l t s  i s  passed through t h e  j o i n t .  Each con- 

t a c t  and sepa ra t ion  c r e a t e s  an a r c  f l a s h  t h a t  me l t s  t h e  s u r f a c e  and 

f l a s h e s  away any rough p o i n t s  on t h e  r a i l  ends. The cyc le  is  repea ted  

up t o  20 t imes,  o r  u n t i l  t h e  i n t e r f a c e  temperature reaches 1,750 t o  

2,000°F. 

The second s t e p  involves  a f i n a l  f l a s h  under c o n t r o l l e d  a c c e l e r a t i o n  

and con tac t  t h a t  causes mel t ing  of t h e  ra i l  ends and subsequent expul- 

s i o n  of molten metal  and contaminants i n  an u p s e t t i n g  fash ion .  Continued 



pressure  of up t o  60 tons  is  app l i ed  u n t i l  a  minimum upse t  of 0.5 inches  

and r e f u s a l  is  reached. Welding power i s  then te rmina ted  and t h e  pres -  

sure  is maintained f o r  a  10  second coo l ing  per iod .  Welds t h a t  t y p i c a l l y  

possess  98% of t h e  base  metal  s t r e n g t h  are produced i n  3 t o  5 min- 

u tes .  1 ,4 ,5  

1.1.2.  Gas P res su re  Welding. Gas p re s su re  welding i s  s i m i l a r  t o  

f lash-but t  welding i n  t h a t  hea t  and p re s su re  a r e  combined t o  produce 

jo in ing ,  bu t  i t  i s  a c t u a l l y  a s o l i d  s t a t e  process  involv ing  d i f f u s i o n  

and deformation a t  t h e  j o i n t  i n t e r f a c e  t o  produce coalescence r a t h e r  

than a mel t ing  of t h e  components. I n  t h e  weld procedure,  r a i l  ends a r e  

but ted  toge the r  under p re s su re s  of 3,000 t o  20,000 pounds and m u l t i p l e  

oxyacetylene flames a r e  used t o  h e a t  a  two-inch long  a r e a  a t  t h e  j o i n t .  

A s  t h e  ra i l  temperature reaches 2,000°F, u p s e t t i n g  begins .  A s  2,500°F 

is reached, each ra i l  w i l l  have moved 318 inch  t o  complete u p s e t t i n g  and 

jo in ing .  With t h i s  gas  p re s su re  welding method, f l u i d  meta l  flow is  no t  

present  i n  t h e  upse t  t o  assist e l imina t ion  of contaminants as wi th  f l a s h -  

b u t t  welding, and a s  a  r e s u l t ,  weld i n t e g r i t y  is  more dependent upon 

proper  j o i n t  p repa ra t ion .  T o t a l  weld time ranges from 5 t o  8 minutes ,  

depending upon t h e  r a i l  s i z e ,  and welds a t  93% of  t h e  base meta l  s t r e n g t h  

a r e  t y p i c a l .  1 , 5  

1.1.3. F r i c t i o n  and I n e r t i a  Welding. F r i c t i o n  and i n e r t i a  welding 

of r a i l  a r e  only i n  t h e  r e sea rch  s t a g e ,  bu t  bo th  hold promise f o r  i n -  

creased use  because of t h e  s h o r t  welding t ime,  narrow h e a t  a f f e c t e d  zone, 

I 
and low energy requirement (about one-tenth of  t h a t  f o r  f l a s h  welding) .  



Both processes  are performed by sp inning  a s t e e l  d i s c  between t h e  r a i l  

ends while  a x i a l  p re s su re  of up t o  15 tons  i s  g radua l ly  app l i ed  through 

the r a i l s .  The h e a t  generated i s  con t ro l l ed  by r e g u l a t i n g  t h e  speed of  

the  r o t a t i n g  d i s c  and t h e  a x i a l  f o r c e  on t h e  r a i l s .  A s  t h e  meta l  i n t e r -  

face  i s  heated t o  t h e  d e s i r e d  temperature,  i t  s o f t e n s ,  d i s c  r o t a t i o n  is 

stopped, and a x i a l  forg ing  p re s su re  is appl ied .  

The primary d i f f e r e n c e  between t h e  two processes  i s  t h a t  a braking  

system i s  app l i ed  t o  s t o p  t h e  d i s c  i n  f r i c t i o n  welding, whi le  i n  i n e r t i a  

welding, k i n e t i c  energy of  a r o t a t i n g  f lywheel  is used t o  s p i n  t h e  d i s c  

and r o t a t i o n  s t o p s  a s  t h e  k i n e t i c  energy is  expended. 

1.1.4. Summary of In-Plant Welding Processes .  F lash  and gas pres-  

su re  welding produce welds t h a t  a r e  92% t o  98% as s t r o n g  as t h e  parent  

metal .' A l l  f ou r  prev ious ly  descr ibed  processes  r e s u l t e d  i n  product ion 

r a t e s  t h a t  exceeded 80 welds pe r  day i n  t h e  f i e l d .  These processes  a l l  

r equ i r e  complete unspiking and removal of t he  r a i l  s e c t i o n s  f o r  each 

weld j o i n t  and r e s u l t  i n  s i g n i f i c a n t  d i s r u p t i o n  of r a i l  s e r v i c e .  The 

equipment f o r  r a i l  handl ing,  welding, and rai l  f i n i s h i n g  which involves  

shearing and gr inding  of r e s i d u a l  weld m a t e r i a l  must be  mounted on 

s p e c i a l l y  designed r a i l  c a r s .  An in - t r ack  f l a s h  welding u n i t  used i n  

t he  United S t a t e s  c o s t s  approximately $500,000, according t o  Hauser 's 

1975 survey on r a i l  j o i n i n g  methods.' Although t h e s e  systems are q u i t e  

e f f i c i e n t  f o r  major t r a c k  upgrading o r  new i n s t a l l a t i o n s ,  they  are no t  

p r a c t i c a l  f o r  r o u t i n e  r e p a i r  and maintenance. 



1.2. F i e l d  R a i l  Welding Requirements and Processes  

A v i a b l e  f i e l d  r a i l  welding process  should produce h igh  i n t e g r i t y  

welds w i th  minimum d i s r u p t i o n  of  t r a c k  i n s t a l l a t i o n  and road s e r v i c e .  

To meet t h i s  o b j e c t i v e ,  t h e  process  must be p o r t a b l e ,  inexpensive,  

be a v a i l a b l e  f o r  r o u t i n e  r e p a i r  and maintenance, and r e q u i r e  only 

l imi t ed  ope ra to r  s k i l l .  

P re sen t ly ,  t h e  predominant f i e l d  welding method used i n  t h e  United 

* 
S t a t e s  i s  t h e  thermi t  process .  Most c o u n t r i e s  use  t h e  the rmi t  process  

t o  some e x t e n t ,  bu t  r e f e rences  i n d i c a t e  i nc reas ing  i n t e r e s t  and varying 

degrees of success  w i th  enclosed a r c ,  submerged-slag and e l e c t r o s l a g  

welding. 

1.2.1.  Thermit Welding. There a r e  many v a r i a t i o n s  of t h e  the rmi t  

process ,  bu t  most use  t h e  fol lowing procedure: With r a i l  ends a l igned  

and spaced 112 t o  1-114 inches a p a r t  (depending upon t h e  r a i l  s i z e ) ,  a 

pre-formed sand mold i s  placed around t h e  r a i l  j o i n t .  The r a i l  ends 

a r e  oxy-fuel preheated t o  between 950 and l,OOO°F through t h e  opening 

a t  t h e  top  of t h e  mold. Af t e r  p rehea t ing ,  a s p e c i a l l y  designed c r u c i b l e  

conta in ing  i r o n  oxide ,  g ranula ted  aluminum and a l l o y i n g  elements i s  

placed over  t h e  mold c a v i t y  and t h e  con ten t s  a r e  i g n i t e d .  I n  a few 

seconds, t h e  r e s u l t i n g  exothermic chemical r e a c t i o n  produces a molten 

s t e e l  and s l a g  pool  i n  excess  of  3,500°F. The c r u c i b l e  m e l t  i s  then  

tapped i n t o  t h e  mold c a v i t y  t o  f u s e  wi th  t h e  preheated r a i l  ends. 

* 
Thermit--a group of processes  which uses  hea t  from exothermic r e a c t i o n s  

t o  perform welding and o t h e r  ope ra t ions .  
Thermite--the gene r i c  name given t o  r e a c t i o n s  between meta l  ox ides  and 

reducing agents .  (Welding Handbook, Vol. I ,  7 th  ed.) 



The mold i s  l e f t  i n  p o s i t i o n  f o r  a t  least f i v e  minutes a f t e r  t h e  

weld is c a s t  t o  reduce the  cool ing  r a t e  and improve weld p r o p e r t i e s .  

The mold i s  then  removed and t h e  sprue  and risers trimmed p r i o r  t o  f i n a l  

f i n i s h i n g  by gr inding .  

The thermi t  process  has  a propens i ty  f o r  severe  entrapment of non- 

m e t a l l i c  i n c l u s i o n s  and evolved gasses  i n  t h e  f u s i o n  zone, F igure  2. 6 

Thermit welding was r e s t r i c t e d  t o  emergency a p p l i c a t i o n s  i n  t h e  Russian 

r a i l  network a f t e r  1977, when ex tens ive  weld t e s t i n g  ind ica t ed  only 70% 

of t he  r a i l  s t r e n g t h  was achieved i n  t h e  t y p i c a l  weld. The Japanese 

National Railway has  l i m i t e d  thermi t  welding t o  a " f i r s t - a i d "  t rea tment  

of damaged r a i l ,  bu t  because of process  speed and mob i l i t y ,  va r ious  in-  

v e s t i g a t i o n s  have been undertaken t o  improve weld q u a l i t y .  3 

1.2.2. Shielded Metal Arc Welding. Shielded metal  a r c  has  very  

l imi ted  use f o r  r a i l  j o in ing  i n  t h e  United S t a t e s ,  bu t  a v a r i a t i o n  c a l l e d  

"enclosed a r c  welding" i s  widely used i n  Europe and Japan. The process  

normally r e q u i r e s  use  of 3/16 inch  o r  l a r g e r  E-8018 and E-8036 e l e c t r o d e s  

t o  f i l l  t h e  314 inch  space between r a i l  ends. The r a i l  ends a r e  pre-  

heated t o  500°C and a removable copper o r  permanent s t e e l  p l a t e  i s  placed 

beneath t h e  r a i l  base  t o  support  t h e  f i r s t  weld passes .  The f i r s t  weld 

passes  a r e  made wi th  E-8018 e l e c t r o d e s  and a r e  s t a r t e d  on t a b s  a t  each 

edge of t h e  r a i l  base t o  prevent  a r c  impingement on t h e  copper backing 

p l a t e .  Slag removal a f t e r  each pass  w i t h  t h e  E-8018 e l e c t r o d e  i s  re- 

qui red  t o  avoid entrapment i n  success ive  welds.  When the  weld has  pro- 

gressed t o  t h e  r a i l  web, t h e  s t a r t i n g  t a b s  a r e  removed and t h e  f i r s t  o f  



four  l e v e l s  of  weld enc losu re  b locks  a r e  placed over  t h e  r a i l  j o i n t ,  

Figure 3. 

The remainder of t h e  weld is  made wi th  E-8036 e l e c t r o d e s  without  

s l ag  removal between passes .  The E-8036 s l a g  has  a very  low mel t ing  

point  and low v i s c o s i t y ,  which al lows excess  s l a g  removal between each 

enclosure b lock  and t h e  r a i l  su r f ace .  Upon weld completion, s l a g  is  

removed and t h e  r a i l  head contour  i s  ground. When s t e e l  backing p l a t e s  

a r e  used, post-weld removal by a po r t ab l e  m i l l i n g  r i g  i s  necessary.  7 

Enclosed a r c  welding normally r e q u i r e s  a 45-55 minute a r c  t ime, de- 

pending upon t h e  r a i l  s i z e ,  and post-weld hea t  t rea tment  of 680°C + 30° 

f o r  t e n  minutes followed by a cool ing  per iod  of 40 minutes.  Ful l - sca le  

t e s t i n g  of weld s e c t i o n s  have r epea t ed ly  demonstrated weld p r o p e r t i e s  

equal  t o  t h e  ra i l .  Equipment c o s t s  a r e  low and t h e  enc losure  b locks  

a r e  reusable .  However, t h e  t o t a l  weld t i m e  r e q u i r e s  2-112 t o  3 hours  

and r e l i e s  heav i ly  upon ope ra to r  s k i l l .  3 

1.2.3.  Submerged-Slag Welding. Japanese Nat iona l  Rai l road  (JNR) 

observa t ions  have determined t h a t  fu s ion  welding of r a i l  i n  t h e  f i e l d  

was too  dependent upon ope ra to r  s k i l l .  To overcome ope ra to r  s k i l l  de- 

pendency, t h e  J N R  developed an automatic  process  t h a t  combines submerged- 

a r c  and e l e c t r o s l a g  welding, known a s  submerged s l a g  welding.5 The 

submerged-arc process  i s  appl ied  u n t i l  t h e  weld has  progressed t o  t h e  

r a i l  web where t h e  t r a n s i t i o n  t o  e l e c t r o s l a g  t akes  p l ace  f o r  t h e  re- 

mainder of the  weld, F igure  4. 

The submerged-arc process  u t i l i z e s  a cont inuous e l e c t r o d e  w i r e  sys- 

tem i n  which t h e  a r c  f o r  welding i s  completely covered (submerged) by a 



granular f l ux .  The f i r s t  weld passes  a r e  supported and formed by a 

copper backing placed beneath t h e  r a i l  j o i n t .  The backing is  l i n e d  w i t h  

s o l i d  f l u x  t o  prevent  copper pickup from t h e  e roding  a c t i o n  of t h e  a r c .  

The submerged-arc phase normally r e q u i r e s  t h r e e  passes  a t  800 t o  1000 

amps, depending upon t h e  r a i l  spacing.  Af t e r  each pas s ,  t h e  s l a g  and 

unfused f l u x  must be removed from t h e  weld j o i n t  by chipping and w i r e  

brushing. 

When t h e  submerged-arc phase i s  completed, t h e  welding nozz le  i s  

f i t t e d  wi th  a consumable guide tube  f o r  e l e c t r o s l a g  welding. A water- 

cooled copper mold i s  placed around t h e  r a i l  j o i n t  con ta in ing  t h e  molten 

metal and s l a g  of t h e  continuous depos i t  e l e c t r o s l a g  process .  This  

e l e c t r o s l a g  process  i s  i d e n t i c a l  t o  t h e  tubu la r  consumable guide e l ec -  

t r o s l a g  process  descr ibed  l a t e r  as an independent j o in ing  method (sec-  

t i o n  1.2.4.). 

T o t a l  weld t ime i s  normally 30 minutes f o r  each submerged-slag r a i l  

weld. I n  1971, a s p e c i a l  ra i l  c a r  w a s  cons t ruc ted  by t h e  JNR t o  make 

f i e l d  welds us ing  t h e  submerged-slag process ,  and only  f avo rab le  r e s u l t s  

have been r epor t ed  regard ing  process  e f f i c i e n c y  and weld i n t e g r i t y .  
3 

C h a r a c t e r i s t i c s  of e l e c t r o s l a g  welding t h a t  can a f f e c t  submerged-slag 

weld q u a l i t y  i nc lude  f requent  d e f e c t s  a t  weld i n i t i a t i o n  and t h e  requi re -  

ment f o r  a process  s t a b i l i z a t i o n  per iod  t o  e s t a b l i s h  uniform fus ion .  

P re sen t ly ,  t h e r e  i s  no i n d i c a t i o n  t h a t  submerged-slag welding of r a i l s  

has been accepted a s  a s tandard  f i e l d  welding method. 



1.2.4. Electroslag Welding. Electroslag welding (ESW) has been 

reportedly used for on-site joining of crane rails in the Soviet Union 

for the past fifteen years.8 There are no publications to verify its 

successful use for railroad rail joining, but electroslag joining has 

repeatedly been attempted by Australian, Canadian, and Soviet groups. 9,lO 

Electroslag welding is typically applied to plate material in excess 

of 314 inch in thickness as in ship and bridge construction, and utilizes 

a single pass in the vertical position. ''-I5 The process produces coa- 

lescence of metals with a molten slag bath that melts the filler metal 

and the surfaces of the members being welded. The process is initiated 

by an arc that melts a predetermined quantity of flux and forms a 1-1/2 

inch nominal slag bath depth. As the slag bath is formed, the arc is 

extinguished and the conductive molten slag is maintained in excess of 

3,800°F by resistance to current passing through the slag. 

