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A REVIEW OF WELDING CAST STEELS AND ITS 
EFFECTS ON FATIGUE AND TOUGHNESS PROPERTIES 

OUTLINE OF THE PROBLEM 

Welding is  extensively employed in  the f inishing s tage of  steel  
cast ing product ion and in  fabr icat ing larger  components  by joining 
cast ings or  by joining cast ings to  wrought  s teel  components .  The ease 
of  welding as well  as  the effects  of  welding on mechanical  propert ies  
are  thus very important  considerat ions in  the product ion and select ion 
of  cast ings as  engineer ing components .  The purpose of  this  review is  
therefore  to  summarize and evaluate  the publ ished l i terature  with 
respect  to  weldabi l i ty  of  carbon and low al loy s teels  and the effects  
of  welding processes  on mechanical  propert ies .  

SUMMARY OF CONCLUSIONS 

The technical  l i terature  has  been reviewed and analyzed to  pre-  
sent  the s ignif icant  factors  that  determine the weldabi l i ty  of  cast  
s teels  and the effect  of  these welds  on the fat igue and toughness  
behavior .  The effect  of  welding processes ,  the s ignif icant  var iables  
of  these processes ,  the chemical  composi t ion,  pre-  and post-welding 
t reatments  and presence of  discont inui t ies  on the  mechanical  propert ies  
are  indicated with emphasis  on the fat igue s t rength and toughness ,  

The weldabi l i ty  of  carbon s teels  decreases  with increasing carbon,  
a l loy and sul fur  contents .  
higher  temperature  preheats  and greater  use of  postheat ing t reatments  
to  obtain sat isfactory welds .  Fat igue propert ies  are  improved by 
removal  of  weld reinforcements ,  the use of  low hydrogen shielding,  
automatic  compared to  manual  welding,  ful l  heat  t reatments  and peening.  
The toughness  of welds is  opt imized by:  low carbon,  oxygen,  ni t rogen,  
sulfur  and phosphorus contents  with a  minimum al loy content  for  the 
required s t rength level ;  low heat  inputs  and mult ipass  welds;  low 
hydrogen arc  shielding and basic  f luxes;  and f la t  welding posi t ions 
and automatic  welding processes .  

The higher  carbon and al loy s teels  require  

The presence of  discont inui t ies  can lower both the fat igue and 
toughness  propert ies  markedly.  
var ies  with the s t ress  system under  dynamic loading.  General ly ,  the 
most  damaging discont inui t ies  l is ted in  order  of  decreasing severi ty  
are:  cracks,  undercuts ,  slag inclusions,  porosi ty  and the presence 
of  weld reinforcements .  

The effect  of these discont inui t ies  
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PREFACE TO 1979 PUBLICATION 

This publicat ion "A Review of  Welding Cast  Steels  and I ts  Effects  
On Fatigue and Toughness Propert ies"  has been issued based on a report  
issued in 1974 to  members of  the Steel  Founders '  Society of  America.  
This publicat ion has been prepared as  a  supplement  to the new report  
"Repair  Welding and Fabricat ion Welding of  Steel  Cast ings" issued by 
the Steel  Founders '  Society in 1979.  

PREFACE TO 1974 REPORT 

Advances in welding technology,  in qual i ty control  of  welds,  and 
in performance of  welded structures have led to increased customer 
acceptance of  welding as a regular  part  of  the foundry production pro-  
cess .  Welding is  now recognized as a procedure for  upgrading cast ing 
qual i ty during the course of  manufacture through improvement of  surface 
condit ions,  or by el iminat ion of  shrinkage voids.  I t  is  also accepted 
as a method of  producing large or  complex assemblies  where the size 
of the completed structure precludes production as a one-piece cast ing,  
or where total  qual i ty will  be improved by dividing the s tructure into 
s impler  components  which can later  be welded into an integral  assembly.  

With the customer 's  and cast ing user 's  acceptance of  the welding 
process,  welding has gained a posi t ion where the foundryman has to be 
cognizant  of  all the welding processes,  their  capabil i t ies ,  precautions 
necessary for  sat isfactory weldabil i ty ,  qual i ty control  and the effects  
of  welding on propert ies  of  the weld and the weld affected areas of  the 
cast ing.  Steel  foundries  have recognized these implicat ions quite  early.  
A booklet ,  "Recommended Pract ice for  Repair  Welding and Fabricat ion 
Welding of Steel  Cast ings",  was therefore first  published by the Steel  
Founders '  Society of  America in 1957,  with a revised and updated version 
fol lowing in 1969.  

The above publicat ion on welding pract ices has been of great  
benefi t  to  s teel  foundries  and their  customers.  Member foundries ,  
however,  have shown increased interest  in  the quest ion of weldabil i ty  
which means the ease of welding or the precautions to be taken to 
assure a sat isfactory weld,  depending on the welding process and al loy 
to be welded,  as  well  as the effects  of  welding on propert ies  and 
performance of  the weld and weld-affected area.  

The Carbon and Low Alloy Technical  Research Committee therefore 
recommended an in-depth survey and evaluat ion of  the published l i terature.  
This recommendation was approved by the Board of  Directors  in 1973 as 
Research Project  95.  

Professor  Wallace,  at  Case Western Reserve Universi ty in Cleveland,  
was asked to undertake this  act ivi ty.  The Research Committee compliments  
his  effort  that  yielded a unique report  where the important  aspects  have 
been assembled and reviewed with outstanding competence and insight .  
Acknowledgements  are also made to  Walter  E. Evans,  Ralph D. Maier  and 
John C. Rogers,  graduate s tudents  at  Case Western Reserve Universi ty 
who assis ted in the sect ions on weldabil i ty ,  fat igue strength,  and 
toughness port ions,  respect ively.  

PETER F. WIESER 
Technical  and Research Director  

By direct ion of  the 
Technical  Research Committee 
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A REVIEW OF WELDING CAST STEELS AND ITS 
EFFECTS ON FATIGUE AND TOUGHNESS PROPERTIES 

I .  INTRODUCTION 

This report  reviews and analyzes the American and Brit ish 
l i t e ra ture  on  the weldabi l i ty  of  carbon  and a l loy  s t ee l  cas t ings  fo r  
total  a l loy contents  up to 5%.  The inf luence  of  var ious  welding  
processes and techniques including electrode select ion,  pre-  and post-  
t reatments  on the susceptibi l i ty  to welding discontinui t ies  and the 
mechanical  propert ies  of the welded structures has been studied.  
Considerable emphasis  has been placed on the dynamic propert ies ,  
fat igue and toughness because of  the s ignif icance of  these on service 
behavior .  This  report  f i rs t  discusses the weldabil i ty  of  the various 
types of steel  and the problems with welding discontinui t ies  and then 
the effect  of the welding processes and welding discontinui t ies  on the 
mechanical  propert ies .

The weldabil i ty  of steel  cast ings is  of considerable s ignif icance 
because the welding process is  employed extensively for  the repair  of  
discontinui t ies  and for  fabricat ing larger  components  from cast ings.  
Repair  welding and fabricat ion pract ice for  steel  cast ings was the 
subject  of  an earl ier  publicat ion of  the Steel  Founders '  Society of  
America (1).  
other  cast ings or  wrought  s teel  to  produce larger  s tructures is  an 
establ ished commercial  procedure (2).  

II .  WELDABILITY 

The use of  welding procedures to join s teel  cast ings to 

No specif ic  cr i ter ion of  weldabil i ty  has been general ly accepted;  
the term is  used to describe the ease with which a metal  can be welded 
to produce a weldment of acceptable qual i ty.  
usual ly judged from the s tandpoint  of mechanical  propert ies  (3) :  

The weld qual i ty is  

(1)    The strength of  the joint  must  be at  least  as great  as that  
of the parent  metal ;  

The fracture duct i l i ty  of the weld metal  and heat  affected 
zone (HAZ) must be suff icient  to  ensure that  the bri t t le  
fracture propert ies  of the s tructure in service are not  
l imited by these factors  alone;  

The fat igue propert ies  of  the joint  should not  be impaired 
by the metal lurgical  condit ion of the weld metal  or  HAZ;  

The metal lurgical  condit ion of the joint  should not  impair  
the behavior  of the structure during service as a resul t  
of  local ized corrosion,  etc .  

(2) 

(3)  

(4)  
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The metal  which can be welded to f i t  the above cr i ter ia  with no 
special  precautions to prevent  discontinui t ies  or  other  diff icul t ies  
is  considered to have good weldabil i ty .  

The strength,  duct i l i ty ,  and to a  large extent ,  the susceptibi l i ty  
of  the weldment  to cold cracking can be control led by ensuring that  the 
weld metal  and HAZ have the proper  metal lurgical  s t ructures.  
s t ructures are determined mostly by the chemical  composi t ion and cooling 
condit ions.  I t  is  therefore desirable to provide close control  of  both 
variables .  The most  common and effect ive means of  control l ing cooling 
rates  in  the weld area is  to  preheat  the cast ing to be repair  welded 
or  fabricated to increase the base metal  temperature and to decrease 
thermal  gradients  around the weld.  This  preheat ing may be local ized 
around the weld area by using gas torches and various types of  insula-  
t ion.  However,  a general  preheat  of the ent ire  cast ing is  preferred 
when ecomomics and the welding operat ion permit .  This general  preheat  
can also be conducted in various types of portable equipment  composed 
of  gas torches and insulat ing or  protect ive hoods.  Again,  i t  is  
preferable to preheat  in a permanent  recirculat ing gas or oi l  f i red 
oven where the cast ings are placed in the oven and brought  to temperature 
before their  removal .  In any case,  some means should be available of  
insuring that the cast ings are up to the required preheat ing temperature 
before welding is  ini t ia ted and maintained at  that temperature through- 
out  the welding operat ion.  Surface reading thermocouples or  crayons 
that  melt  at  a specif ic  temperature are commonly used for  this purpose.  

These 

The specif ic  preheat  temperature is  dependent  on the s teel  
composi t ion,  sect ion size,  the degree of  restraint  at  the joint ,  the 
welding method and the ambient  temperature.  Preheat ing temperatures 
may vary from 100°F to  over  1000°F, but  most  recommended temperatures 
are 600°F or less  (4) .  The benefi ts  obtained from proper preheat ing 
include:  
and residual  s tresses and distort ion.  The recommended preheat ing 
temperatures are discussed for  each of  the various types of  s teel  in  
the subsequent  sect ions.  

Types of  Discontinui t ies  

the prevention of  cold cracks;  the reduction of  HAZ hardness;  

One of the considerat ions of  weldabil i ty  is  freedom from weld 
discontinui t ies .  Just  as the cast ing process may resul t  in  discon- 
t inui t ies  that  are frequently repaired by welding,  the fusion welding 
process is  susceptible  to certain i rregulari t ies  that may require 
correct ion for  some applicat ions.  These weld discontinui t ies  are 
general ly repaired by addit ional  welding (5) .  
processes and steels  are more susceptible  than others  to these discon- 
t inui t ies;  the weldabil i ty  is  considered to be bet ter  for  these s teels  
and methods where less  diff icul i t ies  are encountered.  

Some types of  welding 

The major  types of weld discontinui t ies  in fusion welds are 
l is ted below and are shown schematical ly in Figure 1 (5) .  
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1.  

2.     Inclusions:  oxides ,  slag and tungsten.  

3.     Geometr ic  imperfect ions :  undercut t ing,  underf i l l ,  excessive 
reinforcement ,  surface i r regular i t ies ,  dropthrough and 
mismatch.  

Incomplete  fusion and joint  penetrat ion.  

4.     Metal lurgical  Defects :  
a)    Defects  re la ted to  segregat ion:  

hot  cracking and microf issures;  
cold cracking,  delayed cracking,  porosi ty  
and subsurface shr inkage.  

Imperfect ions induced by metal lurgical  react ions :  

embri t t lement ;  
metal lurgical  notches.  

b) 

5.     Other  imperfect ions:  arc  st r ikes ,  weld spat ter  (5) .  

Incomplete  fusion discont inui t ies  are  condi t ions in  a  welded 
joint  where adjacent  layers  of  weld metal ,  base metal  or  weld metal  and 
base metal  fa i l  to  mel t  together  properly.  
lack of  penetrat ion of  the ful l  base metal  thickness;  or  beads fai l  
to  intermelt ;  or  the presence of  slag,  oxide or  other  foreign mater ia ls  
a t  interfaces  prevent  mel t ing of  adjacent  mater ia ls .  Incomplete-  
fusion discont inui t ies  may be the resul t  of  faul ty  welding techniques 
and improper  welding condi t ions.  Insuff ic ient  welding current  or  
vol tage,  or  excessive root  thickness  is  a  f requent  cause.  Misal ign-  
ment  of  the  welding torch and the l ine of  welding can also produce 
them. Incomplete-fusion with previous beads of ten resul ts  when deep 
crevices  or  undercuts  are  present  in  the previously deposi ted beads 
or  when s lag removal  is  incomplete .  
discont inui t ies  are  common in welds ,  they can be el iminated ent i re ly  
by the use of  proper  welding condi t ions (5) .  Incomplete  penetrat ion 
both reduces the load bear ing cross  sect ion and acts  as  a  s t ress  concen-  
t ra tor .  

