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ABSTRACT 

Effects of Process Variables and Microstructures 
on Properties of Electroslag Weldments 

Srivathsan Venkataraman, Ph.D. 
Oregon Graduate Center, 1981 

Supervising Professor: William E. Wood 

Electroslag weldments, while economically attractive, exhibit low 

impact toughness and lack of reliable non-destructive inspectability. 

The purpose of this investigation was to improve the reliability and 

integrity of electroslag weldments through control of welding process 

variables, improvements in as-welded microstructure and weld metal alloy 

add it ions. 

The influence of process variables including electrode position, 

slag level, welding current, voltage, guide tube geometry and joint 

spacing on A588 structural steel consumable guide electroslag weldments 

were investigated. Plate grounding and electrode positioning were criti- 

cal to control the weld symmetry, and proper slag level maintenance was 

necessary to control the process stability and weld microstructure. The 

welding current vs. wire feed rate relationship was influenced by the 

guide tube design and joint spacing, and the use of a winged guide tube 

enabled lower welding voltages. The high current/narrow gap/winged guide 

tube weld provided a 50% reduction in specific heat input and heat 

affected zone width and a 67% reduction in weld time. 

Grain refinement in the as-welded condition was achieved by shield- 

ing the consumable guide tube with either a mullite or fused quartz 



xiv . 

sleeve combined with a supplemental vibration of the consumable guide 

tube in the case of mullite. Several other weld puddle agitation tech- 

niques were also studied. A hypothesis for the grain refinement mechanism 

is presented. 

Alloy additions were made through either elemental wires welded on 

to the guide tube or alloyed filler electrodes. Weld metal alloy addi- 

tions provided a better control over the proeutectoid ferrite films 

bordering grain boundaries in standard welds, 

Both standard and fatigue precracked CVN toughness tests were 

carried out for several electroslag welds. Standard electroslag welds 

possessed least toughness at mid-thickness weld centerline location 

(4 ft.lbs. at 0°F). Crack propagation along proeutectoid ferrite films 

was observed. High current/narrow gap welds posted an improvement in 

mid-thickness weld centerline toughness (11 ft.lbs. at 0°F). Both grain 

refined and alloyed welds showed limited variations in toughness across 

their width. The high current/narrow gap weld made with chromium and 

molybdenum alloyed filler wire possessed much improved mid-thickness 

weld centerline toughness (17 ft.lbs. at O°F). 

Optical, scanning and transmission electron microscopy were carried 

out for weld microstructure evaluations. 



1. INTRODUCTION 

The e l e c t r o s l a g  welding (ESW) process  was developed o r i g i n a l l y  i n  

t h e  Paton E l e c t r i c  Welding I n s t i t u t e ,  USSR, i n  t h e  e a r l y  1950's.' L a t e r ,  

c o u n t r i e s  such as Czechoslovakia ( B r a t i s l a v a  I n s t i t u t e  of Welding) and 

Belgium (Arcos Corporat ion)  made f u r t h e r  c o n t r i b u t i o n s  t o  t h e  development 

of t h e  process2  and t h e  welding technique was introduced i n t o  t h e  United 

S t a t e s  i n  1959 by t h e  Arcos ~ o r p o r a t i o n . ~  Since then ,  t h e  process  has  

been used i n  heavy s t r u c t u r e  f a b r i c a t i o n s ,  which inc ludes  br idges .  I n  

t h e  mid-1970's, s e v e r a l  b r idge  f a i l u r e s  occurred i n  s e r v i c e  and t h e i r  

s tudy  revea led  t h a t  b r i t t l e  f r a c t u r e  i n i t i a t e d  a t  t h e  e l e c t r o s l a g  welded 

j o i n t s .  Based on those  f a c t s ,  t h e  Federa l  Highway Administrat ion pro- 

h i b i t e d  t h e  use  of t h e  e l e c t r o s l a g  weldments on main s t r u c t u r a l  t ens ion  

members on any f ederal ly-aided p ro j ec t s .4  Th i s  t h e s i s  r e sea rch  has  e s t ab -  

l i s h e d  t h e  fundamental r e l a t i o n s h i p s  between process  v a r i a b l e s ,  micro- 

s t r u c t u r e  and p r o p e r t i e s  of e l e c t r o s l a g  welds i n  A588 s t r u c t u r a l  s t e e l .  

ESW i s  a jo in ing  method i n  which a  molten s l a g  me l t s  t h e  f i l l e r  meta l  

and t h e  s u r f a c e s  of t he  work t o  be welded. The molten weld pool  i s  

sh i e lded  by t h e  molten s l a g ,  which moves along t h e  f u l l  c r o s s  s e c t i o n  of 

t h e  j o i n t  a s  t h e  weld progresses .  The process  i s  i n i t i a t e d  by an e l ec -  

t r i c  a r c  between t h e  e l e c t r o d e  and t h e  bottom of t h e  j o i n t .  Powder f l u x  

i s  then added and melted by t h e  hea t  of t h e  a r c .  Once a  l a y e r  of t h e  

molten s l a g  i s  e s t a b l i s h e d  (1.5 t o  2 i nches ) ,  t h e  a r c  s t o p s  and t h e  

welding c u r r e n t  (500-700A) passes  from t h e  e l e c t r o d e  through t h e  s l a g  by 



e l e c t r i c a l  conduction. The passage of t h e  c u r r e n t  provides  t h e  necessary  

h e a t  f o r  fu s ion .  

The ESW process  r e q u i r e s  a l a r g e  hea t  i npu t  accompanied by slow 

cool ing ,  when compared t o  o the r  welding processes .  To assist t h e  ex t r ac -  

t i o n  of t h i s  l a r g e  q u a n t i t y  of hea t  evolved dur ing  t h e  process ,  water  

cooled copper shoes a r e  used on both s i d e s  of t h e  p l a t e s  being welded. 

In  a d d i t i o n  t o  hea t  e x t r a c t i o n ,  t h e s e  shoes con ta in  t h e  molten pool  

dur ing  welding and provide t h e  f i n a l  weld contour .  Usual ly,  e l e c t r o s l a g  

welds a r e  prepared i n  t h e  v e r t i c a l  o r  t h e  n e a r  v e r t i c a l  d i r e c t i o n .  The 

welding technique u t i l i z e s  a s t a r t i n g  sump and a runoff  block t o  e l imi-  

n a t e  d e f e c t s  a s soc i a t ed  wi th  t h e  i n i t i a t i o n  and t h e  te rmina t ion  of t h e  

process .  

There a r e  two types  of ESW. They a r e  convent ional  ESW and consumable 

guide ESW. The convent ional  ESW system u t i l i z e s  a non-consumable contac t  

tube  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  molten s l a g  pool  (Figure 1 ) .  The 

con tac t  tube  i s  maintained a t  about 2 i nches  above t h e  s l a g  pool su r f ace .  

The e n t i r e  welding head along wi th  cool ing  shoes is  moved upward a t  a 

predetermined r a t e  c o n s i s t e n t  w i th  t h e  welding speed. 

The consumable guide e l e c t r o s l a g  welding system uses  a tube  t o  guide 

t h e  welding e l e c t r o d e  i n t o  t h e  s l a g  pool  (Figure 2 ) .  A t  t h e  s t a r t ,  t h e  

guide tube is  pos i t ioned  wi th  i t s  t i p  a t  about 1-112 inches  above t h e  

bottom of t h e  j o i n t .  A s  t h e  name imp l i e s ,  t h e  guide tube  i s  consumed 

i n t o  t h e  weld pool  a s  t h e  weld progresses .  This  method involves  no 

moving p a r t s  except  t h e  welding e l e c t r o d e .  
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Figure 1. SCHEMATIC REPRESENTATION OF CONVENTIONAL ELEC- 
TROSLAG WELDING PROCESS (NON-CONSUMABLE GUIDE). 





ESW provides  g r e a t  sav ings  i n  manpower, t ime and welding consuma- 

b l e s ,  e s p e c i a l l y  f o r  welding t h i c k e r  s e c t i o n s .  Sec t ions  s e v e r a l  inches 

i n  t h i ckness  can be welded i n  a s i n g l e  pas s  by s e l e c t i n g  a s u i t a b l e  num- 

be r  of e l e c t r o d e s  and/or  e l e c t r o d e  o s c i l l a t i o n .  The s e c t i o n s  being 

welded do not  r e q u i r e  any edge p repa ra t ion ;  t h e  weld pool  s i z e ,  t h e  high 

hea t  i n p u t ,  and welding speed e l i m i n a t e  t h e  n e c e s s i t y  f o r  prehea t ing .  

A s  t h e  process  is  a s s o c i a t e d  wi th  a slow weld coo l ing  r a t e ,  t h e  d i s t o r -  

t i o n  involved i s  minimal when compared t o  o t h e r  processes .  The s l a g /  

meta l  r e a c t i o n  involved i n  t h e  process  provides  sound, "defect-free" 

welds,  i f  p roper ly  con t ro l l ed .  

Despi te  t hese  advantages,  t h e r e  a r e  c e r t a i n  problems a s soc i a t ed  

wi th  t h e  process .  Once i n i t i a t e d ,  t he  process  has  t o  be completed with- 

out  i n t e r r u p t i o n .  I n t e r m i t t e n t  s topping  produces s e r i o u s  d e f e c t s  a t  re -  

s t a r t  l o c a t i o n s .  The l a r g e  hea t  input  a s soc i a t ed  wi th  t h e  process  r e -  

s u l t s  i n  a coa r se  c a s t  s t r u c t u r e  i n  t h e  weld meta l  w i th  a n i s o t r o p i c  

mechanical p r o p e r t i e s .  I n  a d d i t i o n ,  t h e  g r a i n  o r i e n t a t i o n  and segrega- 

t i o n  l ead  t o  hot  c racking  nea r  t h e  c e n t e r  of t h e  weldment. The prolonged 

thermal c y c l e s  i n  t h e  base meta l  ad jacent  t o  t h e  f u s i o n  l i n e  produces a 

coarse-grained hea t  a f f e c t e d  zone which i s  more s u s c e p t i b l e  t o  b r i t t l e  

f r a c t u r e  than  t h e  pa ren t  m a t e r i a l .  I n  a d d i t i o n ,  t h e  coa r se  s t r u c t u r e  of 

t h e  weld meta l  and t h e  hea t  a f f e c t e d  zone i n h i b i t s  r e l i a b l e  non- 

d e s t r u c t i v e  t e s t i n g  of t h e  weldments. 

Many of t h e s e  problems may be solved i f  t h e  fundamental f a c t o r s  

t h a t  c o n t r o l  t hese  f e a t u r e s  a r e  understood. F i r s t  of a l l ,  t h e  succes s fu l  

a p p l i c a t i o n  of t h e  ESW process  depends s t r o n g l y  on t h e  a b i l i t y  t o  produce 



sound, de fec t - f r ee  welds. Process  v a r i a b l e s  such a s  v o l t a g e ,  c u r r e n t ,  

s l a g  depth ,  r o o t  gap, guide tube  geometry, hea t  i n p u t ,  e t c . ,  c o n t r o l  

t h e  weld q u a l i t y  more c r i t i c a l l y  than a n t i c i p a t e d  i n  t h e  p a s t  and a  

thorough understanding of t h e  in f luence  of each  of t h e s e  v a r i a b l e s  on 

t h e  weld q u a l i t y  is  e s s e n t i a l .  

Also, a n i s o t r o p i c  weld p r o p e r t i e s  r e s u l t  from m i c r o s t r u c t u r a l  

v a r i a t i o n s  i n  t h e  weld fus ion  and hea t  a f f e c t e d  zones (HAZ). The r e f i n e -  

ment of t h e  coarse  c a s t  s t r u c t u r e  of t h e  weld meta l  and t h e  r educ t ion  of 

t h e  coa r se  gra ined  HAZ width w i l l  a i d  i n  improving t h e  mechanical proper- 

t ies and non-destruct ive eva lua t ion .  Alloy a d d i t i o n s  t o  t h e  weld metal  

w i l l  a l s o  enhance t h e  p r o p e r t i e s  by a l t e r i n g  t h e  weld mic ros t ruc tu re .  

This  i n v e s t i g a t i o n  s tud ied  t h e  in f luence  of t h e s e  v a r i a b l e s  on both 

weld mic ros t ruc tu re s  and p r o p e r t i e s ,  and t o  determine t h e  process  condi- 

t i o n s  t h a t  c o n s i s t e n t l y  produce r e l i a b l e ,  sound e l e c t r o s l a g  welds wi th  

improved mechanical p r o p e r t i e s .  

1.1. Background 

ESW of t h i c k  s e c t i o n  m a t e r i a l s  r e q u i r e s  a  l a r g e  h e a t  input  i n  com- 

par i son  t o  o t h e r  welding processes .  Both low hea t ing  and coo l ing  r a t e s  

r e s u l t  i n  a long dwel l  time a t  h igh  temperatures .  These f e a t u r e s  ac- 

count f o r  t h e  complex HAZ and weld meta l  mic ros t ruc tu re s  p re sen t  i n  

e l e c t r o s l a g  weldments. 

The HAZ can be d iv ided  i n t o  two r eg ions ,  namely, t h e  coa r se  g r a i n  

zone formed i n  t h e  base metal  immediately ad jacent  t o  t h e  fus ion  l i n e ,  

and t h e  f i n e  g r a i n  zone found a t  a  d i s t a n c e  from t h e  fus ion  l i n e  (Figure 



3). In mild steel, the coarse-grain HAZ consists of large equiaxed 

grains bounded by a proeutectoid ferrite network. The grain interior 

is normally made up of Widmanstatten structure. 2 ' 5  A bainitic structure 

6 has been reported in this region for A588 materials. This coarse-grain 

HAZ structure formation is due to the thermal cycle experienced in the 

base metal adjacent to the fusion line during welding. This zone is 

heated well above AC3 temperature, which results in complete transforma- 

tion to austenite. Extensive growth of these austenite grains occurs 

due to the long dwell time at high temperatures which is at a maximum 

near the fusion line. Upon cooling, ferrite is nucleated in the interior 

as well as the boundaries of the large austenite grains. The matrix 

ferrite grows in an acicular morphology (Widmanstatten structure) prior 

to the initiation of pearlite transformation. The resulting microstruc- 

2 
ture is coarser than the starting structure of the base metal and may 

vary according to the base metal chemistry. 

The weld metal consists of a coarse columnar grain (CCG) zone loca- 

ted on the weld periphery. In this zone, the grains grow mainly in the 

direction of the heat flow. As the CCG zone develops, the heat removal 

becomes increasingly retarded and at a certain distance from the fusion 

boundary, a more refined thin columnar grain (TCG) structure is achieved. 

These are the two major structural zones usually observed in electroslag 

welds made using water-cooled copper shoes (Figure 3 ) .  In welds made 

using shoes with no supplemental cooling provisions, an additional equi- 

axed grain structure may be present at the weld center. Under certain 



Figure 3. STANDARD ES WELD MACROSTRUCTURE INDICATING VARIOUS
STRUCTURAL ZONES PRESENT

a. Base Metal b. HAZ 2 c. HAZ 1 d. Coarse
Columnar Grain Zone e. Thin Columnar Grain Zone
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process  cond i t i ons ,  on ly  one morphology may e x i s t .  Welds made w i t h  low 

cu r ren t  and vo l t age  and wi th  h igh  th i ckness  of base meta l  pe r  e l e c t r o d e  

may con ta in  only CCGs.  On t h e  o t h e r  hand, welds w i t h  minimum pene t r a t ion  

may c o n s i s t  s o l e l y  of TCGs. 
5 

The s t r u c t u r e  of t h e  weld i s ,  t o  a g r e a t  e x t e n t ,  determined by t h e  

chemical composition and cond i t i ons  governing t h e  s o l i d i f i c a t i o n  of t h e  

weld pool.  The temperature,  t h e  volume of t h e  weld pool ,  t h e  holding 

time of t h e  melt  a t  t h i s  temperature,  t h e  d i r e c t i o n  and t h e  i n t e n s i t y  of 

t h e  hea t  removal, t h e  i n t e n s i t y  of t h e  a g i t a t i o n  of t h e  l i q u i d  me ta l ,  

5 
e t c . ,  c o n t r o l  t h e  weld me ta l  g r a i n  s i z e .  Since g r a i n  growth occurs  

perpendicular  t o  t h e  s u r f a c e  of t h e  weld pool ( d i r e c t i o n  of t h e  hea t  

f l ow) ,  t h e  r a d i a l - a x i a l  g r a i n  growth r e s u l t s .  The weld c e n t e r  c o n s i s t s  

of TCGs o r i en t ed  p a r a l l e l  t o  t h e  welding d i r e c t i o n .  Both coa r se  and t h i n  

columnar g r a i n s  a r e  bordered by proeutec to id  f e r r i t e  f i l m s  and t h e  g r a i n  

i n t e r i o r  c o n s i s t s  of a  Widmanstatten s t r u c t u r e .  Transverse s o l u t e  bands 

a r e  a l s o  observed i n  most e l e c t r o s l a g  weldments.' The columnar g r a i n s  

change n e i t h e r  t h e i r  o r i e n t a t i o n  nor  t h e i r  shape whi le  growing a c r o s s  

t h e s e  bands of chemical inhomogeneity. 

The complex, d i r e c t i o n a l  mic ros t ruc tu re  of e l e c t r o s l a g  welds i s  

governed by s e v e r a l  p rocess  v a r i a b l e s  and t h e  weld meta l  chemistry.  The 

s t r u c t u r e  d i r e c t i o n a l i t y  a l s o  r e s u l t s  i n  a n i s o t r o p i c  weld meta l  mechani- 

c a l  p r o p e r t i e s .  The in f luence  of t hese  v a r i a b l e s  on both t h e  weld s t r u c -  

t u r e  and p r o p e r t i e s ,  a s  r epo r t ed  by previous i n v e s t i g a t o r s ,  w i l l  be  pre-  

sen ted  i n  t h e  fo l lowing  s e c t i o n s .  



1.1.1. Process  Var iab les .  Although t h e  l a r g e  hea t  i npu t  a s soc i a t ed  

wi th  ESW process  i s  a major concern, t h e  t o t a l  weld h e a t  input  i s  not  of 

primary s i g n i f i c a n c e  i n  determining t h e  weld c h a r a c t e r i s t i c s .  The in -  

t e r a c t i o n  of t h e  e l e c t r i c a l  v a r i a b l e s ,  namely c u r r e n t ,  v o l t a g e  and r e -  

s i s t a n c e  a s  w e l l  as t h e  in f luence  of f a c t o r s  such a s  geometry, e l e c t r o d e  

types  and p o s i t i o n i n g ,  s l a g  depth ,  guide tube geometry, welding speed, 

weld pool  a g i t a t i o n ,  and m a t e r i a l  being welded determine f i n a l  cha rac t e r -  

i s t i c s  of t h e  weld. Var i a t ions  i n  one o r  more of t h e s e  cond i t i ons  may 

r e s u l t  i n  s i g n i f i c a n t  s p a t i a l  v a r i a t i o n s  i n  weld p r o p e r t i e s .  Hence, com- 

p l e t e  understanding of t h e  in f luences  of t h e s e  v a r i a b l e s  on t h e  weld 

c h a r a c t e r i s t i c s  i s  necessary  t o  produce welds wi th  c o n s i s t e n t  s t r u c t u r e  

and p r o p e r t i e s .  

1.1.1.a.  Curren t ,  Voltage and Res is tance .  In  s tandard  prac- 

t i c e ,  e l e c t r o s l a g  welding i s  performed us ing  a  cons tan t  voltage-dc power 

supply. I n  t h i s  system, cu r r en t  and e l e c t r o d e  feed  r a t e  a r e  interdepen-  

dent  and inc reas ing  t h e  e l e c t r o d e  feed  r a t e  i n c r e a s e s  t h e  welding c u r r e n t .  

Severa l  i n v e s t i g a t o r s  have found a  l i n e a r  r e l a t i o n  between t h e  cu r r en t  

and e l e c t r o d e  feed  r a t e  a t  a  f i xed  vo l t age ,  but  F ros t  e t  a1.l '  have r e -  

ported t h a t  a t  cons tan t  v o l t a g e ,  t h e  cu r r en t  i s  p ropor t iona l  t o  t h e  

square r o o t  of t h e  e l e c t r o d e  feed  r a t e .  I r r e s p e c t i v e  of t h e  current--  

e l e c t r o d e  feed r a t e  r e l a t i o n s h i p ,  t h e  cu r r en t  r i s e  i s  slower than t h e  

r i s e  i n  t h e  e l e c t r o d e  feed r a t e ,  Th i s  l e a d s  t o  a decrease  i n  u n i t  power 

input  w i th  inc reas ing  e l e c t r o d e  feed r a t e .  295911912 Since t h e  h e a t  f o r  

2 t h e  welding process  i s  obtained from r e s i s t a n c e  h e a t i n g  of t h e  s l a g  (I R), 



t h e  vo l t age  and t h e  cu r r en t  should be s e l e c t e d  c a r e f u l l y  t o  provide t h e  

proper  u n i t  input  power. For example, a  h ighe r  vo l t age  i s  requi red  when 

us ing  l o w  wi re  feed  r a t e s .  
5 

Jones e t  a1.13 have suggested t h a t ,  f o r  a  p a r t i c u l a r  s l a g  composi- 

t i o n ,  t h e  weld morphology i s  c o n t r o l l e d  by t h e  c u r r e n t  and v o l t a g e .  

According t o  t h e i r  "most d i r e c t  c u r r e n t  pa thf f  assumption, t h e r e  a r e  two 

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  occurr ing  i n  ESW. Current  i s  t r a n s -  

f e r r e d  from t h e  e l e c t r o d e  s i d e s  t o  p l a t e  edges and from t h e  t i p  of t h e  

e l e c t r o d e  t o  t h e  bottom of t h e  pool .  

For a  f i x e d  cu r ren t  and vary ing  vo l t ages ,  t h e  e f f e c t i v e  r e s i s t a n c e  

is r e l a t i v e l y  l a r g e  a t  a  high vo l t age  assuming an ohmic model. This  w i l l  

occur w i th  a  s h o r t  e l e c t r o d e  ex tens ion  i n t o  t h e  s l a g ,  and a  ma jo r i t y  of 

t h e  hea t  w i l l  be generated nea r  t h e  top  of t h e  s l a g  pool ,  much of which 

may be l o s t  by r a d i a t i o n .  Fu r the r  vo l t age  i n c r e a s e s  w i l l  even tua l ly  r e -  

s u l t  i n  a r c i n g  at t h e  s l a g  su r f ace ,  

On t h e  o t h e r  hand, a t  a  r e l a t i v e l y  low v o l t a g e ,  ohmic behavior  re -  

q u i r e s  a much lower e f f e c t i v e  r e s i s t a n c e .  This  l e a d s  t o  e l e c t r o d e  exten-  

s i o n  n e a r l y  t o  t h e  bottom of t h e  s l a g  pool.  I n  t h i s  c a s e ,  most of t h e  

c u r r e n t  w i l l  then flow from t h e  t i p  of t h e  e l e c t r o d e  t o  t h e  bottom of t h e  

s l a g  pool  which provides  t h e  maximum h e a t  genera t ion  a t  t h e  bottom of 

t h e  s l a g  pool.  A s  a  r e s u l t ,  l e s s  hea t  i s  a v a i l a b l e  f o r  base metal  pene- 

t r a t  ion .  

F i n a l l y ,  w i th  t h e  vo l t age  midway between t h e  extremes,  t h e  e l e c t r o d e  

w i l l  extend a  moderate d i s t a n c e  i n t o  t h e  s l a g  pool ,  and t h e  hea t  w i l l  be 



pr imar i ly  generated i n  t h e  c e n t r a l  reg ion  of t h e  s l a g  pool.  The po r t ion  

of t h e  cu r r en t  flowing from t h e  s i d e  of t h e  e l e c t r o d e  t o  t h e  s i d e  of t h e  

s l a g  pool  w i l l  p rovide  the  hea t  f o r  base meta l  p e n e t r a t i o n .  

Hence, both vo l t age  and cu r ren t  i n f luence  t h e  h e a t  d i s t r i b u t i o n ,  

Two major c h a r a c t e r i s t i c s  in f luenced  by t h e s e  v a r i a b l e s  a r e  t h e  shape and 

t h e  s i z e  of t h e  molten weld pool .  The shape i s  expressed by t h e  term 

"form fac to r " .  The base meta l  d i l u t i o n  (BMD) o r  t h e  weld p e n e t r a t i o n  

i n d i c a t e s  t h e  weld pool  s i z e .  