The slag bath and molten metal are contained in the weld joint by 

molds made from copper, ceramic, or other suitable material depending 

upon the application, Figure 5. Water cooling is often applied to pro- 

tect the mold and to accelerate cooling rates. The shape of the weld 

reinforcement is determined by relief provided in the molds. 

Arc initiation and slag bath development is normally confined to a 

starting block (run-in) that extends 3 to 4 inches below the weld members, 

and the last 3 or 4 inches of weld performed in run-out blocks above the 

weld members. Both are removed upon weld completion to insure uniform 

ingress and egress of the fusion pattern and to eliminate defects in- 

herent with weld initiation and termination. 



Elec t ros l ag  welding can depos i t  up t o  45 pounds of weld per  hour 

with a  s i n g l e  e l e c t r o d e ,  and mul t ip l e  e l e c t r o d e s  can be used f o r  h igh  

deposi t ion i n  t h i c k e r  weldments. O s c i l l a t i n g  t h e  e l e c t r o d e  improves t h e  

thermal d i s t r i b u t i o n  and a l lows  f u r t h e r  i nc reases  i n  weld th i ckness  t o  be 

achieved f o r  a  given number of e l e c t r o d e s .  A d e t a i l e d  d e s c r i p t i o n  of  

consumable guide e l e c t r o s l a g  welding and i t s  a p p l i c a t i o n s  w i l l  be  pre- 

sented i n  s e c t i o n  1.3.  

There a r e  two major v a r i a t i o n s  i n  t h e  e l e c t r o s l a g  process ,  known a s  

the consumable guide method and t h e  convent ional  o r  non-consumable guide 

method. The consumable guide method uses  a  112 inch  o r  5/8 inch  t u b u l a r  

guide t o  p o s i t i o n  t h e  e l e c t r o d e  a t  t h e  c e n t e r  of t h e  weld j o i n t  and pro- 

vide welding power t o  t h e  e l e c t r o d e  f o r  t h e  d u r a t i o n  of t h e  weld. The 

guide tube  m e l t s  j u s t  above o r  a t  t h e  s u r f a c e  of t h e  s l a g  ba th  and be- 

comes p a r t  of t h e  weld depos i t ;  t hus ,  t h e  name consumable guide tube.  

The convent ional  e l e c t r o s l a g  process  uses  a  curved e l e c t r o d e  guide 

o r  snorke l  t h a t  extends over t h e  edge of  t h e  mold t o  d i r e c t  t h e  e l e c t r o d e  

i n t o  t h e  s l a g  ba th ,  F igure  6 .  An appropr i a t e  e l e c t r o d e  s t i c k o u t  d i s t a n c e  

is maintained t o  p r o t e c t  t h e  sno rke l  from t h e  h e a t  of t h e  s l a g  ba th ,  and 

a  p l a t e  c rawler  o r  s p e c i a l  f i x t u r e  i s  used t o  r a i s e  t h e  sno rke l  and mold 

a s  t h e  weld progresses .  

V. I. ~ v e t l o ~ o l y a n s k i i ~  a t  Volgagrad I n s t i t u t e  of Municipal Trans- 

por t  Engineers r epo r t ed  welding of tram r a i l s  us ing  a  p l a t e  e l e c t r o d e ,  

which is  a v a r i a t i o n  of t h e  t u b u l a r  consumable guide. The p l a t e  guide 

tube design was s i m i l a r  t o  t h e  one used f o r  c rane  r a i l  welding by L. N. 

~ o ~ e t m a n ~  and Kn.  Mukanaev, who a l s o  developed a convent ional  e l e c t r o s l a g  



procedure f o r  crane r a i l ,  F igures  7 and 8. I n  t h e  convent ional  appl ica-  

t i on ,  t he  proximity of t h e  two curved guides  was ad jus t ed  t o  t h e  mold 

contour a s  t h e  weld en te red  t h e  r a i l  web. 

1.3. E lec t ros l ag  Welding 

Standard welding procedures  w i th  t h e  consumable guide e l e c t r o s l a g  

process only r e q u i r e s  p e r i o d i c  f l u x  a d d i t i o n s ,  cool ing  shoe movement, 

and minor amperage and vo l t age  adjustments  t o  maintain s u p e r f i c i a l l y  

acceptable weld condi t ions .  The weld metal  pool  and subsequent s o l i d i -  

f ied  weld a r e  never  v i s i b l e  because of t h e  s l a g  b a t h  p o s i t i o n ,  and a 

c l e a r  view of  t h e  s l a g  ba th  i s  r e s t r i c t e d  by t h e  weld members and cool ing  

shoes during most of t h e  weld. A s  a  r e s u l t ,  d i l i g e n c e  on behal f  of t h e  

operator  i s  r equ i r ed  t o  prevent  excess ive  v a r i a t i o n  i n  welding condi t ions ,  

p a r t i c u l a r l y  where q u a l i t y  c o n t r o l  i s  l i m i t e d  t o  post-weld v i s u a l  exami- 

nat ion.  

To proper ly  adapt  and u t i l i z e  ESW f o r  o t h e r  than  p l a t e  welding, i t  

i s  e s s e n t i a l  t o  understand t h e  e f f e c t s  of amperage, vo l t age ,  w i r e  feed  

r a t e ,  s l a g  pool  cond i t i ons ,  and guide tube  p o s i t i o n ,  a s  w e l l  a s  t h e  the r -  

mal e f f e c t s  a t t r i b u t a b l e  t o  t h e  base meta l  and mold c h a r a c t e r i s t i c s .  I n  

addi t ion  t o  in-process  v a r i a b l e s ,  i t  i s  important  t o  be  cognizant  of 

process op t ions ,  i nc lud ing  guide tube  o s c i l l a t i o n ,  type  and number of 

guide tubes ,  j o i n t  spac ing ,  and f l u x  chemistry.  

I n  heavy s e c t i o n  p l a t e  welding, ESW has  an approximate ten-fold 

production r a t e  advantage over  o t h e r  processes ,  bu t  i t  has  been l i m i t e d  

t o  a p p l i c a t i o n s  where impact s t r e n g t h  o r  t r a n s v e r s e  t e n s i l e  requirements  



a re  minimal. Low s t r e n g t h  c h a r a c t e r i s t i c s  i nhe ren t  t o  a l a r g e  weld pool  

with a slow s o l i d i f i c a t i o n  r a t e  a r e  a l s o  a t t r i b u t a b l e  t o  t h e  wide range 

of weld parameters t h a t  produce v i s u a l l y  accep tab le  welds.  16  

Several  groups have s tud ied  t h e  e f f e c t s  of  process  v a r i a b l e s  i n  e f -  

f o r t s  t o  improve weld p r o p e r t i e s .  17-34 Among t h e  most comprehensive of  

these i n v e s t i g a t i o n s  is  one by S .  ~ e n k a t a r a m a n , ' ~  e n t i t l e d  "Effec ts  of 

Process Var iab les  and Micros t ruc ture  on t h e  P r o p e r t i e s  of E l e c t r o s l a g  

Weldments". He presented  t h e  e f f e c t s  of in-process v a r i a b l e s  upon weld 

morphology a s  w e l l  as those  of  guide tube  design innovat ions  and low 

frequency weld pool v i b r a t i o n .  A s i g n i f i c a n t  r e s u l t  of Venkataraman's 

i nves t iga t ion  was development of an ESW procedure t h a t  produces weld 

metal p r o p e r t i e s  equ iva l en t  t o  t h e  2 inch  t h i c k  ANSIIASTM A588 s t e e l  base  

metal. 

1.3.1.  Weld I n i t i a t i o n .  While no t  an a r c  welding process ,  t h e  ESW 

s lag  ba th  i s  i n i t i a t e d  by e s t a b l i s h i n g  an open a r c  between t h e  e l e c t r o d e  

wire and a weld run-in t a b .  Power s e t t i n g s  f o r  weld i n i t i a t i o n  a r e  nor- 

mally 45 v o l t s  and 500 amperes f o r  t h e  commonly used 3/32 inch  diameter  

e lec t rode .  During t h i s  a r c  i n i t i a t i o n  pe r iod ,  f l u x  i s  g radua l ly  added 

i n  a premeasured amount t o  produce a 1-1/2 inch  deep s l a g  pool i n  approxi- 

mately one minute.  A s  soon a s  t h e  s l a g  ba th  is  e s t a b l i s h e d  wi th  s t a b l e  

amperage and vo l t age  readings ,  t h e  power s e t t i n g  should be ad jus t ed  t o  

meet t he  requirements  of t h e  s p e c i f i c  welding s i t u a t i o n .  

Two common p r a c t i c e s  a r e  employed t o  improve a r c  s t a r t i n g :  

(1)  t h e  e l e c t r o d e  should have a sha rp ly  poin ted  end t o  
improve con tac t  wi th  t h e  s t a r t i n g  p l a t e .  



(2)  a b a l l  of c lean  s t e e l  wool may be placed between 
t h e  e l e c t r o d e  and t h e  a r c  i n i t i a t i o n  su r f ace .  

A l e s s  common bu t  more dependable procedure i s  t o  pour molten s l a g  i n t o  

the weld j o i n t  a s  t h e  power i s  i n i t i a t e d .  
14  

When proper  s t a r t i n g  procedures  a r e  no t  fol lowed,  s tubbing  may 

occur. This  r e s u l t s  when t h e  e l e c t r o d e  makes con tac t  w i th  t h e  s t a r t i n g  

sur face  without  a r c ing .  Elec t rode  s tubbing  o f t e n  causes d e f l e c t i o n  of 

the guide tube  and subsequent s h o r t - c i r c u i t i n g  between t h e  guide tube  

and the  base metal .  This  condi t ion  normally r e q u i r e s  p a r t i a l  disassem- 

bly and re-adjustment of t h e  weld set-up be fo re  succes s fu l  weld i n i t i a -  

t i on  can be made. Excessive vo l t age  o r  i n s u f f i c i e n t  amperage s e t t i n g  

may r e s u l t  i n  a similar s i t u a t i o n ,  s i n c e  t h e  r e s u l t i n g  excess ive  a r c  

length  w i l l  cause fus ion  of t h e  e l e c t r o d e  w i t h  t h e  end of t h e  guide tube. 

With a  mu l t ip l e  e l e c t r o d e  system, occurrence of burnback on one e l e c t r o d e  

is  not a s  harmful i n  t h a t  t h e  remaining e l e c t r o d e  w i l l  e s t a b l i s h  t h e  

s l ag  bath.  Then, as t h e  obs t ruc t ed  guide tube is  melted by t h e  advanc- 

ing s l a g ,  e l e c t r o d e  feed  resumes. 

To i n i t i a t e  an E.S.W. m u l t i p l e  e l e c t r o d e  weld, each e l e c t r o d e  must 

be s t a r t e d  sepa ra t e ly .  A s  soon as t h e  a r c  is  i n i t i a t e d  wi th  t h e  f i r s t  

e l ec t rode ,  a  p ropor t iona l  amount of t h e  premeasured f l u x  i s  added. A s  

the s l a g  b a t h  forms under t h e  ad jacent  e l e c t r o d e ,  t h e  second e l e c t r o d e  

feeder is engaged and t h e  a l l o t t e d  f l u x  added. Thisprocedure  is re- 

peated f o r  a l l  success ive  e l e c t r o d e s  u n t i l  t h e  s l a g  ba th  is  f u l l y  es tab-  

l i shed .  



1.3.2. Welding Power Parameters.  E l e c t r o s l a g  welding r e q u i r e s  a  

remotely c o n t r o l l e d  cons tan t  vo l t age  power supply,  e l e c t r o d e  wire  f eede r ,  

and guide tube pos i t i on ing  f i x t u r e  a s  shown i n  F igure  9.  These compo- 

nents and c o n t r o l s  a r e  e s s e n t i a l l y  t h e  same a s  used f o r  gas meta l  a r c ,  

submerged a r c ,  and o t h e r  continuous e l e c t r o d e  welding processes .  With 

t h i s  continuous e l e c t r o d e  process ,  t h e  cu r r en t  and e l e c t r o d e  meta l  

t r a n s f e r  i s  r e s t r i c t e d  t o  a  narrow plasma column between t h e  e l e c t r o d e  

and weld puddle. With ESW, welding power and e l e c t r o d e  ( + guide tube)  

metal t r a n s f e r  t a k e s  p l ace  wi th in  t h e  much l a r g e r  a r e a  of a conduct ive 

s l ag  ba th ;  y e t ,  t h e  e f f e c t  of power v a r i a t i o n s  a r e  equa l ly  a s  s e n s i t i v e .  

To s t a t e  t h a t  vo l t age  determines a r c  l eng th  and amperage determines 

e lec t rode  feed  speed a s  w i th  o t h e r  cons tan t  vo l t age  cont inuous e l e c t r o d e  

processes would be a g ros s  ove r s impl i f i ca t ion  of t h e i r  e f f e c t s .  Assum- 

ing an ohmic (E = I R )  model, t h e  r e l a t i o n s h i p  of  amperage and vo l t age  

can be descr ibed .  Jones e t  a1.19 have proposed t h a t  f o r  a  p a r t i c u l a r  

s l ag  depth and composition, t h e  depos i t i on  r a t e ,  depth of  f u s i o n ,  and 

s o l i d i f i c a t i o n  p a t t e r n  a r e  c o n t r o l l e d  by t h e  cu r r en t  and vo l t age .  

Assuming t h a t  cu r r en t  fo l lows  t h e  pa th  of l e a s t  r e s i s t a n c e ,  t h e r e  a r e  

three  p o s s i b l e  modes of c u r r e n t  t r a n s f e r  through t h e  s l a g  ba th  as shown 

i n  Figure 10. 

A high  vo l t age  and low amperage r e s u l t s  i n  s h o r t  e l e c t r o d e  exten-  

s ion  i n t o  t h e  s l a g  ba th  and l i m i t s  t h e  c u r r e n t  pa th  t o  t h e  a r e a  between 

the  e l e c t r o d e  s u r f a c e  and t h e  p l a t e s  be ing  welded. This  gene ra t e s  t h e  

majori ty  of h e a t  a t  t h e  t o p  of t h e  s l a g  b a t h  and r e s u l t s  i n  thermal  

l o s ses  through r a d i a t i o n  and subsequent reduct ion  i n  depth of fu s ion .  



The o ther  extreme, low vo l t age  a t  p ropor t iona te ly  high amperage, r e s u l t s  

i n  e l ec t rode  ex tens ion  n e a r l y  t o  t h e  bottom of  t h e  s l a g  ba th .  This  en- 

hances cu r r en t  flow between t h e  end of t h e  e l e c t r o d e  and t h e  weld meta l  

pool while reducing c u r r e n t  flow between t h e  e l e c t r o d e  s u r f a c e  and p l a t e  

edges. Furthermore, concent ra t ion  of h e a t  a t  t h e  c e n t e r  of t h e  weld pool  

reduces pene t r a t ion  a t  t h e  p l a t e  edges and may even l e a d  t o  l a c k  of 

fusion. 

Moderate vo l t age  and amperage cond i t i ons  provide  e l e c t r o d e  exten-  

s ion such t h a t  a cu r r en t  flow balance i s  e s t a b l i s h e d  between t h e  e l ec -  

t rode,  both p l a t e  edges,  and t h e  weld pool.  This  condi t ion  produces a 

fusion p a t t e r n  t h a t  provides  complete fu s ion  wi th  both weld members and 

the most e f f i c i e n t  use of energy. 

Voltage v a r i a t i o n  has t h e  g r e a t e s t  e f f e c t  on h e a t  i npu t  and depth 

of fus ion ,  and should be c a r e f u l l y  c o n t r o l l e d  s i n c e  i t  d i r e c t l y  i n f l u -  

ences d i l u t i o n  and mic ros t ruc tu re .  For example, a 3 v o l t  i n c r e a s e  a t  

500 amperes produces a ga in  of 1500 w a t t s  i n  welding power. Two inch  

s t e e l  p l a t e s  welded wi th  va r ious  guide tube  des igns  and j o i n t  spacing 

exh ib i t  a 10% inc rease  i n  base meta l  d i l u t i o n  wi th  only  a 3 v o l t  in -  

crease,  F igure  11.' Since vo l t age  is t h e  major determinant  of fu s ion  

depth, i t  has  a g r e a t e r  e f f e c t  on e l e c t r o d e  p o s i t i o n  dur ing  welding than  

was descr ibed i n  t h e  f i x e d  s l a g  depth model of F igure  10. I f  a cons tan t  

volume of s l a g  was maintained dur ing  welding, an adjustment i n  vo l t age  

would change t h e  s l a g  depth and consequently t h e  e l e c t r o d e / s l a g  con tac t  

a rea ,  which compounds t h e  e f f e c t  of t h e  vo l t age  change. 