They usual ly  resul t  f rom: 

Although incomplete-fusion 

Inclusions in  welds  are  undesirable  foreign matter  that  was 
introduced during the welding operat ion.  Oxide f i lms,  s lag from the 
welding electrodes,  and tungsten par t ic les  f rom gas tungsten-arc  
welding electrodes are  the inclusions usual ly  found in  fusion welds .  
These oxide f i lms can occur  with improper  shielding during welding.  
Slag inclusions are  sol id  non-metal l ic  par t ic les  that  usual ly  occur  as  
cont inuous or  intermit tent  s t r ingers  held between weld beads,  or  
between weld beads and the base metal .  Slag discont inui t ies  occur  
mainly in  welds  made with the shielded metal-arc  and submerged-arc  
processes  that  ut i l ize  a  welding f lux.  
techniques and/or  improper  welding techniques cause them. 
inclusions are  par t ic les  of  tungsten in  weld metal  deposi ted with the 
gas tungsten-arc  welding process  and are  condidered to  have the same 
effect  as  slag inclusions of  equal  s ize .  Like incomplete  fusion,  

Inadequate  s lag-removal  
Tungsten 
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inc lus ions  can  reduce weldment  propert ies  and service performance,  
d e p e n d i n g  o n  t h e i r  cha rac t e r i s t i c s ,  or i en ta t ion  and  the  se rv ice  
condi t ions (5) .  

Geomet r i c  imper fec t ions  a re  weld-shape  f ea tu res  such  as  unde rcu t ,  
excess ive  r e in fo rcement ,  poor  prof i l e ,  excess ive  weld  width,  and others  
tha t  resul t  f rom improper  contouring of  the  weld .  
f r o m  i m p r o p e r  w e l d i n g  c o n d i t i o n s  or  i nadequa t e  con t ro l  of  welding  
opera t ions .  Undercu t  denotes  depress ions  a long  the  edges  of  a  weld ,  
and paral le l  to  i ts  length.  They form as  intermit tent  or  cont inuous 
grooves which vary in  depth and width.  Undercut  occurs  when surface  
tension forces  draw the metal  away from the s ides  of  the weld groove.  
The weld reinforcement  is  that  amount  of  deposi ted weld metal  that  
projects  beyond the surface of  the base metal  in  the thickness  direct ion.  
I t  can resul t  f rom high heat  input  ra tes .  The most  common irregular i t ies  
in  the surface of  welds  are  surface r ipples .  Although they are  diff icul t  
to  avoid,  r ipples  can general ly  be removed by gr inding or  machining (5) .  

Cracks are  a very ser ious form of welding discont inui ty  and 
are  c lassi f ied as hot  cracking,  cold cracking and f issur ing.  Hot  cracks 
are  essent ia l ly  small  hot  tears  and formed for  the same reasons.  
cracking at  the weld center l ine is  encountered with weld pools  of a 
tear  drop shape and avoided by el l ipt ical  shape weld pools .  
occur  a t  or  near  room temperature  and can form a considerable  per iod 
af ter  the weld has been made.  Cracks are  also classif ied according 
to  locat ion as  i l lustrated in  Figure 2 (6 ) .  
is  re la ted to  the condi t ions producing these cracks and cracking 
problems are  f requent ly  referred to  by these designat ions in  this  
paper .  
deposi ted weld and are  produced by excessive hardness  and br i t t leness  
in  the HAZ, s t resses  in  the area or  hydrogen.  Toe cracks have s imilar  
causes  but  can be observed at  the surface of  the weldment  (5 ) .  

Porosi ty  consis ts  of  numerous gas  pockets  in  the weld resul t ing 

They usual ly  resul t  

Hot  

Cold cracks 

This  type of  c lass i f icat ion 

Underbead cracks are  cold cracks occurr ing in  the HAZ under  the 

from the evolut ion and entrapment  of  gas  f rom molten metal  during 
sol idif icat ion.  
with br ight ,  smooth wal ls ,  they vary in  s ize  and shape.  
may be present  as  i r regular ly  shaped gas  pockets  a long dendri te  
boundaries ,  or  as tubular  gas pockets ;  "pipe" or  "wormhole"  porosi ty .  
The gases  that  cause porosi ty  may come from welding mater ia ls  themselves ,  
f rom welding unclean or  wet  components ,  or  f rom the use of  improper  
welding condi t ions (5) .  

Metal lurgical  Discont inui t ies  

Although the pockets  usual ly  are  spherical  in  shape 
Porosi ty  a lso 

An understanding of  metal lurgical  discont inui t ies  or  s t ructural  
var ia t ions in  the welding of  cast  s teel  requires  a  knowledge of the  
t ransformations that  occur  with the heat ing and cool ing that  accompanies  
fusion welding.  
of  the var ious thermal  cycles  on the phases  obtained in  the i ron-  
carbon system is  an important  considerat ion.  
thermal  f luctuat ions exert  on these phases  during welding of  a  s teel  
containing 0.3% carbon is  i l lustrated by the s implif ied i ron-iron 

Steel  is  basical ly  an i ron-carbon al loy so the  effect  

The inf luence that  these 
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carbide diagram in Figure 3 (6) .  Five  points  or  locat ions  have been 
selected to i l lustrate  the various s tructures and condit ions that  occur 
as a result  of the maximum temperature at tained at  each locat ion.  

As shown in  Figure 3,  some of  the base metal  in  the HAZ (Points  1-4)  
is  heated into the austeni t ic  or  high temperature (face-centered cubic)  
form of  i ron by the fusion welding operat ion.  As these areas cool  
down to  room temperature,  this  austeni te  t ransforms back to the room 
temperature phases with their  body-centered structures.  This  t rans-  
formation can occur to form several  microstructural  forms such as 
ferr i te ,  pearl i te ,  baini te  or  martensi te .  These const i tuents  have 
different  character is t ics  and their  hardness general ly increases for  
the phases formed at  the lowest  temperatures.  Martensi te ,  the phase 
that  is  formed at  the lowest  temperature,  is  both very hard and bri t t le  
at  any except  the lowest  carbon contents .  For this reason,  the formation 
of  martensi te  in the HAZ can lead to cold cracks,  hydrogen-induced 
cracks or  high residual  s tresses ei ther  during or  subsequent  to welding.  
Since the formation of  such cracks and stresses reduces the mechanical  
propert ies ,  welding condit ions are control led for  the different  s teels  
produced to avoid the formation of  this  martensi te .  Those s teels  that 
require special  precautions to avoid martensi te  forming in the HAZ are 
considered to have inferior  weldabil i ty  to those s teels  that  do not  
require special  handling.  

The carbon content ,  cr i t ical  cooling rate  and cr i t ical  temperatures 
as  affected by composit ion and the grain s ize of  the s teel  are the 
primary factors  that determine the tendency of each steel  fo form marten-  
s i te .  Increasing the carbon content  decreases the cr i t ical  cooling 
rate ,  lowers the A3  temperature and increases the hardness of  the 
t ransformed region (4 ) .  The A1  and A3  temperature may be predicted 
with fair  accuracy from the al loy content  such as by the expressions 
l is ted below that are useful  for  low-al loy steels  containing up to 
0.60% carbon :  

A l(°F) = 1333 -  25 (%Mn) + 40(%Si)  -  26(%Ni) + 42(%Cr) 

A3(°F) = 1570 -  323(%C) -  25(%Mn) + 80(%Si)  -  32(%Ni) -  3(%Cr).  

The higher  the steel  is  heated above the A3  temperature,  the larger  the 
austeni t ic  grain s ize becomes;  this effect  is  signif icant  in the 
highest  temperature region of  the HAZ (Point  1 in  Figure 3)  (4 ) .  

On cooling from the austeni t ic  region,  each steel  has a cri t ical  
cooling rate  though the region in which austeni te  t ransforms to the 
lower temperature microconst i tuents .  
not  very useful  in  predict ing structures obtained under rapid cooling 
condit ions,  continuous cooling diagrams (CCT) have been constructed 
for  a large number of  s teels .  These diagrams al low a correlat ion 
between cooling rates  and the resul t ing microconst i tuents  formed.  
The cooling 
rates  are favored by high heat input  from the welding operat ion,  thinner  
sect ions and high preheat ing temperatures.  
alloy steel  (AISI 8630)  is  shown in Figure 4  (5) .  

Since the equil ibr ium diagram is  

rate  is  determined by welding condit ions;  slow cooling 

A CCT diagram for  a low 
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I t  becomes  evident  f rom a  study of  this  diagram tha t  the different  
cooling rates  shown by curves A, B, C and D provide different  f inal  
microstructures with different  hardness levels .  The cr i t ical  cooling 
rate  as  described above is  defined as  the maximum rate  that  will  just  
provide a  completely martensi t ic  s tructure.  This  cr i t ical  rate  is  
located just  to  the r ight  of  curve A in  Figure 4.  From a  welding 
standpoint ,  par t ia l ly  hardened or  par t ia l ly  mar tens i t ic  s t ruc tures  are 
u n d e s i r a b l e  e v e n  t h o u g h  s m a l l  a m o u n t s  o f  m a r t e n s i t e  c a n  b e  t o l e r a t e d  i n  
some cases.  

The phases obtained during transformation of  the austeni te  at  
various coolingratesor  the CCT diagram for  each steel  varies  with al loy 
and carbon content .  These CCT diagrams are avai lable for  a large number 
of  steels  and al low this correlat ion between the cooling rate  and 
structure.  Steels  with carbon contents  under 0.10% have extremely 
rapid cr i t ical  cooling rates  and therefore present  no problem with 
hardening even though the M s  temperature increases with decreasing 
carbon.  

For a given steel ,  the f inal  s t ructure can be reasonably approx- 
imated by means of  microhardness tests  taken in the HAZ if  correlat ing 
tables  are avai lable.  
welding variables ,  cooling rates  and hardness obtained for  various 
steels .  
cooling t ime through the t ransformation temperature region and sect ion 
size for  various s teels  and welding processes (7) .  

Welding Processes 

A large amount  of  work has been done to relate  

Data are available to show the relat ion between heat  input ,  

The primary welding processes that are used for  the repair  and 
fabricat ion of steel  cast ings are l is ted below and i l lustrated by the 
sketches in Figure 5 (8) .  

A.    Shielded Metal-Arc Welding (SMAW) involves the use of a 
consumable electrode shielded by a gas originat ing from 
the electrode coat ing or  in  some cases,  the inner  core 
of the electrode.  

Gas Metal  Arc Welding (GMAW) ,  also known as Metal-Inert  
Gas Welding (MIG),  the consumable electrode is  shielded 
by an inert  gas from a second source;  such gases are 
hel ium, argon (sometimes mixed with small  amounts  of  
hydrogen) and CO2  for  certain s teels ,  

Gas Tungsten Arc Welding (GTAW), also known as Tungsten-  
Insert  Gas Welding (TIG), a gas shielded tungsten 
electrode is  used to deposi t  metal  from a consumable 
welding rod.  

The Submerged Arc Welding (SAW) process has an arc main-  
tained between a continuously fed consumable bare wire 
electrode and the work.  Flux is  dispensed over  the area 
to be welded and the wire is  fed into and melts  some of  
this  f lux.  

B. 

C. 

D. 
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Other welding processes of  some interest  are gas welding with an oxy- 
acetylene torch used as a source of  heat  with a  f i l ler  rod to deposi t  
metal ;  e lectro-slag welding;  and non-shielded arc.  

The shielded metal  arc uses a  wide variety of  coated electrodes 
that  are classif ied by the s trength level  of  the undiluted weld metal  
and type of  coat ing.  These different  coat ings vary the penetrat ion of  
the electrode,  welding posi t ions  and the amount  of  hydrogen in  the gas 
shield.  A detai led l i s t  of these electrode coat ings is  furnished subse-  
quently.  
on the electrode does not  permit  these to be coi led and fed automatical ly.  
An adaptat ion of  this process places the coat ing or  f lux const i tuents  
inside of  a tubular  electrode and permits  automatic  use but  the variety 
of  f luxes and resul t ing atomospheres avai lable are much more l imited.  
Both the GMAW and GTAW processes can be operated automatical ly or  
semi-automatical ly.  The GMAW (or  MIG) process is  used on steels  with 
helium, argon or  mixed gas shielding and also with CO2  shielding.  
CO2  gas is  considerably cheaper  than the others  and is  employed on 
steels  when the mild oxidizing effect  of  this atmosphere can be tolerated.  
The GTAW (or  TIG) process is  slower than the other  four  methods l is ted 
and expensive because of  the shielding gas.  
use is  restr icted to cases where i t  has a technical  advantage such as 
thin sect ions.  These MIG and TIG processes have the advantages of  
being automatic  with continuous feeding of  the electrode into the weld 
and avoiding the fused f lux or  s lag layer  produced by the SMAW and 
submerged arc (SAW) processes.  The submerged arc process is  also 
automatic  and is  capable of  substant ial ly higher  rates  of  metal .  deposi-  
t ion and of  making single pass welds of  considerable thickness compared 
to the other  three methods.  