The form f a c t o r  of an e l e c t r o s l a g  weld i s  def ined  a s  t h e  r a t i o  

between t h e  width and t h e  depth of t h e  weld pool  and t h e  weld g ra in  

o r i e n t a t i o n  i s  determined by t h e  shape of t h e  weld pool.  Welds possess-  

i ng  a low form f a c t o r  i n  which g r a i n s  meet b u t t  end t o  b u t t  end a t  t h e  

weld c e n t e r  a r e  less r e s i s t a n t  t o  hot  c racking .  Welds wi th  medium and 

high form f a c t o r s  have a g r a i n  s t r u c t u r e  meeting a t  an acu te  ang le  a t  t h e  

weld c e n t e r  and a r e  most r e s i s t a n t  t o  hot cracking.5 Welds made a t  h igher  

v o l t a g e s  and lower c u r r e n t s  possess  h igh  form f a c t o r s  whi le  t hose  made 

a t  low vo l t ages  and h igh  c u r r e n t s  possess  low form f a c t o r s .  A s  a r e s u l t ,  

welds made us ing  h igh  cu r ren t  (high speed welds) a r e  prone t o  c e n t e r l i n e  

cracking.  
14 

The BMD, express ing  t h e  s i z e  of t h e  weld pool  a s  w e l l  a s  t h e  propor- 

t i o n  of t h e  base meta l  i n  t h e  weld me ta l ,  is  determined from t h e  r e l a t i o n  

bw - b 
Percent  BMD = (100) 

b 
W 

where b i s  t h e  width of t h e  weld, which i s  taken a s  t h e  mean va lue  of 
W 



t h e  measurements a t  t h e  edges and a t  t h e  c e n t e r  of t he  weld, and b i s  
g 

t h e  i n i t i a l  spacing between the  p l a t e s  being ~ e l d e d . ~  The vo l t age  in-  

f l uence  on BMD i s  pronounced a t  medium vo l t ages .  A t  h ighe r  v o l t a g e s ,  

t h e  hea t  t r a n s f e r  e f f i c i e n c y  i s  reduced and, a s  a r e s u l t ,  t h e  BMD de- 

c r eases .  A t  lower vo l t ages ,  t h e  BMD again  decreases  l ead ing  t o  l a c k  of 

p e n e t r a t i ~ n . " ~  In  c e r t a i n  i n v e s t i g a t i o n s ,  i n t e n t i o n a l  vo l t age  v a r i a -  

t i o n s  have been made t o  produce d i f f u s e d  fus ion  boundaries.  14,15 The 

c u r r e n t  in f luence  on BMD i s  n e g l i g i b l e  a t  medium c u r r e n t s .  

From t h e  foregoing,  i t  i s  c l e a r  t h a t  t h e  c u r r e n t  and vo l t age  para- 

meters  r e q u i r e  very c r i t i c a l  s e l e c t i o n .  Theore t i ca l  c a l c u l a t i o n s  sug- 

g e s t  p o s s i b i l i t i e s  f o r  welding a t  low power l e v e l s .  But,  i t  i s  not  

poss ib l e  i n  p r a c t i c e  due t o  t h e  r a p i d  conduction of t h e  hea t  i n t o  t h e  

base p l a t e s .  F r o s t  e t  a l . l l  have considered these  c u r r e n t  and vo l t age  

e f f e c t s  and have suggested an  operable  range t o  produce succes s fu l  welds,  

a s  shown i n  Figure 4. The lowest  p o s s i b l e  vo l t age  i s  governed by a  

t h re sho ld  l e v e l  f o r  achiev ing  complete pene t r a t ion .  The second boundary 

i s  e s t a b l i s h e d  by a  c r i t i c a l  energy inpu t  below which hot  c racking  may 

occur  at t h e  weld c e n t e r .  The t h i r d  boundary i s  s e t  by t h e  power supply 

l i m i t a t i o n  and t h e  f i n a l  l i m i t  i s  e s t a b l i s h e d  by t h e  minimum e l e c t r o d e  

v e l o c i t y  capable of producing de fec t - f r ee  welds.  

The f i n a l  e l e c t r i c a l  v a r i a b l e ,  namely t h e  r e s i s t a n c e ,  is a s l a g  

proper ty .  The s l a g  must be s u f f i c i e n t l y  conduct ive t o  c a r r y  t h e  welding 

c u r r e n t  from the  e l e c t r o d e  t o  t h e  weld pool  and t h e  edges of t h e  p l a t e s  

without  a r c i n g . l b  The e l e c t r i c a l  r e s i s t a n c e  of t h e  molten s l a g  c o n t r o l s  





t h e  c u r r e n t  d i s t r i b u t i o n  i n  t h e  s l a g  pool  and governs t h e  weld pool  

shape. A high  s l a g  r e s i s t a n c e  w i l l  draw t o o  l i t t l e  c u r r e n t ,  a l lowing 

the  s l a g  t o  cool .  On t h e  o t h e r  hand, a  low r e s i s t a n c e  s l a g  w i l l  draw 

excess ive  c u r r e n t ,  r a i s i n g  t h e  s l a g  temperature.  Th i s  temperature i n -  

c r e a s e  may inc rease  t h e  s l a g  r e s i s t a n c e  i n  t u r n .  For a  s t a b l e  process  

ope ra t ion ,  t h e  s l a g  r e s i s t a n c e  should not  change apprec iab ly  wi th  tem- 

p e r a t u r e ,  and s l a g  v i s c o s i t y  must be i n  t he  range between a  "sluggish- 

ness" which would prevent  s e t t l i n g  of smal l  meta l  d r o p l e t s  and f l u i d i t y  

which would l e a k  through smal l  c r e v i c e s  between t h e  shoes and t h e  work. 
16 

Calcium f l u o r i d e  a d d i t i o n s  have been shown t o  inc rease  t h e  f l u i d i t y  of 

t h e  s l a g  and a l low lower vo l t ages  and increased  welding speed,  thus  

reducing HAZ s i z e .  17,18 

1 . l . l . b .  E lec t rode .  The e l e c t r o d e  geometry and s i z e  p lay  an 

important r o l e  i n  c o n t r o l l i n g  t h e  hea t  d i s t r i b u t i o n  i n  t h e  s l a g  and the  

weld pools .  D i l a v a r i  e t  a1.19 have suggested two f o r c e s  which cause 

f l u i d  motion, namely, buoyancy f o r c e s  caused by d e n s i t y  d i f f e r e n c e s  and 

Lorentz f o r c e s  caused by t h e  i n t e r a c t i o n  between a  s p a t i a l l y  non-uniform 

cu r ren t  d i s t r i b u t i o n  and t h e  magnetic f i e l d .  A s  i nd i ca t ed  by s e v e r a l  

i n v e s t i g a t o r s ,  a  bend o r  a  "cast"  i n  t h e  e l e c t r o d e  may a f f e c t  t h e s e  

Lorentz f o r c e s ,  hence, changing t h e  hea t  d i s t r i b u t i o n  i n  t h e  weld 

pool.  19-21 Thus, e l e c t r o d e  s t r a i g h t e n i n g  is  e s s e n t i a l  t o  main ta in  sym- 

m e t r i c a l  weld p e n e t r a t i o n  about t h e  weld a x i s .  Jones e t  a l . 13  have 

shown a d r a s t i c  an iso t ropy  of  hea t  a f f e c t e d  zone width and p e n e t r a t i o n  

occurr ing  i n  misal igned v e r t i c a l  e l e c t r o s l a g  welds i n  which t h e  weld a x i s  



is  i n c l i n e d  only s l i g h t l y  from v e r t i c a l .  The i n t e n s i t y  of h e a t  genera- 

t i o n  nea r  t h e  e l e c t r o d e  can be up t o  an o rde r  of magnitude g r e a t e r  than 

t h e  hea t  generated nea r  t h e  s l a g / p l a t e  i n t e r f a c e  and t h e  v a r i a t i o n  i s  

s i g n i f i c a n t l y  l a r g e r  i n  t h e  d i r e c t i o n  of t h e  coo l ing  shoe. By d i sp l ac ing  

t h e  e l e c t r o d e  by about 10% from t h e  c e n t r a l  p lanes  of symmetry, Deb Roy 

e t  a1.20 has  shown us ing  t h e o r e t i c a l  c a l c u l a t i o n s  t h a t  i r r e s p e c t i v e  of 

t h e  hea t  t r a n s p o r t  i n  t h e  s l a g  through conduction and convect ion,  s i g n i -  

f i c a n t  asymmetry occurs  i n  t h e  hea t  genera t ion .  This  causes an excess ive  

d i l u t i o n  i n  one p l a t e  whi le  producing l a c k  of fus ion  i n  t h e  second p l a t e .  

Both c y l i n d r i c a l  a s  w e l l  a s  s t r i p  ( r ec t angu la r )  e l e c t r o d e s  have been 

used i n  t h e  .22 D i l a w a r i  et a1 .  l9 have ind ica t ed  a  more e f f i c i e n t  

e l e c t r o d e  mel t ing  wi th  t h e  use  of s t r i p  e l e c t r o d e s .  

1 . 1 . l . c  S lag  Depth. I n  ESWs, t h e  s l a g  pool  temperatures  a r e  

non uniform and a r e  s e v e r a l  hundred degrees  h ighe r  than  t h e  molten meta l  

pool  temperatures.19 Th i s  l e a d s  t o  a h igher  hea t  f l u x  occu r r ing  from 

t h e  s l a g  t o  t h e  base meta l  than  from t h e  weld t o  t he  base meta l  and a  

ma jo r i t y  of t h e  hea t  t r a n s f e r r e d  from t h e  s l a g  t o  t h e  base  meta l  i s  used 

t o  h e a t  and melt  t h e  base metal .  The hea t  f l u x  from t h e  s l a g  t o  t h e  base 

metal is  governed by the  metal  and s l a g  d e p t h s 5  Hence, knowing and 

monitor ing t h e  proper  s l a g  depth dur ing  welding is  mandatory. 

Var i a t ions  i n  s l a g  depth a f f e c t  t h e  shape and t h e  s i z e  of t h e  weld 

pool  due t o  t h e  r e d i s t r i b u t i o n  of t h e  h e a t  i npu t  i n  t h e  s l a g  pool .  A t  a 

cons tan t  energy input  a s  t h e  s l a g  depth i n c r e a s e s ,  a ma jo r i t y  of t h e  hea t  

is d i s s i p a t e d  i n t o  t h e  base meta l  and t h e  weld pool i s  deeper  bu t  narrower.  



This  can adve r se ly  a f f e c t  t h e  weld me ta l  g r a i n  o r i e n t a t i o n  and cause 

weld c e n t e r  ho t  cracking.' The decrease  i n  weld width can a l s o  be a t t r i -  

buted t o  t he  increased  s l a g  volume t o  be heated.  
2 

On t h e  o the r  hand, a  shal low s l a g  pool  r e s u l t s  i n  l a r g e  f l u c t u a -  

t i o n s  i n  c u r r e n t  and vo l t age  and enhance t h e  p r o b a b i l i t y  of microcrack 

formation along t h e  proeutec to id  f e r r i t e  boundaries  i n  t h e  weld c e n t e r .  2  3 

I n  a d d i t i o n ,  hydrogen, when p r e s e n t ,  r epo r t ed ly  d i f f u s e s  e a s i l y  a c r o s s  

t h e  shal low s l a g  pool  i n t o  t h e  weld meta l  and causes  microcracking. 24 

Hence, t h e  weld shape can be c o n t r o l l e d  and microcracking e l imina ted  by 

us ing  a  medium s l a g  depth (1-1/2 t o  2 i nches ) .  

A t h i n  l a y e r  of s l a g  f r e e z e s  between the  cool ing  shoe and the  weld 

metal  and l e a d s  t o  continuous s l a g  l o s s  dur ing  welding. Continuous s l a g  

l e v e l  monitor ing and replenishment i s  thus  necessary ,  Probing t h e  molten 

pool w i th  a wire  has  been p rac t i ced  t o  measure the  s l a g  depth i n t e r m i t -  

t e n t l y .  ) Mitche l l  e t  s ~ . ~ ~  have used a c o u s t i c  emission monitor ing f o r  

t h e  s l a g  l e v e l  d e t e c t i o n .  

l . l . l . d .  Guide Tube Geometry. The s tandard  consumable guide 

ESW u t i l i z e s  a  c y l i n d r i c a l  guide tube  t o  d i r e c t  t h e  welding e l e c t r o d e  

i n t o  t h e  s l a g  pool.  In  such cases ,  t h e  guide tube  and t h e  welding gap 

c r o s s  s e c t i o n s  a r e  c i r c u l a r  and r e c t a n g u l a r ,  r e spec t ive ly .  Th i s  combina- 

t i o n  l eads  t o  l a c k  of pene t r a t ion  nea r  p l a t e  edges when welding a t  low 

vo l t ages  and/or  narrow gaps. Welding a t  h igh  c u r r e n t s  can a l s o  l e a d  t o  

r e s i s t a n c e  hea t ing  and warping of t h e  guide tube .  ~ v s t r a t o v ~ ~  has  pro- 

posed us ing  a l a r g e r  guide tube  c r o s s  s e c t i o n a l  a r e a  t o  so lve  t h i s  



problem, but  a  l a r g e  guide tube c r o s s  s e c t i o n  can a l s o  l e a d  t o  some l o s s  

i n  c u r r e n t  c o n t r o l  because of t h e  l a r g e  c u r r e n t s  r equ i r ed .  27 Hence, a 

guide tube  des ign  wi th  an optimum c r o s s  s e c t i o n a l  a r e a  and geometry i s  

necessary.  A wing guide tube design i n  which r ec t angu la r  f i n s  a r e  welded 

onto a  c y l i n d r i c a l  t ube ,  used by s e v e r a l  i n v e s t i g a t o r s  i n  t h e  p a s t ,  

meets most of t hese  requirements .  3,15y28-30 Provis ion  of a h ighe r  r a t i o  

of t h e  guide t o  gap c r o s s  s e c t i o n a l  a r e a  a l s o  h e l p s  t o  i nc rease  t h e  

welding speed. 27'31,32 The wing guide tube  e l i m i n a t e s  t h e  n e c e s s i t y  f o r  

e l e c t r o d e  o s c i l l a t i o n  whi le  welding t h i c k e r  s e c t i o n  mater ia l s . '  Narrow 

gap welds can be made us ing  t h e  wing guide tube without  edge pene t r a t ion  

d i f f i c ~ l t i e s . ~ ~  The wing guide tube can a l s o  be used f o r  welding p l a t e s  

w i th  vary ing  th ickness .  2 9 y  33 F i n a l l y ,  t h e  guide tube  chemistry should 

be c a r e f u l l y  manipulated t o  achieve requi red  weld p r o p e r t i e s  s i n c e  i t  

c o n s t i t u t e s  a  f i n i t e  f r a c t i o n  of t h e  weld meta l .  

1 . 1 . 1 . e  Welding Speed. It has  been shown by e a r l i e r  inves-  

t i g a t o r s  t h a t  t he  temperature f i e l d ,  hea t  i n p u t ,  and, consequent ly,  t h e  

depth t o  which p l a t e  edges a r e  pene t r a t ed  and overheated (HAZ) depends 

on t h e  s p e c i f i c  energy used f o r  t h e  welding p roces s  and t h e  thermal  and 

phys i ca l  p r o p e r t i e s  of t h e  meta l  welded. 27 y 32 y 34 The s p e c i f i c  energy, 

i n  t u r n ,  depends mainly on the  vo l t age ,  welding c u r r e n t ,  and welding 

speed. Two methods of reducing t h e  s p e c i f i c  energy a r e  lowering t h e  

welding vo l t age ,  which l e a d s  t o  l a c k  of p e n e t r a t i o n ,  and inc reas ing  t h e  

welding r a t e ,  which can r e s u l t  i n  c e n t e r l i n e  cracking.  The l a t t e r  



r e q u i r e s  i nc reas ing  t h e  e l e c t r o d e  feed  r a t e  and/or  reducing t h e  gap t o  

a  minimum such t h a t  a r c ing  between t h e  guide tube and p l a t e  edges does 

no t  occur .  

Since t h e  r i s e  i n  t h e  cu r r en t  i s  slower than t h e  r i s e  i n  t h e  e l ec -  

t r o d e  feed  r a t e ,  h ighe r  welding c u r r e n t  w i l l  reduce t h e  s p e c i f i c  energy 

inpu t  and decrease  t h e  weld pene t r a t ion .  35 But decreas ing  t h e  s p e c i f i c  

hea t  input  through welding a t  h ighe r  c u r r e n t s  may l e a d  t o  t h e  formation 

of ho t  c r acks  a t  t h e  weld c e n t e r  s i n c e  i n  ESWs t h e  weld s u r f a c e  is  i n  

compression whi le  t h e  weld c e n t e r  exper iences  t r i a x i a l  t ens ion  a s  i t  

s o l i d i f i e s  l a s t .  36 Narrow gap procedures  can o f f s e t  t h i s  by e s t a b l i s h i n g  

a sma l l e r  weld pool  which l e a d s  t o  l e s s  shr inkage s t r e s s e s  and lower ho t  

c racking  s u s c e p t i b i l i t y .  14  

Thus, a combination of narrow gap, h igh  welding c u r r e n t ,  and optimum 

guide tube  geometr ies  may improve t h e  mechanical p r o p e r t i e s  and r e f i n e  

t h e  weld mic ros t ruc tu re .  14922 The s p e c i f i c  hea t  i npu t  can be reduced 

by adapt ing  t h i s  technique which w i l l  h e l p  i n  c o n t r o l l i n g  t h e  s i z e  and 

p r o p e r t i e s  of t h e  HAZ. These HAZ c h a r a c t e r i s t i c s  a r e  c o n t r o l l e d  by t h e  

peak temperature experienced and t h e  dwell  t i m e  above t h e  AC3 t r a n s f o r -  

mation temperature.  37 y 3 8  Eichhorn e t  a l .  41342 have suggested t h a t  by 

decreas ing  t h e  s p e c i f i c  h e a t  i n p u t ,  t h e  beginning of coarse  g r a i n  forma- 

t i o n  i n  t h e  HAZ can be s h i f t e d  t o  a  h ighe r  peak temperature due t o  a  

shortened dwell  t ime i n  t h e  c r i t i c a l  temperature range. 

An inc rease  i n  welding speed has  a l s o  been achieved by s e v e r a l  in -  

v e s t i g a t o r s  through e x t e r n a l  meta l  powder a d d i t i o n s  t o  t h e  s l a g  pool.  
39-42 



The meta l  powder a d d i t i o n s  inc rease  t h e  meta l  depos i t i on  r a t e ,  thereby 

inc reas ing  t h e  welding speed,  The powder a d d i t i o n s  a l s o  quench t h e  s l a g  

pool  a s  i t  mel t s .  Both of t h e s e  e f f e c t s  lower t h e  s p e c i f i c  energy input  

f o r  t h e  weld. 

l l l f  Weld Pool  Agi ta t ion .  Vibra t ion  has  been repor ted  i n  

t h e  l i t e r a t u r e  t o  produce g r a i n  refinement i n  s o l i d i f y i n g  c a s t i n g s .  43-51 

Various types  of v i b r a t i o n s  inc lud ing  e lec t romagnet ic ,  mechanical,  u l t r a -  

s o n i c  and impact have been used i n  those  works.  ampb bell^^ has  exten-  

s i v e l y  reviewed t h e  e f f e c t s  of v i b r a t i o n  dur ing  s o l i d i f i c a t i o n  and a re- 

por ted  technique induced v i b r a t i o n  w i t h i n  t h e  s o l i d i f y i n g  l i q u i d  by us ing  

a probe i n s e r t e d  i n t o  t h e  l i q u i d  meta l .  

sy tyr in4 '  and G a r l i c  e t  a1.43 have suggested t h a t  t h e  v i b r a t i o n  

during s o l i d i f i c a t i o n  causes f avo rab le  nuc lea t ion  a t  h igher  temperatures  

and i n c r e a s e s  t h e  number of c r y s t a l l i t e  n u c l e i  t o  provide a f i n e  g r a i n  

s i z e .  However, has  shown t h e s e  e f f e c t s  of v i b r a t i o n  t o  depend 

on process  cond i t i ons  and t h e  m a t e r i a l  being welded. 

There a r e  two g e n e r a l l y  accepted hypotheses a v a i l a b l e  t o  exp la in  

t h e  g r a i n  refinement achieved i n  c a s t i n g s  through v i b r a t i o n .  G a r l i c  e t  

a1.43 have proposed t h e  "pressure wave theory1' i n  which t h e  p re s su re  wave 

of v i b r a t i o n  dec reases  t h e  s i z e  of t h e  c r i t i c a l  nuc leus  dur ing  s o l i d i f i -  

ca t ion .  The r a t e  of nuc lea t ion ,  a s  a r e s u l t ,  i n c r e a s e s  t o  provide  g ra in  

ref inement .  The o t h e r  hypothes is  proposed by Brown e t  a154 has  a t t r i b u t e d  

t h e  g r a i n  ref inement  t o  t h e  shea r  f o r c e s  o r i g i n a t i n g  from t h e  r e l a t i v e  

flow motion between t h e  s o l i d / l i q u i d  meta l  i n t e r f a c e .  The shear  dependent 



mechanisms a r e  t h e  fragmentat ion of d e n d r i t e s  t o  i n c r e a s e  number of 

n u c l e i ,  t h e  v i scous  shear  growth of embryos, and t h e  mixing of t h e  higher  

mel t ing  composition i n t o  t h e  lower temperature l a y e r s  enhancing t h e  nu- 

c l e a t i o n .  

4  1.1.2.  Alloy Addit ions.  Culp has  suggested t h a t  t h e  proeutec to id  

f e r r i t e  phase border ing  t h e  columnar g r a i n s  provides  t h e  l e a s t  r e s i s t a n c e  

t o  propagat ing c racks  and s e v e r a l  i n v e s t i g a t o r s  have found d e f e c t s  (micro- 

c r acks ,  g r a i n  boundary sepa ra t ions ,  and hydrogen induced cracking)  i n  

t h e  proeutec to id  f e r r i t e  phase. 
54 6923*53 Apps e t  a l .  have found an i m -  

provement i n  t h e  Charpy impact toughness of t h e  weld meta l  w i th  a reduc- 

t i o n  i n  t h e  amount of t h e  proeutec to id  f e r r i t e  phase. E l imina t ion  of 

proeutec to id  f e r r i t e  by a l l o y  des ign  cons ide ra t ion  should improve t h e  

weld toughness.  

Severa l  i n v e s t i g a t o r s  have con t ro l l ed  t h e  amount of p roeu tec to id  

f e r r i t e  by adding a l l o y i n g  elements such a s  molybdenum, manganese, chro- 

mium, e t c . ,  t o  t h e  weld metal .  41955956 Alloy a d d i t i o n s  a l s o  r e s u l t  i n  

r e f i n e d  mic ros t ruc tu re s  and improved mechanical p r o p e r t i e s .  
31,54,56,57 

Kawaguchi e t  a1.58 have shown t h a t  reducing t h e  s i l i c o n  content  

promotes polygonal f e r r i t e  formation i n  c e r t a i n  welds,  and improves weld 

toughness. Meanwhile, Medovar e t  a1. 59 repor ted  t h a t  s i l i c o n ,  phosphorus 

and s u l f u r  r educ t ions  improved t h e  hot  c racking  r e s i s t a n c e .  

These mic ros t ruc tu re  and mechanical proper ty  improvements can a l s o  

be achieved i n  low a l l o y - s t r u c t u r a l  s t e e l  weldments through s e l e c t i v e  

weld meta l  a l l o y  a d d i t i o n s ,  which can be made through f l u x ,  guide tube ,  



and e l e c t r o d e  modi f ica t ions .  The l e v e l  of a d d i t i o n s  must be chosen 

c a r e f u l l y  t o  accommodate t h e  base meta l  d i l u t i o n  i n  t he  weld meta l  and 

t h e  s l ag /me ta l  r e a c t i o n .  