It is  important  t o  avoid any vo l t age  f l u c t u a t i o n ,  bu t  i t  is p a r t i -  

cu la r ly  important  a t  h igh  vo l t age  condi t ions .  S o l a r i  et  a1.20 have shown 

tha t  welding a t  h igh  vo l t age  produces a  p e n e t r a t i o n  p a t t e r n  a s  shown i n  

Figure 12. A sudden drop i n  vo l t age  w i l l  cause s l a g  entrapment beneath 

the overhanging base meta l  a s  t h e  subsequent reduct ion  i n  depth o f  f u s i o n  

occurs. 

The e f f e c t  of cu r r en t  can be considered by f i x i n g  t h e  vo l t age  and 

ad jus t ing  t h e  wire  feed r a t e .  Since an inc rease  i n  cu r r en t  i nc reases  t h e  

energy input  per  u n i t  s u r f a c e  a r e a  of weld, i t  might be expected t h a t  

deeper pene t r a t ion  and g r e a t e r  hea t  a f f e c t e d  zone width would r e s u l t .  It 

has been shown t h a t  t h e  oppos i t e  occurs ;  s i n c e  an i n c r e a s e  i n  cu r r en t  re- 

qui res  an inc rease  i n  e l e c t r o d e  feed r a t e ,  t h e  weld pool  v e l o c i t y  is  in-  

creased and t h e  energy input  per  u n i t  of weld s u r f a c e  a r e a  decreases .  17 ,21  

More simply s t a t e d ,  increased  weld v e l o c i t y  decreases  t h e  t ime t h a t  t h e  

molten f l u x  i s  i n  con tac t  w i th  any given po in t  on t h e  weld su r f ace .  

A l e s s  s i g n i f i c a n t  f a c t o r  i n  energy input  i s  t h e  c u r r e n t  and e l ec -  

t rode feed- ra te  r e l a t i o n s h i p  s i n c e  i t  is  no t  l i n e a r ,  bu t  r a t h e r  t h a t  

current  i s  p ropor t iona l  t o  t h e  square roo t  of t h e  e l e c t r o d e  feed r a t e ,  

Figure 13. 20-22 The n e t  e f f e c t  of c u r r e n t  change a t  a  cons tan t  vo l t age  

is t h a t  increased  c u r r e n t  i n c r e a s e s  weld pool  depth and depos i t i on  r a t e .  

R. W. F ros t  e t  a1.21 r epor t ed  t h a t  an inc rease  i n  t h e  c u r r e n t  a t  a  con- 

s t a n t  vo l t age  reduced t h e  depth of fu s ion  and under extreme cond i t i ons  

r e su l t ed  i n  l a c k  of s i d e  w a l l  fus ion .  

Venkataraman and o t h e r  i n v e s t i g a t o r s  have used t h e  weld form f a c t o r ,  

which i s  t h e  width t o  depth r a t i o  of t h e  weld pool ,  t o  a i d  i n  determining 



the e f f e c t s  of parameter v a r i a t i o n s .  17y19-21y23 The weld pool  shape,  

and hence t h e  form f a c t o r ,  a r e  i d e n t i f i e d  by measurement of s o l u t e  dump- 

ing l i n e s  t h a t  a r e  revea led  by macroetching t h e  l o n g i t u d i n a l  v e r t i c a l  

center  s e c t i o n  of t h e  weld. The e f f e c t s  of cu r r en t  v a r i a t i o n  a t  a  con- 

s t a n t  vo l t age ,  vo l t age  v a r i a t i o n  a t  cons tan t  c u r r e n t ,  and s l a g  b a t h  con- 

d u c t i v i t y  a r e  schemat ica l ly  depic ted  by t h e  s o l u t e  bands, F igures  14-16. 

1.3.3.  Welding Current .  The s i n g l e  e l e c t r o d e  consumable guide 

method of e l e c t r o s l a g  welding normally uses  d i r e c t  cu r r en t  e l e c t r o d e  

pos i t i ve  welding power. With t h r e e  o r  more e l e c t r o d e s ,  D.C. welding 

power c r e a t e s  a magnetic f i e l d  t h a t  o f t e n  r e s u l t s  i n  exces s ive  s l a g  pool 

turbulence and a p r e f e r e n t i a l  fu s ion  p a t t e r n  t o  one weld member. How- 

ever ,  when a l t e r n a t i n g  cu r ren t  is used f o r  one o r  a l l  of t h e  e l e c t r o d e s ,  

a more balanced p e n e t r a t i o n  p a t t e r n  i s  obtained.  

1.3.4.  Flux and Slag.  Chemical e l e c t r o s l a g  f l u x  p r o p e r t i e s  vary  

g r e a t l y  and even from l o t  t o  l o t  by t h e  same manufacturer.  Va r i a t ions  

i n  e l e c t r i c a l  r e s i s t a n c e  between f l u x e s  have an e f f e c t  on t h e  weld pool 

s i m i l a r  t o  vo l t age  v a r i a t i o n ,  F igure  14. The e l e c t r i c a l  r e s i s t a n c e  of 

the  f l u x  d i r e c t l y  i n f luences  s l a g  b a t h  temperature,  t h u s  a f f e c t i n g  weld 

penet ra t ion .  High r e s i s t a n c e  r e s t r i c t s  cu r r en t  flow and r e s u l t s  i n  a  

cold s l a g  ba th .  Low s l a g  r e s i s t a n c e  al lows excess ive  cu r r en t  flow and 

c r e a t e s  s l a g  overheat ing.  The f l u x  composition should minimize resis- 

tance v a r i a t i o n s  a s  t h e  s l a g  temperature changes, o r  a c c u r a t e  power con- 

t r o l  w i l l  be  d i f f i c u l t .  Flux composition should a l s o  be matched t o  

a l l o y s  i n  o rde r  t o  prevent  undes i rab le  removal of e lements  through f l u x i n g  



I act ion.  Improper f l u x  chemistry may n o t  on ly  a f f e c t  a l l o y  t r a n s f e r ,  bu t  

I i t  may change t h e  e l e c t r i c a l  r e s i s t a n c e  of t h e  s l a g  b a t h  as element con- 

i cen t r a t ions  change. 
I 

i In  a d d i t i o n  t o  r e s i s t i v i t y ,  s l a g  v i s c o s i t y  i s  important .  The s l a g  

, 
must be f l u i d  enough t o  prevent  entrapment o r  r e s t r i c t  weld pool  flow, 

but v i scous  enough t o  prevent  excess ive  l eak ing  around t h e  cool ing  shoes. 

Fluxes conta in ing  calcium f l u o r i d e  a r e  o f t e n  used f o r  s t a r t i n g  t h e  weld 

because of increased  s l a g  f l u i d i t y  t h a t  a c c e l e r a t e s  t r a n s i t i o n  from t h e  

a r c  t o  t h e  s l a g  mode. Therefore,  t o  a s s u r e  c o n s i s t e n t  reproducib le  re-  

s u l t s ,  c a r e f u l  cons ide ra t ion  of f l u x  chemistry and p r o p e r t i e s  must be 

taken i n t o  account.  

Maintaining t h e  proper  s l a g  depth is e s s e n t i a l  t o  product ion of 

sound welds. An exces s ive ly  deep s l a g  b a t h  reduces thermal  e f f i c i e n c y  

because of t h e  increased  volume of s l a g  t o  be hea ted  and t h e  increased  

contact  w i th  t h e  weld Under t h i s  cond i t i on ,  t h e  v e l d  pool  

becomes deeper  and narrower,  which can r e s u l t  i n  hot-cracking a t  t h e  

s c a l e  f l u c t u a t i o n  i n  amperage and v o l t a g e ,  v i o l e n t  s l a g  a c t i o n ,  and i n  

extreme cond i t i ons ,  a r c i n g  a c r o s s  t h e  top  of t h e  s l a g  pool.  When t h e  

s l a g  depth is reduced, depth of fu s ion  i s  reduced and s u r f a c e  contami- 

nants  t h a t  a r e  normally removed may remain i n  t h e  weld. Microcracking 

a t  m rain boundaries  i n  t h e  weld c e n t e r  has  a l s o  been a s s o c i a t e d  wi th  

A s l a g  l a y e r  i s  deposi ted between t h e  cool ing  shoe and t h e  weld 

sur face  t h a t  r e s u l t s  i n  a cons tan t  dep le t ion  of t h e  s l a g  ba th .  Thus, 



properly controlled flux additions are necessary to maintain the slag 

depth at approximately 1-1/2 inches to avoid the aforementioned problems. 

A common method for monitoring slag depth is to quickly plunge a 

probe (usually a piece of electrode) to the bottom of the weld pool, then 

withdraw it for examination, much like the oil dipstick in an automobile 

engine. Frequently, slag depth is monitored by the operator's sensitiv- 

ity to the sound of the arc and observation of the slag bath turbulence. 2 5 

With either monitoring method, the flux must be added intermittently and 

subjectively as to the proper volume. Limited success in constant slag 

bath maintenance has been achieved through use of a flux coated guide 

tube that resembles a shielded metal arc electrode, but this allows 

little tolerance for variations in welding conditions. 

venkataraman17 has shown that the slag level can be accurately pro- 

duced and maintained by monitoring the welding current with an oscillo- 

scope or chart recorder. Proper slag depth produced a stable amperage 

trace, but as the slag depth d.ecreased to one inch, intermittent spikes 

of medium amplitude were observed. A proportional increase in frequency 

and amplitude of the amperage trace occurred as the slag depth decreased 

to 1/2 inch where severe arcing began. In addition to monitoring the 

effects of slag depletion, he was able to determine that random bulk 

flux addition can be detrimental to weld stability by changing the slag 

temperature and resistance. An example of the inefficiency of random 

flux addition was the occasional presence of unmelted flux in the slag 

coating of the completed weld. 



- 

standard l / 2  inch  guide tubes.  Narrower j o i n t  spac ing  i n c r e a s e s  t h e  

- - -. - - -  - -  -. - - 

For a given weld geometry, t h e  r a t e  of  s l a g  dep le t ion  was determined 

and a  f l u x  meter ing device  was adapted t o  provide continuous f l u x  addi- 

t ion  a t  t h a t  same r a t e .  The r e s u l t  w a s  a cons tan t  s l a g  depth t h a t  allowed 

more accu ra t e  c o n t r o l  of welding parameters .  By cont inuing  t o  monitor 

the c u r r e n t ,  i t  was found t h a t  minor adjustments  i n  t h e  f l u x  f e e d e r  could 

compensate f o r  u n i n t e n t i o n a l  s l a g  l o s s e s  and j o i n t  geometry v a r i a t i o n s .  

When proper s l a g  depth and power s e t t i n g s  were e s t a b l i s h e d  a t  t h e  weld 

i n i t i a t i o n ,  s t a b i l i t y  provided by continuous metered f l u x  a d d i t i o n s  

l a rge ly  e l imina ted  t h e  need f o r  a d d i t i o n a l  adjustments  dur ing  t h e  remain- 

der of t h e  weld. 

1.3.5. J o i n t  Spacing, Guide Tube P o s i t i o n  and Grounding. J o i n t  

spacing f o r  consumable guide e l e c t r o s l a g  welding ranges from 1 t o  1-3/4 

inches and i s  determined by t h r e e  gene ra l  f a c t o r s .  The primary per for -  

mance cons ide ra t ion  i s  t o  provide s u f f i c i e n t  guide tube c l ea rance  from 

the cool ing  shoes and weld members. The remaining f a c t o r s  a r e  more 

d i f f i c u l t  t o  determine and involve  t h e  d i l u t i o n  of t h e  weld meta l ,  depth 

of fus ion ,  and t h e  d i s t o r t i o n  based upon t h e  o v e r a l l  weld geometry. 

Welds have been made wi th  j o i n t  spac ing  as narrow a s  314 inch  us ing  

standard l / 2  inch  guide tubes.  Narrower j o i n t  spac ing  i n c r e a s e s  t h e  

welding speed because of t h e  reduct ion  of a r e a ,  b u t  i nc reased  a r c i n g  and 

s l ag  turbulence  a l s o  occur  because of t h e  reduced guide tube  c l ea rance .  

Extra c a r e  must be taken t o  i n s u l a t e  and c e n t e r  t h e  guide tube  i n  narrower 

weld j o i n t s .  I f  t h e  guide tube makes contac t  wi th  a  weld member, i t  w i l l  

cause s h o r t  c i r c u i t i n g ,  which u s u a l l y  f u s e s  t h e  guide tube  t o  t h e  member 

and te rmina tes  t h e  weld. 



21. 

venkataraman17 has  shown t h a t  by decreas ing  t h e  j o i n t  spac ing  w i t h  

a l l  o the r  parameters  cons t an t ,  t h e  depth of fu s ion  ( thus ,  base  metal 

d i lu t ion )  w i l l  i n c r e a s e  l i n e a r l y  w i th  minimal e f f e c t  upon t h e  form f a c t o r .  

I f  a  s p e c i f i c  composition of t h e  weld depos i t  is  r equ i r ed ,  t h e  d i l u t i o n  

must be considered.  

An advantage of  t h e  e l e c t r o s l a g  process  i s  t h e  low r a t e  of d i s t o r -  

t ion  t h a t  occurs  during welding. The uniform a x i a l  d i s t o r t i o n  t h a t  does 

take p lace  i s  e a s i l y  compensated f o r  by p rog res s ive ly  inc reas ing  t h e  

jo in t  spacing (.015 inch  pe r  f o o t  of weld).  11 

The l o c a t i o n  of t h e  guide tube i n  t h e  weld j o i n t  has  a s i g n i f i c a n t  

e f f ec t  upon t h e  symmetry of t h e  weld f u s i o n  p a t t e r n .  The i n t e n s i t y  of 

heat generated nea r  t h e  e l e c t r o d e  can be up t o  an o r d e r  of magnitude 

b 
grea t e r  than t h e  hea t  nea r  t h e  s lag-base meta l  i n t e r f a c e  and w i l l  r e s u l t  

i 
i n  g r e a t e r  hea t ing  and depth of  fu s ion  i n  t h e  p l a t e  c l o s e s t  t o  t h e  e l ec -  

B 
The l o c a t i o n  of t h e  ground attachment has  an  e f f e c t  similar t o  

6 
guide tube poskt ioning  i n  t h a t  i f  on ly  one p l a t e  is grounded, a p re fe r -  

e n t i a l  c u r r e n t  pa th  may be e s t a b l i s h e d .  This  w i l l  r e s u l t  i n  a g r e a t e r  

heat ing of t h e  grounded member. The r e s u l t s  o f  v a r i a t i o n s  i n  guide tube  

pos i t ion  and grounding a r e  shown i n  F igure  17  .I7 Since t h e  weld width is  

determined by vo l t age  cond i t i ons ,  t h e r e  is  minimal e f f e c t  upon weld s i z e  

and g ra in  p a t t e r n  when guide tube  o r  ground p o s i t i o n s  a r e  va r i ed .  How- 

ever ,  t o  avoid asymmetry i n  t h e  weld fus ion  p a t t e r n ,  even t o  t h e  e x t e n t  

of incomplete fu s ion  a t  one s i d e ,  t h e  guide tube  must be s t r a i g h t  and 

centered i n  t h e  weld j o i n t ,  and both weld members must be grounded. 
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1.3.6. Guide Tube Ef fec t s .  The main func t ion  of  t h e  guide tube  i s  

to del iver  t he  e l e c t r o d e  t o  t h e  proper  l o c a t i o n  i n  t h e  s l a g  ba th .  It 

provides e l e c t r i c a l  con tac t  as c l o s e  t o  t h e  s l a g  a s  p o s s i b l e  and thus  

avoids excessive r e s i s t a n c e  hea t ing  of t h e  e l e c t r o d e  wire .  The s tandard  

guide tube i s  made from cold-drawn low carbon s t e e l  i n  1 / 2  o r  5/8 inch  

outside diameter and 1 / 8  inch  i n s i d e  diameter .  The end of t h e  guide tube 

i s  normally i n  con tac t  wi th  t h e  t o p  of t h e  s l a g  b a t h  bu t  occas iona l ly  

melts off  above t h e  s u r f a c e  o r  extends s l i g h t l y  beneath t h e  s l a g  su r f ace .  