The SMAW process cannot  be made automatic  because the coat ing 

The 

For these reasons,  i ts  

Gas welding is  useful  for  small  repair  jobs and permits  close 
control  of  the temperatures.  Carbon steels  can be welded without  a 
f lux but  the rates of metal  deposi t ion is  so slow that the process is  
not  widely used in repair ing or  assembling steel  cast ings,  except  for  
cladding and special  purposes.  The electroslag process is  well  adapted 
to joining thick sect ions (over  2 inches) .  It  uti l izes f i l ler  wires 
fed into a  molten slag pool  contained between water  cooled dams. I t  
starts  as an arc but  when the f lux melts ,  the process depends on the 
heat  generated by the f low of  current  from the electrode through the 
f lux to the work.  The process generates  considerable heat ,  resul t ing 
in  a coarse grained weld deposi t  and HAZ so that subsequent  heat  t reat-  
ments  are general ly required.  While not  used extensively in cast ing 
repair  up to this t ime,  i t  is  widely employed for  the cast-weld 
assemblies  with heavy sect ions (2) .  
of inferior  qual i ty that is  only used for  lower grade products .  

Non-shielded arc provides a  weld 

Following the joining operat ion,  a postweld heat  t reatment  may 
be needed,  depending on the base metal  composi t ion,  welding method and 
service condit ions.  This t reatment  can range from stress  rel ief  of  the 
weld area to quenching and tempering the ent ire  weldment .  Some of  the 
purposes include:  s tress  rel ief ,  improved strength and toughness,  
diffusion of  hydrogen from the HAZ or restoring the corrosion resis tance.  
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Types of Steels  

For the purposes of  this paper,  the carbon steels  will  be consi-  
dered in  one category and al loy steels  with a total  a l loy content  of  up 
to 5% in  other  groups.  
addit ions of  the elements  Ni, Cr, Si,  MO and Mn. These added elements  
improve mechanical  propert ies ,  heat t reatment  response,  elevated temper-  
ature  propert ies  and corrosion resis tance.  

The al loy steels  discussed contain intent ional  

Plain carbon cast  steels  rely primari ly on carbon for  variat ion 
of  their  propert ies .  The carbon content  ranges between 0.10 and 1.00%, 
depending on the intended use.  
when the carbon is  below about  0.30%, 
steels  decreases as the carbon content  is  raised.  The weldabil i ty of 
low-al loy steels  is  good,  but  they require careful  at tent ion to welding 
procedures and f i l ler  metal  choice (5) .  As previously  discussed,  the  
strength,  hardness and duct i l i ty  of  these s teels  varies  widely depending 
on their  composit ion and the thermal t reatments .  Both carbon and al loy 
steels  are employed in the heat t reated condit ion;  the t reatments  used 
vary widely from anneal ing to normalizing to quenching and tempering,  
depending on the f inal  use of  the cast ing.  

They can be welded without  diff icul ty 
The weldabil i ty  of  plain carbon 

Low-Carbon Steels  - -  

The low-carbon steels  are considered to be those not  exceeding 
These are the most  easi ly welded by a large variety of  0.20% carbon.  

methods.  Hardenabil i ty  is  very low and even though the maximum hardness 
for  a ful ly-hardened structure may be considerable as i l lustrated in 
Figure 6 (4) ,  the actual  hardness in low-carbon HAZs rarely reaches 
high values because the cri t ical  cooling rates  are not  achieved under 
ordinary condit ions.  Preheat ing is  not  needed;  several  welding 
methods can be employed,  and cooling is  rarely encountered.  However,  
the low-carbon steels  are susceptible  to porosi ty unless  these are 
deoxidized.  
steels ,  many of the wrought  steels  are r immed and this can lead to  
porosi ty from CO gas evolut ion unless  electrodes with considerable 
amounts  of  aluminum, manganese and si l icon are employed.  

While i t  is  usual  pract ice to deoxidize low-carbon cast  

The low-carbon steels  are welded commonly by the shielded metal  
arc,  submerged arc and GMAW or MIG processes using CO2  gas shield (9) .  
Addit ional  deoxidizers  are usual ly added to  the electrode in this la t ter  
case.  The choice of  electrodes for  welding low-carbon steel  is  based 
on the desired f inal  mechanical  propert ies  of  the weld.  
the AWS classif icat ion and weld deposi t  composi t ions of  typical  
electrodes used in the SMAW process for  carbon and low-al loy steels  (4 ) .  
The last  two digits refer  to  the type of  coat ing,  while  the preceding 
numbers l is t  the minimum tensi le  s trengths of  the undiluted f i l ler  
metal .  
in  Table II .

Table I  l is ts  

Details  on the character is t ics  of  the various coat ings are l is ted 

Electrodes of  the EXXl0 and EXXll classes are sui table for  low- 
carbon steels because of  their  deep penetrat ion character is t ic ,  
minimal  slag production.  Low-hydrogen coat ings are general ly unnecessary 



-16-  



-17-



-18-



-19-  



-20- 



-21- 



-22-

unless  suff icient  residual  al loy elements  are present  to raise the 
composit ion to low al loy levels .  The low-hydrogen coat ings require care-  
ful  handling and may pick up moisture when exposed to air  for  any signi-  
f icant  length of  t ime.  If  these become moist ,  they should be oven dried 
and taken hot  from the oven for  usage.  Therefore,  the electrodes most  
often used are the cel lulosic  electrodes at  strength levels  of  60 ksi.  
These electrodes give a good combinat ion of  mechanical  propert ies  and 
ease of welding at  all  posi t ions (9) .  

Most problems with low carbon steels  are caused by impuri ty 
elements  and non-homogeneous s tructures.  Sulfur  is  the most common 
and damaging impuri ty element .  Sulfur  levels  at  0.05% can produce 
l iquid sulf ide f i lms at  the grain boundaries  (10) that cause sol id 
embri t t l ing fi lms and possible hot  cracking,  al though this is  a much 
more serious problem in the higher  carbon and al loy grades.  
sence of  s trong sulf ide formers,  such as manganese,  reduce this pro-  
blem but  may not  completely el iminate i t  ( l l ) .  
manganese sulf ide inclusions also reduces problems with hydrogen 
embri t t lement  by providing sinks for  this element  (12, 13) .
more stable sulf ide formers,  such as rare earths,  can be more effect ive 
in this respect .  Phosphorus has a similar  embri t t l ing effect  to  sulfur  
(4 ,  14)  and is  more diff icul t  to  remove.  

The pre- 

The presence of  

Other 

These problems with hot  cracking caused by low melt ing point  f i lms 
and embri t t l ing elements  apply to the entire  range of  carbon and al loy 
steels .  In fact ,  sulfur  and phosphorus levels  are much more cr i t ical  
in  higher  performance steels ,  and maximum al lowable contents  are 
general ly much lower than in low-carbon steels .  The higher tolerance 
of low-carbon steels  for  impuri ty elements  exists  because the segregat ion 
of  sulfur  and phosphorus are increased by higher carbon contents  and 
certain al loy elements .  The only low-carbon steels  which require some 
precautions are the free-machining steels ,  where sulfur  levels  may 
reach 0.30%. 
steels ,  welding with cel lulosic  electrodes or  other  condit ions producing 
hydrogen may resul t  in  porosi ty,  due to the formation of  H2S gas in  the 
weld metal.  
used to avoid this problem. 

Even though addit ional  manganese is  specif ied in these 

Electrodes of  the EXX15,  EXX16 and EXX18 classes may be 

Low-carbon steels  are not  highly susceptible  to cold cracking 
even under fair ly severe condit ions;  the lack of  toughness character is t ic  
of  higher-carbon martensi tes  is  not  found in these cast  s teels  under 
0.20% C.  

Medium Carbon Steels - -  

Medium carbon steels  are general ly considered to be plain carbon 
steels  with 0.20-0.50% carbon.  
is  required is  general ly not  necessary below 0.30% carbon.  
suggested composit ion l imits above which preheat ing is  required are 
0.28% carbon and 1% Mn according to one source (14) .  As the carbon 
increases above 0.30%, preheat ing and the use of  low-hydrogen electrodes 
become more of  a necessi ty to avoid cracking problems.  Towards the 
top of  this range,  the HAZ often at tains ful l  hardness without  addi- 

Hardening of  the HAZ so that preheat ing 
The 



-23-  

t ional  al loying and reaches the maximum hardness shown in Figure 6.  
This high hardness with a low ducti l i ty  or  bri t t leness make the hard-  
ened structures very susceptible  to both cold-cracking from thermal  
s tresses and to hydrogen-induced cracking.  Figure 7 (4 )  shows under-  
bead crack sensi t ivi ty,  underbead hardness and bend angle at  maximum 
load as a funct ion of  carbon equivalent .  This carbon equivalent  has 
been formulated to al low for  the influence of  the manganese and si l icon 
contents  on the hardening behavior  of  these medium carbon steels .  
is  evident  that  both cracking susceptibi l i ty  and hardness increase rapid-  
ly with carbon equivalent  and that  the bend angle at  fai lure decreases.  
All these t rends denote a marked loss  in toughness.  

I t  

Close control  of  cooling rates  in the HAZ must be maintained.  
The preheat  temperature required depends on the carbon content ,  sect ion 
thickness and number of  weld passes.  
for  thin sect ions at  0.35% C to  400°F for  0.45% C with 4 inch sect ions 
and single pass welds.  The preheat  requirements  for  mult ipass welds 
are substant ial ly less if  the welding operat ions are conducted eff i-  
c ient ly.  Preheat ing temperatures of  400°F are needed with 0.50% C 
steels  welded under other  than low-hydrogen condit ions and temperatures 
of  500°F are used in the upper part  of  the 0.30-0.50% C range for  
heavy sect ions,  s ingle pass welds and other  than low-hydrogen condi-  
t ions (1 ,4) .  Interpass temperatures at  least  equal ing the preheat  
temperature should be maintained.  

These temperatures vary from 100°F 

High Carbon Steels  - -  

High carbon steels  are classif ied as  containing between 0.50 and 
1.00% carbon.  
weld area from the high hardness and bri t t leness that  can resul t  from 
martensi te  formation.  Precise determinat ion of  the necessary preheat  
and interpass temperatures is  diff icul t  for  s teels  with carbon contents  
over  about  0.50% C because of  their  sensi t ivi ty to other  factors .  
Attempts have been made to correlate  hardness and crack sensi t ivi ty 
direct ly,  but  the resul ts  indicate that such a relat ionship cannot  be 
isolated (4) . The fol lowing welding procedure is  recommended:  low- 
hydrogen shielding when avai lable in desired strength levels ,  a  
welding technique which minimizes di lut ion and the resul tant  hardening 
of  the weld metal  and a postweld heat  t reatment  consist ing of  at  
least  a stress  rel ief  and possibly a ful l  anneal  (1).  The choice of  a  
f i l ler  metal  depends on the desired f inal  s t rength of  the joint .  
ments  used in the quenched-and-tempered condit ion require E90XX or El00XX 
electrodes;  lower s trength f i l ler  metals  may be used in other  cases.  

Preheat ing should always be used,  the exact  temperature being 

They are diff icul t  to  weld because of  cracking in the 

Weld-  

determined by cooling condit ions and welding method.  Temperatures of  
600°F or even higher  are sometimes employed,  but  such temperatures 
cause diff icul t ies  with oxidat ion and welder  discomfort .  The preheat  
temperature must  be adjusted in such cases to al low the diffusible 
hydrogen to leave the hardened area and prevent  addit ional  embri t t le-  
ment .  In addit ion to the preheat ,  welding techniques that provide 
s low cooling should be used including a high heat  input ,  mult ipass 
welds and the use of  insulat ion to restr ict  heat  f low. 
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Alloy Steels  - -  

Classif icat ion of  the weldabil i ty  of  al loy steels  by composit ion 
is  diff icul t  s ince many different  combinat ions and purposes of  al loying 
are employed.  
toughness and corrosion resis tance.  The inf luence of  al loying on 
weldabil i ty  has been equated to carbon content  by a term known as 
carbon equivalent .  
carbon steel  in  Figure 7.  A fair ly widely used relat ion is  shown 
below(8) .

Alloys are added to  s teels  to improve the strength,  

This approach was used for  the other  elements  in 

Welding Carbon Equivalent  = %C +  % M n  +  % N i  +  (%Cr  +%Mo + % V )  
20         15                  10 

As this  value increases,  the susceptibl l i ty  of  the steel  to  cold-cracking

____      ___     _____________

does l ikewise.  The carbon equivalent  is  designed to be employed along 
with a knowledge of  the electrode size and weld dimensions as a means 
of  select ing preheat ing temperatures.  While this approach has the 
advantage of  s implici ty,  i t  i s  l imited in  range and is  an oversimpli-  
f icat ion of  the si tuat ion.  

Even within the l imits  of 5% total  a l loy content  employed in 
this paper,  a considerable variety of  al loy steel  cast ings are included.
These have a wide range of  weldabil i ty  and are uti l ized for  many pur-  
poses.  Considerable detai l  on their  repair  welding is  presented in 
reference 1, and i t  is  not  the purpose of  this publicat ion to duplicate  
that coverage.  A summary of the electrodes used,  preheat  and post-  
heat ing temperatures recommended are included in Table III  (15) .  
table provides l imited data on the carbon steels  already discussed,  
as well  as the various categories  of low and medium al loy steels .  