Alloy a d d i t i o n s  cannot be made through fused f l u x e s  a s  they r e a c t  

during t h e  fus ion  process ing  of t h e  f lux.6o Unfused f l u x e s  must be 

used f o r  such add i t i ons .  suzuki6' has  used an i n s u l a t e d  consumable 

guide tube  conta in ing  Ferro-Molybdenum a s  an a l l o y i n g  agent t o  s t r eng then  

t h e  weld. Alloy a d d i t i o n s  through t h e  welding e l e c t r o d e  i s  t h e  most 

e f f e c t i v e  method as  more volume of wi re  i s  melted dur ing  welding than  

e i t h e r  t h e  f l u x  o r  t h e  guide tube.  Both s o l i d  and f l u x  cored-type wi re s  

have been used i n  t h e  p a s t  f o r  t h i s  purpose. 19,65 

1.1.3.  Mechanical P r o p e r t i e s .  Mechanical p r o p e r t i e s  c r i t e r i a  f o r  

non-conventional welding techniques ,  such as ESW, a r e  u sua l ly  taken from 

recommendations v a l i d  f o r  convent ional  welding processes .  Th i s  o f t e n  

c r e a t e s  r a t h e r  conserva t ive  e s t ima t ions .  63 The requirement t o  reach  t h e  

va lues  of t h e  weld j o i n t  notch toughness analogous t o  those  of manual o r  

submerged a r c  weld j o i n t s ,  o r  t o  achieve t h e  weld j o i n t  toughness equi-  

v a l e n t  t o  t h a t  of t h e  base meta l  may n o t ,  however, express  t h e  t r u e  r e -  

s i s t a n c e  of t h e  whole welded j o i n t  towards b r i t t l e  f a i l u r e  under r e a l  

loading  cond i t i ons .  Severa l  i n v e s t i g a t o r s  b e l i e v e  t h a t  Charpy toughness 

eva lua t ions  do no t  r a t e  welds i n  t h e i r  t r u e  o rde r .  14,36 9 64-66 Since full 

th i ckness  t e s t i n g  of t h e  weldments i s  expensive and d i f f i c u l t ,  Charpy 

impact toughness eva lua t ion  se rves  a s  an  i n i t i a l  q u a l i f i c a t i o n  t e s t  f o r  

ES welds. The use of o t h e r  t e s t i n g  methods, l i k e  P e l l i n i  drop weight 



t e s t  o r  t h e  f u l l  t h i ckness  f a t i g u e  precracked-COD gene ra l  y i e l d i n g  f r a c -  

t u r e  mechanics t e s t ,  has  been recommended when ES welds f a i l  t o  meet 

Charpy toughness requirements  before  r e q u i r i n g  hea t  t rea tment  proce- 

dures .  
14,66 

Charpy impact toughness eva lua t ions  of e l e c t r o s l a g  weldments have 

revea led  low toughness va lues  i n  both t h e  WCL and t h e  coa r se  grained 

HAZ. 4y18y19 The CCG zone i s  tougher than t h e  WCL zone made up of TCGs. 2 

Thi s  f a c t  cha l l enges  t h e  ma jo r i t y  opinion t h a t  t h e  coarse  g r a i n  s t r u c t u r e  

found i n  e l e c t r o s l a g  welds i s  i n d i c a t i v e  of a high s u s c e p t i b i l i t y  t o  

b r i t t l e  f r a c t u r e .  T u l i a n i  e t  a1.65 and ~ a c k s o n ~ ~  have repor ted  s c a t t e r  

i n  t h e  Charpy impact toughness along t h e  weld length .  This  f a c t o r ,  a s  

we l l  a s  t h e  small  s i z e  of t h e  Charpy specimens, l ead  t o  c o n f l i c t i n g  

toughness r e s u l t s  i n  c e r t a i n  weld eva lua t ions .  
65,68,69 

1.1.4.  Post Weld Heat Treatment.  When t h e  e l e c t r o s l a g  welded j o i n t  

toughness p r o p e r t i e s  i n  t h e  as-welded cond i t i on  a r e  inadequate ,  pos t  

weld h e a t  t r ea tmen t s  have been employed. Pense et a170 have shown t h i s  

t o  reduce mechanical proper ty  v a r i a t i o n s  ac ros s  t h e  j o i n t .  There a r e  

b a s i c a l l y  t h r e e  types  of postweld hea t  t rea tment  appl ied  t o  e l e c t r o s l a g  

weld j o i n t s .  F i r s t ,  a normalizing t reatment  has  been performed above AC3 

(approximately 900°C) t ransformat ion  temperature.  27971 But,  d i s t o r t i o n  

problems have been f r equen t ly  encountered. Second, an i n n e r  c r i t i c a l  

anneal  a t  780°C t o  p a r t i a l l y  r e c r y s t a l l i z e  t h e  welded j o i n t  has  been re -  

por ted  by ~ a t c h e t t ~ ~  t o  reduce d i s t o r t i o n .  F i n a l l y ,  a s t r e s s  r e l i e f  

t rea tment  has  been c a r r i e d  out a t  about 6 5 0 0 ~ .  36'55'57 Add i t iona l ly ,  



l o c a l  normalizing of e l e c t r o s l a g  welds has  a l s o  been s tud ied  by Soroka. 72 

The response t o  t h e s e  d i f f e r e n t  hea t  t rea tment  techniques  depends mainly 

on t h e  base and weld meta l  chemistry and adequate  as-welded p r o p e r t i e s  

e l i m i n a t e  t h e  need and expenses of pos t  weld hea t  t rea tment .  

1.2. Scope of I n v e s t i g a t i o n  

ESW usua l ly  involves  welds s e v e r a l  f e e t  i n  l eng th  and c o n s i s t e n t  

weld q u a l i t y  i s  e s s e n t i a l .  Since process  v a r i a b l e s  s t rong ly  in f luence  

weld c h a r a c t e r i s t i c s ,  t h e  f i r s t  s t a g e  of t h i s  i n v e s t i g a t i o n  involved 

e s t a b l i s h i n g  t h e  e f f e c t s  of e l e c t r o d e  grounding and cen te r ing ,  s l a g  

l e v e l ,  welding c u r r e n t  and v o l t a g e ,  guide tube  geometry, j o i n t  gap, e t c . ,  

on the  weld cons is tency  and q u a l i t y .  Based on these  r e s u l t s ,  t h e  proper  

process  v a r i a b l e s  were s e l e c t e d .  New techniques were developed t o  mini- 

mize t h e  ope ra to r  c o n t r o l  and f u r t h e r  improve t h e  weld cons is tency .  

The second s t a g e  of t h e  i n v e s t i g a t i o n  involved us ing  v a r i o u s  v i b r a t i o n a l  

techniques  t o  induce a  s t i r r i n g  motion i n  t h e  weld pool  and achieve g r a i n  

ref inement  i n  t h e  as-welded condi t ion .  The f i n a l  s t a g e ,  an a l l o y  design 

s tudy ,  u t i l i z e d  weld meta l  a l l o y  a d d i t i o n s  t o  c o n t r o l  t h e  mic ros t ruc tu re  

and mechanical p r o p e r t i e s .  Throughout t h i s  i n v e s t i g a t i o n ,  t h e s e  process  

and a l l o y  v a r i a b l e s  were r e l a t e d  t o  t h e i r  a s s o c i a t e d  in f luence  on 

mic ros t ruc tu re  and mechanical p r o p e r t i e s  of ES welds.  



2. EXPERIMENTAL PROCEDURE 

2.1 Mate r i a l  

ANSI/ASTM A588-77A Grade B s t r u c t u r a l  s t e e l  was used a s  t h e  base 

m a t e r i a l  f o r  welding i n  t h i s  i n v e s t i g a t i o n .  Hot r o l l e d  s t e e l  p l a t e s ,  

2 x 49 x 260 inches ,  were suppl ied  by t h e  Oregon S t e e l  M i l l  Div is ion  of 

Gilmore S t e e l  Corporation. The chemical composition and mechanical 

p r o p e r t i e s  a r e  given i n  Table I. The mic ros t ruc tu re  of t h e  as-received 

m a t e r i a l  i s  shown i n  F igure  5. The p l a t e s  were c u t  i n t o  s e c t i o n s  

measuring 2 x 1 8  x 24 inches  (Figure 6) w i th  t h e  1 8  inch  s i d e  p a r a l l e l  t o  

t h e  r o l l i n g  d i r e c t i o n .  This  o r i e n t a t i o n  allowed t h e  fay ing  edge (24 inch  

s i d e )  t o  be perpendicular  t o  t h e  r o l l i n g  d i r e c t i o n ,  i n  accordance wi th  

t h e  AWS S t r u c t u r a l  Welding Code D 1 . l ,  and prevent  l a m e l l a r  t e a r i n g  ad- 

j acen t  t o  t h e  weld f u s i o n  l i n e .  

Wire A (Hobart 25P--AWS E70S-3) was used a s  a f i l l e r  m a t e r i a l  f o r  

t h e  welding process .  Hobart type PF-201 running f l u x  (fused and ground) 

c o n s t i t u t e d  t h e  welding s l a g .  The f i l l e r  wi re  and weld metal  ana lyses  

a r e  given i n  Table 11. Chemistry and b a s i c i t y  of t h e  s l a g  a r e  shown i n  

Table 111. 

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

2.2.1. P l a t e  F ix tu r ing .  Two p l a t e s  i n i t i a l l y  2 x 1 8  x 24 inches  

were placed on a 2 inch  t h i c k  bottom p l a t e  wi th  t h e  24 inch  edge he ld  

v e r t i c a l .  The p l a t e s  were t a c k  welded t o  t h e  bottom p l a t e  w i th  a 3/4 

t o  1-1/4 inch  gap between t h e  v e r t i c a l  fay ing  edge. S ix  1 / 2  inch  t h i c k  

s t r o n g  backs , th ree  on each s i d e ,  were welded t o  t h e  p l a t e s  (Figure 7 ) .  



Table I. 

BASE METAL ANALYSIS 

Supplier: Oregon Steel Mills 
Material: ANsI/ASTM A588-77A, Grade B, Structural Steel 

Chemical Analysis 

Element Amount in wt .% 

Mechanical Properties 

Charpy V notch Impact Toughness at O°F = 37.45 ft.lbs. 
Yield Strength = 62.5 KSi 
Tensile Strength = 81.5 KSi 
Percent elongation in 8 inches = 20% 



Figure 5. A588 BASE METAL MICROSTRUCTURE (AS RECEIVED).

27.



Figure 6 .  SCHEMATIC REPRESENTATION OF BASE PLATE LOCATIONS 
AND ORIENTATION. 



Table 11. 

FILLER METAL ANALYSIS 

Supplier: Hobert Brothers Company 
Type : Hobart 25P--(AWS E70S-3) --3/32" diameter s o l i d  wire 

Chemical Analysis 

With PF 201 f l u x  
Element Wire - (undiluted) 

Mechanical P roper t i e s  

Charpy V notch Impact Toughness a t  O°F = 30 f t . l b s .  
Yield Strength = 45.75 KSi 
Tensi le  Strength = 73.325 KSi 
Percent elongation i n  2 inches = 26.5% 

* 
Referred t o  a s  wire  A i n  t h i s  t e x t .  



Table 111. 

ESW FLUX CHEMISTRY AND BASICITY 

Suppl ie r :  Hobart Bro thers  Company 
Type : Hobart PF 201 Running Flux 

Flux Chemistry 

Compound 

CaF2 

sio* 

*'2'3 
Ti02 

K2° 
Na20 

FeO 

'2'5 

Amount i n  wt.% 

12.20 

2 . 3 4  

22.46 

8.62 

32.95 

8.32 

8.02 

0.88 

0.57 

1 .81  

< 0.05 

* 
B a s i c i t y  = 0.9 

* 
B a s i c i t y  i s  determined us ing  t h e  r e l a t i o n  

CaO + MgO + CaF2 + Na20 + K20 + 0.5  (MnO + F ~ O )  
B a s i c i t y  = 

SiOZ + 0.5 (A1203 + Ti02)  

us ing  mole f r a c t i o n s  of each compound. 



Base Pi8 

Bottom 

Figure 7 ~ C H E ~ ~ T I C  REPRESENTATION O F  ELECTROSLAG 
PLATE FIXTURE.  



2.2.2.  Consumable Guide Tube P repa ra t ion .  Various guide tube  con- 

f i g u r a t i o n s  were used i n  t h i s  i n v e s t i g a t i o n  t o  achieve  complete edge 

fus ion  dur ing  c o n t r o l l e d  base meta l  d i l u t i o n  and g r a i n  ref inement .  The 

tube  i n t e r i o r  was cleaned us ing  an a i r  j e t  and acetone.  The s tandard  

procedure u t i l i z e d  a  112 inch  diameter  mild s t e e l  guide tube  (Hobart 

type  48) w i t h  3 ceramic consumable i n s u l a t o r s  placed a t  r e g u l a r  i n t e r v a l s .  

The i n s u l a t o r s  prevented t h e  guide tube from being drawn t o  t h e  p l a t e  

edge and s h o r t  c i r c u i t i n g .  

A minimum of 7 /8  inch  j o i n t  spac ing  was r equ i r ed  wi th  t h e  use of 

such i n s u l a t o r s  (ou te r  diameter  of t h e  i n s u l a t o r  = 7 /8  inch ) .  Hence, f o r  

narrow gap welds made us ing  a  3/4 inch  j o i n t  spac ing ,  a 1 /16  inch  t h i c k  

f l u x  coa t ing  was used. The composition of t h e  f l u x  coa t ing  was s i m i l a r  

t o  t h a t  of t h e  s l a g .  

For g r a i n  ref inement  purposes,  m u l l i t e  (3/16 and 1/16 inch  w a l l  

t h i c k n e s s e s ) ,  qua r t z  (0.04 inch  w a l l  t h i c k n e s s ) ,  plasma-sprayed z i r c o n i a  

and alumina were used a s  guide tube s h i e l d i n g  m a t e r i a l s .  Such s h i e l d i n g  

was necessary  t o  extend t h e  guide tube  i n t o  t h e  s l a g .  Water-based alumina 

p a s t e  w a s  used a s  a  b inder  between t h e  m e t a l l i c  guide tube  and m u l l i t e  

shroud. A binder  was no t  used wi th  qua r t z  shroud. A f l a r e  formed on t h e  

top  edge of t h e  qua r t z  shroud f a c i l i t a t e d  secu r ing  t h e  qua r t z  t o  t h e  guide 

tube ,  F igure  8. 

Even d i s t r i b u t i o n  of hea t  a c r o s s  t h e  th i ckness  is  necessary  i n  o rde r  

t o  achieve  complete edge fus ion  a t  low welding vo l t ages .  This  was achieved 

by widening t h e  e f f e c t i v e  guide tube  towards t h e  edges of t h e  p l a t e  by 

gas  tungs ten  a r c  welding a 1 / 4  x 518 x 24 inch  wing on both s i d e s  of t h e  
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c y l i n d r i c a l  guide tube.  A 1 /4  inch  diameter  guide tube  was used i n  t h e  

c e n t e r  i n s t e a d  of t h e  normal 112 inch  diameter  guide (Figure 8). In  

t h e  case  of t h e  3 /4  i nch  gap, ceramic i n s u l a t o r s  were sandwiched between 

t h e  guide and t h e  f ay ing  edges. 

2 . 2 . 3 .  Cooling Shoe Design. Water cooled copper shoes were used 

t o  dam t h e  weld and s l a g  pools  and e x t r a c t  t h e  h e a t .  Two shoe des igns  

were used,  one a 24 inch  long f ixed  shoe assembly, and t h e  o t h e r  a 1 2  

inch  long s l i d i n g  shoe assembly. 

The permenent shoe cons is ted  of an Aluminum box wi th  water  c i r c u l a -  

t i o n ,  sandwiched between a copper and an Aluminum backing p l a t e .  A weld 

reinforcement  depress ion  was machined i n t o  t h e  copper f ace .  Its dimen- 

s i o n s  va r i ed  f o r  d i f f e r e n t  j o i n t  spacing as shown i n  Figure 9 .  The shoe 

was wedged i n  p l ace  between t h e  p l a t e s  and t h e  s t r o n g  backs dur ing  welding. 

The s l i d i n g  shoe cons i s t ed  of a copper channel w i th  weld r e in fo rce -  

ment on one s i d e  machined i n t o  i t  wi th  water  passage behind i t .  The 

shoe was he ld  a g a i n s t  t h e  p l a t e s  under s p r i n g  t ens ion  and r a i s e d  dur ing  

welding by a jack  assembly. This  allowed d e t a i l e d  obse rva t ion  of t h e  

s l a g  ba th  and guide tube.  

2.2.4. Flux Addition. During t h e  e l e c t r o s l a g  welding process ,  s l a g  

f r e e z e s  between t h e  cool ing  shoe and t h e  weld metal .  A s  a r e s u l t ,  s l a g  

d e p l e t i o n  occurs  a s  t h e  weld progresses .  This  s l a g  l o s s  was compensated 

f o r  by cont inuous f l u x  a d d i t i o n  us ing  a p r e c i s i o n  meta l  powder f eede r  

system manufactured by TAPCO I n t e r n a t i o n a l .  
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I n  t h i s  system, f l u x  s t o r e d  i n  a  hopper flows through a  tube i n t o  

a  c y l i n d r i c a l  r e s e r v o i r .  A paddle wheel r o t a t e d  by an  e l e c t r i c a l l y  

dr iven  v a r i a b l e  speed D.C.  motor scoops t h e  f l u x  from t h e  r e s e r v o i r  and 

t r a n s f e r s  i t  down a tube i n t o  the  s l a g  pool.  The r a t e  of f l u x  add i t i on  

can be con t ro l l ed  by both motor speed and paddle wheel s i z e .  I n  t h i s  

i n v e s t i g a t i o n ,  t h e  f l u x  was added a t  a  s a t e  of approximately 4 grams/ 

minute i n  o rde r  t o  balance the  s l a g  l o s s e s .  

The f l u x  hopper was mounted above t h e  welding head and t h e  powder 

meter ing device  was loca t ed  j u s t  above t h e  guide tube  mount; F igure  10. 

2.2.5. Curren t ,  Voltage and Wire Feed Analys is .  Current  and vo l t age  

f l u c t u a t i o n s  were monitored dur ing  the  welding process  t o  d e t e c t  and 

ana lyze  s l a g  d e p l e t i o n ,  weld wire  a r c i n g ,  i n t e r m i t t e n t  con tac t  between 

t h e  s l a g  pool  and consumable guide ,  e t c . ,  A record of t h e s e  v a r i a t i o n s  

was made us ing  a  GULTON s t r i p  c h a r t  recorder .  A s t o r a g e  osc i l l o scope  

was a l s o  used t o  monitor and record  t h e  cu r r en t  and vo l t age  f l u c t u a t i o n s .  

Records of both cu r r en t  and vo l t age  ope ra t ing  l e v e l s  were made f o r  each 

weld with both s t r i p  c h a r t  recorder  and osc i l l o scope .  The wi re  feed  r a t e  

was measured us ing  a JET-LINE wire  feed measuring device.  

2.2.6. Weld Pool Vibra t ion .  Vibra tory  f o r c e s  were t r a n s f e r r e d  t o  

t h e  weld pool i n  t h r e e  modes, namely, through v i b r a t i o n  of p l a t e s  be ing  

welded, an e x t e r n a l  s t i r r e r  i n s e r t e d  i n t o  t h e  s l a g  b a t h ,  and t h e  consuma- 

b l e  guide tube.  

The f i r s t  ca se  u t i l i z e d  a  v i b r a t i o n  t a b l e  c o n s i s t i n g  of a 48 x 72 x 

1 inch  aluminum top  mounted on a i r  cushions.  An e c c e n t r i c a l l y  loaded 





v i b r a t i o n  motor (METALAX-BONAL CORPORATION) and t h e  p l a t e  t o  be welded 

were mounted on t h e  aluminum p l a t e  (Figure 1 1 ) .  A magnetic t ransducer  

f o r  v i b r a t i o n  a n a l y s i s  was mounted a s  shown i n  F igure  11. The c o n t r o l  

pane l  f o r  t h e  system cons i s t ed  of a  r h e o s t a t  t o  va ry  t h e  v i b r a t i o n  motor 

speed, a  frequency i n d i c a t o r ,  and a  peak amplitude meter t o  i n d i c a t e  t h e  

resonance f requencies .  By g radua l ly  i nc reas ing  t h e  speed of t h e  motor, 

va r ious  resonance f requencies  were i d e n t i f i e d .  Two resonance f requencies ,  

one a  low and t h e  o t h e r  a high ampli tude,  were s e l e c t e d  f o r  use dur ing  

e l e c t r o s l a g  welding. 

The second v i b r a t i o n  method involved t h e  v i b r a t i o n  of a  11'2 inch  

diameter  qua r t z  rod which served a s  an e x t e r n a l  s t i r r e r .  P a r t  of t h e  

q u a r t z  was consumed by the  s l a g  du r ing  t h e  process .  Both pneumatic and 

u l t r a s o n i c  v i b r a t i o n s  were performed i n  t h i s  case .  

The t h i r d  approach cons is ted  of v i b r a t i n g  the  consumable guide tube  

t o  achieve weld pool  a g i t a t i o n .  A BONAL v i b r a t i o n  motor was bo l t ed  t o  

t h e  guide tube  wi th  t h e  motor a x i s  p a r a l l e l  t o  t h e  guide tube a x i s  

(F igures  12  a  & b ) .  Resonant v i b r a t i o n  was performed i n  a  manner s i m i l a r  

t o  t h e  p l a t e  v i b r a t i o n .  The v i b r a t o r y  motion w a s  t r a n s f e r r e d  from t h e  

sh i e lded  guide tube  t o  t h e  s l a g  pool  and t h e  weld meta l .  The s p e c i f i c  

cond i t i ons  f o r  each experimental  weld a r e  shown i n  Table I V .  

2 . 2 . 7 .  Weld Metal Alloy Addit ions.  Alloy a d d i t i o n s  were made t o  

t h e  e l e c t r o s l a g  weld meta l  by bo th  a l loyed  weld wi re  and pure meta l  w i re s  

welded t o  t h e  guide tube.  Low a l l o y  f i l l e r  w i r e s  used included Wire B 

(A588), Wire C (Mn-Si), Wire D (Mn-Mo) and Wire E (Cr-Mo). The composi- 
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Figure 12b. SHIELDED CONSUMABLE GUIDE TUBE VIBRATION SETUP.
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tions of these wires are shown in Table V. The welding conditions for 

selected welds are given in Table VI. 

2.2.8. Thermal Distribution Analysis. Electroslag weld HAZ thermal 

cycles were recorded using Chromel-Alumel thermocouples (22 gage) located 

at various distances from the faying edge. These thermocouples were 

sandwiched between two 1 inch thick plates. Three sets of 5 thermocouples 

were placed at bottom, middle and top sections of the 24 inch long plate 

(Figure 13). Thermocouple millivolts output were recorded by a 16 channel 

multiplexed Motorola microprocessor. The thermocouple outpits were 

scanned successively at a rate of 10 channels every 3 seconds. Scanned 

data were then amplified to a 0-10 volts scale (60 mv equals lOv), digi- 

tized and recorded on a 9 track magnetic tape. The recorded temperature 

data for selected welds were analyzed using a Prlme computer and complete 

time-temperature relationships for each thermocouple were plotted. 

2.2.9. Weld Setup/Procedure. The welding head consisting of the 

flux feeding system, oscillation mechanism and a guide tube holder was 

mounted on one of the plates being welded. The consumable guide was cen- 

tered in the joint gap within a limit of 1/16 inch. All welds were made 

with a Hobart model RC 750, DC constant voltage power source using re- 

versed polarity. Both plates to be welded were grounded. The consumable 

guide tube was connected to the positive terminal of the power supply 

using two 4.0 copper cables. The weld setup schematic is shown in 

Figures 14 a & b. 



Table V. 

ESW ALLOY FILLER CHEMISTRY 

Manufacturer 
Wire ID ID 

* 
Wire A Hobart 25P 

Wire B' Linde WS 

Wire C Airco Metal 
core 6 

wire D' Linde 40B 

Wire E' Page AS521 

Element in wt.% 

C Mn S i C r Ni Mo Cu S P 

* 
Used in standard welds 

C 
Copper coated wire 



Table V I .  

WELDING PARAMETERS USED I N  ALLOY ADDITION METHODS (SELECTED) 

Root Gap Current  Voltage 
i/ Type Cornmen t - - mrn Amps Vo l t s  

1 Elemental Mo Addition 32 600 42 Three l e v e l s  of 
a d d i t i o n ,  0.53, 
0.66 and 1.07 w t . %  

2 C r ,  Mo a d d i t i o n  through 
f i l l e r  wire--standard * 
guide tube 3 2 600 4 2 Wire E 

3 C r ,  Mo a d d i t i o n  through 
f i l l e r  wire--winged guide 
tube  19  

* 
1000 40 Wire E 

* 
s e e  Table V f o r  wi re  d e s c r i p t i o n .  
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Prior to starting the weld, the strip chart recorder, oscilloscope 

and wire feed rate measuring device were actuated and water circulation 

in the cooling shoes started. Welding was initiated with an open arc 

and a premeasured amount of flux (75 grams/cubic inch of slag) was slowly 

added to provide sufficient time for complete melting of the flux as it 

was added. A dynamic equilibrium was achieved after the proper slag 

level was obtained. The desired current and voltage were then set and 

the automatic flux feed system activated at a preset feed rate. 

2.3. Weldment Evaluation 

2.3.1. Macrostructural Examination. A 6 inch wide section was re- 

moved from the weldment by oxy-acetylene cutting with a Victor W 150 

cutting machine (Figure 15). The section was then saw cut at mid- 

thickness and the reinforcement removed from one side. The mid-thickness 

surface was ground using the 86 grit wheel in a Thompson surface grinder 

and then macroetched with a 10% Nitric acid solution in anhydrous ethyl 

alcohol mixture for 5 to 10 minutes. The etched surface was cleaned 

under running water, rinsed in anhydrous alcohol and immediately dried. 

Macrostructures of specimens prepared from various welds were 

studied with respect to base metal dilution, weld metal grain size and 

orientation, HAZ size, presence of weld defects, weld metal segregation, 

solute banding, etc. 

2.3.2. Microstructural Examination. 



macrostructure 

Figu re  15. SCHEMATIC I L L U S T R A T I O N  O F  S E C T I O N S  MADE ON 
ELECTROSLAG WELDS F O R  WELD EVALUATION.  



2.3.2.a. Optical Metallography. One inch wide sections were 

removed from the macroetched specimens and coupons cut from key regions. 

The macroetched surface was ground on 120, 240, 400 and 600 grit grinding 

papers successively. Polishing was carried out first on a 6 micron dia- 

mond lap wheel followed by 0.3 and 0.05 micron alumina compound. The 

surface was then etched in 2% Nital solution for a few seconds. This 

etching technique was repeated several times with intermediate polishing 

on 0.3 and 0.05 micron alumina lap wheels to remove deformed surface 

layers and surface artifacts. A 2% Picral etch was also used in certain 

cases. Specimens were then studied with a Zeiss optical microscope at 

magnifications from 25 to 1000x. 

2.3.2.b. Scanning Electron Microscopy, Weld specimens were 

polished in the same manner used for optical metallography. The polished 

surface was first etched using a saturated picric acid solution in ethyl 

alcohol for a period between 20 and 30 seconds. The surface was then 

etched in a 2% nital solution for about 5 seconds. Etched specimens 

were then studied using a JEOL (JSM-35) scanning electron microscope at 

25 KV secondary operating voltage and a 39 mm working distance. The in- 

verse image contrast mode,was used to achieve a contrast similar to that 

of optical micrographs. 