Since the guide tube i s  used t o  provide e l e c t r i c a l  con tac t  f o r  t h e  e l ec -  

trode, i t  i s  a l s o  a source  f o r  e l e c t r i c a l  conduc t iv i ty  t o  t h e  s l a g  ba th  

when the two a r e  i n  con tac t .  It i s  gene ra l ly  recognized t h a t  t h e  guide 

tube c a r r i e s  approximately 35 t o  40% of t h e  power t o  t h e  s l a g  b a t h ,  w i th  

the remainder being c a r r i e d  by t h e  e l e c t r o d e  wire .  By us ing  a guide 

tube with g r e a t e r  c r o s s  s e c t i o n  and d i f f e r e n t  shape, h ighe r  cu r r en t  s e t -  

t ings may be used, and t h e  s l a g  ba th  thermal p a t t e r n s  a l t e r e d  t o  concen- 

t r a t e  o r  d i s t r i b u t e  h e a t  a s  des i r ed .  17,27928 Enhanced guide tube  geo- 

metry is a more e f f e c t i v e  method of hea t  d i s t r i b u t i o n  than guide tube  

o s c i l l a t i o n  because i t  l i m i t s  t h e  occas iona l  a r c i n g  and s l a g  entrapment 

tha t  can occur wi th  o s c i l l a t i o n .  

venkataraman17 f a b r i c a t e d  a "winged guide tube" by welding two 114 

inch s t e e l  s t r i p s  of app ropr i a t e  width t o  a 1 / 4  inch  tube.  The winged 

guide tube was used t o  weld 2 inch  s t e e l  p l a t e s  w i th  314 inch  j o i n t  

spacing a t  twice t h e  amperage used wi th  t h e  s tandard  guide tube.  This  

resu l ted  i n  a 66% reduct ion  i n  weld t i m e ,  and a 50% reduc t ion  i n  s p e c i f i c  

heat input .  
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1.3.7. E lec t rode  Var ia t ions .  So l id  uncoated 3/32 inch  diameter  

e lec t rodes  a r e  normally used f o r  e l e c t r o s l a g  welding. Copper coated 

e lec t rodes  used wi th  gas meta l  a r c  and submerged metal  a r c  a r e  no t  recom- 

mended f o r  t h e  ESW of consumable guide process  s i n c e  t h e  copper coa t ing  

tends t o  b u i l d  up i n  t h e  heated guide tube  and i n t e r f e r e  wi th  t h e  e l ec -  

trode feed.  Elec t rodes  of less than  3/32 inch  diameter  a r e  t oo  f l e x i b l e  

t o  be pushed through t h e  guide tube and r e q u i r e  excess ive  feed  r a t e s  t o  

meet higher  cu r r en t  requirements .  Larger e l e c t r o d e  diameters  have l i t t l e  

advantage over  t h e  3/32 inch  e l e c t r o d e  and a r e  more d i f f i c u l t  t o  feed  

through t h e  guide tube  because of d e f l e c t i o n  from t h e  e l e c t r o d e  c a s t .  

E lec t rode  w i r e  c a s t  i s  a problem recognized i n  o t h e r  continuous 

e lec t rode  process  and is  remedied by t h e  use  of  a wi re  s t r a i g h t e n i n g  r o l l  

where t h e  e l e c t r o d e  e n t e r s  t h e  d r i v e  r o l e s  of t h e  f eede r .  I n  t h e  ESW 

process,  c a s t  removal i s  e s p e c i a l l y  important s i n c e  t h e  wire  is  no t  

v i s i b l e  i n  t h e  s l a g  b a t h ,  and its adverse e f f e c t  w i l l  be  unnoticed u n t i l  

the weld i s  completed. Wire c a s t  causes t h e  e l e c t r o d e  t o  curve t o  one 

s ide  a s  i t  e x i t s  t h e  guide tube  and has t h e  same e f f e c t  a s  moving the  

guide tube t o  one s i d e  a s  discussed e a r l i e r .  To maintain symmetry with- 

i n  the  s l a g  ba th  and, t hus ,  w i t h i n  t h e  fus ion  p a t t e r n ,  t h e  e l e c t r o d e  

s t i ckou t  must be a s  s t r a i g h t  a s  p o s s i b l e  f o r  one inch beyond t h e  end of 

the guide tube .  Carefu l  adjustment of t h e  wi re  s t r a i g h t e n e r  i s  

required during t h e  weld se tup  while  t h e  e l e c t r o d e  i s  v i s i b l e .  

Mul t ip le  e l e c t r o d e s  can be used a s  t h e  m a t e r i a l  t h i ckness  exceeds 

the c a p a b i l i t y  of  a s i n g l e  e l e c t r o d e .  When m u l t i p l e  e l e c t r o d e s  a r e  re- 

quired,  a power source  i s  recommended f o r  each e l e c t r o d e .  The power 
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sources must be p a r a l l e l e d  wi th  a common c o n t r o l  s o  t h a t  a l l  e l e c t r o d e s  

and power sources  func t ion  as a u n i t .  The guide tubes  must be br idged 

or  a s p e c i a l l y  designed p l a t e  guide may be used, b u t  welding c o n t r o l  w i l l  

be uns tab le  i f  t h e  guide tubes  a r e  n o t  r i g i d l y  pos i t i oned  t o  a c t  a s  a 

s ing le  guide tube.  

The d i s t a n c e  between e l e c t r o d e s  has  a s i g n i f i c a n t  e f f e c t  upon t h e  

shape of t h e  weld pool  and "maximum" depth of fu s ion  i n t o  t h e  weld mem- 

bers. ~ r e ~ i n "  has  developed a method f o r  c a l c u l a t i n g  t h e  shape of pene- 

t r a t i o n  f o r  m u l t i p l e  e l e c t r o d e  e l e c t r o s l a g  welding. Figure 18 shows a 

comparison of ca l cu la t ed  and a c t u a l  p e n e t r a t i o n  shapes and demonstrates 

the pene t r a t ion  p a t t e r n  r e s u l t i n g  from v a r i a t i o n s  i n  t h e  number of and 

d is tance  between e l e c t r o d e s .  

~ a t c h e t  t 30 has  shown t h e  extreme condi t ions  f o r  e l e c t r o d e  spac ing  

on a two e l e c t r o d e  system i n  F igure  19. He has  proposed t h a t  a p r a c t i c a l  

balance i n  e l e c t r o d e  spac ing  be one-half t h e  p l a t e  t h i ckness  and e l ec t rode -  

to-shoe d i s t a n c e  be one-quarter of  t h e  p l a t e  t h i ckness ,  up t o  a maximum 

p l a t e  t h i ckness  of about 125mm. 

S t r i p  e l e c t r o d e s ,  a l s o  known a s  r ibbon o r  p l a t e  e l e c t r o d e s ,  have 

been used wi th  vary ing  degrees of  success  by s e v e r a l  i n v e s t i g a t o r s .  31-34 

Delawari e t  a1.31 have shown t h a t  t h e  s t r i p  e l e c t r o d e  system has  a melt-  

ing r a t e  30% g r e a t e r  than  t h e  wi re  system. It has  a l s o  been shown t h a t  

the use of a proper ly  pos i t i oned  s t r i p  e l e c t r o d e ,  a s  wide a s  t h e  weld 

j o i n t  and combined wi th  a low conduc t iv i ty  f l u x ,  w i l l  i nc rease  weld 

v e l o c i t y  and reduce base metal  d i l u t i o n ,  undercut ,  and h e a t  i npu t .  
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1.3.8. Weld Position. The ESW process is normally performed in a 

vertical orientation.14 This allows a more precise control of the large 

weld pool as well as the guide tube positioning. patonZ3 has placed a 

limit on weld axis inclination at 10 to 15 degrees from vertical. 

Jones et a .  has shown that the significant difference between 

vertical and non-vertical welds is that the fusion zone exhibits a skewed 

cross section, although the initial cavity was circular in cross section. 

Figure 20 contains a schematic representation of a 45 degree electroslag 

weld made by filling the 1 inch inside diameter of a 3-118 inch O.D. 

steel tube. Preferential radiation preheating of the upper weld surface 

was the major cause of penetration and H.A.Z. anisotrophy. Mathematical 

models have been established to study the slag bath and radiant heating, 

but according to Jones, none are sufficient for a system composed of 

more than one surface, or when surfaces are at different temperatures. 
19 

Jones also determined that non-vertical electroslag welds are quite 

sensitive to welding parameters, and that resulting non-uniformity of 

thermal patterns in small angle welds is much more sensitive to parameter 

values than in large angle welds. Welds were made at angles of up to 

60 degrees with satisfactory penetration by maintaining tight control 

of amperage and voltage. 
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2. EXPERIMENTAL PROCEDURE 

2.1. Ma te r i a l  

Southern P a c i f i c  Transpor ta t ion  Company provided randomly s e l e c t e d  

sec t ions  of r a i l  s t e e l  i n  o r d e r  t o  r e f l e c t  t h e  range of  geometric t o l e r -  

ances encountered i n  a c t u a l  s e r v i c e .  Each s e c t i o n  complied wi th  American 

Railway Engineering Assoc ia t ion  and American Socie ty  f o r  Tes t ing  and 

Mater ia l s  (AREAIASTM) s p e c i f i c a t i o n s  f o r  136 pound per  yard r a i l .  R a i l s  

were cu t  t o  1 8  inch  l eng ths  and used f o r  a l l  of t h e  developmental welds.  

Two 5-foot s e c t i o n s  of 136 pound pe r  yard chromium molybdenum r a i l  were 

supplied f o r  f u l l - s c a l e  t e s t i n g  a t  t h e  conclusion of t h e  i n i t i a l  p r o j e c t .  

The AREA/ASTM r a i l  chemistry s p e c i f i c a t i o n s  and chemistry of r a i l  suppl ied  

by Southern P a c i f i c  Transpor ta t ion  Company a r e  shown i n  Table I. 

The same commercial fused f l u x  was used f o r  a l l  welds i n  t h i s  pro j -  

e c t .  PF-201 f l u x  (Hobart Bros. ,  Inc . )  was used f o r  t h e  major po r t ion  of 

the s l a g  ba th ,  and PF-203 was used f o r  weld s t a r t i n g  as recommended by 

the manufacturer.  Flux chemistry i s  p r o p r i e t a r y ,  bu t  both f l u x e s  a r e  

described by t h e  manufacturer a s  "neutral" .  

Three v a r i a t i o n s  of 3/32 inch  diameter  e l e c t r o d e  were used dur ing  

process development. One e l e c t r o d e  was t h e  AWS E70S-3, an  uncoated 

carbon s t e e l  e l e c t r o d e  commonly used wi th  ESW p l a t e  welding; second, an  

* 
AWS E7OT-G e l e c t r o d e  wi th  powdered s t e e l  co re  and without  copper coa t ing ;  

and t h i r d l y ,  a copper coated AWS ER90S-B3 a l loyed  e l e c t r o d e  wi th  2-1/4Cr- 

* * 

**Metal-cor 6 ,  Airco Welding Products ,  Clermont Ter race ,  Union, New J e r s e y  
AS-521, Acco/Page, Bowling Green, Kentucky 
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2.2. Equipment 

A commercially a v a i l a b l e  e l e c t r o s l a g  system w a s  used f o r  t h i s  p r o j e c t  

* 
as shown i n  F igure  21. Two 750 ampere, 100% duty cyc l e  cons tan t  vo l t age  

r e c t i f i e r  power sources  were p a r a l l e l e d  t o  provide undiminishing weld 

power a s  h igh  a s  1500 amperes and 58 v o l t s .  The system was equipped wi th  

a dual e l e c t r o d e  d r i v e  u n i t  i nc lud ing  t h e  t o r c h ,  guide tube  clamping 

assemblies, and e l e c t r o d e  spool  mounts. This  assembly w a s  a t t ached  t o  

an x-y p o s i t i o n i n g  f i x t u r e .  The f i x t u r e  was designed t o  clamp d i r e c t l y  

over the  weld j o i n t  on m a t e r i a l  up t o  3-1/4 inches  t h i c k .  It w a s  equipped 

with an o p t i o n a l  e l e c t r o d e  o s c i l l a t i n g  u n i t  t h a t  was v a r i a b l e  i n  t r a v e l  

speed, d i s t a n c e ,  and d i r e c t i o n a l  change dwell  t ime.  

A remote c o n t r o l  pane l  provided common c o n t r o l  and monitor ing over  

both power sources.  The vo l t age  w a s  c o n t r o l l e d  by a s i n g l e  v a r i a b l e  

transformer and vol tmeter  on t h e  remote panel .  The amperage was con- 

t r o l l e d  by a s i n g l e  v a r i a b l e  t ransformer  l abe l ed  wi re  feed  speed c o n t r o l ,  

but an ammeter f o r  each power source  w a s  provided. The remaining i tems  

on t h e  remote panel  included t h e  weld s t a r t - s t o p  swi tch ,  w i r e  feed  

d i r e c t i o n  swi tch ,  a manual e l e c t r o d e  feed swi tch  l a b e l e d  "inch cont ro l" ,  

and a s e c t i o n  wi th  o s c i l l a t o r  speed c o n t r o l  and off /auto/manual  s e l e c t i o n  

A s t r i p  c h a r t  r eco rde r  was used t o  record  t h e  amperage and vo l t age  

during a l l  welds and a d i g i t a l  vo l tmeter  was added t o  t h e  system t o  pro- 

vide more accu ra t e  monitor ing and c o n t r o l .  A je t -Line e l e c t r o d e  f e e d r a t e  

meter was incorpora ted  t o  monitor t h e  e l e c t r o d e  feed  i n  inches  p e r  minute.  

Porta-s lag,  Hobart Bro thers  Co., Troy, Ohio 
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The c h a r t  r eco rde r  was used on s e l e c t e d  welds t o  v e r i f y  t h e  r e l a t i o n s h i p  

of e l e c t r o d e  v e l o c i t y  t o  o t h e r  v a r i a b l e s ,  bu t  t h e  f e e d r a t e  w a s  no ted  by 

the  ope ra to r  f o r  a l l  o t h e r  welds. A metered f l u x  feeding  device  as 

described i n  venkataramants17 work w a s  used t o  add t h e  f l u x  a t  t h e  weld 

s t a r t  u n t i l  t h e  d e s i r e d  s l a g  depth  had been e s t a b l i s h e d .  

2.3. Weld Set-Up 

I n  each weld set-up, t h e  r a i l s  were placed on a s o l i d  base and one 

sec t ion  was secu re ly  clamped t o  maintain a  r e f e rence .  R a i l  s e c t i o n s  

were matched gage s i d e  t o  gage s i d e ,  and t h e  j o i n t  spac ing  was eva lua ted  

over t h e  range of 518 t o  1-114 inches .  The nominal j o i n t  spacing was 

e s t ab l i shed  a t  t h e  r a i l  ba se ,  and a 1/16 inch  pe r  l i n e a l  f o o t  i n c l i n e  

(crown) was s e t  on each r a i l  t o  i nc rease  t h e  j o i n t  spac ing  a t  t h e  ra i l  

head, F igure  22. 

The e l e c t r o d e  f eede r  was then  a t t ached  t o  t h e  secured r a i l  s e c t i o n  

and t h e  guide tube  positioned.symmetrical1y i n  t h e  j o i n t .  When j o i n t  

spacing o r  guide tube  f l e x i b i l i t y  c r ea t ed  p o s s i b l e  con tac t  w i th  t h e  r a i l  

ends, c o m e r c i a l  ring-shaped guide tube  i n s u l a t o r s  w e r e  wedged between 

* 
t he  guide tube  and r a i l  ends. 

The b a s i c  mold components, c o n s i s t i n g  of  t h e  s t a r t i n g  block,  mold 

shoes, and runout ,  were pos i t i oned  around t h e  weld j o i n t  a s  symmetrically 

a s  poss ib l e .  Guide tube  c learance  w i t h  t h e  mold members was c a r e f u l l y  

checked dur ing  each set-up t o  avoid con tac t  o r  a r c i n g  dur ing  t h e  weld. 

* 
Hobart P o r t a s l a g  I n s u l a t o r s ,  P a r t  !IS5 17100-54 



Poor f i t -up  between t h e  mold and rai l  s u r f a c e s  was remedied by performing 

add i t i ona l  shaping of t h e  mold o r  by f i l l i n g  gaps wi th  r e f r a c t o r y  cement. 

2.4. Guide Tube Evaluat ion 

Guide tube des igns  were developed based on r e s u l t s  of  preceding 

welds, s t a r t i n g  wi th  t h e  1/4-inch p l a t e  design descr ibed  i n  s e c t i o n  4.4. 

Each design was eva lua ted  s u b j e c t i v e l y  by t h e  ope ra to r  dur ing  welding. 