This 

The majori ty of the al loying elements  employed increase the 
hardenabil i ty  of  the steel  and reduce the cri t ical  cooling rate.  
the more highly-al loyed steels ,  ful l  hardening is  possible even in 
thick sect ions and at  modest  cooling rates.  With this increase in 
hardenabil i ty ,  the carbon content  becomes increasingly cr i t ical  
because i t  controls  the hardness of  the martensi te  and affects  i ts  
toughness.  The relat ion between maximum hardness and carbon content ,  
as shown in Figure 6 ,  becomes a real is t ic  est imate of  the hardness of  
martensi t ic  al loy steels  because ful ly-hardened structures can readily 
be obtained.  A carbon content  of  0.20% in  a plain carbon steel  might  
produce a hardness of  Rc  30 under relat ively rapid cooling condit ions,  
whereas the same carbon level  in  a  high-al loy steel  at  the same cooling 
rate might  result  in  a hardness of  Rc  40-45.  
markedly increase the susceptibi l i ty  to cold-cracking and general ly 
require a tempering treatment  before use in service.  

In addit ion to increasing hardenabil i ty ,  most  al loy elements  

In 

Such hardness levels  

except  for  s i l icon,  cobal t  and aluminum, lower the M s   temperature of  
the steel .  Sil icon has no effect  and aluminum and cobalt  raise the M s .  
An expression for  calculat ing the M s  temperature for  a steel  of  known 
composit ion as shown below (4 ) :  

M s(°F) = 1042 -  853(%C) -  60(%Mn) -  30(%Ni) -  30(%Cr) -  38(%Mo) 
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The hardenabil i ty  is  affected by grain s ize and segregat ion as well  as  
composit ion and requires  special  calculat ions that  are not  presented 
in this paper.  

Alloying elements  increase the susceptibi l i ty  of  s teels  to 
welding discontinui t ies ,  part icular ly cracking and the metal lurgical  
types.  The susceptibi l i ty  to hot  cracking is  s t i l l  largely control led 
by the sulfur  content  of  the steel  but  al loy steels  are more sensi t ive 
to a  given sulfur  level .  While  a 0.05% S level  is  permissible in many 
carbon steels ,  a much lower sulfur  content  can cause serious cracking 
problems in an al loy s teel .  The effects  of  al loys on hot  cracking 
susceptibi l i ty  depend primari ly on their  inf luence on the behavior  of  
 
by reducing the solubil i ty  of  sulfur  also promote hot-cracking.  Such 
elements  include carbon,  phosphorus,  nickel ,  a luminum and large amounts  
of  s i l icon (over  1% and only in the heat-treatable alloys).  As men- 
t ioned above,  manganese tends to form fair ly stable sulf ides which 
resis t  grain boundary segregat ion and therefore decrease hot-cracking 
susceptibi l i ty .  
are chromium, vanadium and molybdenum. These elements  exert  their  
inf luence indirect ly by forming stable carbides and thus decreasing the 
effect  of  carbon.  While the general  inf luence of  al l  these elements  
is  known individual ly,  i t  has not  been possible to predict  their  com- 
bined effects .  For  this  reason,  the cracking tendency of  each part icular  
s teel  is  evaluated by means of  s tandard weldabil i ty  tests .  

sulfur .   Those that  promote sulf ide segregat ion to grain boundaries  

Other elements  which reduce hot-cracking tendencies 

The presence of signif icant  amounts  of  al loys increases the sus-  
cept ibi l i ty  of  the steels  to both cold-cracking and hydrogen-induced 
cracking.  
which show less toughness in the as-welded condit ion than carbon steels  
of similar  carbon content .  The increased cracking resul ts  from a 
number of  factors:  
in  increased stored elast ic  energy;  the lower M s  and M f  temperatures 

atures which cannot  act  to  temper the martensi te ,  s t ress  rel ieve,  or  
produce signif icant  diffusion of  hydrogen from the hardened area;  and 
the more complete t ransformation to martensi te ,  which has a lower 
solubil i ty  for  hydrogen than austeni te  or  ferr i te ,  resul ts  in  a  greater  
degree of  supersaturat ion of  hydrogen.  I t  is  evident  that great  care 
must  be observed in welding al loy steels  to prevent  cold-cracking and 
only low-hydrogen processes be used when possible.  

The higher  hardenabil i ty  in al loy steels  resul ts  in  s tructures 

higher  yield s trengths obtained by al loying resul t  

of  al loy steels  mean that  t ransformation often takes place at  temper-  

The choice of  fi l ler  metal  for  al loy steels  is  more cr i t ical  in  
al loy than carbon steels .  Whereas low or medium carbon steels  could 
be welded with a number of  f i l ler  materials ,  alloy steels frequently 
have propert ies  that  can only be obtained by a l imited number of  weld 
metals .  The select ion is  further  complicated by the fact  that  matching 
of composit ions is  often impossible or  undesirable.  The f i l ler  metal  
requirements  must  be examined from the standpoint  of  weld metal  propert ies  
in the f inal  s t ructure rather than composit ion and propert ies  of  fi l ler 
metal  alone.  Increased al loy content  of  f i l ler  metal  produces a  pro-  
blem with oxidat ion losses and the weld metal composit ion is  great ly 
affected by pickup of  alloy elements  from the base metal .  
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In  addit ion to the general  coverage provided by Table III  and 
the above discussions,  some individual  considerat ions are the heat  
t reated condit ion in which the cast ing is  received and the subsequent  
heat  t reatment  that  is  to  be conducted.  In cases where f ield weldabil i ty  
without  preheat ing or  postheat ing is  desired,  the al loy s teels  have a 
low carbon content  (general ly below 0.20%) and depend on mult iple  Mn- 
Cr-Mo-Ni Alloys for  their  s t rength.  The purpose is  to  maintain a  low 
carbon equivalent  value.  The low carbon level  provides a  much tougher,  
crack-resis tant  martensi te  when this  is  formed.  
level  and the sect ion thickness,  the amount  of  al loying and heat  t reat -  
ment employed prior  to welding is  adjusted.  These s teels  are  welded in 
the normalized,  normalized and tempered,  and quenched and tempered 
condit ions.  When postheat ing procedures are not  feasible,  i t  is  the 
recommended welding pract ice to weld with low hydrogen electrodes and 
to provide fast  cooling rates  in the HAZ during welding.  This  technique 
deposi ts  small  weld beads at  low heat  input  in a  s tr inger  fashion with 
no weaving of  the electrode.  
self- tempering effect .  The strength levels  of  these f ield welded steels  
are,  of  course,  l imited because the amount  of  hardening elements  is  
restr icted by the requirements  for  a  relat ively low carbon equivalent .

Depending on the s trength 

The mult iple  weld deposi ts  provide a  

When the applicat ion requires  higher  s trength or  involves heavier  
sect ions,  the cast ings are quenched and tempered af ter  welding.  However,  
in  cases where the quenched and tempered weld metal  fails  to  reach the 
required strength,  only tempering can be used.  These cast ings are fre-  
quently annealed prior  to welding and require preheat ing temperatures 
as high as 600°F. Since these s teels  are to be heat  t reated af ter  
welding,  high heat  inputs  during welding are used to retard martensi te  
formation.  
cases to provide the needed propert ies  in the f inished component .  
Cracking of  this  deposi ted weld then becomes a more severe problem 
than the HAZ of the base cast ing making the use of  the higher  preheat ing 
temperatures a  necessi ty (8) .  

III.  MECHANICAL PROPERTIES OF WELDS 

The deposi ted weld also is  usually high strength in  these 

In addit ion to the s trength and duct i l i ty  requirements ,  the 
dynamic propert ies  of  repair  and fabricated welds in steel  cast ings 
are of  major  s ignif icance in the service behavior  of the f inished 
components .  Because welds present  an al tered dimensional  and metal lur-  
gical  s t ructure,  as discussed in the previous sect ion,  the propert ies  
of  welds are frequently considerably different  than those of  the base,  
heat  t reated cast ing.  
metal lurgical  discontinui t ies  that  have been described since the welds 
have both a different  s tructure and composit ion compared to the base 
metal .  The presence of  the other  types of  weld discontinui t ies  
(Figure 1) also exert  considerable inf luence on mechanical  behavior .  
This  part  in  the paper  discusses the effect  of  numerous welding pro-  
cesses,  variables  and discontinui t ies  on the fat igue and toughness 
propert ies  of  welds in s teel  cast ings.  

Many of  these effects  are produced by the 
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Fatigue Behavior  

Weld Configurat ion - -  

The weld geometry or  configurat ion is  a major considerat ion in 
weldments  joining wrought  sect ions and shapes but  these considerat ions 
do not  apply for  the most  part  to  welds in s teel  cast ings.  When repair  
or  fabricat ion welds are made on steel  cast ings and ground f lush to the 
smooth contour of  the part ,  the effect  of  weld geometry is  removed 
unless  undercuts  have occurred during welding.  
welds are  employed to make "L" ,  "T" ,  "X" or box sect ions,  and the welds 
are not  ground smooth,  the weld geometry can influence fat igue strength 
markedly.  
of the fat igue propert ies  of  cast  "L" and box sect ions compared to 
those shapes on welded joints  in medium carbon steels  (16) .  
blem of the fat igue behavior  of  weld configurat ions in fat igue and the 
desirabi l i ty  of  using steel  cast ings or  forgings for  some contours  has 
been recognized in other  texts  (17) .  

However,  when f i l le t  

A report  has been published by SFSA showing the superiori ty 

The pro-  

The effect  of  not  grinding the weld reinforcement  or raised 
weld deposi t  f rom a butt  weld is  i l lustrated in Figure 8 (17) .  This 
f igure also indicates  that  if  the weld reinforcement  is  removed com- 
pletely by proper  grinding or  machining,  the fat igue strength of  the 
joint  s tar ts  to  approach the propert ies  for  the as-received base plate .  
Fat igue tests  conducted on simulated butt-welded specimens of  mild 
carbon structural  wrought  s teel  with the s imulated weld reinforcement  
machined from base metal  showed similar  resul ts  (18) .  
variables are the flank angle,  8, and the radius at  the toe of  the 
weld,  R as shown in Figure 9a.  
the radius will  increase fat igue strength as  i l lustrated in Figure 9b (18) .  
Other weld configurat ions,  such as  f i l le t  welds,  are also inf luenced 
by the shape of  the weld reinforcement ,  the overal l  dimensions of  the 
weld and the presence of  small  undercuts  at  the toe of the weld (16 ,17) .
The fat igue propert ies  of  welds and lap joints  are even more affected 
by geometrical  considerat ions but  these shapes usual ly do not  apply to 
s teel  cast ings.  

The signif icant  

Decreasing the f lank angle or  increasing 

Base Metal  Strength Level  - -  

The unnotched fat igue strength of  carbon,  low and medium al loy 
steel  cast ings increases with tensi le  s trength,  at  least  up to a  tensi le  
s trength of  about  200 ksi.  
to  level  off  at  a  lower s trength (160-180 ksi  U.T.S.) .  
is  i l lustrated in Figure 10 (15,19).  The notched fat igue test  resul ts  
show more scat ter  than the unnotched fat igue strengths and are usual ly 
considered to be more applicable to the service performance of  most  
components .  

The notched fat igue strength,  however,  begins 
This behavior  

Welding may reduce the fat igue strength of  the higher  s trength 
steels  even more than the presence of  mechanical  notches.  
the  welding l i tera ture  (20-23) show that :  

Data in  
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(1)   for  s teels  with weld s trengths of  55 to  110 ksi,  weld 
fat igue strength increases s l ight ly with increasing 
tensi le  s trength;  

the fat igue strength of  higher  s trength s teels  levels  
off  because of  the increasing notch sensi t ivi ty at  higher  
tensi le  s trengths;  

considerable scat ter  occurs  in the data resul t ing in 
reports  that  the fat igue strength is  not  affected by 
tensi le  s trength.  

This effect  of  the tensi le  s trength of  the base material  welded 

In this and in subsequent  plots  the R value refers  

(2) 

(3)  

on the fat igue strength of  t ransverse butt  s teel  welds is  i l lustrated 
in Figure 11 (20).  
to  the algebraic rat io of  the smallest  and largest  stress  ( tension +,  
compression -)  during fat igue test ing.  In this case,  the test ing 
cycle was zero stress- tension.  

An explanat ion has been presented for  the fact  that the fat igue 
strength of  weldments  does not  show the same degree of  dependence on 
tensi le  s trength exhibi ted by the notched fat igue strength of  the 
base metal  (24).  I t  was reported that fat igue cracks which form in  the 
region of  stress concentrat ion at  the toe of  the weld actual ly ini t iate  
at  non-metal l ic  inclusions which further  concentrate  the s tress .  This 
high stress concentrat ion makes the stress  at  the inclusion t ip very 
high and the s train independent  of  material  s t rength.  Since fat igue 
is  strain dependent ,  i t  too becomes independent  of  material  s t rength.  

High and Low Hydrogen Electrodes - -  

The earl ier  invest igators  of  this  subject  concluded that the use 
of  low-hydrogen electrodes resul ted in no advantage in fat igue strength 
over  that for  high hydrogen rut i le  electrodes.  
was s tated that no signif icant  difference exists  between the s trength 
of  but t  welds made with rut i le  electrodes and welds made with low- 
hydrogen electrodes provided that they both have the same reinforcement  
shape .