2.3.2.c. Transmission Electron Microscopy. Thin foils for 

transmission electron microscopy were taken from the macroetched speci- 

mens in the longitudinal direction. About 0.05 inch thick sections were 

removed using an abrasive slicing wheel. Cut sections were then 



mechanical ly  pol i shed  t o  about 0.005 inch  i n  t h i ckness .  3 mm diameter  

d i s c s  were punched from t h e s e  s l i c e s  and e l e c t r o p o l i s h e d  us ing  a  

"Fishione" double j e t  po l i sh ing  u n i t .  The po l i sh ing  e l e c t r o l y t e  was 

made up of a  s o l u t i o n  of 100 grams of chromium t r i x o i d e ,  540 cc of g l a -  

c i a l  a c e t i c  a c i d  and 28 c c  of d i s t i l l e d  water .  Power s e t t i n g s  were 55V 

and 40 mA/3 mm d i s c .  The temperature of t h e  e l e c t r o l y t e  was maintained 

between 5 and 1 0 ' ~ .  Thin f o i l s  were then  s tud ied  us ing  a  H i t ach i  HU 1 1 B  

e l e c t r o n  microscope a t  lOOKV ope ra t ing  vo l t age .  

2.3.3. Hardness Analysis .  A one inch  wide s t r i p  was removed from 

t h e  macro-etched specimen f o r  hardness  a n a l y s i s .  The s i d e  oppos i t e  t o  

t he  etched s u r f a c e  w a s  ground f l a t  and p a r a l l e l .  The hardness  was 

measured a c r o s s  t h e  weld fus ion  zone, hea t  a f f e c t e d  zones and base metal  

us ing  a  Rockwell hardness  t e s t e r .  B s c a l e  (1/16 inch  diameter  s p h e r i c a l  

s t e e l  i nden to r  under a  100 Kilograms major load)  w a s  employed. C s c a l e  

(Brale  i nden to r  under a 150 Kilograms major load)  measurement was made 

whenever t h e  hardness  va lue  exceeded R 100. Three measurements were made 
b 

a t  each r eg ion  of i n t e r e s t  and an average w a s  determined. 

2.3.4. Charpy Impact Test ing.  Both s tandard  and precrack  Charpy 

impact specimens were t e s t e d  i n  t h i s  s tudy .  Standard ASTM Charpy impact 

specimens (Figure 16)  were machined from two th i ckness  l o c a t i o n s  a s  shown 

i n  F igure  17. The V no tch  was ground perpendicular  t o  t h e  welding d i r ec -  

t i o n  (Figure 17 ) .  Notches were loca t ed  i n  four  r eg ions ,  namely base  

metal ,  HAZ, CCG and weld c e n t e r  l i n e  (WCL). Samples were coded wi th  





F i g u r e  17 .  SCHEMATIC ILLUSTRATION OF CHARPY V-NOTCH IMPACT 
SPECIMEN LOCATIONS. (a) WELD CENTERLINE, 
(b) COARSE COLUMNAR GRAIN ZONE, AND (c) HEAT 
AFFECTED ZONE 1. 



respect to their notch location, weld number, material, etc., The 

Charpy specimens for the ductile-brittle transition characteristics 

determination were precracked by fatigue cycling to a total depth (in- 

cluding the V notch) of 0.12-0.01 inch, using tension-zero loading with 

cantilever beam loading. 

Charpy specimens were then equilibrated in a liquid bath maintained 

at the testing temperature (-100°F to 150°F). Specimens were then tested 

individually in a 264 ft.lb. Tinius Olsen pendulum type instrumented 

impact testing machine. This system is located at Battelle Northwest 

Laboratories . 
The automated instrumented impact system consisted of an instrumented 

tup (strain gaged striker), velocity measuringltrigger unit, microproc- 

essor, printer/plotter and a floppy disk drive, The load sensing gages 

forming a wheatstone bridge circuit were cemented to the striker to sense 

the compressive force interaction between the impact machine and specimen. 

A photo-electric device was used to measure the hammer velocity and to 

coordinate the data collection with the actual time of test. The device 

employed a flag to interrupt a high intensity light immediately prior to 

the instrumented tup impacting the test specimen. The signals generated 

by the instrumented tup during the test were processed in a signal con- 

ditioning module for signal amplification and selective filtering. This 

data was then stored by a transient signal recorder and written on a 

floppy disk. The stored data was then processed in a MOTOROLA micro- 

processor unit to obtain the total energy absorbed (Charpy V-notch 



impact toughness) by t h e  specimen. The ope ra t iona l  sequence of t h e  

t e s t i n g  procedure is  shown i n  F igure  18.  

The f r a c t u r e  s u r f a c e s  were d r i ed  and coated wi th  Tru-test  H i  Q 

spray  coa t ing  f o r  p ro t ec t ion .  

2 . 3 . 5 .  Frac tu re  Morphology. The f r a c t u r e d  s u r f a c e s  of s e l e c t e d  

Charpy specimens were cleaned u l t r a s o n i c a l l y  i n  ace tone  and t h e i r  f r a c -  

t u r e  morphology s tudied  us ing  a  JEOL (JSM-35) scanning e l e c t r o n  micro- 

scope a t  25 KV secondary ope ra t ing  vo l t age  and a  39 mm working d i s t a n c e .  

2 . 3 . 6 .  Crack Propagat ion Path.  It was necessary  t o  s e c t i o n  t h e  

f r a c t u r e  su r f ace  perpendicular  t o  t he  notch l i n e  (Figure 19)  t o  s tudy  

t h e  r e l a t i o n s h i p  between t h e  mic ros t ruc tu re  and t h e  f r a c t u r e  pa th .  The 

f r a c t u r e  s u r f a c e  was Nickel p l a t ed  us ing  a  Watt 's  Nickel ba th .  Bath 

chemistry and p l a t i n g  cond i t i ons  a r e  given i n  Table V I I .  The p l a t ed  

specimen was sec t ioned  i n  t h e  o r i e n t a t i o n  shown i n  F igure  19 us ing  an 

ab ras ive  cu to f f  wheel, and t h e  mic ros t ruc tu re  was examined a s  descr ibed 

e a r l i e r .  

2 . 3 . 7 .  Weldment Chemistry. Chemical ana lyses  of t h e  base meta l  

and s e l e c t e d  welds were c a r r i e d  ou t  u s ing  a  spec t rographic  ana lyse r  

l oca t ed  a t  ESCO Corporation. 
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Table VII. 

NICKEL PLATING SOLUTION CHEMISTRY AND PLATING CONDITIONS 

Solution: Watt's Nickel Plating Solution 
Anode : Graphite 

Solution Chemistry 

Compound Amount 

Nickel Sulphate 300 gmslliter 

Nickel Chloride 45 gmslliter 

Boric Acid 35 gms/liter 

Hydrogen Peroxide 5 drops/gallon 

Operational Conditions 

pH range = 2 t o 4  
Temperature = 50°C 
Current Density = 0.05 Amps/sq.cm. 
Voltage = 6 to 12 volts 



3. RESULTS 

3.1. Process Variables 

3.1.1. Plate Grounding and Electrode Centering. The location of 

the ground leads and the electrode plays an important role in control- 

ling the weld penetration and providing a consistent weld width along 

the entire weld length. Four combinations of these two variables were 

studied in this investigation. They were off-centered and centered elec- 

trode positions with single and double ground connections. Results are 

shown in Figures 20-24. The grounding of both plates being welded and 

a centered electrode position (1/16 inch) resulted in uniform weld pene- 

tration and consistent weld width along the entire weld length. 

3.1.2. Slag Level. Fluctuations in the current and the voltage 

were utilized to study the slag depletion during ESW. Photographs of the 

voltage-current display taken at three distinctive slag level situations 

are shown in Figure 25. Current fluctuations were minimal when an 1-1/2 

inch deep slag was maintained (Case a). Intermittent spikes of medium 

amplitude were observed when the level was less than an inch (Case b). 

Finally, severe arcing and more frequent large amplitude current spikes 

occurred when the slag level was less than 1/2 inch. Oscilloscope analy- 

sis of the current and the voltage allowed the proper slag level to be 

maintained during welding. 

3.1.3. Current and Voltage Fluctuations. Since the current and 

voltage provide the welding heat input and, hence, control the weld 
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(a) Smooth running with proper slag depth
(b) Minor slag depletion
(c) Very shallow slag pool.



pene t r a t ion lbase  metal  d i l u t i o n ,  weld chemistry,  e t c . ,  t h e i r  optimiza- 

t i o n  and c o n t r o l  is  e s s e n t i a l .  

P e r i o d i c  c u r r e n t  f l u c t u a t i o n s  due t o  t h e  guide tube  melt  o f f  were 

observed i n  s tandard  welds made w i t h  t h e  ba re  metal  consumable guide 

tube.  Macros t ruc tura l  a n a l y s i s  of those  welds revea led  a  r e l a t i o n  

between such f l u c t u a t i o n s  and s o l u t e  banding i n  welds.  The r e l a t i o n -  

s h i p  is  i l l u s t r a t e d  i n  F igure  26. 

Voltage f l u c t u a t i o n s  a l s o  a f f e c t e d  t h e  weld pene t r a t ion .  I n  ex- 

treme cases ,  s l a g  entrapment occurred ,  Figure 27.  

3.1.4. Curren t ,  Voltage, Guide Tube Geometry and J o i n t  Gap. 

Inf luence  of process  v a r i a b l e s  such a s  c u r r e n t ,  v o l t a g e ,  guide tube  geo- 

metry, and j o i n t  gap on weld c h a r a c t e r i s t i c s  were s t u d i e d .  The vo l t age  

was s e l e c t e d  a s  t h e  f i r s t  v a r i a b l e  t o  a s s e s s  i t s  e f f e c t  on t h e  base meta l  

d i l u t i o n .  Weld f i x t u r e s  wi th  two j o i n t  spac ings ,  1-1/4 and 3/4 inches ,  

were used wi th  ba re  meta l  and f l u x  coated guide tubes ,  r e s p e c t i v e l y .  

The c u r r e n t  was he ld  cons tan t  a t  500 amperes whi le  t h e  vo l t age  was v a r i e d  

from 30 t o  45 v o l t s  a t  r e g u l a r  i n t e r v a l s .  The r e l a t i o n  between t h e  

vo l t age  and t h e  base  metal  d i l u t i o n  obtained is  shown i n  F igure  28. A 

minimum of 42 v o l t s  was r equ i r ed  i n  both c a s e s  t o  achieve  complete edge 

fus ion .  Then, two a d d i t i o n a l  welds wi th  s i m i l a r  f i x t u r i n g  were made a t  

t h a t  p o t e n t i a l ,  vary ing  t h e  cu r r en t  from 500 t o  800 amperes a t  s e t  time 

i n t e r v a l s .  F igure  29 i l l u s t r a t e s  t h e  cu r r en t  vs .  base meta l  d i l u t i o n  

r e l a t i o n s h i p .  Current  had a  minor i n f luence  on d i l u t i o n  compared t o  

vo l t age  . 
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Figure 27. ES WELD ~~CROSTRUCTURE SHOWING SLAG ENTRAPMENT
RESULTING FROM A SEVERE FLUCTUATION IN VOLTAGE

(45 to 32 VOLTS).
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CURRENT (AMPS) 

Figure 29. E F F E C T  O F  WELDING CURRENT ON BASE METAL D I L U T I O N  FOR VARIOUS GUIDE TUBE 
GEOMETRIES AND J O I N T  SPACINGS I N  ESW. 



An even d i s t r i b u t i o n  of hea t  towards t h e  p l a t e  edge was necessary 

i n  o r d e r  t o  achieve complete edge pene t r a t ion  i n  welds made below 42 

v o l t s .  Hence, a wing guide tube  was used and fou r  welds were made under 

t h e  cond i t i ons  descr ibed  above. Complete weld p e n e t r a t i o n  was achieved 

a t  34 v o l t s  i n  t h e  c a s e  of 1-114 inch  roo t  gap, while  36 v o l t s  were 

necessary  f o r  a  314 inch  j o i n t  spacing.  Base metal d i l u t i o n  vs .  vo l t age  

and c u r r e n t  r e l a t i o n s h i p s  a r e  presented i n  F igures  28 and 29, respec- 

t i v e l y .  

Current and wire  feed  r a t e  were interdependent  s i n c e  a  cons tan t  

vo l t age  power source was used f o r  t h e  e l e c t r o s l a g  welding process .  The 

feed r a t e  increased  wi th  an inc rease  i n  c u r r e n t .  The wing guide tube  

conf igu ra t ion  used i n  t h i s  i n v e s t i g a t i o n  had 50 percent  more c r o s s  sec- 

t i o n a l  a r e a  t h a t  t h e  s tandard  c y l i n d r i c a l  guide tube (0.3493 compared t o  

0.2344 sq. inch)  and,  hence, a  h igher  cu r r en t  ca r ry ing  capac i ty .  A s  a 

r e s u l t ,  at a  p a r t i c u l a r  c u r r e n t  s e t t i n g ,  t h e  wire  feed r a t e  was s i g n i f i -  

c a n t l y  reduced f o r  t h e  wing guide  tube  compared t o  t h e  s tandard  one. The 

c u r r e n t  vs .  wi re  feed  r a t e  r e l a t i o n s  f o r  two guide tube  geometr ies  (wing 

and s tandard  guides)  a t  d i f f e r e n t  j o i n t  spac ings  (1-1/4 and 314 inches)  

a r e  presented i n  F igure  30. 

The wing guide tube  used wi th  a  3 / 4  inch  j o i n t  spac ing  c a r r i e d  t h e  

maximum c u r r e n t  a t  a  given wire  feed  r a t e .  This  f e a t u r e  was u t i l i z e d  t o  

p repa re  a  h igh  cur ren t lnar row gap weld us ing  a  1000 amperes c u r r e n t  a t  

40 v o l t s .  The wire  feed  r a t e  was 325 inches  pe r  minute (ipm), and t h e  

weld was completed i n  12 minutes ,  Whereas a  s tandard  weld made wi th  600 

amperes c u r r e n t  a t  42 v o l t s  wi th  t h e  wire  feed  r a t e  of 225 ipm us ing  an 





1-114 inch joint spacing required about 36 minutes. The reduced weld 

time resulted in about 50% reduction in heat input per inch of the weld- 

ment (see Appendix A for the heat input calculations). The percent base 

metal dilution for the high current/narrow gap and the standard welds 

were 58 and 41 percent, respectively. From analysis of the macrostruc- 

tures of these two welds, Figure 31, it is evident that angle of incli- 

nation of the CCG's in the narrow gap weld was less than that in the 

standard weld. 

The weld centerline microstructures of both welds are given in 

Figures 32a through c. The narrow gap weld grain structure was slightly 

refined and the proeutectoid ferrite dispersed. Whereas in the standard 

weld, the proeutectoid ferrite was present in the form of continuous 

films along the grain boundaries parallel to the welding direction. A 

microstructural comparison between the heat affected zones of the stan- 

dard and the high currentlnarrow gap welds, Figure 33, revealed a 50 

percent reduction in width of the coarse grained HAZ size for the high 

currentlnarrow gap weld. Yet, the HAZ grain size immediately adjacent 

to the fusion line did not change. 

3.2. As-Welded Grain Refinement 

Typical microstructures of weldments made using the mullite- 

shielded consumable guide tube assembly are shown in Figure 34. The 

mullite shielding, per se, did not result in any grain refinement. 

However, when mechanical vibration was coupled to the mullite shrouded 

guide tube, significant grain refinement occurred. This grain refinement, 



Standard Narrow Gap-High Current

Figure 31. COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 600 AMPS, 42 VOLTS) AND

HIGH CURRENT/NARROW GAP/WINGED GUIDE (1000 AMPS, 3/4" GAP, 40 VOLTS) ES WELD

MACROSTRUCTURES (FILLER WIRE A). ETCHANT--10% NITAL.
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Standard High Current/Narrow gap/Winged guide

Figure 32 a. COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 600 AMPS, 42 VOLTS) AND

HIGH CURRENT/NARROW GAP !WINGED GUIDE (1000 AMPS, 3/4" GAP, 40 VOLTS) ES WELD
MICROSTRUCTURES AT WELD CENTERLINE LOCATION (FILLER WIRE A). ETCHANT--2% NITAL.
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Standard

\
I

High Current/Narrow gap/Winged guide

Figure 32b. COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 600 AMPS, 42 VOLTS) AND

HIGH CURRENT/NARROW GAP/WINGED GUIDE (1000 AMPS, 3/4" GAP, 40 VOLTS) ES WELD
MICROSTRUCTURES AT WELD CENTERLINE LOCATION (FILLER WIRE A). ETCHANT--2% NITAL.
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Standard High Current/Narrow gap/Winged guide

Figure 32c. COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 600 AMPS, 42 VOLTS) AND
HIGH CURRENT/NARROW GAP/WINGED GUIDE (1000 AMPS, 3/4" GAP, 40 VOLTS) ES WELD
MICROSTRUCTURES AT WELD CENTERLINE LOCATION (FILLER WIRE A). ETCHANT--PICRAL.
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--- High current/narrow gap/winged
guide weld HAZ

Figure 33. COMPARISON BET\<EEN HEAT AFFECTED ZONES

OF STANDARD (CYLINDRICAL GUIDE, 42 VOLTS,

600 AMPS, AND 1-1/4" GAP) AND HIGH

CURRENT/NARRO\; GAP/WINGED GUIDE (40 VOLTS,

1000 AMPS, AND 3/4" GAP) ES \<ELDS. A
50% REDUCTION IN HAZ 1 WIDTH WAS

OBSERVED.

weld HAZ

~'"



a. Non Vibrated

Figure 34.
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MACROSTRUCTURES OF ES WELDS MADE WITH MULLITE (3/16
INCH SHROUDED CONSu}~BLE GUIDE (ETCHANT--10% NITAL)

a. NON VIBRATED GUIDE

b. VIBRATED CONSUMABLE GUIDE (35 HZ RESONfu~CEVIBRA-
TION).
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however, occurred only after 5 inches of the weld had been completed. 

During this initial 5 inch section, mullite was consumed into the slag 

pool which resulted in a highly viscous and cooler slag. Furthermore, 

the mullite shrouding was fragile and easily chipped during welding re- 

sulting in entrapped mullite in the weld. Thus, in order to induce grain 

refinement with mullite shielding, supplemental vibration was necessary 

as well as a change in slag bath chemistry and characteristics. 

On the other hand, the use of fused quartz shrouding around the 

consumable guide tube produced a substantial grain refinement in all 

cases, as shown in Figure 35. The quartz sleeve effectively shielded 

the guide tube and resulted in deep extension of the quartz and guide 

tube into the slag (Figure 36). Significantly, grain refinement was 

achieved without supplemental mechanical vibration unlike the case of 

mullite. Furthermore, grain refinement was achieved immediately upon 

contact of the quartz sleeve with the slag bath and the resulting weld 

structure was uniform across the entire weld. Slag contamination was 

reduced since the quartz sleeve was only 0.04 inch thick versus 3/16 

inch thick for the mullite and macroscopic solute banding normally pres- 

ent in conventional welds was not observed. Throughout the electroslag 

weld process in which the quartz was inserted, persistent arcing occurred 

as shown by voltage and current trace analysis, Figure 37. Furthermore, 

an intense stirring action was observed even without supplemental mechani- 

cal vibration. Due to the thermal shielding behavior of the quartz 

shroud, a high voltage (48 volts) was required in order to achieve com- 
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a. Non Vibrated b. Vibrated

Figure 35. ~~CROSTRUCTURES OF ES h~LDS ~~DE WITH QUARTZ (1 mm

THICK SHROUDED CO~SUMABLE GUIDE (ETClli\~T--IO~NITAL)

a. NON VIBRATED GUIDE

b. VIBRATED CONSL~~BLE GUIDE (35 HZ RESONfu~CE VIBRA-
TION).
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Fi l ler  El 

Consumabl 

S tondard Quartz Shielded Guide 

Figure 36. SCHEMATIC REPRESENTATION OF GUIDE TUBE POSITION IN THE SLAG POOL DURING 
STANDARD AND QUARTZ SHIELDED GUIDE TUBE ELECTROSLAG WELDING. 





plete edge fusion. The guide tube/weld pool interactions are shown 

schematically in Figure 38 for both standard as well as grain-refined 

welds. 

ES welds made with either an independently vibrated quartz probe 

inserted into the slag bath or vibration of the entire plate fixture 

(table top) failed to exhibit any grain refinement. Macro and micro- 

structures of the table top vibrated weld are shown in Figures 39-40. 

Insulating materials other than the 3/16 inch thick mullite shroud and 

0.04 inch thick quartz shroud used in this investigation, were ineffective 

in shielding the consumable guide tube. 

Microstructural analysis of the standard and the quartz shielded 

grain refined welds presented in Figure 41a-f revealed that despite a 

uniform grain size across the quartz-refined weld, the grains were still 

elongated. Velds exhibiting refined grains also exhibited increased 

amounts of proeutectoid ferrite. Weld centerline structures remained 

identical for both standard and refined weldments, but the quartz shield- 

ing effectively eliminated the entire coarse columnar zone. 

3.3 Weld Metal Alloy Additions 

The macrostructure of the ES weld made using alloyed filler wire E 

(Cr-Mo) is shown in Figure 42. The weld metal consisted of a bainitic 

microstructure, Figures 43a and b. The transmission electron microscopy 

showed a heavily dislocated, lath type ferrite structure, Figure 44, and 

identified cementite along the lath boundaries, Figure 45, Complete 

absence of proeutectoid films in the alloyed weld metal is shown in 
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b.

Figure 38.

a.

c.

GUIDE TUBE-SLAG POOL INTERACTION DURING ELECTROSLAG
WELDING

a. STANDARD CYLINDRICAL GUIDE--GUIDE TUBE MELT-OFF
b. MULLITE SHIELDED GUIDE TUBE--GUIDE TUBE EXTENSION

INTO THE SLAG POOL
c. QUARTZ SHIELDED GUIDE TUBE--GUIDE TUBE EXTENSION

INTO THE SLAG POOL WITH VIGOROUS STIRRING ACTION.



- - - -

Figure 39. TABLE TOP (PLATE FIXTURE) VIBRATED ES HELD HACRO-
STRUCTURE (HIRE A). ETCHANT--IO% NITAL.
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Coarse Columnar Grain Zone Weld Center Line

Figure 40. TABLE TOP (PLATE FIXTURE) VIBRATED ES WELD MICROSTRUCTURES (WIRE A).
ETCHANT--2% NITAL.

00
00



Standard Grain Refined (Quartz Shielded)

Figure 41a. COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS)

AND GRAIN REFINED (QUARTZ SHIELDED GUIDE, 1-1/4" GAP, 48 VOLTS, 600 AMPS)
ES WELD MICROSTRUCTURES ADJACENT TO FUSION LINE (WIRE A). ETCHANT--2% NITAL. ~
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Standard Grain Refined (Quartz Shielded)

Figure 41b. COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS)
AND GRAIN REFINED (QUARTZ SHIELDED GUIDE, 1-1/4" GAP, 48 VOLTS, 600 AMPS)
ES WELD MICROSTRUCTURES ADJACENT TO FUSION LINE (WIRE A). ETCHANT--2% NITAL.
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Grain Refined (Quartz Shielded)

Figure 41c. COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS)
AND GRAIN REFINED (QUARTZ SHIELDED GUIDE, 1-1/4" GAP, 48 VOLTS, 600 AMPS)
ES WELD MICROSTRUCTURES ADJACENT TO FUSION LINE (WIRE A). ETCHANT--PICRAL.
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Standard Grain Refined (Quartz Shielded)

COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS)

AND GRAIN REFINED (QUARTZ SHIELDED GUIDE, 1-1/4" GAP, 48 VOLTS, 600 AMPS)

ES WELD MICROSTRUCTURES AT WELD CENTERLINE LOCATION (WIRE A). ETCHANT--

2% NITAL.

Figure 4ld.
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Grain Refined (Quartz Shielded)

COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS)

AND GRAIN REFINED (QUARTZ SHIELDED GUIDE, 1-1/4" GAP, 48 VOLTS, 600 AMPS)
ES WELD MICROSTRUCTURES AT WELD CENTERLINE LOCATION (WIRE A). ETCHANT--
2% NITAL.
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Grain Refined (Quartz Shielded)

COMPARISON OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS)

AND GRAIN REFINED (QUARTZ SHIELDED GUIDE, 1-1/4" GAP, 48 VOLTS, 600 AMPS)
ES WELD MICROSTRUCTURES AT WELD CENTERLINE LOCATION (WIRE A). ETCHANT--
PICRAL.
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Figure 42.

fJ~

.'