The e f f i c i e n c y  of s l a g  ba th  formation,  freedom of e l e c t r o d e  movement, 

c o n t r o l l a b i l i t y  of  welding amperage, and s t a b i l i t y  of  p o s i t i o n  i n  t h e  

weld j o i n t  were observed. Heat d i s t r i b u t i o n  between t h e  guide tube  and 

s l a g  ba th  was determined by examination of t h e  completed weld f o r  uni- 

formity of  fu s ion  and s l a g  covering.  

2.5, Mold Evaluat ion 

Mold m a t e r i a l s ,  inc luding  OFHC copper ,  g r a p h i t e ,  bonded r e f r a c t o r y  

and c a s t i n g  sand were eva lua ted  by v i s u a l  examination fo l lowing  appl ica-  

t i o n  i n  a  b a s i c  r a i l  weld. Mold m a t e r i a l  e r o s i o n  o r  g ros s  contamination 

of t h e  weld meta l  were unacceptable .  Examination was a l s o  conducted f o r  

mold m a t e r i a l  ou tgass ing ,  adhesion t o  t h e  s l a g  l a y e r ,  and a r c  impingement, 

but t h e s e  cond i t i ons  were not  considered c r u c i a l  enough t o  d i s q u a l i f y  

the  m a t e r i a l  without  f u r t h e r  t e s t i n g .  

An important  cons ide ra t ion  i n  t h e  mold c a v i t y  des ign  w a s  t h e  e a s e  

of pos t  weld mold removal. For expendable molds, t h e  m a t e r i a l  merely 

had t o  be e a s i l y  removed f o r  weld in spec t ion .  For  r eusab le  molds, t h e  

ma te r i a l  had t o  p a r t  from t h e  weld without  damage t o  e i t h e r  su r f ace .  



2.6. Weld Inspection 

Visual examination of the weld was directed to undercutting, over- 

lapping, weld cracking, and lack of fusion as well as the conditions 

specifically listed in sections 2.4 and 2.5. When visual examination of 

the weld indicated a defect-free product, or if more detail was required 

than observable by surface examination, the weld and heat affected zone 

of the rail were sectioned as shown in Figure 23. Each section was sur- 

face ground under a steady coolant flow to an 8 G finish on the S-22 
* 

microfinish comparator. After removing grinding residue, the sections 

were etched with a 10% nitric acidlmethanol solution until the grain 

structure was clearly visible. Etching was stopped by successive tap 

water and ethanol rinses followed by hot air drying. Sectioning allowed 

examination for piping porosity, slag inclusion, hot cracking, and lack 

of fusion. 

For a more quantitative analysis, welds were sectioned to measure 

form-factor, depth of fusion, and the heat affected zone area. Surface 

and weld cross sectional analysis were combined with the amperagelvoltage 

traces and electrode feed-rate, to aid in determining procedural modifi- 

cations. 

Even though sulfur printing is normally intended for identifying 

sulful concentrations, it was also used in this investigation to enhance 

form-factor and fusion boundry identification as shown in Figure 24. 

Sulfur prints were taken from weld sections prepared in the same manner 

as for etching. The sulfur printing procedure is described in section 2 

GAR Precision Products Inc., Microfinish Comparator, Stanford, CT. 
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protective finish 

All samples were numbered, coated with a transparent 

., and stored for further analysis. 



3. RESULTS 

3.1. Equipment 

The f i n a l  equipment r equ i r ed  f o r  consumable guide e l e c t r o s l a g  r a i l  

welding (ESRW) included two cons tan t  vo l t age  750 ampere 100% duty cyc l e  

power sources ,  a common c o n t r o l  u n i t  a s  descr ibed  i n  s e c t i o n  2.2,  and 

a dual  e l e c t r o d e  f eede r  and spool  mount. The e l e c t r o d e  feeder  was 

at tached t o  an x-y p o s i t i o n e r  which w a s  clamped t o  t h e  head of t h e  r a i l  

a s  shown i n  F igure  25. The mounts f o r  t h e  s i x t y  pound e l e c t r o d e  c o i l s  

were separa ted  from t h e  e l e c t r o d e  f e e d e r ,  and s i x  f o o t  f l e x i b l e  condui t s  

were used t o  guide t h e  e l e c t r o d e  between t h e  two u n i t s .  The wi re  feed 

meter and f l u x  meter ing device were incorpora ted  wi th  t h e  e l e c t r o d e  

feeder  over  t h e  weld j o i n t .  

Five p i eces  of OFHC copper w e r e  c a s t  t o  form t h e  mold s e t .  These 

components a r e  i d e n t i f i e d  i n  F igure  26 a s  a s t a r t i n g  b lock ,  two wa te r  

cooled s i d e  shoes,  and a two-piece runout block.  The s t a r t i n g  block 

dimensions a r e  2 x 6 x 8-518 inches  wi th  a 7 /8  x 2 x 7-318 inch  weld 

s t a r t i n g  r e c e s s  c e n t r a l l y  on t h e  top  su r f ace .  Five vent  s l o t s  114 x 114  

inch were mi l l ed  from both s i d e s  of t h e  7-318 inch  weld s t a r t i n g  r e c e s s ,  

p a r a l l e l  w i th  t h e  r a i l  bottom and extending t o  t h e  edge of t h e  s t a r t i n g  

block. The vent  s l o t s  w e r e  spaced on 1-1/4 inch  c e n t e r s  w i th  t h e  middle 

s l o t  cen tered  on t h e  block.  Commercially a v a i l a b l e  1/4-inch weld backing 

ceramic (p r imar i ly  magnesium s i l i c a t e ) ,  was c u t  a s  requi red  and used t o  

l i n e  t h e  weld s t a r t i n g  r e c e s s .  A 6-inch long i n s e r t  f a b r i c a t e d  from one 

1 /4  x 1 inch  s t r a p  and two 0.059 x 0.6 i nch  s t r i p s  of SAE/AISI 1010 s t e e l ,  



t a c t  w i th  t h e  ra i l  base ,  F igure  27. 

Shoes were formed t o  f i t  t h e  gage and oppos i te  s i d e s  of t h e  rai l  

and marked accordingly.  Each shoe was 6-5/8 inches  h igh  and extends from 

the  bottom of t h e  r a i l  t o  518 inch  below t h e  top  of t h e  r a i l  head. Two 

7/16 inch  water  passages were d r i l l e d  through each shoe p a r a l l e l  t o  t h e  

r a i l  head and a r e  a t t ached  t o  a 13-gallon r e c i r c u l a t i n g  water  coo le r  by 

114 inch  hose. 

The runout block was c a s t  i n  one p i ece  wi th  a groove ac ros s  t h e  

bottom t h a t  i s  contoured t o  match t h e  top of t h e  r a i l  head. The groove 

p o s i t i o n s  t h e  2 x 6 x 8-518 inch  b lock  i n  alignment wi th  t h e  s i d e  shoes 

and t h e  runout passage over t h e  weld j o i n t .  The runout passage has  

1-314 x 3-1/4 inches  wi th  a one inch  r a d i u s  on t h e  edges where t h e  weld 

e n t e r s  from t h e  r a i l  head. The b lock  was cu t  i n t o  two equal  p a r t s  

t r ansve r se  t o  t h e  r a i l  and through t h e  c e n t e r  of t h e  run-out passage. 

The guide tube  was f a b r i c a t e d  from commercial 112 inch  e l e c t r o s l a g  

* 
guide tube s tock  and 112 inch  SAEIAISI 1010 s t e e l  p l a t e ,  F igure  28. 

Approximately 314 inch  of e l e c t r o d e  s t i c k o u t  was provided by r eces s ing  

the  commercial guide tube 112 inch  from t h e  end of t h e  f a b r i c a t e d  guide 

tube. When t h e  r a i l  guide tube  was pos i t i oned  i n  t h e  weld j o i n t ,  318 

inch c l ea rance  remained between i t  and each r a i l  end, and 114 inch  mini- 

mum c learance  wi th  each s i d e  shoe. The r e l a t i v e  p o s i t i o n s  of t h e  guide 

tube ,  r a i l  p r o f i l e ,  and mold c a v i t y  a r e  shown i n  F igure  29. Weld a r e a  

c a l c u l a t i o n s  s t a r t i n g  a t  t h e  bottom of  t h e  r a i l  base were performed by 

* 
Hobart type 48 Porta-s lag guide 112 inch  (13rmn) O.D., 118 inch  (3mm) I.D. 
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sect ioning a  weld h o r i z o n t a l l y  a t  1/4-inch i n t e r v a l s  and measuring the  

sect ion su r f aces .  A p l o t  of t h e  guide tube ,  weld j o i n t ,  and weld meta 

cross s e c t i o n a l  a r e a s  a r e  shown i n  F igure  30. 

3 .2 .  E l e c t r o s l a g  R a i l  Welding Procedure 

1. The r a i l  s e c t i o n s  a r e  t o  be a l igned  and spaced 1-114 

inches  a p a r t  w i t h  a 1/16 inch  i n c l i n e  (crown) per  foo t  

of r a i l .  The r a i l  ends should be cu t  perpendicular  t o  

t h e  running s u r f a c e  and c lean .  

2 .  Place  t h e  s t a r t i n g  block wi th  t h e  i n s u l a t i o n  and i n s e r t  

symmetrically beneath t h e  r a i l  j o i n t ,  i n s u r i n g  t h a t  t h e  

s t a r t i n g  i n s e r t  has  p o s i t i v e  con tac t  wi th  t h e  r a i l  base.  

3 .  The guide tube i s  a t t ached  t o  t h e  e l e c t r o d e  f eede r  and 

one e l e c t r o d e  i s  extended 112 inch  beyond t h e  end of 

one tube.  The o t h e r  e l e c t r o d e  i s  pos i t i oned  approxi- 

mately t e n  inches  s h o r t  of t h e  end of t h e  second tube .  

Each e l e c t r o d e  end must be c u t  t o  produce a sharp  po in t  

( e l e c t r o d e  type s p e c i f i e d  t o  match r a i l  chemis t ry) .  

4. Attach t h e  p o s i t i v e  welding cable  (DCEP) and t h e  guide 

tube  t o  t h e  e l e c t r o d e  f eede r ,  then  clamp t h e  feeder  t o  

t h e  head of t h e  r a i l .  The guide tube  must be pos i t i oned  

symmetr ical ly  i n  t h e  weld j o i n t  and have two i n s u l a t o r s  

placed over  t h e  end t o  provide a 0.15 inch  minimum spac ing  

between t h e  guide tube  and s t a r t i n g  i n s e r t .  

5. Securely clamp one ground l e a d  t o  each r a i l  ba se ,  approxi- 

mately t e n  inches  from t h e  weld j o i n t .  



Both s i d e  shoes a r e  then  clamped i n  p o s i t i o n  on t h e i r  

r e s p e c t i v e  s i d e s  of t h e  r a i l  whi le  i n s u r i n g  t h a t  t h e  

guide tube  has proper  c learance  and t h e  mold c a v i t y  is  

formed symmetrically over  t h e  weld j o i n t .  

With t h e  same precaut ions  a s  i n  s t e p  6,  p lace  both 

runout block ha lves  i n  p o s i t i o n .  

Check t h e  f i t -up  of a l l  mold components r e l a t i v e  t o  

each o t h e r  and the  s u r f a c e  of t h e  r a i l .  Sea l  any a r e a s  

a t  t h e  o u t e r  edges t h a t  f a i l  t o  make con tac t  by apply- 
* 

i ng  a smal l  q u a n t i t y  of  s u i t a b l e  i n s u l a t i n g  cement. 

Prehea t  t h e  s t a r t i n g  block and r a i l  base t o  between 

450' and 6 0 0 ' ~  wi th  an approved oxyafuel  t o rch .  

S t a r t  t h e  weld a t  31 v o l t s  and 1100 amperes. A s  t h e  

a r c  i s  e s t a b l i s h e d  wi th  t h e  second e l e c t r o d e ,  t h e  p r i -  

mary cons ide ra t ion  is t o  main ta in  31 v o l t s  and 50 inches  

p e r  minute e l e c t r o d e  f e e d r a t e .  A s  t h e  s l a g  ba th  c o n t a c t s  

t h e  bottom of t h e  guide. tube ,  amperage w i l l  au toma t i ca l ly  

i n c r e a s e  t o  approximately 1800 amperes and then g radua l ly  

d e c l i n e  as t h e  l a r g e r  base of t h e  guide tube  is  consumed. 

A s  t h e  amperage d e c l i n e s ,  g radua l ly  i nc rease  t h e  e l ec -  

t r o d e  f e e d r a t e  t o  s t a b i l i z e  1100 amperes and main ta in  

t h a t  amperage f o r  t h e  remainder o f  t h e  weld. 

S t e a d i l y  add 100 grams of  PF203 s t a r t i n g  f l u x  through 

t h e  t o p  of t h e  mold c a v i t y  as t h e  a r c  i s  s t a r t e d  s o  t h a t  

i t  is  completely depos i ted  wi th in  10  seconds. The auto-  

ma t i c  f l u x  feeder  must s t a r t  a t  t h e  same t i m e  a s  t h e  a r c ,  

* 
For t h  
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is i n v e s t i g a t i o n ,  Keen No. 1 P lus ,  Keen Corporat ion,  Vienna 
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and a t  t h e  r a t e  of  180 grams pe r  minute depos i t  450 grams 

of PF201 running f lux .  The f l u x  a d d i t i o n  and t o t a l  s l a g  

volume should be achieved w i t h i n  2-113 minutes of t h e  

weld s t a r t .  

12.  S t a r t  water  c i r c u l a t i o n  through t h e  s i d e  shoes 2-112 t o  

3 minutes a f t e r  s t a r t i n g  t h e  weld, and cont inue water  

cool ing  f o r  f i v e  minutes a f t e r  t h e  shoes have been removed 

from t h e  completed weld. 

13. When t h e  top  of t he  s l a g  b a t h  has reached t h e  top  of  t h e  

runout b lock ,  te rmina te  t h e  weld. 

14. Within 10  seconds of te rmina t ing  t h e  weld power, s e p a r a t e  

one s i d e  of t h e  runout block and d r a i n  t h e  molten s l a g  

i n t o  a s u i t a b l e  r ecep tac l e .  Then remove t h e  hot  runout 

b locks .  

15. A s  quick ly  a s  poss ib l e  a f t e r  removing t h e  runout b locks ,  

remove t h e  weld runout w i th  a ho t  c h i s e l  o r  o t h e r  s u i t a b l e  

device.  

16. Remove t h e  s i d e  shoes and s t a r t i n g  block,  ch ip  t h e  s l a g  

from a l l  weld s u r f a c e s ,  and v i s u a l l y  i n spec t  t h e  weld 

and h e a t  a f f e c t e d  zone. 

1 7 .  Grind t h e  weld a r e a  a t  t h e  head of t h e  ra i l  us ing  t h e  same 

procedure and equipment as s p e c i f i e d  i n  t h e  General Rules 

Regulat ions and P r a c t i c e s  manual p e r t a i n i n g  t o  t he rmi t  

welding (Appendix s e c t i o n  3 ) .  



3 . 3 .  Repair  Procedure 

In  t h e  event  t h a t  undercut o r  u n d e r f i l l  condi t ions  e x i s t  a t  t h e  edge 

of the  weld, remove a l l  s l a g  and contaminants i n  p repa ra t ion  f o r  f i l l i n g  

the de fec t  w i th  t h e  sh i e lded  meta l  a r c  process .  A 1 / 8  inch  AWS E8018 

e lec t rode  i s  r equ i r ed  f o r  use on ESRW s tandard  carbon r a i l  a p p l i c a t i o n s .  

The r e p a i r  weld must be made be fo re  t h e  d e f e c t i v e  a r e a  coo l s  t o  below 

450°F. The r e p a i r  weld p r o f i l e  must be minimized and formed t o  blend 

with t h e  e l e c t r o s l a g  weld t o  r a i l  s u r f a c e  t r a n s i t i o n .  A l l  sh i e lded  a r c  

welds must be made from t h e  edge of t h e  ra i l  base  toward t h e  r a i l  web 

and te rmina te  i n  t h e  e l e c t r o s l a g  weld metal .  No sh i e lded  a r c  weld w i l l  

be made i n  t h e  downward i n c l i n a t i o n  o r  s h a l l  i t  te rmina te  on r a i l  s t e e l .  

3.4. Weld Descr ip t ion  

The weld produced by fol lowing t h e  procedure i n  s e c t i o n  3.2 was 

completed i n  an average of 19-1/2 minutes and depos i ted  15  pounds of weld 

metal. The s l a g  ba th  depth a t  t h e  r a i l  base was a minimum 3/4 inch  and 

increased t o  1-112 inches  by t h e  time i t  reached t h e  t o p  of t h e  runout .  