In one case (25),  i t  

However,  when the weld reinforcement  is  removed,  the advantages 
of  low hydrogen welds become evident .    
the fat igue crack ini t iates  at  the toe of the weld in the HAZ of the 
base plate .  When the reinforcement  is  removed,  fat igue cracks 
ini t iate  at  discontinui t ies  in the weld and the propert ies  of the weld 
material  become signif icant .  
fat igue specimens machined from welds indicate the superiori ty of low 
hydrogen weld metal  (26) .  
reinforcement  was machined off ,  and a hole was dri l led through the 
weld to produce a stress  concentrat ion within the weld metal  (27).  
When these specimens were tested in pulsat ing tension,  welds made with 
low hydrogen electrodes displayed signif icant ly higher  fat igue strengths.  
Similar results  are also avai lable for  machined butt  welds with notches 
0.79 inches deep and a 0. l0 inch radius machined in the edge of  a 

With the reinforcement  intact ,  

Fat igue tests  made on all  weld metal  

In addit ional  tests ,  the weld overf i l l  or  
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3 inch wide,  24 inch long specimen as i l lustrated in Figure 12 (26).  
Other data on the superiori ty of  welds made with low hydrogen electrodes 
in the presence of  weld discontinui t ies  will  be discussed in the 
fol lowing sect ion.  

Weld Discontinui t ies  - -  

An extensive invest igat ion (28)  has been undertaken by the SFSA 
to  determine the influence of  welding discontinui t ies  on the fat igue 
strength of  welded cast  s teel  in  bending and torsion.  The tests  were 
all  performed on low al loy (8630)  steel  that  was normalized and 
tempered to a  tensi le  s trength level  of  about  88 ksi  and quenched and 
tempered to approximately 122 psi .  The dimensions of  the fat igue 
specimens employed are shown in Figure 13 (28) .  

These specimens were welded in the as-cast  condit ion,  and the 
normalizing and tempering and water  quench and tempering treatments  
were performed (austeni t izing in salt  pots)  after  welding was completed.  
Accordingly,  these resul ts  show the effects  of  the weld discontinui t ies  
only,  and are not  inf luenced by the heat  effect  that occurs during 
welding.  
using the shielded metal  arc welding process and commercial  E9018-B3,  
low hydrogen type electrodes.  
to  produce slow cooling and post-heat  of  l l00°F for  one hour immediately 
af ter  welding to prevent  cold cracking.  

Double vee butt  welds were employed on each type of  specimen 

A preheat  temperature of  300°F was used 

The weld joint ,  number and order  of  weld bead deposi t ion and 
the types of  discontinui t ies  tested are shown in Figure 14 (28) .  
c lassif icat ion of  the welding discontinui t ies  that  were tested are 
l is ted in Table IV (28) .  
summarized for  bending in Table Va and for  torsion in Table Vb. In 
each case,  the test  resul ts  are compared with a  sound cast  s teel  of  
similar  heat  t reatment  and strength level .  

The 

The resul ts  of  the fat igue tests  are 

This  invest igat ion (28) conducted complete S-N curves on these 
s teels ,  so the values of  K f* were obtained for  the various types of  
discontinui t ies  on the normalized and tempered and quenched and 
tempered steels  for  both bending and torsion fat igue tests .  
values have been l is ted in Table VIa for  bending and Table VIb (28)  
for  torsion at  l05 ,  l 0 6 ,  and l07  cycles,  

These K f  

The test  resul ts  indicate that undercuts  have the most  marked 
effects  on fat igue l i fe,  fol lowed by slag inclusions and incomplete 
penetrat ion with the least  effect  from the sound and sound weld tests  
machined f lush to the fat igue bar surface.  
the approximate percentage loss in  endurance l imit  from the various 
discontinui t ies  for  bending and torsion fat igue (28,  28a) .

____________ 

The f igures below indicate 

*(K f) = Endurance Limit of Unnotched Specimens 
Endurance Limit of Notched Specimens    

 ______________________________________ 
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For Bending Fat igue -  At Two Tensi le  Strength Levels  

DISCONTINUITY 
APPROX. % LOSS IN ENDURANCE LIMIT 

Q & T-122 ksi         N & T-88 ksi 

Weld -  Undercut  
Weld -  Incomplete Penetrat ion 
Weld -  Slag Inclusions 
Weld -  Sound -  Not Machined 
Weld -  Sound Machined 

For Torsion Fat igue -  At Two Tensile  Strength Levels  

31 
22 
21 
20 
19 

22 
6 

13 
5 
2 

DISCONTINUITY 
APPROX. % LOSS IN ENDURANCE LIMIT 

Q & T-122 ksi        N & T-88 ksi 

Weld -  Undercut  
Weld -  Slag Inclusions,  Severe 
Weld -  Sound -  Not Machined 
Weld -  Lack of  Penetrat ion 
Weld -  Sound Machined 

36 
30 
20 
15 
15 

15 
13 

8 
10 

3 

The loss  in  fat igue propert ies  from the sound weld occurs 
because of  the different  composit ions and the geometric  effect  of  the 
weld reinforcement  previously discussed.  The sound-machined specimen 
loses fat igue strength only because of  the difference in weld and base 
cast ing propert ies  and composit ion.  These specimens were heat  t reated 
af ter  welding so any heat  effects  would be removed,  The effect  of  the 
difference in composit ion is  shown by the t raverse of  hardness readings 
taken across the cast  s teel  weld deposi t* area in Figures 15a and 
15b (28) .  

Extensive experimental  work has been performed on the effect  
that slag inclusions in welds have on weld fat igue strength (26,  29-31) 
Transverse butt  welds were made on mild steel  plate  with both rut i le  
and low hydrogen electrodes containing small  discrete  slag defects .  
The steel  plate  had a tensi le  s trength of  about  64.3  ksi.  The decrease 
in fat igue strength with increasing total  
defect  length and depth have been held constant ,  and the higher  fat igue 
strength in low hydrogen welds in 1/2 inch thick plates  are presented 
in Figures 16a and 16b (26,  29-31).  
on two pass but welds machined f lush with the surface before test ing.  

inclusion length,  where the 

These fat igue tests  were conducted 

Addit ional  tests  were conducted with 1-1/2 inch thick butt  welds.  

The influence of  a  300°F preheat  and 
The heavier  sect ion resul ted in s ignif icant  residual  s tresses and 
problems with hydrogen (7 ,  31) .  
a 1200°F stress  rel ief  for  1-1/2 hours were s tudied.  The tests  were 
conducted on a mild steel  plate with a tensi le  s trength of  63.4  ksi .  
The fol lowing conclusions resul ted from these tests  (31).

_______________________ 
*Cast  8630 type steel ,  typical ly .30 C, .80 Mn, .30 Si ,  .45 Cr, .55 Ni, 

.20 Mo, SMAW, low hydrogen electrode E9018-B3 with typical  . l0  C, .90 Mn, 

.80 Si ,  .15 Cr, 1.60 Ni, .35 Mo, .05 V 
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(1)    Discrete  slag inclusions are more deleter ious near  the 
rol led plate  surface because the surface is  in  residual  
tension.  

When the effect  of discontinui t ies  central  in  thickness 
were blanketed by compressive residual  s tress ,  large 
and small  slag part icles  produced similar  strengths.  
When these compressive s tresses were rel ieved prior  to 
test ing,  the larger  inclusions resulted in  a  lower s trength.  

For discontinui t ies  central  in  thickness,  stress rel ief  
produces an increase in s trength where the s lag is  discrete ,  
but  a decrease with a  continuous s lag l ine.  The reduction 
in s trength,  resul t ing from stress  rel ief  for  a continuous 
defect  central  in  thickness,  occurs  because the compressive 
s tresses at  the defect  are removed by the t reatment .  The 
improvement in s trength for  discrete  defects  is  that stress  
rel ief  removes hydrogen.  

Stress rel ieving raises the fat igue strength of  rut i le  
weld specimens with discrete  s lag inclusions at  their  
center  or  at  their  surface to a value approximately the 
same as that for  low hydrogen weld specimens with central ly 
located discrete  defects  because of  hydrogen removal .  How- 
ever ,  preheat  had l i t t le  effect  on this low strength,  mild 
carbon steel .  

The fat igue strength increased with R, the rat io of  the 
minimum stress  to the maximum stress  in each stress cycle.  

(2)  

(3)  

(4)  

(5)  

Lack of  penetrat ion is  another  weld discontinui ty that  reduces 
fat igue propert ies .  
on t ransverse butt  welds with a lack of  central  penetrat ion (32).  
specimens were made from a 1/2 inch thick,  4 inch wide hot  rol led and 
normalized mild steel  plate  with the analysis  and mechanical  propert ies  
shown below. Ruti le  electrodes were used and none of the specimens 
were pre-  or  post-heated.  The resul ts  indicate that  the fat igue 
strength at  2 x l 0 6  cycles endurance decreases with longer  lack of  
penetrat ion.  
the lack of  penetrat ion (% area defect ive)  and the reduction of fat igue 
strength (%) .   
23 ksi with good penetrat ion to 5,000 psi  with 60% lack of  penetrat ion(l7) .  
Other  work (33,  34)  indicates  even higher  losses in fat igue strength 
from incomplete penetrat ion.  Reductions in endurance l imit  of up to 
40% can occur with a 15% lack of  penetrat ion,  and this can increase to 
over  a  50% loss in  fat igue strength with 30% incomplete penetrat ion.  

Pulsat ing tension fat igue tests  were performed 
The 

An approximate direct  or  l inear  relat ion exists  between 

The fat igue strength at  2 x l 0 6  cycles was reduced from 

The large fat igue strength loss in  the t ransverse butt  welds 
occurs  because the applied s tress  is  t ransverse (normal)  to the part ial  
penetrat ion.  
maximum principal  s t ress ,  however,  i t  has a negligible effect  on 
fat igue strength.  Tests  on f i l le t  welds indicate l i t t le  difference in 
fat igue resis tance between ful l  and partial  penetrat ion longitudinal  
f i l le t  welds .  

When the incomplete penetrat ion l ies paral lel  to  the 
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Gas porosi ty in welds can also lower fat igue strength;  the 
effect  on low cycle fat igue strength is  minor but  at  higher  cycles ,  
much greater  reduct ions in fat igue strength occurs  (35) .  The data  indi-  
cate that  4-1/2% porosi ty in a  weld can lower the endurance l imit  from 
25 to 45%.  
at  the surface in  bending and torsion.  
porosi ty on the fat igue strength at  2 x l 0 6  cycles is  shown from 
several  sources (17)  in  Figure 17.  

The more severe losses occur when the porosi ty is  present  
A summary of  the effects  of  

The marked effect  of  undercuts  on the fat igue strength observed 
for  welds in cast  s teel  (28) has also been noted in other  weldments(33,  36) .  
The fat igue fracture of  sound specimens involving this  type of  defect  
was always observed to originate at  the root  of  the undercut .  The 

undercut  increases.  
58.3 psi ,  a reduction of  the fat igue l imit  was observed from 26.3 ksi 
to  12.8 ksi when the depth of  the undercut  increased from 0 to  0.35 
inches,  i .e . ,  a  reduct ion rat io of  about  51% (36) .  

fat igue strength at  2 x 106  cycles decreases when the depth of  the 
For a  steel  plate  with a tensi le  s trength of  

The effect  of  weld cracks on the fat igue strength of  weldments  
can be expected to be marked because of  the sharp s tress  concentrat ion 
that  resul ts  from this type of  discontinui ty.  One invest igat ion 
report ing on the influence of  cracks was conducted on transverse butt  
welds containing cracks paral lel  to  the weld direct ion and transverse 
to the applied s tress .  
sect ional  area of  the specimen produced considerable scat ter  of  results;  
however,  on the average the fat igue strength at  2 x l 0 6  cycles was 
reduced from about  14,000 psi without  cracks to only 35 to 45% of that  
value with cracks (17) .  

Cracks penetrat ing about  10% of the cross 

A broad-based invest igat ion on the inf luence of  a number of  
welding discontinui t ies  on the fat igue behavior  of  welds employed by 
both Wohler  and program tests* was conducted (37).  
the comparat ive effect  of  a number of  discontinui t ies .  These are shown 
below according to the relat ive severi ty with the more severe l is ted 
f irst :  
and restart .  
importance .  

This work i l lustrated 

cracks,  undercut ,  lack of  fusion or  penetrat ion,  slag inclusions 
The last  discontinui ty is  only considered to be of  minor 

Results  from conventional  fat igue tests  and from program tests ,  
which employ a stat is t ical ly varying load,  are displayed in tabular  
form as Table VII and graphical  form in Figure 18 (37) .  This study 
also invest igated the effect  of  voids and found these to be of minor 
s ignif icance.  
incomplete data are presented in this la t ter  work (37).  