" L 1 inch

~~CROSTRUCTURE OF STANDARD (CYLINDRICAL GUIDE, 1-1/4"

GAP, 42 VOLTS, 600 AMPS) ES \VELD ~tADE USING FILLER
WIRE E. ETCHANT--10% NITAL.
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Fusion line

HAZ-!-WM

Fusion Line Coarse Columnar Zone Weld Center Line

Figure 43a. MICROSTRUCTURESOF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS) ES lVELDMADEUSING ALLOYEDFILLER
WIRE E. ETCHANT--2% NITAL.
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Fusion line

HAZ-! -WM

"':'I,"~~,

Fusion Line
Coarse Columnar Zone

\~eld Center Line
~,

Figure 43b. MICROSTRUCTURES OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS) ES HELD MADE USING ALLOYED FILLER
WIRE E. ETCHANT--2% NITAL.
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Figure 44. MICROSTRUCTURES OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS)
ES WELD MADE USING FILLER WIRE E SHOWING FERRITE MORPHOLOGY (TEM MICROGRAPHS) .
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SELECTED AREA DIFFRACTION ANALYSIS OF THE STANDARD

(CYLINDRICAL GUIDE, 42 VOLTS, 600 AMPS, AND 1-1/4" GAP)
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100.

Figure 46. The uniform distribution of fine carbides in a bainitic

matrix structure in the alloyed weld is in contrast to the Widmanstatten

ferrite matrix structure with carbide aggregates along ferrite boundaries

and isolated pearlite colonies present in standard welds (Figures 47a-d,

and 48).

Typical macro and microstructures of high current/narrow gap (winged

guide tube) ES welds made using alloy wire E are shown in Figures 49 and

50a-d. The extent of the eCG zone in the weld was reduced. Again, weld

microstructures confirmed the absence of proeutectoid films and the pres-

ence of a bainitic ferrite structure with fine dispersion of carbides.

Meanwhile, macro analysis of ES welds made using alloyed filler

wires B (A588). C (Si-Mn), and D (Mn-Mo), Figure 51, confirmed that all

consisted of CCG and TCG structures. Weld microstructures. presented in

Figures 52 through 54, indicated the presence of proeutectoid ferrite

films along grain boundaries and Widmanstatten ferrite matrix structures.

Macrostructural analyses of ES welds made with varying amounts of

elemental molybdenum additions welded to the guide tube indicated severe

alloy segregations at weld center regions (Figure 55).

3.4. Hardness Analysis

Rockwell hardness data for standard gap (1-1/4") and narrow gap

(3/4") welds made with wires A & E as well as the grain refined weld

(quartz shroud) are presented with reference to the test locations in

Figures 56 through 60. Base metal and coarse grained HAZ hardness values

were about RB 88 and 98, respectively.
Hardness values for welds made



Figure 46. FUSION LINE MICROSTRUCTURE OF STANDARD

(CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS,
600 AMPS) ES WELD MADE USING ALLOYED FILLER
WIRE E SHOWING ABSENCE OF PROEUTECTOID

FERRITE IN THE WELD METAL. THE PROEUTECTOID

FERRITE PHASE PRESENT IN HAZ TERMINATES AT
THE FUSION LINE.
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Figure 47c. COMPARISON OF MICROSTRUCTURES OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP,

42 VOLTS, 600 AMPS) ES WELDS, AT WELD CENTERLINE LOCATION, MADE USING
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Figure 49.

107.

MACROSTRUCTURE OF HIGH CURRENT/NARROW GAP/WINGED GUIDE

(3/4" GAP, 40 VOLTS, 1000 AMPS) ES WELD MADE USING
ALLOYED FILLER WIRE E. ETCHANT--10% NITAL.
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Figure SOa. MICROSTRUCTURES OF HIGH CURRENT/NARROW GAP/WINGED GUIDE (3/4" GAP, 40 VOLTS, 1000 AMPS) ES WELD MADE USING ALLOYED

FILLER WIRE E. ETCHANT--2% NITAL.
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Fusion Line Coarse Columnar Zone Weld Center Line

Figure SOb. MICROSTRUCTURES OF HIGH CURRENT/NARROW GAP/WINGED GUIDE (3/4" GAP, 40 VOLTS, 1000 AMPS) ES WELD MADE USING ALLOYED

FILLER WIRE E. ETCHANT--2% NITAL.
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Coarse Columnar Zone

Figure SOc.

Weld Center Line

MICROSTRUCTURES OF HIGH CURRENT/NARROW GAP/WINGED GUIDE (314" GAP, 40 VOLTS,
1000 AMPS) ES WELD MADE USING ALLOYED FILLER WIRE E. ETCHANT--PICRAL.
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Figure 51. ~~CROSTRUCTURES OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600
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Figure 52. NICROSTRUCTURES OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS) ES WELD MADE USING ALLOYED FILLER

IHRE B. ETCHANT--2% NITAL.
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Figure 53. MICROSTRUCTURESOF STANDARD(CYLINDRICAL GUIDE, 1-1/4" GAP, 42 VOLTS, 600 AMPS) ES WELDMADEUSING ALLOYED FILLER
WIRE C. ETCHANT--2% NITAL.
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Figure 54. NICROSTRUCTURES OF STANDARD (CYLINDRICAL GUIDE. 1-1/4" GAP, 42 VOLTS, 600 MIPS) ES WELD MADE USING ALLOYED FILLER
WIRE D. ETCHANT--2% NITAL.
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;; Severe
Weld Center

Segrego ti on

Figure 55. MACROSTRUCTURE OF ES WELD (1-1/4" GAP, 42 VOLTS, 600

AMPS, CYLINDRICAL GUIDE WITH ALLOY ADDITION--REFER
FIGURE 8) MADE WITH ELEMENTAL MOLYBDENUM ADDITIONS.
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Figure 56. HARDNESS TRAVERSE OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" JOINT GAP)
ES WELD MADE USING FILLER WIRE A. MACROSTRUCTURE INDICATES LOCATIONS
OF HARDNESS MEASUREMENTS.
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Figure 58. HARDNESS TRAVERSE OF QUARTZ SHIELDED GUIDE-GRAIN REFINED WELD MADE USING
FILLER WIRE A. MACROSTRUCTURE INDICATES LOCATIONS OF HARDNESS MEASURE-
MENTS.
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Figure 59. HARDNESS TRAVERSE OF STANDARD (CYLINDRICAL GUIDE, 1-1/4" JOINT GAP) ES
WELD MADE USING ALLOYED FILLER WIRE E. MACROSTRUCTUREINDICATES LOCATIONS
OF HARDNESS MEASUREMENTS.
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with wire A were in the range, R 88 to 93, while grain refined welds B 

were between Rg 83  and 85 .  Both welds made with wire E were much harder 

than the base metal and HAZs. Their hardness values were between RC 26 

and 28.  Narrow gap welds, in general, were slightly softer than standard 

gap welds. 

3.5. Charpy Impact Toughness 

Charpy V notch (CVN) impact toughness values tested at 0°F for 

various structural zones of several electroslag weldments and base metal 

are presented in Table VIII. Averages calculated by omitting the highest 

and the lowest values are shown in Table IX. 

The average base metal CVN impact toughness was 37 ft.lbs. Welds 

made with filler wires A and B possessed low toughness properties in the 

weld center region at mid-thickness locations. In all welds, with the 

exception of the grain refined (quartz) weld, the average toughness value 

of the CCG zone was much higher than that of the WCL zone at the mid- 

thickness region. The average impact toughness of the CCG zone was in 

the range of 27 to 61 ft.lbs., while that of the WCL was between 4 and 

11 ft.lbs. 

CVN toughness at the WCL-quarter thickness locations of the standard 

ES weld was 19 ft.lbs. compared to 4 ft.lbs. at the WCL mid thickness 

location. The CCG region toughness remained the same for both thickness 

locations. 

A 100% increase in toughness was observed in the WCL region of the 

grain refined weld when compared to the standard one (from 4 to 8 ft.lbs.1. 



Table VIII.

ESW CHARPY V NOTCH IMPACT TOUGHNESS AT O°F

123.

Impact Toughness Zone
Specimen ID in Ft.1bs. (see note)

Base Metal (A588)

B01 27.9 BM

B02 36.2 BM

B03 48.5 BM

B04 32.4 BM

B05 48.1 BM

B06 34.2 BM

B07 34.2 BM

B08 39.6 BM

Weld B36: Standard guide tube, voltage = 40 volts, current
= 600 amperes, gap = 1-1/4", wire A.

36B01F 2.71 WCL

36B01B 6.16 WCL

36B02F 5.16 WCL

36B02B 3.53 WCL

36B03F 3.21 WCL

36B03B 3.39 WCL

36B04B 4.73 WCL

36B05F 33.50 WCL

36B13F 36.90 CCG

36B13B 40.50 CCG

36B14F 33.50 CCG

36B14B 45.40 CCG

36B15F 20.70 CCG

36B32F 17.70 HAZ



Table VIII.

(Cont. )

Specimen ID
Impact Toughness

in Ft.lbs.

Zone
(see Note)

Weld B36 (cont.)

36B32B

36B33F

36B33B

30.20

17.90

25.00

8.42

HAZ

HAZ

HAZ

HAZ36B34F

Weld B97: Standard guide tube, voltage = 42 volts, current =
600 amperes, gap = 1-1/4", wire A (Quarter-
thickness) samples.

124.

*
97B01 45.30 CCG

*
97B02 24.90 CCG

*
97B03 35.20 CCG

*
97B04 36.10 CGG

*
97B05 7.50 WCL

*
97B06 29.90 WCL

*
97B07 11.30 WGL

*
97B08 25.80 WCL

*
97B09 28.00 WCL

*
97B10 8.90 WGL

Weld B47: Quartz shielded guide tube (grain refined), voltage
= 48 volts, current = 600 amperes, gap = 1-1/4",
wire A.

47B01F 7.51 WCL

47B01B 7.44 WCL

47B02F 5.30 WCL

47B02B 24.00 WCL



Table V I I I .  
(Cont . ) 

Specimen I D  

Weld B47 (cont . )  

47B03B 

47B04B 

47B05F 

4 7B08F 

47B13F 

47B13B 

47B14F 

47B14B 

47B16F 

47B32F 

47B32B 

47B33F 

47B33B 

47B34F 

Impact Toughness 
i n  F t . l b s .  

Zone 
( s ee  Note) 

WCL 

WCL 

WCL 

WCL 

WM 

WM 

WM 

WM 

WM 

HAZ 

HAZ 

HAZ 

HAZ 

HAZ 

Weld B51: Winged guide  t ube ,  v o l t a g e  = 36 v o l t s ,  c u r r e n t  = 
700 amperes, gap = 1-1/4", w i r e  A .  

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

CCG 



Table V I I I .  
(Cont . 

Specimen I D  

Weld B51 (cont . )  

51B13B 

51B14F 

51B14B 

51B15F 

51B32B 

51B33F 

51B33B 

51B34F 

51B34B 

Impact Toughness 
i n  F t . l b s .  

Zone 
(see  Note) 

CCG 

CCG 

CCG 

CCG 

HAZ 

HAZ 

HAZ 

HAZ 

HAZ 

Weld B52: Winged guide tube ,  vo l t age  = 40 v o l t s ,  cu r ren t  = 
600 amperes, gap = 3/4It, wi re  A .  

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

CCG 

CCG 

CCG 

CCG 

CCG 

HAZ 



Table V ' L I I .  
(Cont . ) 

Impact Toughness Zone 
Specimen I D  i n  F t .  l b s .  ( see  Note) 

Weld B52 (cont . )  

52B32B 9.10 

52B33F 15.40 

52B33B 20.30 

52B34F 13.30 

HAZ 

HA2 

HAZ 

HAZ 

Weld B88: Winged guide  tube,  vo l t age  = 40 v o l t s ,  cu r r en t  = 
1,000 amperes, gap = 3/4", wi re  A .  

CCG 

CCG 

CCG 

CCG 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

HAZ 

HAZ 

HAZ 

HAZ 

HAZ 

HAZ 

HAZ 

HAZ 



Table V I I I .  
(Cont .) 

Impact Toughness Zone 
Specimen I D  i n  F t . l b s .  (see Note) 

Weld B69B: Standard guide tube ,  v o l t a g e  = 42 v o l t s ,  c u r r e n t  = 
600 amperes, gap = 1-1/4", f i l l e r  = w i r e  A,  Mo 
a d d i t i o n  = 0.53 wt.%. 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

CCG 

CCG 

CCG 

CCG 

CCG 

Weld B70T: Standard guide t u b e ,  v o l t a g e  = 42 v o l t s ,  c u r r e n t  = 
600 amperes, gap = 1-1/4", f i l l e r  = wire  A,  Mo 
a d d i t i o n  = 0.66 wt.%. 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 



Table V I I I .  
(Cont . ) 

Specimen I D  
Impact Toughness 

i n  F t . l b s .  

Weld B70T (cont . ) 
70TB09 14.70 

70TB10 10.80 

70TBll 21.60 

70TB12 6.90 

70TB13 19.90 

Zone 
( see  Note) 

CCG 

CCG 

CCG 

CCG 

CCG 

Weld B69T: Standard guide tube ,  vo l t age  = 42 v o l t s ,  c u r r e n t  = 
600 amperes, gap = 1-1/4", f i l l e r  = wire  A ,  Mo 
a d d i t i o n  = 1.07 w t . % .  

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

CCG 

CCG 

CCG 

CCG 

CCG 

Weld B64: Standard guide tube ,  vo l t age  = 42 v o l t s ,  cu r r en t  = 
600 amperes, gap = 1-1/4", wi re  D. 

CCG 

CCG 



Specimen I D  

Weld B64 (cont .  ) 

Table V I I I .  
(Cont . > 

Impact Toughness 
i n  F t  . l b s .  

Zone 
(see  Note) 

CCG 

C CG 

WCL 

WCL 

WCL 

WCL 

WCL 

Weld B89: Standard guide tube ,  vo l t age  = 42 v o l t s ,  c u r r e n t  = 
600 amperes, gap = 1-l /4" ,  wi re  B. 

CCG 

CCG 

CCG 

CCG 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

Weld B90: Standard guide tube ,  vo l t age  = 42 v o l t s ,  c u r r e n t  = 
600 amperes, gap = 1-1/4", w i r e  E .  

CCG 

CCG 

CCG 



Table VIII. 
(cont . ) 

Specimen ID 
Impact Toughness 

in Ft.lbs. 

Weld B90 (cont.1 

90B04 17.60 

90B05 9.90 

90B06 19.50 

90B07 7.90 

90B08 12.90 

90B09 13.80 

90B10 10.80 

Zone 
(see Note) 

CCG 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

Weld B95: Winged guide tube, voltage = 40 volts, current = 
1,000 amperes, gap = 3/4", wire E. 

CCG 

CCG 

CCG 

CCG 

WCL 

WCL 

WCL 

WCL 

WCL 

WCL 

Note: BM Base metal at mid-thickness location 
WCL Weld centerline at mid-thickness location 
CCG Coarse columnar grain at mid-thickness location 
HAZ* Heat affected zone at mid-thickness location 
CCG Coarse columnar grain at quarter-thickness location 
WCL* Weld centerline at quarter-thickness location 
WM Weld metal adjacent to fusion line at mid-thickness 

location. 
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Meanwhile, the toughness of the zone representative of the CCG zone of 

standard welds dropped from 37 to 9 ft.lbs. However, the toughness was 

uniform throughout the entire fusion zone. 

A general increase in the toughness of the mid thickness-CCG and 

mid thickness-WCL (TCGs) regions were observed in the high current/narrow 

gap (winged guide tube) weld made with wire A. The WCL toughness was 

11 ft.lbs., while the CCG toughness increased to 61 ft.lbs. 

Additions of molybdenum to the weld metal increased the WCL tough- 

ness with an accompanied reduction in the CCG zone toughness when com- 

pared to the standard weld. Elemental alloy additions resulted in ex- 

tensive scatter in the WCL toughness. The average CVN toughness of the 

CCG zone for welds made with three levels of Mo additions was between 

14 and 19 ft.lbs., while that of the WCL region was between 9 and 14 ft. 

lbs. However, a general trend of increasing WCL toughness was observed 

with molybdenum additions. 

The weld made with standard conditions but with alloy wire E re- 

sulted in average CVN toughness properties of 12 and 15 ft,lbs. for the 

WCL and CCG zones, respectively. The scatter in toughness values of this 

weld was reduced when compared to those made with elemental alloy addi- 

tions. But a similar weld made with wire D exhibited very poor toughness 

properties, 3 and 7 ft.lbs. in the WCL and CCG zones, respectively. 

Finally, the high currentjnarrow gap weld made with wire E possessed 

toughness values of 17 and 19 ft.lbs. at the mid thickness locations of 

the WCL and CCG regions, respectively. Cr and Mo additions and reduced 

specific heat input resulted in the most improved weld metal CVN impact 

toughness. 



The impact toughness of the coarse grained HAZ was in the range of 

10 to 20 ft.lbs. for welds tested as shown in Table IX. Despite the 

reduction in the HAZ width in the high current/narrow gap weld, the 

average toughness dropped to 10 ft.lbs. The grain refined weld HAZ 

possessed an 11 ft.lbs. impact toughness. Schematic representations of 

average CVN toughness values for various zones of selected ES welds are 

presented in Figures 61-63. 

Pre-cracked Charpy V notch (PCVN) toughness values of several ES 

weldments and base metal tested at various temperatures are given in 

Table X. Plots of PCVN toughness vs. temperature shown in Figures 64-68 

indicated a brittle fracture behavior at O°F for all test welds as 

well as the base metal. 

3.6. Fracture Surface Morphology 

Scanning electron micrographs of Charpy specimen fracture surfaces 

taken from CCG, WCL and HAZ regions of standard, grain refined and high 

current/narrow gap/Cr & Mo alloyed welds are shown in Figures 69-71. 

In all cases, at O°F, the fracture surface morphology was quasi-cleavage. 

Several small cracks about 10 to 20 microns in size intersected the frac- 

ture surface in the alloyed weld. 

3.7. Crack Propagation Paths 

Cross sectional microstructures of the fractured Charpy specimens 

taken at the CCG, WCL and HAZ regions of the standard, the grain refined 

and the high current/narrow gap/alloy welds are shown in Figures 72-74. 
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F i g u r e  61. SCHEMATIC REPRESENTATION OF CHARPY V NOTCH IMPACT TOUGH- 
NESS RESULTS FOR (a) STANDARD (CYLINDRICAL GUIDE ; 1-1 14" 
GAP) AND (b) GRAIN REFINED (QUARTZ SHROUDED GUIDE) E S  
WELDS MADE USING FILLER WIRE A. 
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Figure  6 2 .  SCHEMATIC REPRESENTATION OF CHARPY V NOTCH IMPACT TOUGH- 
WESS RESULTS FOR HIGH CURRENT (1000A)  NARROW GAP ( 3 1 4 " )  
WINGED GUIDE TUBE ES WELD MADE USING FILLER WIRE A .  
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Figure 63. SCHEMATIC REPRESENTATION O F  CHARPY V NOTCH IMT'ACT TOUGH- 
N E S S  RESULT S FOR (a) STANDARD (CYLINDRICAL G U I D E  ; 1-11 4" 
GAP) AND (b) H I G H  CURRENT ( 1 0 0 0 A )  NARROW GAP (314") WINGED 
G U I D E  TUBE E S  WELDS MADE U S I N G  WIRE E. 





Table X. 
(cont . ) 

Specimen ID - Zone 

Weld B36 (cont.) 

** 
36B05B WCL 

CCG /I 

11 

Testing 
Temperature 

in O F  

Impact toughness 
in ft. lbs/sq.in. 



Table X. 
(cont . 1 

Specimen I D  

Tes t ing  
Temperature Impact toughness 

Zone - i n  OF i n  f t . l b s / s q . i n .  

Weld B36 (cont . )  

36B23F CCG d 150 

36B23B I I 150 

Weld B47: Quartz sh ie lded  guide tube (g ra in  r e f i n e d ) ,  v o l t a g e  = 48 
v o l t s ,  c u r r e n t  = 600 amps, gap = 1-1/4", wi re  A. 

* * 
47B06F WCL -100 

47B07B I t  -100 

47B04F I 1  - 50 

4 7B06B I 1  - 50 



Table X. 
(cont . 

Specimen ID - Zone 

Weld B47 (c0nt.1 

* * 
47B03F WCL 

Testing 
Temperature 

in OF 
Impact toughness 
in ft.lbs/sq.in. 



Table X. 
(cont . 

Testing 
Temperature Impact toughness 

Specimen ID - Zone in OF in ft.lbs/sq.in. 

Weld B51: Winged guide tube, voltage = 36 volts, current = 700 amps, 
gap = 1-1/4", wire A. 

** 
WCL 



Table X. 
(cont . 

Testing 
Temperature Impact toughness 

Specimen ID - Zone in O F  in ft.lbs/sq.in. 

Weld B 5 1  (cant. ) 
** 

5 1 B 0 6 B  WCL 

CCG 
H 

I 1  



Table X. 
(cont . ) 

Testinn - 
Temperature Impact toughness 

Specimen I D  - Zone i n  f t . l b s / sq . i n .  i n  OF 

Weld B51 (cant.) 

CCG // 100 388.0 
51B22F 

11 100 350.0 51B22B 

Weld B52: Winged guide tube, voltage = 40 vo l t s ,  current  = 600 amps, 
gap = 3/4", wire A.  

* * 
WCL -100 10.3 52B06F 

1 I -100 9.3 52B06B 



Table X. 
(cont.  

Specimen ID - Zone 

Weld B52 (cant.) 
** 

52B05F WCL 

CCG 
11 

Testing 
Temperature 

in OF 
Impact toughness 
i n  ft.lbs/sq.in. 



Table X. 
(cont . 

Testing 
Temperature Impact toughness 

Specimen ID - Zone in O F  in ft.lbs/sq.in. 

Weld B52 (cant.) 

CCG 
11 100 362.0 

52B21B 

* 
Note: BM ** Base Metal (as received) 

WCLil Weld centerline--mid-thickness location 
CCGllil Coarse columnar grain--mid-thickness location 

Heat affected zone--mid-thickness location 
Weld metal adjacent to fusion line at mid-thickness 
location. 



TEMPERATURE, O F  

Figure 64. TEMPERATURE VS.  FATIGUE PRECRACKED CHARPY V NOTCH IMPACT ENERGY~AREA 
RELATIONSHIP FOR THE A 5 8 8  BASE METAL. 
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TEMPERATURE, OF 

Figure  6 6 .  TEMPERATURE VS. FATIGUE PRECRACKED CHARPY V NOTCH IMPACT ENERGY/AREA RELATION- 
SHIPS FOR GRAIN REFINED (QUARTZ SHIELDED GUIDE) ES WELD MADE USING WIRE A.  I-' C- 
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Figure  68. TEMPERATURE VS. FATIGUE PRECRACKED CHARPY V NOTCH IMPACT ENERGY~AREA RELATION- 
SHIPS FOR NARROW GAP ( 3 / 4 1 1 )  WINGED GUIDE TUBE ES WELD MADE USING WIRE A. 



Notch-

Standard (wire A)

Figure 69.

Notch- Notch-

Grain Refined (Quartz Shielded) High Current/Narrow Gap/Winged Guide (Wire E)

FRACTURE SURFACE APPEARANCE IN CVN SPECIMENS WITH THE NOTCH LOCATED AT CCG ZONE OF ESW.
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Notch - Notch-

Standard (wire A) Grain Refined (Quartz Shielded)

Notch -

High Current/Narrow Gap/Winged Guide (Wire E)

Figure 70. FRACTURE SURFACE APPEARANCE IN CVN SPECIMENS WITH THE NOTCH LOCATED AT WCL ZONE OF ESW.
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Standard (wire A)

Notch-

Grain Refined (Quartz Shielded)

Notch-

High Current/Narrow Gap/Winged Guide (Wire E)

Figure 71. FRACTURE SURFACE APPEARANCE IN CVN SPECIMENS WITH THE NOTCH LOCATED AT HAZl OF ESW.

f-'
VI
<>-



Standard (wire A) Grain Refined (Quartz Shielded)

Figure 72.

High Current/Narrow Gap/Winged Guide (Wire E)

CRACK PROPAGATION PATHS IN CVN SPECIMENS WITH THE NOTCH LOCATED AT CCG ZONE OF ESW.
I-'V1V1



Notch

Standard (wire A) Grain Refined (Quartz Shielded) High Current/Narrow Gap/Winged Guide (Wire E)

Figure 73. CRACK PROPAGATION PATHS IN CVN SPECIMENS WITH THE NOTCH LOCATED AT WCL ZONE OF ESW.
""'U1cr-



Standard (wire A)

Notch

Grain Refined (Quartz Shielded) High Current/Narrow Gap/Winged Guide (Wire E)

Figure 74. CRACK PROPAGATION PATHS IN CVN SPECIMENS WITH THE NOTCH LOCATED AT HAZI OF ESW.
t-'\J1"



In  t h e  CCG zone of s tandard  welds,  i n i t i a l  c rack  ex tens ion  a long  proeu- 

t e c t o i d  g r a i n  boundaries  w a s  observed. The p r e f e r e n t i a l  c rack  propaga- 

t i o n  along f e r r i t e  boundaries  was d i s t i n c t i v e  i n  t h e  g r a i n  r e f i n e d  weld, 

F igure  75, whi le  no p r e f e r e n t i a l  pa th  w a s  observed i n  h igh  cur ren t lnar row 

gap welds made wi th  wire  E.  No p r e f e r e n t i a l  CVN c rack  propagat ion pa ths  

were found i n  t h e  HAZ reg ion  e i t h e r ,  f o r  a l l  welds t e s t e d .  