The weld s t a r t i n g  depos i t  extends 518 inch  beneath t h e  r a i l  base 

and i s  1-3/4 inches  from t h e  fus ion  boundry of one r a i l  base  t o  t h e  o t h e r .  

The weld reinforcement  extends 318 inch  beyond each s i d e  of  t h e  r a i l  

base and g radua l ly  t a p e r s  t o  t h e  lower edge of t h e  r a i l  head where i t  is  

ground t o  match t h e  head contour .  An example of t h e  f i n a l  weld a f t e r  

s l ag  removal and f i n i s h  g r ind ing  i s  shown i n  F igure  31. 



4. DISCUSSION 

1 4.1. Approach 

b 

Adaptation of ESW t o  ra i l  j o i n i n g  w a s  complex s i n c e  many, i f  no t  a l l  

the process  v a r i a b l e s  a r e  i n t e r r e l a t e d  and have a s u b s t a n t i a l  i n f luence  

t h a t  p r o h i b i t s  q u a n t i t a t i v e  a n a l y s i s  of i n d i v i d u a l  v a r i a b l e  i n f luences .  

For example, t h e  s t a r t i n g  block s i z e  and composition were determined by 

the j o i n t  spac ing ,  e l e c t r o d e  p o s i t i o n ,  guide tube  s i z e ,  a r c  s t a r t i n g  

method, and time r equ i r ed  t o  e s t a b l i s h  t h e  s l a g  ba th .  In  t u r n ,  j o i n t  

spacing was dependent upon how s u c c e s s f u l l y  t h e  s l a g  ba th  w a s  e s t a b l i s h e d  

p r i o r  t o  pass ing  through t h e  r a i l  ba se ,  and how much d i l u t i o n  of  t h e  r a i l  

s t e e l  could be t o l e r a t e d  m e t a l l u r g i c a l l y ,  a s  w e l l  a s  t h e  thermal e f f e c t  

of t h e  vary ing  r a i l  c r o s s  s e c t i o n  upon t h e  s l a g  temperature.  

L i t t l e  o r  no informat ion  was a v a i l a b l e  concerning h igh  q u a l i t y  weld 

s t a r t s ,  r a p i d  es tab l i shment  of t h e  s l a g  ba th ,  welding of j o i n t s  wi th  

varying c r o s s  s e c t i o n ,  o r  i r r e g u l a r  guide tube  and weld reinforcement  

p a t t e r n s .  A s  a r e s u l t ,  t h e  o b j e c t i v e  of t h e  f i r s t  welds involved evalua- 

t i o n  of a guide tube  des ign  based upon t h e  one shown i n  Figure 7. 8,9 

Ths j o i n t  spacing,  power s e t t i n g  and f l u x  a d d i t i o n  were determined by 

e l e c t r o s l a g  recommendations f o r  a fou r  inch  p l a t e  weld us ing  two e l ec -  

t rodes  and a s t e e l  s t a r t i n g  sump. So l id  copper shoes t h a t  allowed a 

3/8  inch  guide tube  c l ea rance  were used on t h e  s i d e s  of t h e  ra i l ,  a s  

seen i n  F igure  32. 

Resu l t s  of t h e  f i r s t  welds i nd ica t ed  t h a t  t h e  guide tube had poten- 

t i a l  f o r  producing an accep tab le  r a i l  weld, bu t  t h a t  modi f ica t ions  would 



39.  

be required to improve mold cooling and the fusion pattern at the rail 

base, Figure 33. From this point, the development of the starting method, 

guide tube, mold, and welding procedure were approached synergistically, 

with each weld reflecting changes in conditions derived from the preceding 

4.2. Starting Block 

Post weld removal and heat flow were the two major considerations 

involved in developing the starting block. An insulating layer placed 

between an electrically conductive consumable starting insert and the 

supporting block met both of these requirements, Figure 34. Insulating 

materials were selected and tested based upon their expected tolerance 

to high temperatures and chemical compatibility with the slag and weld 

pool. Graphite plates, high temperature refractory, fused fluxes, and 

magnesium silicate ceramic tiles were tested. With the exception of 

one magnesium silicate ceramic, conditions of outgassing, excessive 

melting, and weld metal contamination were sufficient to disqualify each 

material without further evaluation. 

The magnesium silicate ceramic that provided satisfactory results 

was a proprietary weld backing ceramic, and the exact composition is 

unavailable. Additional advantages to the ceramic insulation are that 

it melts on the weld contact surface to provide a compatible slag coating 

on the weld start, and the remainder of the ceramic forms a smooth, 

rounded contour under the weight of the weld deposit, Figure 35. 



The starting block was designed to provide electrical contact with 

the rail for arc starting and maintain it until the slag bath reached 

the rail base, Figure 35a. As shown in this figure, the arc starting 

plate, 114-inch thick low carbon steel, prevented arc impingement and 

severe erosion of the insulation layer, Figure 35b. The .060 inch steel 

side pieces provided good electrical contact with the rail base while 

extracting a minimum of the weld energy for melting. 

As the fusion pattern at the rail base was optimized, the presence 

of cavities (bubble-like defects) persisted at the fusion boundary near 

the rail base center, Figure 36. In some cases, the cavity was limited 

to the run-in material while in others, it extended as much as 318 inch 

into the weld fusion boundary. These cavities were caused by gas en- 

trapment beneath the rail base as the slag bath advanced. Five vent 

slots 114 inch square were milled into the top of the starting block to 

allow sufficient ventilation but avoid slag loss, Figure 27. 

The number and spacing of vent slots was determined by examining 

welds for cavitation after a single slot had been milled in the center 

of the block. One slot reduced the cavity size by more than 50%. Two 

additional vent slots of the same size were added to each side of the 

original on 314 and 1 inch centers. Subsequent welds have produced com- 

plete fusion along both sides of the weld joint. 

4.3. Arc Starting 

The conventional arc starting method with steel wool was dependable 

for starting a single electrode. In dual electrode applications, however, 



one e lec t rode  would o f ten  "burn back" and fuse t o  t h e  end of t h e  guide 

tube, o r  f a i l  t o  a r c  (stubbing),  which resu l t ed  i n  shor t ing.  The main- 

tenance of an e lec t rode sticlcout d is tance  of between 314 and 1 inch was 

e s s e n t i a l  t o  e l iminate  these  s t a r t i n g  problems. Methods t e s t e d  t o  im-  

prove a r c  s t a r t i n g  included the  use of a high frequency device (normally 

* 
used f o r  furnace a r c  s t a r t i n g ) ,  guide tube o s c i l l a t i o n ,  amperage and 

voltage v a r i a t i o n s ,  powdered metal add i t ion ,  and delaying the  s t a r t  of 

the  second e lec t rode  f o r  various periods of t i m e .  The high frequency 

un i t  and t h e  e lec t rode o s c i l l a t i o n  methods were of l i t t l e  value. The 

powdered metal worked wel l ,  p a r t i c u l a r l y  aluminum powder o r  f i l i n g s ,  but 

i s  not advisable because of p o t e n t i a l  weld contamination. 

Staggering the  e lec t rode w i r e  pos i t ions  p r i o r  t o  the  weld s t a r t  was 

the  most dependable procedure f o r  a r c  s t a r t i n g .  One e lec t rode  is  posi- 

tioned approximately 114 inch from the  s t a r t i n g  i n s e r t ,  and t h e  second 

is withdrawn 10 t o  12 inches i n t o  t h e  guide tube. This method allows 

the  second e lec t rode t o  e n t e r . a  p a r t i a l l y  ionized zone where the  molten 

s l a g  is  forming. I n  addi t ion ,  the  second e lec t rode  w i l l  e n t e r  the  weld 

zone a t  a ve loc i ty  of approximately 65 inches per minute r a t h e r  than 100 

inches per minute a s  with simultaneous a r c  s t r i k e s .  Stubbing occurred i n  

each ins tance  when the  e lec t rodes  were not cut  t o  provide sharply pointed 

ends f o r  a r c  s t a r t i n g .  Electrode point ing is  a standard p r a c t i c e  f o r  

continuous e lec t rode  processes when t h e  e lec t rode is 1/16 inch o r  g rea te r  

i n  diameter. 

* 
Airco Mod. HF 20-1, Output unavailable 



4.4. Guide Tube Design 

The f i r s t  guide tubes  were designed t o  d e l i v e r  t h e  e l e c t r o d e  t o  an 

area of t h e  j o i n t  t h a t  corresponded wi th  t h e  recommendations f o r  m u l t i p l e  

e l ec t rode  spac ing  i n  p l a t e  welds,  F igure  19.  A 1/4-inch AISI~SAE 1010 

s t e e l  p l a t e  was used t o  p o s i t i o n  t h e  e l e c t r o d e s  and provide s u f f i c i e n t  

guide tube  c u r r e n t  ca r ry ing  c a p a b i l i t y ,  F igure  37. Var i a t ions  of t h i s  

design worked w e l l  a f t e r  t h e  s l a g  ba th  was e s t a b l i s h e d ,  bu t  w e r e  i ne f f ec -  

t i v e  i n  provid ing  complete fu s ion  a c r o s s  t h e  base of t h e  ra i l .  It was 

noted t h a t  on welds where t h e  p l a t e  guide member had e a r l i e r  and g r e a t e r  

contact  w i th  t h e  f l u x ,  t h a t  t h e  s l a g  ba th  was e s t a b l i s h e d  more uniformly 

and wi th  l e s s  v i o l e n t  a r c ing .  A guide tube  s i m i l a r  t o  t h e  one i n  F igure  

37 was pos i t i oned  s o  t h e  p l a t e  was 118 inch  above t h e  a r c  s t a r t i n g  sur -  

face ,  and t h e  a r c  was e s t a b l i s h e d  wi th  one e l e c t r o d e  t o  observe t h e  e f -  

f e c t  of t h e  p l a t e ,  F igure  38. The a r c  t r a n s f e r r e d  from t h e  e l e c t r o d e  t o  

the p l a t e  corner  i n s t a n t l y ,  and t r a v e r s e d  t h e  p l a t e  edge t o  produce an 

a r c  zone t h e  f u l l  width of t h e  p l a t e  w i th in  3 seconds. 

A second genera t ion  guide tube  was developed t h a t  e s t a b l i s h e d  t h e  

s l a g  ba th  more quick ly  and provided b e t t e r  fu s ion  over  t h e  r a i l  base ,  

Figure 39. This  was accomplished by a d d i n g ' a  s tandard  314 inch  s t r u c -  

t u r a l  ang le  steel p i ece  t o  t h e  bottom of t h e  guide tube  descr ibed  i n  

Figure 37, and f i l l i n g  t h e  ang le  c a v i t y  wi th  f l u x .  The des ign  was 

s tudied  by us ing  a  s p e c i a l  mold s e t  and welding only  t h e  base  of t h e  

r a i l s .  This  allowed c l e a r  observa t ion  of a  s i n g l e  e l e c t r o d e  s t a r t  and 

the  e f f e c t  of  t h e  l a r g e r  t r i a n g u l a r  s e c t i o n  dur ing  s l a g  ba th  formation,  

Figure 40. The s l a g  ba th  was e s t a b l i s h e d  over  t h e  e n t i r e  weld s t a r t i n g  
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a r ea  w i t h i n  20 seconds,  and i t  was apparent  t h a t  t h e  l a r g e r  guide tube  

a rea  was providing s i g n i f i c a n t  improvement i n  hea t ing  of  t h e  s l a g  ba th .  

E ight  welds were made wi th  v a r i a t i o n s  of  t h e  second genera t ion  guide 

tube, and t h e  presence of unmelted f l u x  at t h e  weld s t a r t  was completely 

el iminated.  S t i l l ,  f u s ion  a t  both s i d e s  of t h e  r a i l  base w a s  no t  s a t i s -  

fac tory .  It was a l s o  ev ident  t h a t  f a b r i c a t i o n  requirements were too  

complex f o r  economical app l i ca t ion .  Analysis  of  t h e  guide tube  develop- 

ment t hus  f a r  revea led  t h a t  t h e  most s i g n i f i c a n t  change had been i n  t h e  

increased volume of t h e  guide p l a t e  r a t h e r  than  j u s t  i t s  width o r  th ick-  

ness .  Increased guide tube volume allowed more cons tan t  con tac t  between 

the  guide tube  and s l a g  ba th ,  which improved thermal d i s t r i b u t i o n .  The 

previous guide tube  des igns  melted o f f  above o r  j u s t  a t  t h e  top  of t h e  

s l a g  b a t h ,  and caused amperage f l u c t u a t i o n s .  

The t h i r d  genera t ion  guide tube  design cons i s t ed  of two s t r a i g h t  

s e c t i o n s  of 112-inch commercial guide tube  d iv ided  by 112-inch SAEIAISI 

1010 s t e e l  p l a t e ,  F igure  41. T r i angu la r  p i eces  of 112-inch p l a t e  (wings) 

were added t o  each s i d e  of t h e  lower guide tube  t o  match t h e  width of 

t he  r a i l  base.  The increased  guide tube  width provided complete fu s ion  

a t  bo th  o u t e r  edges of  t h e  r a i l  base.  

The f i n a l  guide tube  design is shown i n  F igure  28. The 112 x 1-314 

inch s l o t  was centered  i n  t h e  guide tube  base  t o  improve amperage c o n t r o l  

during t h e  f i r s t  t h r e e  minutes of welding. Without t h e  s l o t ,  t h e  added 

guide tube  a r e a  r e s u l t e d  i n  uncon t ro l l ab l e  excess ive  amperage (over  1800 

amperes), which t r i p p e d  thermal s a f e t y  swi tches  i n  t h e  machines. The 

double beve l  t h a t  reduces t h e  guide tube  th i ckness  t o  118 inch  a t  t h e  
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base a l s o  helped provide b e t t e r  amperage c o n t r o l .  Any r a p i d  change i n  

guide tube  a r e a  r e s u l t e d  i n  r a d i c a l  amperage f l u c t u a t i o n  and excess ive  

s l ag  ba th  turbulence .  

i 
Closer  spacing of t h e  e l e c t r o d e s  a t  t h e  head of  t h e  r a i l  would sim- 

p l i f y  weld set-up,  b u t  a  3 inch  guide tube  width a t  t h e  ra i l  head was 

necessary t o  c o n t r o l  t h e  p e n e t r a t i o n  p a t t e r n .  The guide tube  c a r r i e s  

approximately 40% of t h e  weld energy t o  t h e  s l a g  b a t h  whi le  t h e  balance 

is concentrated where t h e  e l e c t r o d e  wi re s  e n t e r .  By sepa ra t ing  t h e  e l ec -  

t rodes  wi th  t h e  guide tube  p l a t e ,  t h e  weld energy and, t h u s ,  excess ive  

pene t r a t ion ,  was reduced a t  t h e  314-inch r a i l  web. The same considera-  

t i on  improved t h e  fus ion  p a t t e r n  a t  t h e  s i d e s  of t h e  r a i l  head by con- 

c e n t r a t i n g  t h e  e l e c t r o d e  wi re  energy nea r  t h e  water  cooled a r e a  of t h e  

s ide  shoes.  

! 

i 4.5. E lec t rode  S e l e c t i o n  

E lec t rodes  wi th  copper coa t ings  were only used when uncoated prod- 

u c t s  were no t  a v a i l a b l e .  When used wi th  t h e  f i r s t  two genera t ions  of 

guide tube  (with t h e  curved tub ing ) ,  t h e  copper coa t ing  caused e r r a t i c  

e l ec t rode  feeding  and, i n  some cases ,  terminated t h e  weld. With t h e  

f i n a l  guide tube  des ign ,  t h e  copper coa t ing  caused no problem a s  long 

a s  t h e  guide tube  was proper ly  a l igned  i n  t h e  clamping f i x t u r e .  

Comparison was made between t h e  p l a i n  carbon AWS E70S-3, which is 

the  t r a d i t i o n a l  e l e c t r o d e  f o r  welding s t r u c t u r a l  carbon s t e e l ,  and AWS 

* 
E70T-G, which is a p r o p r i e t a r y  t u b u l a r  e l e c t r o d e  wi th  powdered steel 

* 
Airco, Metal-Cor 6 



i n  t h e  core .  Both e l e c t r o d e s  were 3/32 inch  diameter  and uncoated. 