This is  at  odds with the other  data on porosi ty and only 

Welding Processes - -  

The effect  of welding processes on the fat igue strength of  welds 
can be inf luenced considerably by the shape of  the weld reinforcement  

*fat igue tests  involving stress  ampli tudes that vary in  accordance with 
stat is t ical ly determined service condit ions 
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produced by that  process.  
welding processes (17)  conducted on transverse butt  welds tested in 
pulsat ing tension concluded that  automatic  welds provided considerably 
poorer  fat igue propert ies  than those made manually.  
difference resul ted from the unfavorable reinforcement  shape,  as  dis-  
cussed under weld configurat ion,  rather  than any metal lurgical  difference.  
When the weld reinforcement  was removed from automatic  welds made by the 
submerged arc process,  the fat igue strength was s imilar  to manual  welds 
made by the shielded metal  arc method (17) .  
rel ieved to el iminate the effect  of  residual  s tress .  

One invest igat ion of  the influence of  

However,  this  

These tests  were s tress  

Another  invest igat ion (20) concluded,  based on a study of  
twenty-f ive references,  that submerged arc and electroslag welding 
conducted automatical ly provided superior  fat igue strength than manual  
welds.  This improved fat igue strength was at tr ibuted to the fewer 
internal  discontinui t ies  and smoother  weld surface obtained with the 
automatic  processes compared to manual  methods.  This assumes that an 
unfavorable weld shape is  not  obtained in the automatic  method.  This 
improved fat igue strength of  the automatic  processes was also observed 
for  the semi-automatic  MIG process with CO2  shielding and flux cored 
arc welding to a somewhat  reduced extent .  The electroslag process 
offers  the potential  of  a  considerable reduct ion in discontinui t ies  with 
the resul t ing bet ter  fat igue behavior  (17,  20). 
discontinui t ies  can vary so widely,  depending on the welding condit ions,  
that  s tat ing specif ic  values of  fat igue strengths with the various 
processes is  not  feasible.  

The differences in 

Residual  Stress  - -  

When a weld cools ,  i t  is  restrained from contract ing by the 
relat ively cool  base metal .  
tension and the underlying cast ing to be in residual  compression.  A 
stress rel ief  t reatment  rel ieves the residual  tensi le  s tresses at  the 
toe of  the weld and would be expected to increase the fat igue strength.  
However,  i t  has been reported that  residual  s tress ,  and hence a stress  
rel ief ,  has l i t t le  effect  on fat igue strength.  
mild steel  but t  welded plate  was fat igue tested in pulsat ing tension with 
and without  a  s tress  rel ieving treatment  at  1200°F.  The data indicated 
that  the s tress  rel ieving had no effect  on the fat igue behavior .  
However,  the notched fat igue strength of  both a  mild and medium carbon 
steel  was reduced by the presence of  a  residual  tensi le  s tress  when 
the fat igue tests  were performed with a completely reversed stress  
cycle (39) .

This causes the weld to be in residual  

In one study (38) ,  

The relat ive insensi t ivi ty of  weld fat igue strength to residual  
tension when the weld is  tested in pulsat ing tension and the loss of 
fat igue strength because of  residual  tension when the weld is  tested 
in a reversed stress  cycle has been i l lustrated in other  invest igat ions(40).  
The influence of  residual  tension on weld fat igue strength is  dependent  
on the stress rat io.  The stress  rel ief  t reatment  improves the fat igue 
strength at  2 x l 0 6  cycles as the rat io R becomes more negat ive or  as  
the value of  the compression stress  increases.  I t  is  a general  rule  
that no increase in fat igue strength is  obtained by stress  rel ieving 
structures that  are subject  to  purely tensi le  loads but  an improvement 
in fat igue strength can be obtained if  the loads are al ternat ing 
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tension and compression.  

Post  Weld Treatments  - -  

Several  techniques are ut i l ized to increase the fat igue strength 
These include spot  heat ing,  local  compression,  local  heat ing of  welds.  

fol lowed by rapid quenching,  pr ior  overloading and peening (40). 
Grinding of  the weld to reduce the s tress  concentrat ion of  weld con- 
f igurat ion is  also a very effect ive method.  The applicabi l i ty  of  most  
of  these methods to repair  or  even fabricate  welds in cast ings is  
l imited.  Spot  heat ing and local  compression are l imited to welds 
producing local ized notches such as spot  welds or  longitudinal  weld 
ends (40) and are not  useful  for  t ransverse welds.  Local  heat ing 
fol lowed by quenching and prior  overloading also are techniques 
l imited to small  weld areas and requir ing special  equipment;  these are 
hardly feasible for  use with cast ings except  in unusual  cases (41-43).  

Peening of  the weld surface with an air  hammer is  a technique that 
is  adaptable to the repair  and fabricated welds in cast ings.  The 
improvement in the fat igue behavior  obtained by peening is  i l lustrated 
in Figure 19 (41) .  
15.68 ksi and 26.88 ksi for  the as-welded and peened specimens,  so 
hammer peening increased the fat igue strength 70%.   
after  peening removes most  of  the beneficial  effect  of  peening.  
work shows similar  improvements  in fat igue strength (44) .  

At 2 x l 0 6  cycles,  the fat igue strengths are 

Stress  rel ieving 
Other  

Grinding the weld reinforcement  f lush to the weld surface 
improves the fat igue strength of  welds,  as discussed under weld con- 
f igurat ions.  When welds in longitudinal  gussets  were ful ly ground,  the 
fat igue strength of  mild steel  f i l le t  welds was improved from 50 to  
100% (44) .  The effects  of  peening and grinding on the fat igue strength 
of  t ransverse butt  welds in a low carbon alloy steel  with a  tensi le  
s trength of  72 ksi as welded is  i l lustrated below in Figure 20 (45) .  
Grinding increased the endurance l imit  of the welded specimen by 20%, 
peening by 51%, and grinding plus peening by 56%.  Grinding did not  
cause a greater  increase in  the endurance l imit  because the ini t ial  
angle between the weld reinforcement  and the base plate  was not  very 
sharp original ly.  However,  the ground specimens st i l l  display a 
greater  fat igue strength at  shorter  l i fe  than do the peened specimens(45).  

Toughness of  Welds 

The toughness or  impact  resis tance of  welds in  s teel  cast ings is  
of considerable s ignif icance for  many dynamical ly loaded applicat ions.  
The relat ive toughness of  the cast  s teel  or  base metal  is  affected by 
many variables including:  the chemical  analysis ,  microstructural  
const i tuents ,  s t rength or hardness level  and grain s ize.  Optimum 
toughness is  at tained in cast  s teels  (al though not  necessari ly in 
welds)  by a f ine grained ful ly hardened and tempered structure with 
a  low sulfur  and phosphorus content  and a carbon content  below 0.36%. 
Considerable scat ter  occurs  at  any strength level  because of  the 
variat ions in these factors ,  but  the toughness is  general ly reduced 
by higher  s trengths,  as  indicated by the Charpy V-notch values for  
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tests  at  70° and -40°F in  Figure 21 (19) .  Even though these are al l  
quenched and tempered al loy steel  cast ings,  the scat ter  in  values at  
any strength level  is  very signif icant ,  

Welding exerts  a  s ignif icant  inf luence on the toughness,  part i -  
cular ly in cases where the cast ings are not  completely reheat  t reated 
after  welding.  The variat ions in temperature cycles  and propert ies  
demonstrated in Figure 3 produces a  wide range of  toughness values in  
the HAZ. 
rel ieving and further  reduced by reheat  t reatment .  

The influence of these variat ions is  reduced by s t ress  

However,  the fol lowing factors  also affect  toughness:  the 
different  welding processes such as:  
(manual-metal  arc) ,  metal- inert  gas welding,  f lux-cored wire welding,  
submerged arc welding and electroslag welding;  and the different  features 
of  each process including:  
posi t ion,  heat  t reatment  and i ts  effect  on HAZ microstructure,  restraint ,  
discontinui t ies  and composit ion.  

shielded-metal  arc welding 

type of  electrode,  heat  input ,  welding 

Four possible paths exist  in  a  welded structure by which a 
bri t t le  fracture could progagate.  These paths shown in Figure 22 (46)  
include the parent  plate ,  heat-affected zone,  fusion l ine and the weld 
deposi t .  
e l iminated as  a  possibi l i ty .  Each region has i ts  own character is t ic  
fracture progagation temperature.  Therefore,  once fracture has been 
ini t iated,  propagation occurs  in the zone of  lowest  notch duct i l i ty .
Fracture can ini t iate  at  the various types of welding discontinui t ies  
discussed in the previous sect ion of  this  paper .  

In a  s teel  of  high notch duct i l i ty ,  the plate  path is  

Types of  Tests  for  Toughness - -  

Several  types of  tests  may be employed to measure the toughness 
of  weldments .  These include:  Charpy impact  tests ,  general ly V-notch;  
drop weight  tests ;  dynamic tear  tests ;  and fracture toughness tests  
with the associated crack opening displacement  (COD) measurements .  
The Charpy V-notch bar has been employed for  longer periods and more gen- 
eral ly than the other  types,  so most of  the data will  refer  to this.  
The Charpy test  measurements  are usual ly conducted over  a  range of  
temperatures to establish a bri t t le-duct i le  t ransi t ion.  The resul ts  
are measured in terms of:  
(duct i le  or  f ibrous to bri t t le  or  crystal l ine)  and the t ransi t ion 
temperature from the brit t le  to  ducti le  fracture.  
require a  minimum fracture energy,  such as  15 ft . lbs at  a  given 
temperature.  

f racture energy,  fracture appearance 

Many specif icat ions 

The Charpy test  does have some drawbacks.  The test  resul ts  
are primari ly qual i tat ive and used for  relat ive measurements  of  tough- 
ness rather  than being direct ly applicable to service condit ions.  The 
test  fai ls  to  different iate  between fracture ini t iat ion and propagation,  
al though this  drawback has been overcome in the instrumented Charpy 
test .  The test  is  small  and convenient  to use but  may not  be applicable 
to larger  sect ions.  
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The dynamic tear  test  i s  a  drop weight  or  pendulum test  con- 
duc ted  on  the  width of  a  rec tangula r  bar .  This  t e s t  s imula tes  the  
worst  condit ion ant icipated in a  s tructure and measures the resis tance 
to crack propagation.  
br i t t le-duct i le  t ransi t ion when conducted over  a range of  temperatures 
than the Charpy V-notch tes t  (47) .  

I t  provides a much sharper  indicat ion of  

The drop weight test  measures  the abi l i ty  of  the steel  to  
deform in the presence of  a very sharp notch.  
abrasive saw cut  made in  a  bri t t le  crack star ter  weld,  the resul ts  are  
affected by the weld metal  hardness and toughness of the HAZ under the 
s tar ter  weld.  
to  obtain the nil  duct i l i ty  temperature (NDT) for  the s teel .  
the dynamic tear  and drop weight test  measure the relat ive rather  than 
absolute toughness of  the steel .  

Since the test  uses an 

This tes t  is  also conducted over  a  range of  temperatures 
Both 

The fracture mechanics based tes ts  are more recent  and have not  
been employed very widely to measure the toughness of  s teel  welds,  
These tes ts  develop a plane-strain stress  intensi ty factor(K I c)  that  
can be measured by calculat ing the st ress  state  at  the t ip of a  flaw 
in  the tes t  specimen.  This property has the advantage of  being a fun-  
damental  property of  the material  direct ly related to i ts  tendency to 
propagate a  bri t t le  crack under s tress .  Accordingly,  these values can 
be used direct ly in calculat ing material  behavior  under service condi-  
t ions.  The crack opening displacement  (COD) test ing extends fracture 
mechanics into elast ic-plast ic  behavior .  Since fracture propagation 
at  high strain rates  is  much easier  than fracture ini t iat ion in many 
of  these s teels  under quasi-s tat ic  condit ions,  the prevention of  frac-  
ture ini t iat ion insures the avoidance of  fai lure.  
measurements  of  material  behavior  when appreciable yielding occurs  at  
notches or  f laws before fracture.  The K I c  and COD measurements  al low 
the locat ion of  the notch or  crack at  a specif ic  locat ion in the weld 
deposi t  or  HAZ to  measure the toughness at  this  locat ion.  However,  the 
test ing requirements  are considerably more complex than for  the Charpy,  
drop weight or tear  tests .  

The COD test  permits  

Welding Processes and Electrodes --

While the  level  of  notch toughness of the deposi ted weld metal  
will  vary with the composit ion of  the deposi ted metal ,  the cooling-  
condit ions and the s tructure,  a  maximum at tainable toughness exists  
for  each strength level  (48) .  This effect  of  tensi le  s trength on 
toughness was i l lustrated in Figure 21 for  cast  steels  and the same 
si tuat ion applies  to deposi ted weld metal .  

a .  Shielded Metal  Arc -  Manually Applied -- Considerable infor-  
mation is  available on the toughness of  weld metal  deposi ted from 
various types of  s tandard shielded electrodes.  Figure 23 (46)  contains 
Charpy V-notch transi t ion curves for  a  number of  electrodes that  were 
welded into various rol led plate  s teels .  The class  of  electrode is  
shown for  each curve with the type of  s teel  plate  in parenthesis  af ter  
each one.  Each curve also has a thicker  black sect ion showing the ni l  
duct i l i ty  temperature (NDT) for  that steel  in  drop weight  test ing.  
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Some general  ranges or  bands of Charpy V-notch transi t ion 
curves for  some classes of electrodes have been establ ished as  
i l lustrated in  Figure 23 (46) .  
of the EXXl5 and EXX16 low hydrogen electrodes.  
electrodes including type EXX18 as well  as  EXX15 and EXX16 are s trongly 
recommended for  welds that  require high toughness.  
be sure that  these electrodes s t i l l  have a low moisture content  when 
employed;  rebaking and using warm from the oven is  recommended.  
a l l  three types  of electrodes can  be used,  the EXX18 c lasses  are favored 
because of  their  good welding character is t ics  (19) .  
tempered cast ings,  E11018-G for  a minimum yield s trength of  100 ksi 
and E11018-G or  E12018-GF for  a minimum yield s trength of  110 ksi  are 
preferred.  The typical  Charpy-V-notch transi t ion curves for  E11016 
and E11018 weld deposi ts  shown in Figure 25 (19) i l lustrate  this tough- 
ness behavior .  The data below this curve shows the composit ion and 
tensi le  propert ies  of  the deposi ted weld metal .