3 .8 .  Chemical Analysis  

Spectrographic chemical ana lyses  of va r ious  welds a r e  shown i n  

Table X I .  The carbon content  of welds was i n  t h e  range of 0.11 t o  0.15 

wt.%. Su l fu r  and phosphorus l e v e l s  were 0.02 t o  0.03 and 0.01 t o  0.02, 

r e spec t ive ly .  An i n c r e a s e  i n  C r  and Cu was observed i n  t h e  weld made 

us ing  wire  B when compared t o  t h e  s tandard  weld made us ing  wire  A .  Use 

of a  q u a r t z  shroud increased  t h e  S i  conten t  by 0 . 1  w t . %  and reduced t h e  

Mn l e v e l  by 0.17 wt.%, i n  t h e  g r a i n  r e f i n e d  weld. S imi l a r  r e s u l t s  were 

obtained i n  welds made us ing  a m u l l i t e  shroud. Both Mn and S i  con ten t s  

were increased  i n  welds made wi th  w i r e  C .  

Elemental Mo a d d i t i o n s  r e s u l t e d  i n  Mo l e v e l s  ranging from 0.53 t o  

1.07 w t . % ,  depending on t h e  input  l e v e l ,  whereas i n  welds made using 

w i r e  E ,  h igher  C r  and Mo con ten t s  were obta ined  (Cr--1.22 t o  1.58 and 

Mo--0.35 t o  0.50 wt .%).  Alloy con ten t s  of t h e  h igh  cur ren t lnar row gap 

weld were s l i g h t l y  lower when compared t o  t h e  s tandard  gap weld due t o  

increased  base meta l  d i l u t i o n .  
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Grain Refined Weld (Quartz Shielded)

Figure 75. MICROSTRUCTURE ILLUSTRATING BRITTLE CRACK
PROPAGATION ALONG THE PROEUTECTOID FERRITE

FILM IN ES WELDS.

159.
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3.9. Heat Flow Analysis 

Temperature distributions in standard and high current/narrow gap 

electroslag welds, as a function of time, are presented in Figures 

76a-c and 77a-c. The peak temperatures were attained much faster in 

high current/narrow gap welds than in standard welds. They were also 

higher compared to peak temperature attained in standard welds, with an 

exception of locations near the top of the weld. The holding period 

above the transformation temperature (approximately 1400°F) was consi- 

derably reduced for high current/narrow gap welds. 



Figure 76a. TEMPERATURE DISTRIBUTION IN THE STANDARD (CYLINDRICAL 
GUIDE TUBE, 1-1/4" GAP, 42 VOLTS AND 600 AMPS) ES WELD. 
THERMOCOUPLES 1 THROUGH 5, THERMOCOUPLE LOCATION FROM 
FUSION LINE (IN INCHES): 1--0.54, 2--0.92, 3--1.48, 
4--1.96 and 5--6.0. 
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Figure 76b. TEMPERATURE DISTRIBUTION IN THE STANDARD (CYLINDRICAL 
GUIDE TUBE, 1-1/4" GAP, 42 VOLTS, AND 600 AMPS) ES WELD. 
THERMOCOUPLES 6 THROUGH 10, THERMOCOUPLE LOCATION FROM 
FUSION LINE (IN INCHES): 6--0.32, 7--0.83, 8--1.32, 
9--1.85, AND 10--5.84. 
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Figure 76c. TEMPERATURE DISTRIBUTION IN THE STANDARD (CYLINDRICAL 
GUIDE TUBE, 1-1/4" GAP, 42 VOLTS, AND 600 AMPS) ES WELD. 
THERMOCOUPLES 11 THROUGH 15, THERMOCOUPLE LOCATION FROM 
FUSION LINE (IN INCHES): 11--0.30, 12--0.72, 13--1.3, 
14--1.92 AND 15--5.76. 
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Figure 77a. TEMPERATURE D I S T R I B U T I O N  I N  THE H I G H  CURRENT (1000 AMPS,  
40 VOLTS)  NARROW GAP (3/4") WINGED G U I D E  TUBE E S  WELD. 
THERMOCOUPLES 1 THROUGH 5 ,  THERMOCOUPLE LOCATION FROM 
F U S I O N  L I N E  ( I N  I N C H E S ) :  1--0.17, 2--0.55, 3--1.13, 
4- -1 .63 ,  AND 5 - 4 . 4 2 .  
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Figure 77b. TEMPERATURE DISTRIBUTION IN THE HIGH CURRENT (1000 AMPS, 
40 VOLTS) NARROW GAP (3/4") WINGED GUIDE TUBE ES WELD. 
THERMOCOUPLES 6 THROUGH 10, THERMOCOUPLE LOCATION FROM 
FUSION LINE (IN INCHES): 6--0.13, 7--0.65, 8--1.23, 
9--1.73 AND 10--4.38. 
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Figu re  7712. TEMPERATURE DISTRIBUTION IN THE HIGH CURRENT (1000 AMPS, 
40 VOLTS) NARROW GAP (314") WINGED GUIDE TUBE ES WELD. 
THERMOCOUPLES 11 THROUGH 15. 



4. DISCUSSION 

4.1. Process  Optimizat ion 

Welding c u r r e n t  and v o l t a g e ,  welding speed, guide tube  geometry, 

j o i n t  spac ing ,  e t c . ,  each e x e r t  a  s t r o n g  in f luence  on t h e  r e s u l t i n g  

e l e c t r o s l a g  weld. In  a d d i t i o n ,  p l a t e  grounding and e l e c t r o d e  pos i t i on -  

ing  a f f e c t  both weld cons is tency  and q u a l i t y .  The proper  s e l e c t i o n  and 

c o n t r o l  of t hese  v a r i a b l e s  a r e  necessary  t o  produce reproducib le  optimum 

welds. 

4.1.1. P l a t e  Grounding and Elec t rode  Center ing.  The ground loca-  

t i o n  and t h e  e l e c t r o d e  (and consumable guide)  p o s i t i o n  i n  t h e  j o i n t  gap 

c o n t r o l  both weld p e n e t r a t i o n  uni formi ty  i n t o  each p l a t e  being welded 

and weld symmetry wi th  r e spec t  t o  f ay ing  edges.  When a s i n g l e  ground was 

used, weld p e n e t r a t i o n  i n t o  t h e  grounded p l a t e  was enhanced (F igures  

20 and 21).  S imi l a r ly ,  i n  welds made w i t h  an off-centered e l e c t r o d e ,  

more p e n e t r a t i o n  occurred i n t o  t h e  p l a t e  c l o s e r  t o  t he  e l e c t r o d e  (F igures  

20 and 22).  Grounding of both p l a t e s  and p o s i t i o n i n g  t h e  e l e c t r o d e  with- 

i n  1 /16  inch  from t h e  geometric c e n t e r  of t h e  j o i n t  gap provided a sym- 

m e t r i c a l  weld w i t h  equal  p e n e t r a t i o n  i n t o  both of t h e  p l a t e s  (Figure 23) .  

Hence, t h e  p l a t e  grounding and t h e  e l e c t r o d e  cen te r ing  a r e  important i n  

providing t h e  weld cons is tency .  

DebRoy e t  a l .  ," through a  mathematical model, have shown t h a t  t he  

i n t e n s i t y  of h e a t  gene ra t ion  nea r  t h e  e l e c t r o d e  could be up t o  an o rde r  

of magnitude g r e a t e r  than  the  hea t  generated near  t h e  s l a g l p l a t e  



interface. Thus, greater penetration should have occurred on the side 

closer to the electrode, due to a higher heat generation in its vicinity. 

The ground location may have an influence on the current distribution in 

the slag pool, thus affecting the weld penetration. 

Since the heat generation is concentrated in the vicinity of the 

wire electrode, the resulting weld structure will depend on the electrode 

position. It will be symmetrical about the electrode instead of the 

geometrical center of the joint. The complex, directional microstructure 

of ES welds results in anisotropic weld mechanical properties. Thus, 

variations in the electrode position along the weld length will result in 

weld structure and mechanical properties variations along the length of 

the weld. A bend or "cast" in the wire electrode will also direct it 

towards one of the plate edges causing weld asymmetry. These factors are 

very critical because they could cause lack of penetration defects, vari- 

ation in the HAZ size and structure, non-uniform weld penetration, slag 

entrapment and failure to achieve steady state process conditions. 

These factors become more critical with increasing weld length. 

Longer guide tubes have less stiffness and, hence, are harder to position 

during welding. Temporary wooden wedges can be used in these cases to 

prevent guide tube movement during the process. A wing guide tube design 

can also be used to avoid this problem. Use of such a guide tube along 

with ceramic insulators in a narrow gap joint spacing ( 3 / 4 " )  does not 

leave any room for the electrode misalignment, thus eliminating the error 

in electrode positioning. The bend or the "cast" in the wire can be 



eliminated using a wire straightener at a location immediately ahead 

of the wire feed rollers. 

4.1.2. Slag Level Maintenance. Heat generation during the ESW 

process occurs mainly in the slag pool. Hence, the slag level used 

during welding and its maintenance are critical in establishing the 

steady state welding condition. A certain slag level is necessary to 

maintain the resistance heat generation mode. A shallow slag pool leads 

to severe arcing, a deviation from resistance heating. In addition, 

heat is not generated uniformly in the entire slag pool. The bulk of the 

heat is generated in a limited slag pool region surrounding the electrode 

tip. 

An excessive slag depth (3 inches and above) delays the process 

stabilization (achievement of an equilibrium weld width and consistent 

weld microstructure produced with minimum current and voltage fluctua- 

tions). A greater slag volume must be heated first. In addition, the 

primary heat generation site is moved away from the slag/molten pool 

interface leading to a greater heat loss through faying edges and effec- 

tively delaying the process stabilization. As a result, longer starting 

sumps would be required. 

On the other hand, a shallow slag pool leads to severe arcing. The 

mode of heat generation changes from resistance to arc, which reduces the 

heat generation efficiency and alters the temperature distribution in 

the slag pool as well as the solidifying metal pool. Microstructural 



v a r i a t i o n s  r e s u l t e d  under such condi t ions .  Very shal low s l a g  l e v e l s  

r e s u l t e d  i n  r eg ions  of coarse  g r a i n  s t r u c t u r e  a s  shown i n  F igure  78 .  

Although t h e  s l a g  l e v e l  used and i ts  maintenance dur ing  welding 

p l ay  a  c r i t i c a l  r o l e ,  they  have been taken very l i g h t l y  i n  p r a c t i c e .  

The s l a g  pool  is  no t  r e a d i l y  a c c e s s i b l e  when permanent coo l ing  shoes a r e  

used. The technique used i n  p r a c t i c e  f o r  s l a g  l e v e l  measurement, t h a t  

of probing the  molten pool w i th  a  w i re ,  r e q u i r e s  a  s l i d i n g  shoe arrange-  

ment t o  provide continuous acces s  t o  t h e  pool.  Fu r the r ,  t h e  d i f f e r e n -  

t i a t i o n  between t h e  s l a g  and t h e  metal  pool depth measured by t h i s  tech-  

n ique  i s  ambiguous. Yet,  c u r r e n t l y ,  t h i s  i s  the  most widely used tech-  

nique.  The cu r ren t  vs .  s l a g  l e v e l  r e l a t i o n s h i p  e s t a b l i s h e d  i n  t h i s  in -  

v e s t i g a t i o n  provides  a b e t t e r  and s impler  technique f o r  t h e  s l a g  l e v e l  

measurement. 

The ammeter provided i n  t h e  welding power supply i n d i c a t e s  an aver-  

age c u r r e n t  reading.  An osc i l l o scope ,  on the  o t h e r  hand, r e v e a l s  t h e  

microscopic c u r r e n t  f l u c t u a t i o n s  on a  mi l l i second time s c a l e .  

I n  welds made wi th  an optimum s l a g  depth (1-1/2 t o  2 inches)  using 

a  medium c u r r e n t  and v o l t a g e ,  t h e  e l e c t r o d e  extended a  moderate d i s t a n c e  

i n t o  t h e  s l a g  pool ,  w i th  t h e  h e a t  generated p r i m a r i l y  i n  t h e  c e n t r a l  

reg ion  of t he  s l a g  pool .  Under t h e s e  circumstances,  f l u c t u a t i o n s  i n  t he  

c u r r e n t  and vo l t age  were n e g l i g i b l e  (Figure 25a).  With s l a g  d e p l e t i o n ,  

t h e  e l e c t r o d e  reached the  proximity of t h e  meta l  pool .  A s  a r e s u l t ,  

occas iona l  a r c i n g  occurred causing i n t e r m i t t e n t  c u r r e n t  s p i k e s  of medium 

amplitude (Figure 25b). When t h e  s l a g  l e v e l  was too  shal low,  the  
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r e s i s t a n c e  mode of hea t  genera t ion  changed t o  an a r c  mode. The welding 

process  became e r r a t i c  and t h e  s l a g  volume w a s  i n s u f f i c i e n t  t o  provide 

a  dynamic thermal  equi l ibr ium.  The e l e c t r o d e  extended t o  t h e  v i c i n i t y  

of t he  molten meta l  pool  causing severe  a r c i n g  and more f r equen t ,  l a r g e  

ampli tude cu r r en t  s p i k e s  (Figure 25c) .  

The c u r r e n t  v s .  s l a g  l e v e l  r e l a t i o n s h i p  monitored us ing  an o s c i l -  

loscope provides  an e x c e l l e n t  t o o l  f o r  i n d i r e c t  s l a g  l e v e l  measurement. 

This  i s  e s p e c i a l l y  u s e f u l  on occas ions  when extreme s l a g  l o s s  occurs  

from a m i s f i t  between cool ing  shoes and welding p l a t e s .  Optimum s l a g  

l e v e l  can be r e e s t a b l i s h e d  by adding powder f l u x  t i l l  t h e  c u r r e n t  l e v e l  

reaches  t h e  s t a g e  shown i n  Figure 25a. But,  t h i s  technique i s  app l i cab le  

only  f o r  s l a g  l e v e l s  ranging from a  very  shal low t o  a n  optimum l e v e l  

(1-1/2 t o  2  i nches ) .  The c u r r e n t  d i s t r i b u t i o n  cannot d i f f e r e n t i a t e  

between an optimum and an excess ive  s l a g  depth.  

The continuous l o s s  of t he  s l a g  f r e e z i n g  between t h e  cool ing  shoes 

and t h e  s o l i d i f y i n g  meta l  n e c e s s i t a t e s  f l u x  a d d i t i o n s  dur ing  welding. 

The q u a n t i t y  and t h e  frequency of t hese  a d d i t i o n s  a r e  c r i t i c a l  s i n c e  they 

a f f e c t  t h e  thermal equ i l i b r ium e s t a b l i s h e d  dur ing  t h e  process  and poten- 

t i a l l y  i n f luence  weld c h a r a c t e r i s t i c s .  A marked v a r i a t i o n  i n  t h e  c u r r e n t  

was observed immediately a f t e r  a bulk f l u x  a d d i t i o n  (Figure 79). I n  

present  p r a c t i c e ,  t he  welder makes t h e s e  a d d i t i o n s  manually u s ing  t h e  

a r c  no i se  a s  an i n d i c a t o r  f o r  s l a g  d e p l e t i o n ,  This  i n v e s t i g a t i o n  c l e a r l y  

i n d i c a t e s  t he  a r c i n g  s t a g e  t o  be an advanced case  of s l a g  d e p l e t i o n  which 

would r e q u i r e  an a d d i t i o n  of a  major q u a n t i t y  of powder f l u x  t o  
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re-establish the optimum slag depth (approximately 75 grams of flux for 

2" thick plate weld with a 1-l/4" joint gap.) That would severely affect 

the dynamic thermal equilibrium established during the welding process. 

This problem can be avoided using a continuous flux feeding device. A 

TAPCO metal powder addition device was used in this investigation for 

that purpose. A continuous flux addition made at a rate of 4 grams/ 

minute compensated for slag losses and helped maintain a constant slag 

level throughout the process without affecting its dynamic thermal equi- 

librium. The current and voltage fluctuations were minimal. Resultant 

welds were consistent in their width and microstructures. Furthermore, 

after initiation with a pre-measured amount of flux to achieve an optimum 

starting slag depth, the use of a continuous flux feeder largely elimi- 

nates the operator influence on weld characteristics. 

4.1.3. Welding Speed (Energy Input, Guide Tube Geometry, and Joint 

Spacing. ES welding of a 2-inch thick plate under standard conditions 

uses a large specific heat input of 89.3 KJ/mm (Table XII) and this heat 

input combined with slow cooling results in a coarse grained weld metal 

and HAZ microstructures. Decreasing the specific heat input would be 

expected to improve the weldment microstructure and mechanical properties 

and can be achieved either by decreasing the welding voltage or by in- 

creasing the welding speed. The latter can be done either by increasing 

the electrode feed rate or by decreasing the joint spacing. 

The welding voltage has a strong influence on weld penetration. At 

a relatively high voltage for a given current the electrode extends only 



Table X I I .  

Weld 
I D  - 

SPECIFIC HEAT INPUT FOR VARIOUS ES WELDS 

We Id 
Speed 

Guide Type Gap i n .  Current  A Vo l t s  V mm/sec. 

C y l i n d r i c a l  1-1/4 600 4 2 0.282 

C y l i n d r i c a l  314 600 4 2 0.363 

Wing guide  1-1/4 600 36 0.236 

Wing guide 1-114 7 00 36 0.318 

Wing guide 3/4 600 40 0.339 

Wing guide  3 /4 1000 40 0.847 

S p e c i f i c  Weld Heat Input  
KJ /mm.  



a s h o r t  d i s t a n c e  i n t o  t h e  s l a g  pool caus ing  a  wide, shal low molten meta l  

pool  w i th  a  high form fac to r .13  On t h e  o t h e r  hand, a t  a  r e l a t i v e l y  low 

vo l t age  f o r  t h e  same cu r ren t  t h e  e l e c t r o d e  ex tends  n e a r l y  t o  t h e  bottom 

of t h e  s l a g  pool  r e s u l t i n g  i n  a  narrow, deep molten meta l  pool  having a  

low form f a c t o r .  According t o  S o l a r i  e t  a1. ,' i n  welds made wi th  r e l a -  

t i v e l y  high v o l t a g e s ,  t h e  s l a g  pool  p e n e t r a t e s  deep i n t o  t h e  base metal  

forming a  pendulant overhang on which a  l a y e r  of molten base  meta l  adheres  

by s u r f a c e  t ens ion  (Figure 80). Inc reas ing  t h e  pool  depth by decreas ing  

the  vo l t age  decreases  t h e  adhering base meta l  l a y e r  t h i ckness  due t o  more 

e f f e c t i v e  convect ive mixing and e l i m i n a t e s  t h e  pendulant overhang. A s  a  

r e s u l t ,  when t h e  vo l t age  f l u c t u a t e s  from a h igh  t o  a low va lue ,  t h e  s l a g  

w i l l  be t rapped i n  t h e  reg ion  X shown i n  Figure 80 causing weld d e f e c t s  

a long fus ion  boundaries  (Figure 27).  The same i s  r e spons ib l e  f o r  weld 

d e f e c t s  observed a t  r e s t a r t  l o c a t i o n s  of ES welds. 

In  a d d i t i o n  t o  microscopic c u r r e n t  f l u c t u a t i o n s  a s soc i a t ed  w i t h  s l a g  

l e v e l  v a r i a t i o n s ,  p e r i o d i c  l a r g e  s c a l e  cu r r en t  f l u c t u a t i o n s  were a l s o  ob- 

served i n  s tandard  welds made wi th  t h e  c y l i n d r i c a l  ba re  meta l  guide tube. 

These f l u c t u a t i o n s  a r o s e  from a p e r i o d i c  guide tube  m e l t  o f f  t h a t  occurred 

dur ing  welding and r e s u l t e d  i n  changes i n  t h e  temperature g rad ien t  i n  t h e  

s o l i d i f y i n g  meta l  pool and s o l i d i f i c a t i o n  r a t e  l ead ing  t o  s o l u t e  band fo r -  

m a t i o n ~ . ~  But, those  s o l u t e  bands d id  no t  i n h i b i t  e i t h e r  t h e  growth o r  

t h e  o r i e n t a t i o n  of t h e  CCG's (Figure 2 6 ) .  Yet, c a r e  must be exerc ised  

whi le  welding w i t h  l a r g e  weld meta l  a l l o y  a d d i t i o n s  t o  prevent  severe  

s eg rega t ion  and microcrack formation along s o l u t e  bands. 
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Figure 80. SCHEMATIC REPRESENTATION OF WELD PENETRATION PATTERN 
IN ESW (SOLAR1 ET AL'). 



When a cons tan t  p o t e n t i a l  dc  power source  i s  used i n  ES welding, 

t h e  e l e c t r o d e  feed r a t e  and t h e  welding cu r ren t  a r e  in te rdependent .  But 

t he  rise i n  t h e  e l e c t r o d e  feed  r a t e  i s  f a s t e r  than  t h e  r i s e  i n  the  cur- 

r e n t .  A s  a  r e s u l t ,  t h e  welding c u r r e n t  and t h e  e l e c t r o d e  feed rate 

should be considered i n d i v i d u a l l y  when s tudying t h e i r  e f f e c t s  on weld 

c h a r a c t e r i s t i c s .  The j o i n t  spacing and t h e  guide tube des ign  have a l s o  

been shown i n  t h i s  i n v e s t i g a t i o n  t o  i n f luence  the  e l e c t r o d e  feed  r a t e .  

Hence, f o r  t h e  process  opt imiza t ion ,  a  thorough knowledge of r e l a t i o n -  

s h i p s  between welding c u r r e n t ,  v o l t a g e ,  e l e c t r o d e  feed  r a t e ,  guide tube  

geometry, and j o i n t  spacing and t h e  in f luence  of t h e s e  v a r i a b l e s  on weld 

c h a r a c t e r i s t i c s  i s  necessary .  

A s  p rev ious ly  d iscussed ,  t h e  vo l t age  s t r o n g l y  in f luences  t h e  weld 

pene t r a t ion .  Welding a t  lower v o l t a g e s  ( l e s s  than  42 v o l t s )  us ing  a  cy- 

l i n d r i c a l  guide tube i n  a r ec t angu la r  j o i n t  gap i s  ru l ed  out  due t o  l a c k  

of p e n e t r a t i o n  on p l a t e  edges. I n  a d d i t i o n ,  welding wi th  h igher  e l e c t r o d e  

feed r a t e s  (and c u r r e n t s )  i s  l imi t ed  by t h e  guide tube  r e s i s t a n c e  hea t ing .  

A winged guide tube  wi th  a r ec t angu la r  c r o s s  s e c t i o n  was used i n  t h i s  i n -  

v e s t i g a t i o n  and a i d s  i n  so lv ing  t h e s e  problems. The winged guide tube  

design provides  a  h igher  guide t o  gap c r o s s  s e c t i o n a l  a r e a  r a t i o .  The 

l a r g e r  e l e c t r o d e  c r o s s  s e c t i o n  enab le s  t h e  guide t o  c a r r y  a  l a r g e r  pro- 

p o r t i o n  of c u r r e n t  i n  comparison t o  t h e  s tandard  c y l i n d r i c a l  guide tube .  

This  f e a t u r e  along wi th  t h e  r ec t angu la r  c r o s s  s e c t i o n  of t h e  winged guide 

tube provides  an even d i s t r i b u t i o n  of t h e  hea t  a c r o s s  t h e  p l a t e  t h i ckness  

enabl ing  welding a t  lower vo l t ages  w i th  complete edge fus ion .  The l a r g e r  

e l e c t r o d e  c r o s s  s e c t i o n a l  a r e a  a l s o  provides  a  h ighe r  c u r r e n t  ca r ry ing  



capac i ty  and, hence, can be used t o  weld a t  h igh  c u r r e n t  l e v e l s .  The 

winged guide tube appeared t o  be i n  cont inuous con tac t  wi th  t h e  s l a g  

pool  dur ing  welding. But d i r e c t  measurement of i t s  ex tens ion  i n t o  t h e  

s l a g  was not  p o s s i b l e .  

The cu r ren t  v s .  w i re  feed  r a t e  r e l a t i o n s h i p s  f o r  va r ious  guide tube 

des igns  and j o i n t  spac ings  a r e  shown i n  F igure  30. For any given cur-  

r e n t  v a l u e ,  narrow gap (314") ES welds u t i l i z e d  lower w i r e  feed r a t e s  

compared t o  s tandard  gap (1-1/4") ES welds,  i r r e s p e c t i v e  of t h e  guide 

tube design.  The s h o r t e r  d i s t a n c e  between t h e  e l e c t r o d e  and fay ing  edges 

i n  narrow gap welds reduces t h e  r e s i s t a n c e  f o r  t h e  cu r r en t  passage. A s  

2 a r e s u l t ,  a t  a  given c u r r e n t ,  l e s s  r e s i s t a n c e  hea t  (I R) i s  a v a i l a b l e  t o  

m e l t  t h e  e l e c t r o d e  causing reduct ion  i n  t h e  e l e c t r o d e  (wire)  feed  r a t e .  

I n  welds made wi th  i d e n t i c a l  j o i n t  spacing,  a t  any given c u r r e n t ,  

t h e  winged guide  tube des ign  used lower wi re  feed  r a t e s  compared t o  cy- 

l i n d r i c a l  guide tube  design.  Winged guide tubes  c a r r y  l a r g e r  propor t ion  

of t h e  cu r r en t  compared t o  c y l i n d r i c a l  guide tubes .  A s  a r e s u l t ,  h e a t  

a v a i l a b l e  t o  m e l t  t h e  e l e c t r o d e  i s  reduced causing a  reduct ion  i n  e lec-  

t r o d e  feed  r a t e .  