Under i d e n t i c a l  welding cond i t i ons ,  t h e  t u b u l a r  w i re  provided more de- 

pendable a r c  s t a r t i n g  and power c o n t r o l ,  a s  shown by t h e  vo l t age  amperage 

t r a c e s  i n  F igure  42. More s t a b l e  power c o n t r o l  reduced s l a g  ba th  t u r -  

bulence and l e s s  frequency of a r c i n g  between t h e  guide tube and r a i l  

ends. The E70S-3 e l e c t r o d e  was s a t i s f a c t o r y  f o r  developmental appl ica-  

t i o n s ,  and is  more commonly used f o r  ESW; hence, i t  was used f o r  t h e  

majori ty  of welds.  

The a l l o y  e l e c t r o d e  recommended i n  t h e  welding procedure ( sec t ion  

3.2) meets requirements f o r  AWS A5.281ER90S-B3 and had a copper coa t ing .  

The as-welded e l e c t r o d e  chemistry provided by t h e  manufacturer w a s :  

.07-.12%C, 2.25-2.75%Cr, .025%S, .45-.60%Si, .40-.70%Mn, .90-l.lO%Mo, 

and .025%Ph. According t o  work done by M. ~ c h o 1 1 , ~ ~  t h e  ER90S-83 e l ec -  

t rode  produced a b a i n i t i c  mic ros t ruc tu re  throughout t h e  e n t i r e  weld 

depos i t .  The hardness  a t  t h e  top  of t h e  r a i l  ranged from 33 HRC a t  t h e  

fusion l i n e  t o  25 HRC a t  t h e  weld cen te r .  This  range complies w e l l  w i th  

the A.R.E.A. s p e c i f i c a t i o n  of 24 HRC minimum f o r  136 pound pe r  yard car -  

bon r a i l  s teel ,  Table I. 

4.6. Flux Addition 

The use of one hundred grams of s t a r t i n g  f l u x  w a s  r equ i r ed  f o r  

rap id  es tab l i shment  of t h e  s l a g  ba th .  S t a r t i n g  f l u x  has  a lower v i s -  

c o s i t y  than  running f l u x  and a c c e l e r a t e s  d i s t r i b u t i o n  of t h e  molten s l a g  

ba th ,  e l e c t r i c a l  con tac t ,  and s o l i d  f l u x  a d d i t i o n  dur ing  t h e  e a r l y  s t a g e s  

of s l a g  ba th  format ion.  



1 
When t h e  t o t a l  550 grams of f l u x  had been added, t h e  s l a g  b a t h  was 

approximately 314 inch  deep a t  t h e  r a i l  base where t h e  j o i n t  a r e a  w a s  

10 square inches.  A s  t h e  weld progressed t o  t h e  r a i l  head, t h e  s l a g  

was 1-114 inches deep i n  a 4.8 square inch  a rea .  Approximately 2-114 

cubic inches  of s l a g  was l o s t  t o  t h e  s l a g  coa t ing  formed between t h e  

weld meta l  and t h e  mold su r f ace .  Flux a d d i t i o n s  of  l e s s  than  450 grams 

r e su l t ed  i n  poor power s t a b i l i t y  and l a c k  of fus ion  a t  t h e  r a i l  ba se ,  

while  a d d i t i o n s  exceeding 630 grams caused excess ive  pene t r a t ion  a t  t h e  

r a i l  web and head. A l a r g e r  volume of f l u x  was avoided dur ing  weld 

s t a r t i n g  t o  minimize t h e  l o s s  of hea t  t o  s l a g  ba th  formation t h a t  could 

otherwise be d i r e c t e d  t o  mel t ing  of  t h e  r a i l  base.  

Flux a d d i t i o n  r a t e s  descr ibed  i n  s t e p  11 of t h e  welding procedure 

should be followed c lose ly .  When s t a r t i n g  f l u x  was no t  added s imul ta -  

neously w i t h  running f l u x ,  weld p o r o s i t y  and excess ive  mel t ing  of t h e  

i n s u l a t i n g  m a t e r i a l  occurred.  I f  t h e  f l u x  was added too  qu ick ly ,  i t  d i d  

not mel t  e f f i c i e n t l y  and was depos i ted  wi th  t h e  s l a g  l a y e r  on t h e  sur -  

face  of t h e  weld. Surface d e p o s i t s  of unmelted f l u x  may become severe  

enough t o  prevent  es tab l i shment  of s u f f i c i e n t  s l a g  depth. Uneven o r  

excess ive  f l u x  a d d i t i o n s  a l s o  had t h e  e f f e c t  o f  cool ing  t h e  s u r f a c e  of 

t he  s l a g  ba th  and reducing r a d i a n t  prehea t ing  of t h e  r a i l  base.  

4.7. Mold Development 

Ma te r i a l s  eva lua ted  f o r  mold des ign  included s o l i d  OFHC copper,  

g r a p h i t e ,  bonded r e f r a c t o r y ,  and c a s t i n g  sand. Each m a t e r i a l  had been 

used s u c c e s s f u l l y  by o t h e r  i n v e s t i g a t o r s  and i n  p r a c t i c e  f o r  va r ious  
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degrees of containment o r  backing i n  o t h e r  h igh  depos i t i on  welding proc- 

esses .  Each m a t e r i a l  was eva lua ted  by forming mold components i n  t h e  

shape of t h e  pre l iminary  design and making welds under o therwise  uniform 

condit ions.  The l a r g e  mold s u r f a c e  area i n  con tac t  wi th  t h e  s l a g  ba th ,  

and t h e  slow t r a v e l  speed caused excess ive  hea t ing  and e ros ion  of  a l l  

the  m a t e r i a l s  except  copper. Ref rac tory  and zirconium c a s t i n g  sand a r e  

both used wi th  h igh  temperature c a s t i n g s  and would have been economically 

s u i t e d  f o r  an expendable mold des ign .  Both m a t e r i a l s ,  however, were 

severe ly  eroded causing contamination of t h e  weld metal .  Graphi te  demon- 

s t r a t e d  only minor e ros ion  under t h e  a r c  s t a r t i n g  a r e a  and n e a r  t h e  rail  

head, bu t  f r a c t u r e d  ex tens ive ly  when removed from t h e  weld. With t h e  

copper mold, minor e ros ion  occurred a t  t h e  top  of t h e  s i d e  shoes because 

of overhea t ing .  This  was e l imina ted  by a d d i t i o n  of water  cool ing  i n  t h a t  

a rea .  

The s i z e  and ang le  of  t h e  mold c a v i t y  and weld reinforcement  j u s t  

above t h e  base of t h e  r a i l  was c r i t i c a l  i n  prevent ion  of s l a g  entrapment 

and notching of t h e  weld meta l  a s  shown i n  F igure  4 3 .  This  notch  forma- 

t i o n  was no t  due t o  guide tube  hea t  d i s t r i b u t i o n ,  bu t  due t o  t h e  sudden 

cool ing e f f e c t  a s  t h e  weld progressed from t h e  preheated s t a r t i n g  block 

i n t o  t h e  l a r g e r  s i d e  shoes t h a t  were nea r  ambient temperature.  Both 

problems w e r e  e l imina ted  by de lay ing  t h e  water  c i r c u l a t i o n  f o r  2-112 t o  

3 minutes a f t e r  t h e  weld start ,  which i n  e f f e c t  provided prehea t ing  of  

t he  s i d e  shoes p r i o r  t o  s l a g  con tac t .  

S i m i l a r l y ,  a r e a s  w i th  sudden p r o f i l e  changes, i nc lud ing  t h e  weld t o  

base meta l  i n t e r f a c e ,  r equ i r ed  r a d i u s  formations s u f f i c i e n t  t o  minimize 
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s t r e s s  r i s e r  and notch e f f e c t s  i n  t h e  f i n i s h e d  weld. In t ima te  con tac t  a t  

r i g h t  angle  i n t e r s e c t i o n s  of  t h e  cool ing  shoes and t h e  r a i l  allowed t h e  

r a i l  s t e e l  t o  melt  beyond t h e  mold c a v i t y .  A s  t h e  r a i l  steel melted,  a  

small  amount was always d i sp l aced  by s l a g  which r e s u l t e d  i n  an undercut- 

t i n g  e f f e c t  s i m i l a r  t o  t h a t  r e s u l t i n g  from excess ive  vo l t age ,  F igure  12.  

A l a r g e r  r a d i u s  o r  spac ing  a t  t h e  s h o e / r a i l  s t e e l  i n t e r s e c t i o n  reduced 

the  cool ing  r a t e  of t h e  s l a g  and allowed t h e  h e a v i e r  molten s t e e l  t o  d i s -  

p lace  a l l  bu t  a  t h i n  l a y e r  of s o l i d  s l a g  a t  t h e  shoe su r f ace .  A major 

cons idera t ion  i n  mold c a v i t y  design was t o  provide 1/4-inch minimum 

c learance  between t h e  guide tube and mold su r f ace .  Therefore ,  a s  t h e  

guide tube  des igns  were changed, t h e  mold c a v i t y  was modified accordingly.  

The f i n a l  mold c a v i t y  p a t t e r n  was p a r t i a l l y  determined by postweld 

examination of t h e  c a v i t y  su r f ace  f o r  a r c  p i t t i n g  and a r e a s  t h a t  had ob- 

s t r u c t e d  mold removal. A s  t he se  cond i t i ons  were co r r ec t ed ,  e f f o r t  was 

a l s o  made t o  produce a  symmetrical o v e r a l l  p a t t e r n  t h a t  r e s u l t e d  i n  

g r e a t e r  guide tube  c learance  than  was a c t u a l l y  requi red .  

Because of con t inua l  mold modi f ica t ion  and v a r i a t i o n s  i n  weld proce- 

dures ,  i t  was not  p o s s i b l e  t o  determine t h e  l i f e  expectancy of a  copper 

mold s e t .  However, one s e t  of shoes was used f o r  over  30 welds wi thout  

excess ive  wear. 

4.8. Weld Charac t e r i za t ion  

The e l e c t r o s l a g  r a i l  weld condi t ion  and appearance a r e  gene ra l ly  

descr ibed  i n  s e c t i o n  3 . 4 .  A more d e t a i l e d  d e s c r i p t i o n  of t h e  weld and 

hea t  a f f e c t e d  zone i s  b e s t  achieved by comparison t o  t h e  thermi t  process .  



4.8.1. Fusion and HAZ P a t t e r n s .  Typical  fus ion  and h e a t  a f f e c t e d  

zone p a t t e r n s  through t h e  l o n g i t u d i n a l  r a i l  and weld c e n t e r  s e c t i o n  a r e  

shown i n  F igure  44. The width of t h e  fus ion  zone averages 1-314 inches  

a t  t h e  bottom of t h e  ra i l  and i n c r e a s e s  t o  2-1/2 inches a t  t h e  t o p  of 

the  r a i l  head. The hea t  a f f e c t e d  zone i s  p ropor t iona l  t o  t h e  fus ion  

zone, and averages 314 inch ,  except  a t  t h e  r a i l  base where i t  i n c r e a s e s  

t o  1-114 inches  because of prehea t ing .  F igure  45 shows a comparable 

s ec t ion  of a thermi t  r a i l  weld made wi th  a 1 inch  j o i n t  spacing and 5 

minute prehea t .  The thermi t  fus ion  zone averages 1-7/16 inches  over  t h e  

length  of t h e  weld, and t h e  h e a t  a f f e c t e d  zone ranges from 718 inch  a t  

t he  r a i l  base t o  1-114 inches  a t  t h e  head. 
38 

4.8.2. Form-factor. A l o n g i t u d i n a l  s e c t i o n  a t  t h e  c e n t e r  of  t h e  

r a i l  and weld a r e  shown i n  F igure  46. The weld was made w i t h  E70S-3 

f i l l e r  me ta l ,  which enhances t h e  s o l u t e  dumping l i n e s  and more c l e a r l y  

demonstrates t h e  form-factor produced by t h e  f i n a l  welding procedure. 

Even though s o l u t e  bands a r e  p re sen t  i n  t h e  a l l o y  weld, they  a r e  not  

wel l  def ined  f o r  photographic purposes.  

The s o l u t e  dumping l i n e s  and da rke r  reg ions  of  t h e  weld metal  i n  

Figure 46 c l e a r l y  show carbon concen t r a t ions  t h a t  vary wi th  t h e  volume 

of ra i l  steel d i l u t i o n .  A s  t h e  s l a g  ba th  e n t e r s  t h e  runout mold, t h e  

r a i l  s t e e l  d i l u t i o n  i s  e l imina ted  and t h e  shading of  t h e  weld metal  i n  

a r e a  "A" is  changed accordingly.  The r e s u l t s  of t h e  v e r t i c a l  weld c e n t e r  

hardness t r a v e r s e  ("A" from Figure  46) a r e  shown i n  F igure  47, and t h e  

carbon a n a l y s i s  r e s u l t s  from t h e  same reg ion  of an i d e n t i c a l  weld a r e  

shown i n  Figure 48. Both hardness  and carbon content  peaks a r e  l oca t ed  
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a t  a d i s t a n c e  equal  t o  t h e  weld pool  depth below t h e  r a i l  base  and head. 

The form-factor i n  F igure  46 is  t y p i c a l  of ESRW and ranges from 5.45 a t  

the  top of t h e  r a i l  base t o  2.33 a t  t h e  ra i l  head. 

4.8.3. Hardness Data. Hardness t r a v e r s e  p l o t s  through t h e  h e a t  

a f f ec t ed  zone of t h e  r a i l  head ( t r a v e r s e  B) and base ( t r a v e r s e  C) a r e  

shown i n  F igure  49. The peak hardness  i n  t h e  hea t  a f f e c t e d  zone of t h e  

ESRW is  33 HRC compared wi th  34 HRC i n  t h e  t y p i c a l  t he rmi t  weld.38 Weld 

metal hardness  a n a l y s i s  a r e  n o t  included s i n c e  t h e  h igh  h e a t  input  of 

ESRW makes t h e  weld hardness  more dependent upon e l e c t r o d e  chemistry than  

welding procedure. Sur face  deca rbu r i za t ion  of t h e  new r a i l  s t e e l  used 

f o r  t h i s  p r o j e c t  was approximately 1/32 inch  deep, which prevented v a l i d  

Rockwell hardness  d a t a  from t h e  r a i l  r o l l i n g  su r f ace .  De ta i l ed  weld 

metal hardness  and o t h e r  mechanical proper ty  d a t a  from t h e  weld and hea t  

a f f e c t e d  zone have been r epor t ed  elsewhere. 33 

The range of  h e a t  a f f e c t e d  zone hardness  f o r  t h e  ESRW was 22-33 HRC. 

A hardness  t r a v e r s e  f o r  a t y p i c a l  thermi t  weld is shown i n  F igure  50 and 

has a range of 22-34 H R C . ~ ~  These va lues  r e l a t e  t o  t h e  American Railway 

Engineering Assoc ia t ion  S p e c i f i c a t i o n  ( p a r t  2 ,  1979) t h a t  r e q u i r e s  a 

minimum Brine11 Hardness of 248 (24 HRC). 

4.8.4. Weld Qual i ty .  Transverse and l o n g i t u d i n a l  v e r t i c a l  s e c t i o n s  

of an ESRW made wi th  ER90S-B3 a l l o y ,  i nc lud ing  t h e  runout ,  are shown i n  

Figure 51. Conspicuous absence of vo ids  o r  gross  i n c l u s i o n s  i n  e i t h e r  

weld s e c t i o n  exempl i f ies  one of t h e  major advantages of ESRW, and t h e  

pipe and very smal l  s l a g  i n c l u s i o n s  present  i n  t h e  runout a r e  completely 
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eliminated by removal of the runout during the normal welding procedure. 

The transverse thermit weld section in Figure 52 exhibits typical inclu- 

sion and porosity conditions. The uniform grain structure of the thermit 

weld is in sharp contrast to the directional and non-uniform microstruc- 

ture of ESW. The weld metal deposition rate that produced this contrast 

also accounts for the difference in weld quality. The thermit weld metal 

is rapidly poured into the preheated mold and solidifies at an accelerat- 

ing rate from all surfaces, causing entrapment of gases and other im- 

purities. ESRW metal is deposited over a slowly solidifying vertical 

front, which allows time for gases and oxides to partition to the lighter 

slag, and finally the runout for removal during weld finishing. 

Rapid deposition ESW plate welding studies have shown that high 

quality welds can be produced while decreasing weld time by as much as 

60%. 17y34 These studies have evaluated combinations of reduced joint 

spacing, use of modified plate guide tube or strip electrodes, and in- 

creased amperage and electrode.feed rates. With exception of the strip 

electrode, variations of these methods were used with ESRW. Welding time 

was reduced to 14-112 minutes while retaining the high quality of the 

"weld metal". However, welds made in less than sixteen minutes resulted 

in heat affected zone hot cracking within 2 to 4 grain widths of the 

fusion boundary, Figure 53. Sulfur prints in Figure 22 show the sulfur 

concentration in a transverse rail section and a longitudinal section of 

a weld. Chemical analysis of these rail sections revealed compositions 

by weight percent of .73C, .043S, .033P, and .93Mn. 