This plot  shows the superior  toughness 
The low hydrogen 

I t  i s  necessary to 

While 

For quenched and 

The reasons that  low hydrogen electrodes are about  the only 
type used for welding high-strength notch-tough steels  are:  
diff icul ty with underbead cracking that  could occur on the al loy grades 
of  s teel  used for  toughness;  better  impact  propert ies ,  as shown in 
Figures 24 and 25;  and the basic  mineral  coat ing makes i t  feasible to 
add carbon and other  al loying elements  to produce weld metals  of varying 
composit ions and strengths (48) .  
weld metal  deposi ted from low hydrogen electrodes have also been shown 
in other  work (49) .  
deposi ts  with a Ni-Cr-Mo-V composit ion and tensi le  propert ies  of  about  
140 ksi yield s trength,  149 ksi tensi le  s trength,  16% elongation and 
60% reduction in area are shown for  both Charpy V-notch and dynamic 
tear  tes ts  in  Figure 26 (50).  

less  

The superior  impact  propert ies  of  

The toughness of  low hydrogen shielded metal  arc 

A comparison of  the Charpy V-notch toughness of  EXX18 manual-  
metal  arc weld deposi ts  made with high-puri ty core wire to other  weld 
processes is  shown in Figure 27 (51) .  A vacuum-melted core wire used 
in the manual-metal  arc process produced welds tougher than submerged 
arc or  manual-metal  arc ( low puri ty core wire)  weld,  but  less  tough 
than gas-tungsten arc or  gas-metal  arc welds.  

toughness has also been studied (49,  52) .  
hydrogen basic  coated ( l ime) electrodes provided better  toughness,  
as measured by both Charpy and COD tests ,  than cel lulosic  or rut i le  
( t i tania)  coat ings.  The basic coat ings resul ted in a lower non- 
metal l ic  inclusion distr ibut ion because of  their  f luxing act ion.  

The effect  of  the f lux composit ion in manual  electrodes on the 
This work indicated that  low 

b. Flux Cored Electrodes -- The use of  f lux cored tubular  rods 
with CO2  shielding is  increasing because of  the high deposi t ion rates  
and lower cost  (19) .  No industry-wide standards are  available for  
welding wire in  this process.  
low temperatures along with a minimum yield s trength of  100 ksi as  
indicated by the data in  Table VIII (19)  from three producers .  

The weld metal  has good toughness at  

Some invest igat ions have shown low toughness in f lux cored wire 
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to  be associated with unconsumed deoxidizing agents  in the weld 
deposi t  (53,  54) .  
increased the t ransi t ion temperature for  the Charpy test .  
analysis  equat ion was developed that  shows the relat ive effect  of  each 
of  these elements  on this  t ransi t ion temperature (53,  54) .  Titanium 
reduced the toughness the most ,  fol lowed by si l icon and then aluminum 
for  each percent  of  the element  present .  

The presence of  s i l icon,  aluminum and t i tanium 
A regression 

c.  Submerged Arc - -  The submerged arc welding process is  
character ized by larger  s ize weld deposi ts  and higher  heat  inputs  than 
the manual  shielded arc or  f lux cored wire.  The notch toughness is  
lower for  the larger ,  fewer passes than obtained with mult i layer  pro-  
cedures.  
s ingle and mult ipass deposi ts  in  carbon steel  plates  is  indicated in 
Figure 28 (46) .  
passes in submerged arc welds increased,  the toughness also improved(55,  56) .  
The heat  input  decreased with an increasing number of  passes because 
of  decreased amperage and faster  t ravel  speed.  
s t rength increased from about  63 to  90 ksi and 80 ksi to  100 ksi,  respec-  
t ively,  with a decrease in elongation from 20 to 28% as the passes 
increased from 12 to  110. 
toughness as  determined by the Charpy V-notch specimen over  this 
number of  passes.  
number of  passes increased up to 66-69;  l i t t le  effect  occurred with 
addit ional  passes.  This  effect  is  at tr ibuted to more uniformity and 
weld ref inement  with increasing numbers of  passes.  
mixed resul ts  on the influence of  the number of  passes on the pro-  
pert ies  (48) .  

A comparison of  the Charpy V-notch toughness obtained by 

Other  invest igators  have shown that as the number of  

The yield and tensi le  

Table IX (55)  indicates  the change in the 

Charpy transi t ion temperatures were lowered as the 

Other  work obtained 

Research has been conducted on both the f i l ler  rod composit ion 
and f lux used for  HY-80 steel  welds made with the submerged arc 
process (48) .  
content  of  the f i l ler  rod and weld deposi t ,  the toughness as measured 
by the Charpy test  was improved signif icant ly.  The fracture energies  
have increased from 28 to 62 ft . lbs at  room temperature and 21 to  
56 ft . lbs at  -40°F with the bet ter  weld metal  and f lux.  

By improving the cleanliness and reducing the oxygen 

The f lux composit ion also exerts  a  marked influence on the 
toughness of  submerged arc welds (48,  57,  58) .  
a t ion in f lux composit ion from acid to ful ly basic  on the analysis ,  
tensi le  propert ies  and Charpy V-notch transi t ion curve is  shown in Table X 
and Figure 29 (57) .  
curve obtained with a Charpy V-notch impact  test  is  also shown in 
Figure 30 (58)  from another  invest igat ion.  
s tudy that higher  f lux basici t ies  produce improved toughness and less 
oxygen in the deposi ted weld metal .  
observed by other  invest igators  (48) .  

The effect  of  a  vari-  

The influence of  slag basici ty on the t ransi t ion 

I t  is  evident  from this 

Similar  behavior  has been 

Acid f luxes produced a viscous s lag which was easi ly entrapped 
during sol idif icat ion,  forming large globular  inclusions and bri t t le  
grain boundary fi lms. Basic f luxes produced a very f luid s lag which 
was not  entrapped during sol idif icat ion,  and lowered the sulfur and 
oxygen contents  in the weld.  
ness by improving steel  cleanl iness through decreased size and amount  
of  inclusions.  

Therefore,  the basic  f lux increased tough- 
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Submerged arc welding is  capable of providing good toughness in 
heavy plate  sect ions with the appropriate  technique.  
in  a 12 inch thick plate  of  a  composit ion approximately 0.20% C, 1.4% Mn, 
0.25% Si, 0.6% Ni and 0.5% Mo with room temperature tensi le  propert ies  
of 85 ksi tensi le  s trength,  70 ksi yield s trength,  25% elongation and 
63% reduction of  area (59) .  
by the submerged arc process using 1/8  inch electrodes,  600 amps,  
32 volts  at  a  t ravel  speed of  20 inches per  minute.  
interpass temperature of 500°F and post  weld t reatment  of  1100-1150°F 
for  12 hours was employed.  
values at  various temperatures in Figure 31 (59) .  

Welds were made 

The mult iple  pass welds were deposi ted 

A preheat  of  300°F,  

The resul t ing toughness is  shown by the K I c  

d. Gas Shielded Arc - -  The gas shielded metal  arc welding 
process ut i l izes CO2 ,  argon and other  gas combinat ions for  shielding 
atmospheres.  This process has the capabil i ty  of  providing good weld 
toughness as  shown in Figure 27.  
cost ,  is  more widely employed,  al though combinat ions of  CO2-O2-argon,  
argon-O2  and argon-CO2-O2-N2  have been used (48) .
i l lustrates  the Charpy V-notch transi t ion curves obtained in the as-  
welded and stress  rel ieved condit ion on welds made in  a  low carbon 
steel  plate  with a  CO2  a tmosphere shield.  This f igure also indicates  
the toughness obtained with different  methods of  arc t ransfer .  Welds 
made by short-circui t ing arc t ransfer  had better  toughness than those 
produced with a spray type arc (52,  61),  part icular ly at  low temperatures.  
However,  other  data (48)  shows somewhat  bet ter  toughness for  the spray 
arc compared to  the short-circui t ing arc.  Response to s tress  rel ief  
was most  marked in  welds made with si l icon-manganese deoxidized wires;  
the Charpy 15 ft . lb t ransi t ion temperature was depressed to below 
-58°F (wires C, D, E and F) .  

The CO2  shield,  because of  i t s  lower 

Figure 32 (60) 

I t  has also been reported (61)  that higher  vol tages and currents  
decreased notch toughness in both s ingle and mult ipass welds.  Multipass 
welds have the advantages of  smaller  weld pools  with faster  sol idif ica-  
t ion and providing heat  t reatment  for  previous deposi ted beads.  Both 
of  these factors  lead to ref ined grain s ize in the weld deposi t .  Welds 
in high toughness s teel  (HY 130) are reported (50) to  provide Charpy 
V-notch fracture t ransi t ion temperatures in the range of  0 to  -50°F when 
produced with CO2  gas shielding,  The toughness at tained increases with 
higher  amounts  of  argon in the shielding gas.  Changing the shielding 
gas from 100% CO2  to  80% argon,  20% to  100% argon in welding a low car-  
bon al loy steel  plate  increased the Charpy V-notch fracture energy at  
-40°F from 12 to 23 to 32 ft . lbs,  respect ively (48) .  

e.  Electroslag - -  The electroslag process is  most sui table 
to heavier  sect ions,  at  least  over a 2 inch thickness.  The toughness 
in both the deposi ted weld metal  and in the HAZ is  very low (48 ,  62,  63) .  
This effect  is  at tr ibuted to the large heat  input  in the process with 
the consequential  large grains in both the deposi ted weld metal  and 
HAZ.  
weld metal  by al loying and vibrat ion during welding (48),  but  this does 
not  solve the problem of the coarse grains in the HAZ. The data plot ted 
in Figure 33 (48)  show the Charpy V-notch transi t ion curves  plus selected 
temperature tests  for  weld metal  as  deposi ted by the electroslag process.  

Efforts  have been made to  improve the toughness of  the deposi ted 
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Figure 34 (48)  i l lus t ra tes  the improvements  that  can be obtained in the 
Charpy V-notch toughness by stress  rel ieving,  normalizing and quenching 
and tempering.  
and stress  rel ieving (normalizing and tempering) ,  improves the as-welded 
toughness considerably,  but  i t  s t i l l  is  signif icant ly lower than obtained 
by the other  arc welding methods.  

Toughness in HAZ - -  

The HAZ, as discussed in the sect ion on weldabil i ty ,  contains 

The heat  t reat ing processes,  part icular ly normalizing 

a number of  regions that  have been heated to various temperatures 
above and below the cri t ical  temperature ranges of  the s teel  during 
fusion welding.  The grain coarsened region in this  HAZ ( locat ion 1 
in  Figure 3) is  usually considered to be the area of  maximum embri t t le-  
ment .  
base plate  has been demonstrated by comparing the Charpy V-notch impact  
tes t  resul ts  of these with the test  resul ts  on a specimen that  consists  
of  a  combinat ion of HAZ and weld metal ,  as i l lustrated in Figure 35 (64)  
for  a  low al loy steel .  
metal  has a lower toughness than ei ther  the weld or  base metal .  The 
coarse grain s ize of  the port ion of  the HAZ near  the fusion zone has 
the lowest  toughness as  indicated by the COD measurements  on grain 
coarsened and grain ref ined HAZ steel  compared to the base plate  for  a  
low al loy steel  in  Figure 36 (68) .  

The loss of toughness of  the HAZ compared to the weld metal  and 

I t  is  apparent  that  the combined HAZ and weld 

The toughness of the HAZ has also been studied by invest igators  
using specimens that  had been heat t reated through cycles s imulat ing 
the t ime-temperature his tory of  the HAZ. 
of larger  specimens because i t  avoids the rapidly changing structures 
that  occur over  small  distances in actual  weld HAZ. These test  
resul ts  (65 ,  66 ,  69,  70) also demonstrated,  using COD tests ,  that  the 
grain coarsened region of the HAZ had the lowest  toughness.  

This method al lows the test ing 

The notch toughness of  the HAZ in  carbon steels  has been 
studied (65,  67)  with about  the same resul ts  as those obtained for  low 
al loy steels .  Maximum hardness and the highest  Charpy V-notch transi-  
t ion temperatures measured by both fracture appearance and energy 
transi t ion occurred in the port ion of the HAZ heated to the highest  
temperature.  One invest igat ion (67)  also showed a region of  embri t t le-  
ment  in carbon steels  located in the thermally s trained zone just  out-  
s ide of  the HAZ as a  resul t  of  s t rain aging.  This embri t t lement  would 
not  occur in an aluminum deoxidized steel .  