A t  any given vo l t age  and c u r r e n t ,  narrow gap welds possessed a  

h ighe r  percent  base metal  d i l u t i o n  i n  comparison t o  s tandard  gap welds 

i r r e s p e c t i v e  of t h e  guide  tube des ign  used (Figure 28) .  I n  narrow gap 

welds, fay ing  edges a r e  c l o s e r  t o  t h e  hea t  concent ra t ion  reg ion  surrounding 

t h e  e l e c t r o d e  t i p  which r e s u l t s  i n  mel t ing  of a  h igher  volume of base 

metal .  With a l l  o the r  parameters  f i x e d ,  a l i n e a r  i n v e r s e  r e l a t i o n s h i p  



between base metal  d i l u t i o n  and j o i n t  spacing w a s  observed i n  t h i s  inves-  

t i g a t i o n  (F igure  81) ,  whereas t h e  j o i n t  spacing had minimal i n f luence  

on t h e  weld form f a c t o r ,  F igure  82. Major v a r i a b l e s  c o n t r o l l i n g  the  

welds form f a c t o r  a r e  welding c u r r e n t  and vo l t age .  

The s t anda rd  c y l i n d r i c a l  guide tube  r equ i r ed  a minimum vo l t age  of 

42 v o l t s  t o  achieve  complete edge fus ion ,  whereas t h e  wing guide tube  

enabled welding s u c c e s s f u l l y  a t  vo l t ages  a s  low as 34 v o l t s  and 36 v o l t s  

f o r  j o i n t  spac ings  1-1/4" and 3/4", r e s p e c t i v e l y .  These vo l t age  l i m i t s  

were der ived  f o r  welds made a t  500 amperes welding c u r r e n t .  An inc rease  

i n  t h e  cu r r en t  va lue  would r a i s e  t h e s e  vo l t age  l i m i t s  due t o  an accom- 

panying i n c r e a s e  i n  t h e  welding speed. 

For a given j o i n t  spacing,  cu r r en t  and v o l t a g e ,  winged guide tube  

ES welds possessed h ighe r  base metal  d i l u t i o n  i n  comparison t o  s tandard  

c y l i n d r i c a l  gu ide  tube  ES welds. Two major reasons  f o r  t h i s  f e a t u r e  a r e  

t h e  decrease  i n  e l e c t r o d e  feed r a t e  (Figure 30) and t h e  even hea t  d i s t r i -  

bu t ion  i n  t h e  s l a g  pool  whi le  u s ing  winged guide tubes .  The former f a c t o r  

l e a d s  t o  a r educ t ion  i n  welding speed and an  i n c r e a s e  i n  s p e c i f i c  h e a t  

input  f o r  winged guide tube ES welds. Thus, a t  any given vo l t age  and 

c u r r e n t ,  narrow gap/winged guide tube  ES welds possessed maximum base 

meta l  d i l u t i o n  wh i l e  s tandard  g a p / c y l i n d r i c a l  guide tube  ES welds possessed 

t h e  minimum. 

The welding cu r ren t  had a minimum in f luence  on t h e  base  meta l  d i l u -  

t i o n  a s  shown i n  F igure  29. An i nc rease  i n  t h e  welding c u r r e n t  i s  always 

a s s o c i a t e d  wi th  an inc rease  i n  t h e  e l e c t r o d e  feed  r a t e  and t h e  welding 







speed. A s  a  r e s u l t ,  v a r i a t i o n s  i n  weld p e n e t r a t i o n  i s  minimal i n  s p i t e  

of changes i n  t h e  form f a c t o r .  

The cu r ren t  v s .  e l e c t r o d e  feed  r a t e  r e l a t i o n s h i p s  determined i n  

t h i s  i n v e s t i g a t i o n  showed a decrease  i n  t h e  e l e c t r o d e  feed  r a t e  wi th  t h e  

use of narrow j o i n t  spac ings  a s  we l l  a s  winged guide tubes  f o r  any given 

c u r r e n t  s e t t i n g .  F i l l e r  mel t ing  e f f i c i e n c y  i n  ESW can be def ined  a s  

t h e  volume of f i l l e r  p l u s  guide tube  melted p e r  minute. A thorough 

knowledge of r e l a t i o n s h i p s  between f i l l e r  mel t ing  e f f i c i e n c y  and cu r ren t  

(Figure 83) and welding speed and cu r ren t  (Figure 84) i s  necessary  f o r  

s e l e c t i n g  optimum ope ra t ing  cond i t i ons  and improving weld p r o p e r t i e s  

and mic ros t ruc tu re s  us ing  narrow j o i n t  spacing and winged guide tube  

design.  The decreased f i l l e r  mel t ing  e f f i c i e n c y  wi th  decreased j o i n t  

spacing was more pronounced i n  winged guide ES welds than  i n  c y l i n d r i c a l  

guide ES welds (Figure 83) .  This  is  due t o  t h e  r e l a t i v e  drop i n  e l e c t r o d e  

feed r a t e  i n  winged guide ES welds,  F igure  30.  However, welding speed 

vs .  cu r r en t  r e l a t i o n s h i p s  (Figure 84)  i n d i c a t e s  h igher  welding speeds a t  

any g iven  c u r r e n t  f o r  narrow gap welds made us ing  e i t h e r  gu ide  tube  

des igns  due t o  t h e  reduced volume of f i l l e r  meta l  r equ i r ed  t o  f i l l  t h e  

narrow j o i n t  gap. 

For a  given j o i n t  spacing and cu r ren t  s e t t i n g ,  winged guide  welds 

were made much s lower than  c y l i n d r i c a l  guide welds due t o  r educ t ion  i n  

e l e c t r o d e  feed  r a t e  w i th  winged guides.  This  l e d  t o  increased  s p e c i f i c  

hea t  input  f o r  winged guide welds compared t o  s tandard  guide welds i n  

s p i t e  of a  cons iderable  reduct ion  i n  welding v o l t a g e ,  Table X I I .  To o f f -  

s e t  t hese  f a c t o r s ,  h igher  c u r r e n t s  must be used with t h e  winged guide tube .  
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Figure 83. RELATIONSHIP BETWEEN WELDING CURRENT AND VOLUME FILLER MELTEDIMINUTE, 
FOR VARIOUS GUIDE TUBE GEOMETRIES AND JOINT SPACINGS IN ESW. 
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In fact, the larger cross section of the winged guide tube enables the 

use of high welding currents without the guide tube overheating. In 

addition, the even heat distribution across the plate thickness achieved 

with the winged guide design eliminates penetration difficulties nor- 

mally associated with high speed welds. 

The main concern in increasing welding current is the accompanying 

decrease in form factor since low form factor leads to grains meeting 

end on at weld centerline causing severe segregation and centerline 

solidification cracking. Figure 85 illustrates the relationships between 

the weld form factor and current. Nolan et a1.14 have found, under simi- 

lar circumstances, the form factor to asymptotically approach a value of 

1.2 at high currents rather than falling continuously. A similar trend 

was also observed in this investigation. The form factor for the winged 

guide weld made at 40 volts and 1000 amps in a 3/4 inch joint spacing was 

1.3. No centerline cracking was observed in spite of the high current 

and welding speed used. 

The high current/narrow gap/winged guide tube welds produced under 

conditions mentioned above utilized a specific heat input of 47.2 KJ/mrn. 

This was about 50% of that required for standard welds (Table XII). The 

welding time was also reduced to 12 minutes which is 1/3 of that required 

for the standard procedure (1-1/4" joint gap, cylindrical guide tube, 

42 volts and 600 Amps). The fusion zone width of the high current/narrow 

gap/winged guide ES weld was much smaller (1.85 inches) in comparison to 

that of the standard weld (2.81 inches). The reduction in specific heat 





input  and inc rease  i n  welding speed i n  high cur ren t lnar row gap/winged 

guide welds provide an inc rease  i n  weld cool ing  r a t e  and improvements 

i n  weld mic ros t ruc tu re  and mechanical p r o p e r t i e s .  These improvements 

w i l l  be d iscussed  i n  a  l a t e r  s e c t i o n .  

Dimensions of CCGs  of h igh  cur ren t /nar row gap/winged guide ES 

welds and s tandard  ES welds were comparable but  t he  i n c l i n a t i o n  of t h e s e  

coa r se  g r a i n s  t o  t h e  weld a x i s  was l e s s  a c u t e  i n  former welds than  i n  

l a t t e r  welds due t o  change i n  t h e  weld form f a c t o r ,  F igure  31. Weld 

c e n t e r  mic ros t ruc tu re s  (Figures  32a-c) i nd ica t ed  s i g n i f i c a n t  refinement 

f o r  high cur ren t lnar row gap/winged guide welds,  and t h e  p roeu tec to id  

f e r r i t e  f i l m s  border ing  g r a i n  boundaries  i n  t hose  welds were w e l l  d i s -  

persed a s  opposed t o  cont inuous f i l m s  present  i n  s tandard  welds. 

A marked reduct ion  i n  t h e  coarse  g r a i n  HAZ width was achieved i n  

high c u r r e n t h a r r o w  gap/winged guide ES welds. The HAZ width was about 

ha l f  of t h a t  of s tandard  welds,  F igure  33 ,  and can be expla ined  by 

ana lyz ing  temperature p r o f i l e s  determi.ned f o r  t h e s e  welds,  F igures  76a 

through 77c. Those temperature p r o f i l e s  i nd ica t ed  peak temperatures  and 

dwell  t imes over  t h e  t ransformat ion  temperature (approximately 1300°F) 

obta ined  a t  v a r i o u s  l o c a t i o n s  i n  t he  base metal .  F igure  86 i l l u s t r a t e s  

peak temperature vs. t h e  d i s t a n c e  from t h e  weld fus ion  l i n e  r e l a t i o n s h i p s  

obta ined  from the  middle s e t  of thermocouples f o r  e i t h e r  welds. A genera l  

decrease  i n  t h e  peak temperature (about 100°F) experienced a t  any given 

l o c a t i o n  i n  t he  base  meta l  ad jacent  t o  t h e  fus ion  l i n e  was observed i n  

h igh  cur ren t /nar row gap/winged guide welds compared t o  s tandard  welds. 
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This decrease can be attributed to the reduction in specific heat input, 

higher welding speed and the reduction in the volume of the solidifying 

weld metal. The cooling rate measured at 1300°F at the location of 

thermocouple #6 in this set was 3.1°~/sec. for high current/narrow gap/ 

winged guide welds vs. 1.81°F/sec. for standard welds due to similar 

reasons. In addition, the base metal 0.13 inch away from fusion line in 

the high currentlnarrow gaplwinged guide weld dwelled above the trans- 

formation temperature (1300°F) for about 200 seconds while that in the 

standard weld stayed above this temperature for about 370 seconds. The 

decrease in the peak temperature, increase in the weld cooling rate and 

reduction in dwell time above the transformation temperature led to the 

reduced HAZ width in high current/narrow gaplwinged guide welds. However, 

the first few grains of the HAZ adjacent to the fusion line in those 

welds were still coarse causing poor HAZ properties. The peak tempera- 

tures experienced in that regionwerehigh enough to cause the undesirable 

grain growth and solid state transformation. 

The winged guide tube design can be utilized for welding plates, 

several inches in thickness, with proper selection of the guide tube 

cross section area and the number of electrodes. Relationships between 

the filler melting efficiency and current, and welding speed and current 

should be established for the selected guide tube geometry and joint gap 

in order to select optimum welding conditions. Winged guide tubes also 

eliminated the need for electrode oscillation during weldfng and minimized 

the error in electrode positioning. 



4.2. A s  Welded Grain Refinement 

The r e s u l t s  of t h i s  i n v e s t i g a t i o n  have c l e a r l y  shown t h a t  f i n e r  

g r a i n s  canbe  achieved i n  as-welded ES welds.  Weld pool  v i b r a t i o n  was 

s e l e c t e d  a s  a  primary method t o  r e f i n e  g r a i n s  based upon p r i o r  s t u d i e s  

i n  ~ a s t i n ~ s . ~ ~ - ~ ~  The g r a i n  refinement was achieved wi th  o r  without  

v i b r a t i o n .  However, both succes s fu l  techniques  r equ i r ed  s h i e l d i n g  of 

t h e  consumable guide assembly wi th  e i t h e r  m u l l i t e  o r  q u a r t z  shroud. 

The guide tube  s h i e l d i n g  technique provided a  cont inuous con tac t  between 

t h e  guide tube and s l a g  pool  by extending t h e  guide deep i n t o  t h e  s l a g  

and prevent ing  t h e  guide tube melt  o f f  phenomenon, which normally occurs  

wi th  t h e  use  of a  ba re  meta l  guide tube .  7 3 

It i s  proposed t h a t  t he  ceramic shroud r e s u l t e d  i n  g r a i n  ref inement  

because t h e  guide tube  i n s u l a t i o n  provided a  sharp  thermal  g rad ien t  

between t h e  weld c e n t e r l i n e  and t h e  unmelted base p l a t e  (and shoes) .  I n  

a d d i t i o n ,  t h e  shroud extended t h e  guide deeper  i n t o  t h e  s l a g  whi le  t h e  

growth r a t e  remained e s s e n t i a l l y  unchanged. The e f f e c t s  of e l e c t r o d e  

p o s i t i o n  on t h e  temperature d i s t r i b u t i o n  i n  t h e  s l a g  pool  have been v e r i -  

f i e d  by Deb Roy e t  a1." and Jones e t  a 1  .I3 To main ta in  such an abnor- 

mally h igh  g rad ien t  dur ing  welding, a d d i t i o n a l  vo l t age  (by about 15%) was 

r equ i r ed  t o  p re se rve  s i d e  wa l l  fu s ion .  Ul t imate ly ,  t h e  sharp  thermal 

g rad ien t  provided an  i n t e n s e  forced  convect ive f i e l d  capable of pe rmi t t i ng  

ex tens ive  crystal m u l t i p l i c a t i o n  by fragmentat ion o r  remel t ing  of pre-  

v i o u s l y  s o l i d i f i e d  m a t e r i a l  extending ahead of t h e  s o l i d / l i q u i d  i n t e r f a c e .  

The qua r t z  shrouded welds always r e s u l t e d  i n  dynamically s t imu la t ed  g r a i n  



refinement. However, because the degree of convection produced by the 

mullite shrouding was insufficient, additional dynamic stimulation 

through vibration had to be provided to attain the grain refining mode. 

In quartz shielded consumable guide tube welds, supplemental 

mechanical vibrations were not required to achieve as-welded grain re- 

finement. Sufficiently intense convective fields were established by 

the quartz shroud as observed visually by the extremely turbulent acti- 

vity of the slag pool. 

Violent stirring action was not observed while using a mullite 

shrouded guide tube primarily due to the interaction between the mullite 

and the slag. A large volume of mullite was necessary to effectively 

insulate the guide tube in comparison to the quartz and the extensive 

contamination of the slag via mullite resulted in a highly viscous cooler 

slag than normal. Hence, supplemental mechanical vibration was necessary 

in order to achieve the stirring motion in the solidifying metal pool. 

Furthermore, the delayed effect of mullite upon weld grain size suggests 

that the lower slag temperatures due to the addition of mullite to the 

slag bath may play an integral role in the subsequent grain refinement 

mechanism. 

ES welds made with either the vibration of the entire plate fixture 

(table top) or an independently vibrated quartz probe inserted into the 

slag pool exhibited no grain refinement. The plate fixture was vibrated 

at two natural resonance frequencies, 35 and 58 Hz, providing low and 

high amplitude vibration during welding. The quartz probe was vibrated 



at 217 Hz using a pneumatic vibrator. The results of these two tech- 

niques suggest that a simple agitation of slag and metal pools may not 

be sufficient to bring forth as-welded grain refinement. A change in 

the heat distribution achieved from the guide tube shielding is re- 

quired, in addition to the stirring motion in the weld pool, to cause 

grain refinement. Vibrational characteristics vary with the plate fix- 

ture location on the vibration table,74 in addition to amplitude varia- 

tions along the plate length itself. Effects of these variables on weld 

microstructures were not studied in this investigation, but are worth 

exploring in the future. 

The amount of the proeutectoid ferrite phase bordering grain boun- 

daries was higher in quartz shrouded grain refined welds (Figure 41a-f). 

This may be attributed to increased available nucleation sites along prior 

austenite grain boundaries and the rise in the silicon content of the 

weld metal. Generally, alloying with silicon is known to shift the criti- 

cal transformation temperature (A ) to higher values, and reduce the 
C 

austenite region at higher silicon concentrations. 75376 Thus, the slight 

increase in the silicon content of grain refined welds may have played 

an integral role in increasing the proeutectoid ferrite phase. 

Solute band formations found in standard welds were not observed in 

grain refined welds. The intermittent contact between the slag bath and 

the guide tube in standard welds leads to variations in solidification 

rates, and solute concentrations ahead of the solid/liquid interface 

causing solute band formation. The shrouded guide in the grain refined 



weld i s  i n  cont inuous con tac t  w i th  t h e  s l a g  ba th  and t h e  a s s o c i a t e d  

vigorous s t i r r i n g  motion i n  t h e  s l a g  and meta l  pools  r e d i s t r i b u t e s  t h e  

seg rega t ing  s o l u t e  elements and prevents  s o l u t e  band formations.  

ES welds made under severe  r e s t r a i n t  o r  wi th  h igh  weld pool  velo-  

c i t y  (low form f a c t o r )  e x h i b i t  weld c e n t e r l i n e  c racking  (Figure 8 7 ) .  

The h igh  impuri ty  content  of t h e  weld meta l  s o l i d i f y i n g  l a s t  a t  t h e  weld 

c e n t e r  and a s soc i a t ed  s t r e s s e s  a r e  r e spons ib l e  f o r  s o l i d i f i c a t i o n  ho t  

c racking  i n  t h e  reg ion .  Again, t h e  vigorous s t i r r i n g  a c t i o n  p re sen t  i n  

g r a i n  r e f i n e d  welds r e d i s t r i b u t e s  t h e  seg rega t ing  elements  from the  weld 

c e n t e r ,  t hus  e l imina t ing  c e n t e r l i n e  c racking  as shown i n  F igure  87 .  

4.3. Allov Addit i ons  

Alloy a d d i t i o n s  t o  t h e  ES weld fus ion  zone made e i t h e r  by welding 

a l l o y  rods  onto t h e  consumable guide o r  by us ing  a l loyed  f i l l e r  wi re  

provided e x c e l l e n t  c o n t r o l  of proeutec to id  f e r r i t e  phase along g ra in  

boundaries  a s  w e l l  a s  g r a i n  i n t e r i o r  mic ros t ruc tu re .  The p roeu tec to id  

f e r r i t e  f i l m s  normally present  a long g r a i n  boundaries  were completely 

e l imina ted  i n  t h e  weld made wi th  a l loyed  f i l l e r  wi re  E (Cr-Mo a d d i t i o n s ) .  

The weld HAZ cons i s t ed  of a coa r se ,  equiaxed g r a i n  s t r u c t u r e  wi th  pro- 

e u t e c t o i d  f e r r i t e  f i l m s  along g r a i n  boundaries .  The f e r r i t e  f i l m s  termi- 

na ted  a t  t he  fu s ion  boundary (Figure 46) .  The t ransmiss ion  e l e c t r o n  

microscopy of t he  fus ion  zone revealed a  heav i ly  d i s l o c a t e d ,  l a t h  type 

f e r r i t e  s t r u c t u r e  wi th  cementi te  p re sen t  a long t h e  l a t h  boundaries  a s  w e l l  

as l a t h  i n t e r i o r s .  Bee and Honeycombe 77978  have c l a s s i f i e d  a  s i m i l a r  



Figure 87.

~ f'.
-.0

Quartz
Shroud

Bare
Metal
Guide Tube

TUBE WELD MACROSTRUCTURE ILLUSTRATING THE ABSENCE

OF CENTERLINE CRACKING WITH GRAIN REFINEMENT TECH-

NIQUE IN ES WELD MADE UNDER SEVERE RESTRAINT.

196.



structure obtained in an Fe-1O%Cr alloy transformed at 525OC as bainitic 

ferrite. The bainitic ferrite structure in alloyed ES welds is in con- 

trast to the Widmanstatten-type acicular ferrite structure with carbide 

aggregates present in standard ES welds made using filler wire A. The 

extent of the coarse columnar zone in alloyed ES welds was reduced com- 

pared to standard ES welds. The presence of finely dispersed carbide pre- 

cipitates in alloyed ES welds nay have limited the extensive grain growth 

causing reduction in the CCG zone. 

The higher weld metal alloy concentrations led to the fncrease in 

weld hardenability causing higher weld metal hardness and lower weld 

ductility. This effect was slightly reduced in high current/narrow gap/ 

winged guide ES welds made using filler wire E. Higher base metal dilu- 

tion associated with these welds helped reducing the weld metal alloy con- 

centrations. Yet, the bainitic ferrite structure and the proeutectoid 

ferrite control were maintained. Again, the extent of the CCG zone in 

these high current/narrow gaplwinged guide ES welds were highly reduced. 

The finely dispersed carbides and the reduction in specific weld heat in- 

put may have played an integral role in controlling the grain growth. 

On the other hand, ES welds made with alloyed filler wires B (A588), 

C (Si-Mn) and D (Mn-Mo) showed little improvement in microstructure. 

Their microstructures were comparable to that of a standard weld. The 

level of alloy addition accomplished using these wires were not sufficient 

to influence the solid state transformation during weld cool down. 

The hardenability characteristics of molybdenum provided an excellent 

proeutectoid ferrite control in ES welds made using molybdenum rods welded 



on to the consumable guide. This technique enabled the study of effects 

of an individual alloy element upon fusion zone microstructures. In 

addition, the minimum alloy concentration required for total proeutectoid 

ferrite control can also be established by this method. For example, 

in this investigation, about 1 wt.% Mo addition was determined to be 

necessary for complete elimination of the proeutectoid ferrite phase in 

the weld. However, this technique caused severe,alloy segregation along 

solute band formations. The intermittent contact between the guide tube 

and the slag bath during welding causes discontinuous alloy additions to 

the weld metal and severe solute segregation resulting in non-homogeneous 

weld microstructures. 

4 . 4 .  Charpy V Notch Impact Toughness 

The anisotropic grain orientation and the complex microstructure of 

ES welds render the geometric relationship between the specimen and the 

microstructure very critical. For example, when the notch root was placed 

close to the proeutectoid ferrite film, in the CCG zone of an ES weld, 

the crack propagated along the film to a certain extent before failing 

through the transgranular mode, Figure 72. This fracture behavior re- 

sulted in lower impact toughness values for the zone. On the other hand, 

when the notch root laid inside a CCG, the total failure was by the trans- 

granular mode posting higher toughness values. This factor is responsible 

for the wide scatter observed in CCG zone toughness properties of ES welds. 

In addition, the ferrite morphology also played an important role in WCL 



impact toughness properties. Extensive segregation occurred in this 

region since it was the last to solidify, especially in welds with high 

impurity contents where preferential segregation to the grain boundaries 

make them highly vulnerable to brittle crack propagation (Figure 75). 

Again, notch placement with reference to these axially-oriented contin- 

uous proeutectoid ferrite films caused wide scatter in WCL impact tough- 

ness values. 

American Welding Society structural code ~1.1" requires ES weld 

toughness evaluation at quarter-thickness locations for procedure quali- 

fication. Whereas, several investigators 496936 have reported least WCL 

toughness values for samples taken at mid-thickness locations, Venkatara- 

miah36 has suggested that severe segregation at the weld center could 

4 induce the toughness variation with the plate thickness. Culp has pre- 

dicted the presence of either a CCG structure or a mixture of CCG and 

TCG structures in the fracture plane to be responsible for the increased 

weld toughness of quarter-thickness specimens. In spite of a complete 

TCG structure in the region of crack propagation of both mid-thickness 

and quarter-thickness specimens in this investigation, similar WCL 

toughness variations with the plate thickness were still observed. 

The TCG orientation with respect to the fracture plane can also signi- 

ficantly influence the weld center toughness. Plid-thickness specimens 

having these grains oriented parallel to the fracture plane caused an 

intergranular fracture mode. Quarter-thickness specimens having these 

TCGs inclined to the fracture plane caused a certain percentage of 



transgranular fracture and an improvement in toughness. Hence, the 

grain orientation, impurity segregation and microstructural variations 

should be responsible for the variations in toughness with respect to 

the plate thickness. The standard weld prepared in this investigation 

using wire A would have met the code requirements in spite of poor 

toughness properties at mid-thickness locations. Therefore, in order 

to determine the least toughness achieved in ES welds, CVN specimens 

were taken from mid-thickness locations for all welds made in this inves- 

tigation. 