4.9. Repair Conditions 

Prior to improvement of the electrode straightener and use of the 

modified insulator to aid guide tube positioning, undercut occurred at 

the top of the rail base in approximately 20% of the welds. In most 

cases, the undercut was limited to one area and was no more than 1/8 inch 

deep and 318 inch wide. The repair procedure in section 3.3 was developed 

to allow full-scale testing of these welds without unnecessary delay to 

other areas of ESRW development. An example of undercutting and the 

repair weld is shown in Figure 54. The shielded metal arc weld produced 

a pearlitic microstructure in the weld metal and merely refined the heat 

affected zone pearlite in both the rail steel and ESW, ER90S-B3 weld 

metal. The repair weld had Rockwell C hardness values of 20 in the weld 

metal, 29 in the rail steel HAZ and 28 in the ESRW steel heat affected 

zone. The repair procedure is easily performed and could foreseeably be 

applied to ESRW applications where rail conditions prohibit proper mold 

positioning or use on mis-matched rails. 



5. CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions 

1. With the development of a multi-section copper mold assembly, 

a composite weld starting block, and a dual electrode plate 

guide tube, standard 136 pound per yard carbon steel railroad 

rail has been successfully welded utilizing the consumable 

guide electroslag process. 

2. The size of the weld starting area has been significantly re- 

duced by using a ceramic backed thin steel insert as a con- 

sumable portion of the starting block. The depth of the 

starting area was reduced further by locating the end of the 

plate guide tube 118 to 114 inch from the starting insert, 

which improved heat distribution during early slag bath for- 

mat ion. 

3. Arc initiation dependability for the dual electrode system has 

been significantly improved by providing a 314 to 1 inch elec- 

trode wire stickout for each electrode and delay of initiation 

for the second electrode. The second electrode thus enters a 

partially formed slag bath at a lower velocity than it would 

during a simultaneous start. 

4 .  A plate guide tube can be used to improve heat distribution 

over the slag bath. Where required, it may be designed to in- 

crease or reduce thermal concentrations in specific regions of 

a weld. A major requirement for effective use of the guide 

tube in this manner is to provide a sufficient guide tube volume 

to maintain contact with the slag bath surface. 



5.2. Recommendations 

It is anticipated that prior to service implementation of ESRW, the 

following investigations and improvements will be made. 

1. The starting insert and insulation geometry will be improved 

and formed as a single part or as a trough with separate end 

pieces. 

2. The guide tube design will be simplified for fabrication pur- 

poses and to improve welding power stability. 

3.  The guide tube clamping fixture on the electrode feeder will 

be designed to allow rapid positioning of the guide tube after 

preheating the rail ends and starting block. 

4 .  Use of solid copper side shoes rather than the water cooled 

design should be investigated to improve process portability. 

5. Use of a single thin strip electrode rather than the dual 

wire electrode should be investigated. It is anticipated 

that a single strip electrode would improve heat distribution, 

weld starting, and simplicity of the guide tube design. In 

addition, a single weld length electrode role, along with a 

premeasured flux packet and guide tube, could be provided 

more easily for each weld. 

6. Use of constant current welding power sources should be in- 

vestigated. This system would vary the electrode (wire or 

strip) feed rate while maintaining a constant current and 

varying voltage for a more precise control of weld deposition 

and regional heating. This system may also be more compatible 

with automatic controls. 

7. In the event that the constant current power source does not 

perform as expected, a sensing system or programmed control 

should be developed for use with the more sensitive constant 

voltage power sources in present use. 



8. By using engine driven generators for welding power sources, 

ESRW can be applied as a portable welding process. Two 

generators rated at 700 amperes and 100% duty cycle would 

provide adequate welding power for the process as it is 

presently designed. 
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Figure 1. AMERICAN RAILWAY ENGINEERING ASSOCIATION RECOMMENDED RAIL 
SECTION DIMENSIONS FOR 136 POUND PER YARD RAIL (1971). 



Figure 3. ENCLOSED ARC WELDING ENCLOSURE BLOCK ASSEMBLY. 
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Figure 4. SUBNERGED-SLAG RAIL WELDING SEQUENCE. 
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Figure 5. SCHEMATIC REPRESENTATION OF CONSUMABLE GUIDE ELECTROSLAG 
WELDING. 
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Figure 6 .  SCHEMATIC REPRESENTATION OF CONVENTIONAL ELECTROSLAG 
WELDING. 
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Figure 7. CONSUMABLE GUIDE PLATE ELECTRODE USED BY V. I. SVETLOPOLYAN- 
SKI1 FOR WELDING TYPE R43 TRAM RAIL. 



Figure 8 .  ELECTRODE MOVEMENT PATTERN USED BY KOPETMAN AND MUKANAEV 
IN CONVENTIONAL ELECTROSLAG WELDING OF CRANE RAIL. 
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Figure 10. SLAG BATH CURRENT PATH VARIATIONS. 
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Figure 11. VOLTAGE AND BASE METAL DILUTION RELATIONSHIP. 
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Figure 12. HIGH VOLTAGE PENETRATION PATTERN THAT RESULTS IN SLAG 
ENTRAPMENT AS VOLTAGE FLUCTUATES, PROPOSED BY SOLARI, 
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Figure  13. EXPERIMENTALLY DETERMINED PARABOLIC RELATIONSHIP BETWEEN 
WELDING CURRENT AND ELECTRODE VELOCITY. 
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Figure 14. EFFECT OF CURRENT ON THE WELD POOL GEOMETRY. 
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Figure 15. EFFECT OF VOLTAGE ON THE WELD POOL GEOMETRY. 
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Figure 16. 
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EFFECT OF THE SLAG BATH ELECTRICAL CONDUCTIVITY ON THE 
WELD POOL. 
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Figure 17. EFFECT OF GROUNDLOCATION AND ELECTRODE POSITION ON
ELECTROSLAG WELD PENETRATION.
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Figure 18. CALCULATED AND ACTUAL PENETRATION SHAPES WITH VARIATIONS 
IN GUIDE TUBE ARRANGEMENT BY L. P. EREGIN. 
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Figure 19. EXTREME CONDITIONS RESULTING FROM ELECTRODE WIRE SPACING 
VARIATIONS IN A TWO ELECTRODE SYSTEM. 
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Figure 20. EFFECT OF NON-VERTICAL ELECTROSLAG WELDING ON WELD POOL 
SHAPE BY JONES, ET AL. 





Figure 22. SCHEMATIC ILLUSTRATION OF THE ELECTRODE FEEDER AND RAIL 
POSITIONING. 



Figure 23. MACROSECTIONING DIAGRAM FOR RAIL WELDS. 
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Figure 24. SULFURPRINTOF TRANSVERSE AND LONGITUDINAL ESRW SECTIONS.
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Figure 25. X-y ELECTRODE POSITIONERS WITH THE ELECTRODE FEEDER,
CONDUIT, AND ELECTRODE SPOOLS.
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Figure 26. SCHEMATIC OF MOLD COMPONENTS. 
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Figure 28. F I N A L  GUIDE TUBE D E S I G N .  



Figure 2 9 .  GUIDE TUBE POSITION RELATIVE TO THE RAIL AND MOLD CAVITY 
PROFILE. 



o Weld Metal  
o Weld Joint 
A Guide Tube 

CROSS-SECTIONAL AREA (in2) 

Figure 30. CROSS SECTIONAL AREA RELATIONSHIP OF THE WELD METAL, WELD 
JOINT, AND GUIDE TUBE. 
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Figure 31. COMPLETED ELECTRO SLAG RAIL WELD READY FOR SERVICE.
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Figure 32. INITIAL COPPER SIDE SHOE DESIGN.



Figure 33. FUSION PATTERN AT THE RAIL BASE FROM ELECTROSLAG WELD #3. 



Figure 3 4 .  STARTING BLOCK DESIGN WITH PRELIMINARY INSERT AND 
INSULATION PATTERNS. 
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Figure 35. CERAMIC STARTING BLOCK INSULATION BEFORE (a) AND AFTER
(b) WELDING.
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Figure 36. IMPROPER PENETRATION AND WELD SHAPE (CAVITY) IN THE WELD
BENEATH THE RAIL BASE AS A RESULT OF GAS ENTRAPMENT.
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Figure 37. INITIAL GUIDE TUBE DESIGN. 



Figure 38. GUIDE TUBE INFLUENCE ON SLAG BATH FORMATION. 
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Figure 39. INITIAL GUIDE TUBE SPECIFICALLY DESIGNED TO IMPROVE SLAG 
BATH FORMATION. 
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Figure 40. MOLD AND WELD SET-UP FOR EVALUATION OF THE GUIDE TUBE

INFLUENCE UPON WELD STARTING.
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Figure 41. UNIFORM 112 INCH THICK GUIDE TUBE DESIGN. 
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Figure 43. WELD REINFORCEMENT NOTCHING DUE TO OVER COOLING OF THE
SLAG BATH.
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Figure 46. HARDNESS TRAVERSE LOCATIONS THROUGH THE LONGITUDINAL
CENTER SECTION OF ESRW.
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Figure 4 7 .  HARDNESS TRAVERSE PLOT OF THE WELD METAL ("A" FIGURE 4 6 )  
FROM AN ESRW. 
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Figure 48. VARIATION OF CARBON CONTENT IN AN ESRW USING E70S-3 
ELECTRODE WIRE (AS IN FIGURE 46). 
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Figure 49. HARDNESS TRAVERSE PLOTS FROM B AND C OF FIGURE 46. 
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Figure 50. HARDNESS TRAVERSE OF A TYPICAL THERMIT WELD. 
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Figure 52. MACROSECTION OF A TYPICAL THERMIT WELD.
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Figure 53. HAZ CRACKS IN ESRW RESULTING FROM EXCESSIVE WELD SPEEDS.
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ESRW RAIL BASE UNDERCUT REPAIR USED IN THIS INVESTIGATION.



Appendix I. 

GLOSSARY OF RAIL STEEL TERMINOLOGY 

Brand--Rail identification rolled in raised characters on the side of the 

web of each rail a minimum of every 16 feet. The brand must in- 

clude the data and order of arrangement as shown in the example 

below. 

132 RE CC Manufacturer 1977 I11 

(Weight) (Section) (Method of (Mill Brand) (Year (Month 
Hydrogen Rolled) Rolled) 
Elimination, 
if Indicated 
in Brand) 

I 

Stamping--The heat number, rail letter indicating the order the rail is 

taken from the heat, ingot number, and method of hydrogen eli- 

mination stamped into the web of each rail a minimum of every 

16 feet on the side opposite the brand. The data and arrange- 

ment shall be as shown below in 518 inch figures. 

287165 ABCDEFGH 12 BC 

(Heat Number) (Rail Letter) (Ingot Number) (Method of 
Hydrogen 
Elimination, 
if Indicated 
in Stamping) 

I 
i 
I Track System ~escription--(on next page) 



Track System Description--(cont.) 

Transverse Sect ion 



Appendix 11. 

RAIL CHEMISTRY 

American Railway Engineering Association (AREA) and American Society for 
Testing of Materials (ASTM) Specifications for 136 pound per yard carbon 

steel rail. 

AREA 0.70- 0.04 0.035 
0.82 Max Max 

ASTM 0.69- 0.05 0.04 
0.82 Max Max 

- - - - -- - - - 

Chemistry of rail heats and welds in this investigation as determined by 
spark spectro-analysis (in wt.%). 

Thermit 
Weld 0.49 0.021 0.033 1.093 0.366 0.031 0.091 0.369 



Appendix 111. 

SULPHUR PRINTING 

The surface of interest to be tested for distribution of sulphur 

should be reasonably smooth and free from foreign matter, such as dirt 

and grease. Grinding the surface on No. 00 or No. 000 emery paper and 

subsequent thorough washing will generally produce a surface satisfactory 

for the purpose. 

Photographic bromide paper is soaked in a 2% aqueous solution of 

sulphuric acid for approximately 3-4 minutes. This operation, as well 

as the entire process of sulphur printing, may be carried out in daylight; 

contrary to the usual requirements for the handling of photographic paper. 

Although in principle any surface finish on the paper will produce the 

desired results, it is recommended that a semi-matte paper be used, so 

as to minimize the danger of slippage when the paper is placed in contact 

with the specimen surface. The action of the dilute acid on the gelatin 

of the paper tends to make it soft and slimy, this condition being de- 

cidedly worse on glossy-finished paper than on semi-matte. 

The paper is removed from the acid solution and allowed to drain 

free from excess solution. The emulsion side of the paper is then placed 

in direct contact with the prepared specimen surface and allowed to re- 

main in contact under moderately applied pressure for 1 or 2 minutes. 

Care must be taken that all entrapped air bubbles between the paper and 

the specimen surface are eliminated. This may be assured by carefully 

pressing with a squeegee print roller. 



The reaction of the sulphuric acid with the sulphide regions of the 

steel produces hydrogen sulphide gas, which reacts with the silver bro- 

mide in the paper emulsion, forming a characteristic brown to gray-black 

deposit of silver sulphide. These reactions may be expressed as follows: 

FeS + H2S04 FeS04 + H2S 
or 

MnS + H2S04 &SO4 + H2S 

H2S + 2AgBr Ag2S + 2HBr 

When the reaction has proceeded for approximately the recommended 

length of time, the photographic paper is removed from the surface of 

the specimen, rinsed in clear running water, and then fixed permanently 

by placing it in a photographic fixing solution for about 15 minutes. 

When fixation is completed, the print is again washed in running water 

for approximately 30 minutes and subsequently dried in the usual manner. 

The examination of a properly prepared sulphur print will disclose 

quite clearly, because of the presence of darkly colored areas of silver 

sulphide, the precise location of sulphur inclusions on the prepared sur- 

I. I face of the metal. A grouping or agglomeration of such silver sulphide 

I areas indicates the presence of sulphur segregation, whereas a random 

1 I dispersion of the spots denotes a more uniform, and perhaps less harmful, 

I distribution of the sulphur inclusions. 

, 
(Taken from Kehl, "The Principles of Metallographic Laboratory Practice", 
Third Edition.) 



Appendix IV. 

DYE-PENETRANT INSPECTION PROCEDURE 

1. Preclean the area to be inspected by using a vapor degreaser or 

a residue-free volatile solvent, such as lacquer thinner, tri- 

chlorethylene, or chlorothene. Surfaces and flaws must be free 

of all soil. Improperly precleaned defects can lead to failure 

of the process. Power brushing or abrasive blasting should not 

be used as it may close the surface exposure of small cracks or 

holes. 

2. After the cleaning solvent has completely evaporated from the 

surface and flaws, apply penetrant to the clean, dry surface. 

Allow a minimum of 5 minutes penetrant time. Increase penetra- 

tion time if temperature is below 60°F or if unusually tight flaws, 

such as grinding cracks, fatigue cracks or laps, are suspected, 

or if thorough precleaning. is not possible. Do not apply to 

surfaces over 140°F. 

3. Remove excess penetrant from the surface as completely as possible, 

but avoid overcleaning. On smooth surfaces, wiping with clean, 

dry rags or paper toweling followed by wiping gently with clean 

rags or toweling moistened with commercial penetrant remover is 

recommended. Rough surfaces may require more severe wiping or a 

washdown with commercial emulsifier or water-washable remover. 



4. Developer should be applied in a thin, even wet coating onto the 

dry surface. A thick coating can mask microscopic defects. Red 

marks in the white developer indicate presence of flaws. Flaws 

may appear the instant developer dries, but final inspection and 

interpretation should be made at least a few minutes later. 

5. Interpretation of flaw indications may be made from the rate and 

extent of bleeding as well as from the richness of the red-colored 

flaw patterns on the white developer background. The rate of 

bleeding and color richness indicate the width and depth of the 

defect, while the extent of bleeding indicates the volume of the 

flaw. A wide, shallow defect shows up almost at once, while 

narrow, deeper flaws may not assume final pattern for some time. 

(Dye-Penetrant Information from Met-L-Chek Co., Inc., Santa Monica, CA.) 



Appendix V. 

CONVERSION TABLE 

1 inch (in) = 25.4 millimeters 

1 foot (ft) = 0.3048 meters 

1 yard (yd) = 0.9144 meters 

1 mile = 1.609 kilometers 

1 pound (lb) = 453.6 grams 

1 ton = 907.185 kilograms 

Degree C = (Degree F - 32) 519 
Degree F = (Degree C x 1.8) + 32 
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