All ES welds made using wire A, with the exception of the grain 

refined weld, showed comparable scatter in the CCG zone toughness values, 

Figure 88. Reasons for the scatter have been discussed earlier. The 

increased scatter in grain refined weld toughness values could have been 

due to differences in microstructures. The grain refined weld had finer 

grain size and a larger amount of proeutectoid ferrite. On the other 

hand, WCL toughness data showed limited scatter for grain refined and 

narrow gap ES welds. The vigorous stirring action involved with the 

grain refinement technique reduced segregation at the WCL, and the refined 

WCL microstructure of high currentlnarrow gaplwinged guide ES welds could 

have been responsible for the limited toughness scatter. Severe segrega- 

tion found in alloy welds made using molybdenum rods welded onto the guide 

tube would be expected to cause wide variations in toughness. But, the 

scatter in toughness data was reduced considerably for both zones (Figure 

89). This might have been due to the proeutectoid ferrite control and the 

improvement in microstructure (bainitic ferrite structure) achieved in 
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t h e s e  welds. S imi l a r  r e s u l t s  were a l s o  achieved i n  welds made us ing  

a l loyed  f i l l e r  w i r e  D and E (Figure 90).  

The HAZ toughness va lues  f o r  va r ious  welds made i n  t h i s  i nves t iga -  

t i o n  ranged between 5 and 30 f t . l b s .  (Figure 91) .  Process  cond i t i ons ,  

such a s  welding speed, guide tube geometry and j o i n t  spacing,  a l t e r e d  

t h e  temperature d i s t r i b u t i o n  i n  t h e  base p l a t e ,  hence in f luenc ing  t h e  HAZ 

s i z e .  Inc reas ing  welding speed decreased t h e  HAZ width.  Therefore ,  

l o c a t i o n  of t h e  notch a t  a  f i xed  d i s t a n c e  from t h e  fus ion  l i n e  f o r  a l l  

ES welds would not  always p l ace  t h e  notch  i n  t h e  coa r se  grained HAZ. 

The narrow width of t h e  HAZ makes t h e  des i r ed  notch placement d i f f i c u l t .  

Fu r the r ,  t h e  curved n a t u r e  of t h e  HAZ makes i t  h igh ly  improbable, i f  n o t  

impossible ,  t o  have t h e  e n t i r e  no tch  l eng th  i n  t h e  zone. These f a c t o r s  

might have been r e spons ib l e  f o r  t h e  s c a t t e r  i n  HA2 toughness p r o p e r t i e s .  

6 
Benter e t  a l ,  has  suggested c a l c u l a t i n g  t h e  average toughness by omi t t ing  

high and low va lues  t o  accommodate t h e  genera l  s c a t t e r  i n  toughness prop- 

e r t i e s .  This  method has been used i n  t h i s  i n v e s t i g a t i o n .  

The average CVN toughness va lues  f o r  t he  CCG zone of ES welds made 

wi th  w i r e  A were between 27 and 61 f t . l b s . ,  depending on process  condi- 

t i o n s .  Var i a t ions  i n  process  cond i t i ons  caused changes i n  t h e  weld form 

f a c t o r  which i n  t u r n  a l t e r e d  t h e  CCG i n c l i n a t i o n  with t h e  weld a x i s .  The 

v a r i a t i o n  i n  g r a i n  i n c l i n a t i o n  i s  mainly r e spons ib l e  f o r  t h e  wide range 

of average CVN toughness va lues .  A l i n e a r  r e l a t i o n s h i p  was observed 

between t h e  ang le  of g r a i n  i n c l i n a t i o n  and t h e  average CVN toughness 

va lues ,  F igure  92. Caution must be exerc ised  i n  i n t e r p r e t i n g  t h e s e  tough- 

nes s  va lues  s i n c e  Charpy specimens accommodate only two o r  t h r e e  g ra ins  
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across the fracture plane due to the unusual grain size. This may not 

represent the behavior of the weld zone under practical loading condi- 

tions. Larger fracture mechanics based specimens or full thickness 

dynamic tear specimens should be tested for proper toughness evaluation 

of the weld zone. 

The average CVN toughness values for the WCL zone of ES welds made 

using wire A ranged from 4 to 11 ft.lbs. There is a wide difference 

4 between the CCG and WCL zone average toughness values. Culp has sug- 

gested the difference in fracture morphology in these zones due to the 

directional weld microstructures to be responsible for the toughness 

variations. In WCL specimens, TCGs were aligned parallel to the crack 

propagation direction causing an intergranular failure along the brittle 

ferrite phase, whereas in CCG zone specimens, CCGs were inclined to the 

fracture plane causing transgranular failure and higher toughness values. 

Grain orientation, microstructure and impurity segregation at WCL led to 

a 4 ft.lbs. average CVN toughness in standard welds. On the other hand, 

the refined WCL grain structure in high current/narrow gap/winged guide 

welds achieved through lower specific heat input and faster cooling rates 

provided for 11 ft.lbs. average impact toughness. 

In both standard and grain refined welds, prior austenite grain 

boundaries were decorated with proeutectoid ferrite films. The "quartz 

weld" contained more ferrite due to increased nucleation sites and sili- 

con content of the weld metal. Several investigators have shown that 

proeutectoid ferrite films along grain boundaries are detrimental to 



mechanical p r o p e r t i e s .  4 '6923953 Thus, t h e  advantages of t h e  r e f i n e d  

g r a i n s  can be o f f s e t  by increased  proeutec to id  f e r r i t e .  Th i s  accounts 

f o r  t h e  drop i n  toughness of t h e  g r a i n  r e f i n e d  weld zone r e p r e s e n t a t i v e  

of t h e  CCG zone i n  t h e  s tandard  weld. As-welded g r a i n  ref inement  a l s o  

r e s u l t e d  i n  a 100% improvement i n  t h e  average CVN impact toughness a t  

t h e  WCL a s  compared t o  t h e  s tandard  weld even though t h e r e  were no appar- 

e n t  m i c r o s t r u c t u r a l  d i f f e r e n c e s .  The improvement should have occurred 

from the  i n t e n s e  s t i r r i n g  a c t i o n  p re sen t  i n  weld meta l  which l imi t ed  t h e  

seg rega t ion  a t  t h e  weld cen te r .  I n  f a c t ,  uniform weld toughness was 

achieved throughout t h e  e n t i r e  fu s ion  zone. 

Welds made wi th  e lementa l  molybdenum a d d i t i o n s  possessed improved 

WCL average toughness va lues  ranging between 9 and 14 f t . l b s .  Elimina- 

t i o n  of proeutec to id  f e r r i t e  a long g r a i n  boundaries  i n  a l l o y  welds e l i -  

minated t h e  l e a s t  tough, i n t e r g r a n u l a r  c rack  pa ths ,  t hus  improving WCL 

toughness p r o p e r t i e s .  The CCG average toughness va lues  f o r  t h e s e  welds 

were between 14 and 19  f t . l b s . ,  cons iderably  lower than t h a t  of s tandard  

welds. Alloy a d d i t i o n s  gene ra l ly  increased  t h e  s t r e n g t h  and t h e  hardness  

of t h e  weld metal .  Therefore ,  w i th  l a r g e r  amounts of a l l o y  a d d i t i o n s ,  

the  improvement i n  weld toughness may be negated by increased  weld meta l  

hardness  and s t r e n g t h .  In  CCG zone, f r a c t u r e  occurs  i n  a t r ansg ranu la r  

mode. Therefore ,  even i n  t h e  absence of proeutec to id  f e r r i t e  a long g ra in  

boundaries ,  t h e  increased  weld hardness  decreased t h e  CCG zone toughness 

compared t o  s tandard  welds. I n  f a c t ,  a decreas ing  toughness t r end  was 

observed wi th  inc reas ing  molybdenum con ten t .  Va r i a t ions  between t h e  CCG 

and WCL average toughness va lues  were cons iderably  reduced. 



Standard ES welds made using wire E (Cr-Mo) possessed 12 and 15 

ft.lbs. average CVN impact toughness values for WCL and CCG zones, res- 

pectively. Again, the complete elimination of proeutectoid ferrite phase 

and the presence of a bainitic ferrite structure with finely dispersed 

carbides improved the WCL toughness, while the increase in the weld hard- 

ness limited the toughness of the CCG zone in which transgranular frac- 

ture occurred. The high current/narrow gap/winged guide tube made using 

wire E contained lower alloy contents than the standard wire E weld due 

to increased base metal dilution. This led to a slight redQction in 

weld metal hardness, while retaining the improved microstructure. A s  a 

result, both WCL and CCG average CVN toughness values were improved to 

17 to 19 ft.lbs., respectively. 

Both CCG and WCL zones of the standard weld made using wire B 

possessed toughness values comparable to that of the standard wire A 

weld. Microstructures of these welds were similar. Meanwhile, standard 

welds made using wire D possessed 3 and 7 ft.1b.s. average CVN toughness 

values for WCL and CCG zones, respectively. Alloy additions in this 

weld were not sufficient to eliminate the proeutectoid ferrite phase. 

The severe drop in the CCG average toughness was not evident from the 

weld microstructure, however. Trace elements present in wire D may have 

caused the toughness decrease. Benter et a1.6 have reported elements 

such as arsenic to have an adverse affect on impact toughness. But, 

analyses of residual elements were not carried out in this investigation. 

Ductile-brittle transition temperatures obtained from precracked CVN 

toughness data were well above 0°F for ES welds tested,(TableXIII).The SEM 



Table XIII. 

DUCTILE-BRITTLE TRANSITION TEMPERATURE OF ES WELDS AND BASE METAL 

a - Weld ID Welding Conditions 

1 B36 Standard--cylindrical guide, 42 
volts, 600 amps, 1-114" gap, 
wire A 

2 B5 1 Winged guide, 36 volts, 700 amps, 
1-114" gap, wire A 

3 B5 2 Winged guide, 40 volts, 600 amps, 
1-114" gap, wire A 

4 B4 7 Quartz shielded guide, 48 volts, 
600 amps, 1-114'' gap, wire A 

5 Base Metal -- 

Transition Temperature OF (approximate) 

WCL CCG HAZ 

* 
Note: Weld metal adjacent to fusion line. 



fractographic analyses of standard CVN specimens tested at O°F also 

revealed a quasi cleavage fracture mode. However, transition tempera- 

tures of.fusion zone were lower than that of base metal. As indicated 

by Pense et al., 70 post-weld heat treatment would be necessary to de- 

crease the transition temperature. 

4.5. Overview and Recommendations for Future Work 

The importance of plate grounding and electrode position in the 

joint gap on controlling the weld syrmnetry has been well established in 

this investigation. A technique for slag level maintenance during weld- 

ing has been devised. Interrelationships between process variables, 

weld microstructure, and mechanical properties have been determined, 

Table XIV. 

As-welded grain refinement provided a fairly uniform impact toughness 

for the entire fusion zone. Increase in the amount of proeutectoid 

ferrite should have restricted the toughness improvement in these welds. 

Alloy design considerations should effectively control the occurrence of 

proeutectoid ferrite films and enhance the toughness of these fine-grained 

zones. The WCL region of the grain refined welds had higher toughness 

as well as greater resistance to cracking than the conventional weld even 

though the microstructure did not show any significant differences. Fur- 

ther analyses of the fundamental solidification mechanisms and subsequent 

chemical segregation differences that may occur at the weld center, which 

is the last to solidify, are required in order to fully understand the 



Table XIV. 

SUMMARY OF ES WELD CHARACTERISTICS 

WCL--weld center l ine  CCG--coarse columnar grains CVN--Charpy V-notch 

' Character ist ics 

CVN Tough. f t  . 1 bs . 
Fracture Mode 

Microstructure 

CVN Tough.ft.lbs. 

Fracture Mode 

Microstructure 

CVN Tough.ft.lbs. 

Fracture Mode 

Microstructure 

CVN Tough.ft.lbs. 

Fracture tfode 

Microstructure 

F i l l e r  
E 1 ec trode 

Wire A 
(mi ld s tee l )  

Wire E 
(Cr, No) 

Weld Type 

Weld 
Zone 

WCL 

CCG 

WCL 

CCG 

Quartz Shielded Guide 
(48V, 600A, 1-1/4" gap) 

8 

Intergranular 

Continuous f e r r i t e  f i lms  
(solute red i s t r i bu t i on )  

9 

Transgranular 

Refined grains 
Increased f e r r i t e  f i lms  

Standard Cyl . Guide 
(42V, 600A, 1 -1/4" gap) 

4 

Intergranular 

Continuous f e r r i t e  f i lms 

37 

Transgranul a r  

Coarse grains 
Inc l ined grains 

12 

Intergranular 

Absence o f  f e r r i t e  f i lms 

15 

Transgranular 

Coarse grains 
Harder we1 d 

Narrow GaplWing Guide 
(40V, 1000A, 3/4" gap) 

11 

Intergranular 

Discontinuous f e r r i t e  f i lms  

6 1 

Transgranular 

Coarse grains 
Change i n  gra in  i n c l i n a t i o n  

17 

Intergranular 

Absence o f  f e r r i t e  f i lms  

19 

Transgranular 

Coarse grains (1 imi  ted) 
Harder weld 



underlying mechanisms r e spons ib l e  f o r  t he  as-welded g r a i n  refinement and 

increased  toughness i n  t he  WCL. 

The quartz-guide tube  s h i e l d i n g  technique d id  no t  accommodate t h e  

use  of a  narrow j o i n t  spacing (314") without  s p e c i a l l y  f a b r i c a t e d  qua r t z  

s h i e l d i n g .  The guide tube  s h i e l d i n g  technique r equ i r ed  a  h igher  welding 

vo l t age  even whi le  us ing  a  s tandard  j o i n t  spacing (1-1/4") t o  preserve  

t h e  s i d e  w a l l  fus ion .  Its use  i n  t h e  narrow j o i n t  spacing l e d  t o  s l a g  

f r e e z i n g  nea r  t h e  top  of t h e  pool  te rmina t ing  the  p roces s .  B e t t e r  sh i e ld -  

i ng  design of t h e  winged guide tube  assembly must a l s o  be developed i n  

o rde r  t o  u t i l i z e  t h e  advantages of t h e  winged guide tube  des ign  a s  w e l l  

as t h e  g r a i n  ref inement .  

The h igh  cur ren t lnar row gaplwinged guide ES welds made us ing  wire  E 

possessed 17 f t . l b s .  WCL toughness.  However, t h e  a l l o y  a d d i t i o n s  s i g n i -  

f i c a n t l y  increased  the  weld meta l  hardness ,  which decreased t h e  average 

CCG toughness proper ty .  The minimum amount of a l l o y  a d d i t i o n s  requi red  

t o  achieve t h e  maximum improvement i n  weld mic ros t ruc tu re  and mechanical 

p r o p e r t i e s  should be determined t o  l i m i t  t h e  hardening e f f e c t ,  which can 

be achieved by welding wi th  f a b r i c a t e d  metal  cored a l loyed  f i l l e r  w i re s  

of s u i t a b l e  compositions.  

The h igh  cur ren t inar row gaplwinged guide welds r e s u l t e d  i n  a  50% 

reduc t ion  i n  t h e  coarse  g r a i n  HAZ width. However, t h e  HAZ of those high 

speed welds possessed t h e  l e a s t  toughness of t he  e n t i r e  j o i n t  and r e s t r i c t s  

t h e i r  u se  i n  t h e  as-welded condi t ion .  E f f o r t s  t o  improve t h e  HAZ toughness 

p r o p e r t i e s  should be made by modifying t h e  base meta l  chemistry t o  prevent  



prior austenite grain growth, and the Widmanstatten ferrite structure 

formation. Previous investigators have shown certain improvements 

80-81 and through microprecipitation of titanium and aluminum nitrides, 

additions of rare earth metals and boron to aid fine ferrite formation. 8 2 

With an improvement in HAZ toughness, the high currentlnarrow gaplwinged 

guide tube/alloy additive ES welding technique should enable the safe 

use of ES welds in the as-welded condition. 



5 .  SUMMARY AND CONCLUSIONS 

1. P l a t e  grounding and e l e c t r o d e  p o s i t i o n  i n  t h e  weld gap were c r i t i -  

c a l  i n  o rde r  t o  c o n t r o l  t h e  weld symmetry. Grounding of bo th  

p l a t e s  and p o s i t i o n i n g  t h e  e l e c t r o d e  w i t h i n  1 /16  inch  from t h e  

geometric c e n t e r  of t h e  j o i n t  gap provided a  symmetrical weld about 

t h e  weld a x i s  wi th  equal  p e n e t r a t i o n  i n t o  both  p l a t e s .  

2. Proper s l a g  l e v e l  was requi red  t o  c o n t r o l  t h e  process  s t a b i l i t y  and 

weld mic ros t ruc tu re .  Grain coarsening a t  t h e  weld cen te r  was ob- 

served wi th  t h e  use  of a  deple ted  s l a g  pool (112 inch ) .  On t h e  

o t h e r  hand, an excess ive  s l a g  ( 3  inches  and above) delayed t h e  proc- 

e s s  s t a b i l i z a t i o n .  A s l a g  depth  of 1-1/2 inches  r e s u l t e d  i n  optimum 

welding condi t ions .  

3. Pe r iod ic  cu r r en t  f l u c t u a t i o n s  caused by i n t e r m i t t e n t  guide tube 

melt  o f f  r e s u l t e d  i n  s o l u t e  band formation.  

4. Large f l u c t u a t i o n s  i n  welding vo l t age  l e d  t o  s l a g  entrapment a t  t he  

f u s i o n  boundaries .  

5 .  Winged guide tubes  enabled lower welding vo l t ages  (34 t o  36V) wi th  

complete pene t r a t ion ,  whereas t h e  s tandard  1 / 2  inch  diameter  cy l in -  

d r i c a l  guide tube requi red  a  minimum of 42V t o  achieve complete 

s i d e  w a l l  fu s ion .  

6 .  Genera l ly ,  narrow gap welds (3/4 inch)  r e s u l t e d  i n  h ighe r  base meta l  

d i l u t i o n  than  s tandard  gap welds (1-1/4 inches ) .  A t  any given 



v o l t a g e ,  t h e  narrow gaplwinged guide tube  welds possessed maximum 

base metal  d i l u t i o n ,  whi le  t h e  s tandard  g a p / c y l i n d r i c a l  guide tube 

welds contained t h e  minimum base meta l  c o n t r i b u t i o n .  

7 .  The welding cu r ren t  had minimal i n f luence  on base meta l  d i l u t i o n  of 

t h e  weld. 

8. The base meta l  d i l u t i o n  increased  l i n e a r l y  w i th  decreased j o i n t  

spacing.  

9. The j o i n t  spacing had minimum in f luence  on t h e  weld form f a c t o r .  

10. The welding c u r r e n t  v s .  wi re  feed rate r e l a t i o n s h i p  was inf luenced  

by t h e  guide tube  design and j o i n t  spacing.  For a  given cu r ren t  

va lue ,  narrow gap welds u t i l i z e d  lower wire  feed  r a t e s  compared t o  

s tandard  gap welds,  and f o r  a given cu r ren t  and j o i n t  spac ing ,  

winged guide tubes  u t i l i z e d  lower wire  feed r a t e s  than  c y l i n d r i c a l  

guide tubes .  

11. The welding cu r ren t  v s .  wi re  feed  r a t e  r e l a t i o n s h i p  r e s u l t e d  i n  

decreased f i l l e r  mel t ing  e f f i c i e n c y  us ing  a  narrow gap and winged 

guide tube.  However, h igher  welding speeds were obtained us ing  

narrow gap f o r  any cu r ren t  s e t t i n g  due t o  t h e  reduced f i l l e r  volume 

r equ i r ed .  

12.  Increased cu r ren t  was requi red  wi th  winged guide tubes  t o  achieve  

a  s p e c i f i c  weld hea t  input  reduct ion .  This  guide tube  design a l s o  



e l imina ted  t h e  need f o r  e l e c t r o d e  o s c i l l a t i o n  dur ing  welding t h i c k e r  

s e c t i o n s  and minimized t h e  e r r o r s  involved i n  e l e c t r o d e  pos i t i on ing .  

13. The h igh  c u r r e n t h a r r o w  gap/winged guide technique r e s u l t e d  i n  a  

weld wi th  a  form f a c t o r  of 1.3. No c e n t e r l i n e  c racking  w a s  observed. 

A 50% reduct ion  i n  s p e c i f i c  h e a t  i npu t  was achieved us ing  t h i s  

technique,  and t h e  welding time was a l s o  reduced from 36 minutes 

t o  12 minutes.  The coa r se  grained hea t  a f f e c t e d  zone width was a l s o  

reduced by 50%, and t h e  weld c e n t e r l i n e  mic ros t ruc tu re  w a s  s l i g h t l y  

r e f ined  . 

14. Combination of ceramic guide tube  s h i e l d i n g  and weld puddle mechani- 

c a l  s t i r r i n g  r e s u l t e d  i n  a  r e f i n e d  as-welded mic ros t ruc tu re .  The 

use  of a  t h i n  qua r t z  shroud f o r  guide tube  s h i e l d i n g  e l imina ted  t h e  

need f o r  supplemental mechanical v i b r a t i o n  t o  achieve t h e  g r a i n  

ref inement .  The d i r e c t e d  hea t  input  towards t h e  bottom of t h e  s l a g  

pool  and i n t e n s e  s t i r r i n g  of t h e  weld meta l  combined t o  produce g r a i n  

ref inement .  

15. Elemental molybdenum a d d i t i o n s  made through molybdenum rods  welded 

on t o  t h e  guide tube  e l imina ted  t h e  formation of p roeu tec to id  f e r r i t e  

f i l m s  border ing  t h e  p r i o r  a u s t e n i t e  g r a i n  boundaries  of s tandard  

welds. The ma t r ix  s t r u c t u r e  w a s  of a  b a i n i t i c  f e r r i t e  morphology. 

However, t h e  weld hardness  increased  cons iderably  and severe  a l l o y  

segrega t ion  w a s  observed. 



16. Chromium and molybdenum a d d i t i o n s  through f i l l e r  w i r e  a l s o  e l imi-  

na ted  t h e  p roeu tec to id  f e r r i t e  phase and g ros s  s eg rega t ion  and 

produced a b a i n i t i c  f e r r i t e  mat r ix  s t r u c t u r e .  The weld hardness  

was cons iderably  h igher  (28 RC), but  was s l i g h t l y  reduced (25 RC) 

by us ing  h igh  cur ren t lnar row gap/winged guide tube  technique t o  

i nc rease  t h e  base metal  d i l u t i o n .  

17.  Standard welds made us ing  wire  A possessed 4 and 37 f t . l b s .  average 

CVN toughness a t  t h e  WCL and CCG zones, r e s p e c t i v e l y ,  a t  mid- 

t h i ckness  l o c a t i o n s  when t e s t e d  at O°F. Proeutec to id  f e r r i t e  

f i l m s  border ing  p r i o r  a u s t e n i t e  g r a i n  boundaries  and t h e  g r a i n  

o r i e n t a t i o n  were r e spons ib l e  f o r  t h e  poor WCL toughness.  

18.  Standard welds,  however, possessed 19 and 36 f t . l b s .  CVN toughness 

a t  O°F f o r  t h e  WCL and CCG zones, r e s p e c t i v e l y ,  a t  quar te r - th ickness  

l o c a t i o n s .  These welds,  t h e r e f o r e ,  would have met t h e  American 

Welding Socie ty  D 1.1 S t r u c t u r a l  Code Requirements i n  s p i t e  of having 

poor toughness a t  mid-thickness WCL l o c a t i o n s .  

19. The h igh  cur ren t /nar row gaplwinged guide welds made w i t h  w i r e  A 

possessed 11 and 61  f t . l b s .  CVN toughness a t  O°F a t  t h e  mid-thickness 

WCL and CCG zones, r e s p e c t i v e l y .  The improved WCL toughness was due 

t o  a  s l i g h t l y  r e f i n e d  mic ros t ruc tu re .  

20. A l i n e a r  r e l a t i o n s h i p  was observed between t h e  angle  of i n c l i n a t i o n  

of CCGs  w i th  t h e  weld a x i s  and t h e  CVN impact energy. 



21. As-welded grain refinement improved the mid-thickness WCL toughness 

from 4 to 8 ft.lbs. at O°F, whereas the toughness of the zone 

representative of the CCG zone of the standard weld dropped from 

37 to 9 ft.lbs. at 0°F. Increase in proeutectoid ferrite content 

limited the CVN toughness in the weld metal. 

22. Chromium and molybdenum additions improved the mid-thickness WCL 

toughness by three fold (12 ft.lbs. at O°F). The mid-thickness 

CCG zone toughness, on the other hand, dropped to 15 ft.lbs. due 

to increased weld metal hardness. The high current/narrow gap/ 

winged guide welds made with this alloy wire possessed 17 and 19 

ft.lbs. average CVN toughness for mid-thickness WCL and CCG zones, 

respectively, at O°F. 
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CONVERSION TABLE 

1 inch = 25.4 millimeters 

1 micrometer (urn) = meters 

1 pound (lb.) = 453.6 grams 

1 calorie = 4.184 Joules 

1 foot pound = 1.3558 Joules 

1 Watt Hour = 3600 Joules 

Degree C = (Degree F - 3 2 )  519 

Degree F = (Degree C x 1 . 8 )  + 32 



Appendix I 

HEAT INPUT CALCULATION FOR ES WELDS 

The specific heat input for an ES weld is determined from the 

relation, 

specific heat input = - Kiloj oules/milliaeter v 

where E is the welding voltage in volts, I is the welding current in 

amperes, and v is the welding speed expressed in millimeterjsecond. 

For a two-foot long ES weld made using 42 volts and 600 amps over 

a period of 36 minutes, 

specific heat input = 
42 x 600 

(2 x 25.4)/ (36 x 6 0 )  = 89.3KJ/m. 
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