The effect  of  various thermal  cycles  on the toughness of  the 
HAZ, as well  as the effect  of  post-weld heat  t reatments ,  has been 
studied extensively on specimens of HY 80 subjected to s imulated thermal  
cycles  (66) .  
ing condit ions in the HAZ for  s ingle pass and mult iple  pass welds:  
grain coarsening,  grain ref ining and the intercr i t ical  temperature 
range between the A1  and A3  temperatures.  
involved heat ing the grain coarsened specimens to 2327°F,  the grain 
ref ined specimens to l705°F and the intercr i t ical  specimens to 1410°F.  
The Charpy V-notch transi t ion curve indicated that  in  the as-welded 
condit ion,  the grain coarsened area had the lowest  toughness fol lowed by 

The thermal cycles were selected to duplicate  the fol low- 

These thermal  cycles  
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the grain ref ined s teel ;  the intercri t ical  specimens had the highest  
toughness,  and i t  was equivalent  to the base metal  as  welded. Postweld 
heat  t reatments  improved the toughness of  the grain coarsened steel  
s ignif icant ly,  but  i t  did not  reach the level  of  toughness of  the HY 80 
plate .  The postweld t reatment  was successful  in  returning the grain 
ref ined port ion of  the HAZ to  the tougheess of  the original  plate .  
These s tudies also indicated (67)  that  the embri t t lement  of  the HAZ was 
greater  in  quenched and tempered than in normalized and tempered steels .  

Effects  of  Various Factors  on Toughness - -  

a.  Chemical  Composit ion - -  The composit ion of  most  of  the 

They contain less  than 0.2% 
weld deposi ts  used for  joining carbon,  low and medium al loy steels  are 
low carbon,  low al loy ferr i t ic  s teels .  
carbon and combinat ions of  manganese,  nickel ,  chromium, vanadium and 
molybdenum in mounts  less  than 5%.   
al though not  intent ional ly added,  are sulfur ,  phosphorus,  oxygen and 
ni trogen.  
covered electrodes with a l ime-fluoride type coat ing was determined by 
adding various al loying elements  to the coat ing on a low carbon,  low 
manganese core wire (71) .  
downhand method.   The resul ts  of this work are summarized in Fig-  
ure 37 (71) .  
t ransi t ion temperature of  the weld metal  with different  amounts  of  the 
al loys present .  

Other signif icant  elements  present ,  

The effects  of  al loying elements  on the notch toughness of  

The mult i layer  welds were deposi ted by the 

This f igure demonstrates  the Charpy V-notch 15 ft . lb 

A stat is t ical  s tudy was conducted of the notch toughness of 
multi layer  weld metals  deposi ted with commercial  and experimental  basic-  
type electrodes (72) .  The fol lowing equation was formulated to predict  
the influence of  al loying elements  ( in percent)  and grain diameter  
on the 15 f t . lb  Charpy V-notch transi t ion temperature (Tr l 5) .  This 
formula is  capable of  predict ing the experimental ly determined 15°F 
transi t ion temperature fair ly closely (72) .  

Tr1 5(°F) = 436 C -  54 Mn +  14 Si +  286 P +  819 S -  61 Cu 
-  29 Ni + 13 Cr +  23 Mo +  355 V -  112 A1 
+ 1138 N + 380 O + 1.08 (d x l 0 4 )  -  203 ± 22 

where d is  grain diameter ,  inch (ranged 3.1 to 8.7 x l0 -4  inch) ,  
and the elements  were:  
Si -  0.5-1.2;  P -  0.004-0.17; S -  0.006-0.11;  Cu - 0.05-0.3;  
Ni -  0.05-1.4;  Cr -  0.05-2.6;  Mo ≤ 1.2; V ≤ 0.31; Al ≤ 0.36;  

C -  0.03-0.11;  Mn -  0.2-0.16; 

N -  0.004-0.02;  O -  0.007-0.19.  

The effect  of  al loying elements  on the notch toughness of  sub- 
merged arc and inert-gas deposi ted metal  has also been measured by 
adding eight  common al loying elements  s ingly to the weld deposi t  (73) .  
The effect  of  these elements  on the Charpy V-notch 15 ft . lb t ransi t ion 
temperature is  indicated in Figure 38 (73).  The chemical  composi t ions 
of  the base metal ,  welding wire and base weld metal  are l is ted below 
the f igure.  
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The effect  of  a l loying elements  on the base s teel ,  except  for  
impuri ty  e lements ,  have their  pr imary s ignif icance in  how they inf luence 
the hardness  developed in  the HAZ by the welding process .  
in  Figure 39 (74)  indicates  that  the Charpy V-notch 40 f t . lb  t ransi t ion 
temperature  in  the  s t ress  re l ieved HAZ of  a  nickel-chromium-molybdenum- 
vanadium steel  was raised by al l  elements  except  nickel .  

The data  

b .  Individual  Elements  - -  Carbon is  kept  low in weld deposi ts  
to  maintain higher  toughness ,  as  shown in Figure 38,  a l though this  
e lement  is  necessary for  s t rength and should not  be reduced to  the low- 
est  possible  percentage.  
and s t rength of  the deposi t  but  lowers  the toughness  (73) .  
contents  f rom 0.05 to  0 .10% are suggested to  provide higher  s t rength 
without  cracking problems (49 ,  75) .  

Carbon up to  0.20% increases  the hardness  
Carbon 

According to  the data  in  Figure 37,  manganese provides  s t rength 
with no loss  in  toughness  up to  about  1 .4% for  covered electrodes.  
Manganese contents  up to  l .5% also improve the toughness  s l ight ly  in  
both submerged arc  and gas-metal  arc  deposi ted weld metals ,  as  demon- 
s t ra ted by the data  in  Figure 38.  Above 1.5% Mn, however ,  the t ransi-  
t ion temperature  increases  s ignif icant ly .  Other  work (49)  indicates  
that  manganese up to  2% improves toughness;  higher  than 2% Mn has been 
reported elsewhere to  lower toughness  (57 ) .  Manganese has  been at t r i -  
buted by some invest igators  (76)  to  contr ibute  to  a  loss  of  toughness  
by increasing temper  embri t t lement  in  a  2-1/2 Cr-  1 Mo shielded arc  
deposi t ,  and i t  was recommended in  this  work (76)  that  this  e lement  be 
maintained at  low levels .  Manganese in  the base s teel  HAZ reduces 
toughness  by i ts  hardening effect ,  as  shown in Figure 39.  

Si l icon is  added to  weld metal  as  a  deoxidizing rather  than 
al loying element ,  and a  range of  0.25 to  0.40% Si has  been recommended 
to  avoid porosi ty  in  a  140 ksi  yield s t rength weld deposi t  (75) .  An 
improvement  in  toughness  was observed in  shielded metal  arc  deposi ts  
with a  s i l icon increase from 0.2 to  0 .4% as  shown in Figure 39.  
increase in  the t ransi t ion temperature  of  iner t  gas  shielded weld 
deposi ts  was noted for  increasing s i l icon from 0.35 to  0.8%.  The 
toughness  of  submerged arc  weld deposi ts  increased with s i l icon contents  
of  over  0.5% (see Figure 38) .  
a major  contr ibutor  to  temper  br i t t leness  in  2-1/4 Cr -  1 Mo welds (76) .  

An 

Sil icon has  a lso been considered to  be 

A re la t ively high rat io  of  Mn:Si  has  been proposed in  welding 
wire  so that  the FeO-MnO-SiO2  l iquid solut ion formed by react ions with 
oxygen wil l  be unsaturated with SiO2 .  This  composi t ion is  reported to  
a l low the deoxidat ion products  to  f loat  to  the surface,  leaving clean 
weld metal  (48) .  

Chromium is  not  as  beneficial  as  manganese,  molybdenum or  
nickel  in  improving the toughness  of  weld deposi ts  (49) .  The data  for  
shielded metal  arc  welds  shown  in  Figure 37 indicates  that  the Charpy 
V-notch 15 f t . lb  t ransi t ion temperature  of covered electrode deposi ted 
weld metal  increased s l ight ly  with the addi t ion of  chromium up to  
0 .4% and then decreased as  the chromium content  increased to  about  1%. 
On the  other  hand,  the data  in  Figure 38 shows that  increasing chromium 
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content  up to 1.6% caused a progressive increase in the t ransi t ion 
temperature of  submerged arc and inert  gas metal  arc deposi ted weld 
metal .  The thermal cycles of  the welding process affects  the response 
of  chromium considerably.  
metal ,  a post  heat ing temperature of 1300°F considerably improves the 
toughness (48) .  
i l lustrated in Figure 39.  

When 2 1/2%  chromium is  present  in  weld 

Chromium in the base metal  can reduce toughness as  

Nickel  produces a  moderate s trengthening of  weld deposi ts  with 
a  s l ight  improvement or  at  least  no signif icant  decrease in toughness.  
The data of Figure 37 show a s l ight  decrease in  the 15 ft . lb Charpy 
V-notch transi t ion temperature with increasing nickel  up to 1.6% in  
shielded metal .  arc  welds.  
this t ransi t ion temperature up to 2.5% nickel  in  submerged arc welds 
but  a  s l ight  increase for  all  nickel  contents  up to 2.7% in  inert  gas 
welds.  Nickel  does improve the toughness of  the HAZ when present  in 
the base plate ,  as indicated in Figure 39.  

Figure 38 indicates  a  small  decrease in 

Molybdenum raises the s trength but  also decreases the toughness 
of  weld deposi ts ,  a l though i ts  effect  varies  with the welding process.  
Addit ions of  over  0.2% increase the 15 ft  . lb t ransi t ion temperature 
of  shielded arc welds (see Figure 37) .  In submerged arc and inert  gas 
metal  welds,  molybdenum up to 0.20% increases this  t ransi t ion tempera-  
ture.  
Mo and then increased again,  as  indicated in Figure 38.  
also decreased the toughness of  the HAZ, as demonstrated in Figure 39.  

The transi t ion temperature decreased sl ight ly from 0.20 to  0.45% 
Molybdenum 

Vanadium markedly lowers the toughness of  all  types of  welds 
and the HAZ, as demonstrated in Figures 37-39.  
increases the susceptibi l i ty  to s tress  rel ief  embri t t lement  (48,49,75) .

This element  sharply 

Copper has no effect  up to 0.5% on the toughness of  submerged arc 
or  inert  gas shielded metal  arc welds,  as demonstrated in  Figure 38,  
and also did not  affect  the hardness s ignif icant ly.  Copper addit ions 
over  1.0% increased strength but  lowered the toughness (77)  because of  
intergranular  precipi tat ion of  copper.  Other  work (48)  shows a sl ight  
decrease in toughness in CO2  shielded MIG welds from the presence of  
0.4% Cu. 

Aluminum up to  0.4%, as indicated in Figure 37,  improves the 
toughness of  shielded arc welds.  Titanium, also a  deoxidizer  and grain 
ref iner ,  increases the toughness of  MIG melts  in small  amounts  from 
0.008 to  0.01% (75) .  

Both sulfur  and phosphorus decrease the toughness of  welds.  The 
inf luence of  phosphorus and sulfur  on weld metal  deposi ted from basic 
electrodes has been studied (78) .  
increased l inearly with higher  sulfur  contents  resul t ing in lower upper 
shelf  or duct i le  fracture energies  in the Charpy test  and reducing the 
COD value at  which f ibrous tearing f irst  occurred.  Phosphorus also 
reduced upper shelf  Charpy V-notch fracture energies  (78)  and the 
toughness of  the HAZ, as demonstrated in  Figure 39.  

The volume fract ion of  inclusions 
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Oxygen and ni trogen decrease the notch toughness of weld metals(48).  
The oxygen and ni trogen contents  that  can be expected from different  
welding processes are i l lustrated in Figure 40. Based on these resul ts ,  
the toughness of  inert  gas shielded welds would be expected to be bet ter  
than submerged arc welds and those,  in  turn,  superior  to the shielded 
metal  arc welds.  This behavior  i s  i l lustrated by the curves in  Figure 27.  

c .  Microstructures - -  Weld metals ,  with the possible exception 
of  the electroslag process,  are cast  microstructures that  have been 
sol idif ied rapidly under a  high thermal  gradient .  These condit ions 
produce a cel lular-columnar or  columnar grain s tructurec 
welding,  the original  dendri te  s ize and spacing is  f iner  than in s ingle 
weld deposi ts  of  the same size;  in  addit ion,  the subsequent  weld deposi ts  
recrystal l ize the columnar grains of  the previous welds to produce f iner  
equiaxed grains.  These f iner  equiaxed grains are known to produce 
bet ter  Charpy V-notch toughness than coarser  grains.  A relat ion between 
the grain diameter  and the 15 ft .lb Charpy V-notch transi t ion temperature 
has been establ ished for  shielded metal  arc welds (48):  

In mult ipass 

T = A-B log e  (d -1 /2) 

where T is  the t ransi t ion temperature,  A and B are constants ,  and 
d is  the mean grain diameter.  

This relat ion may predict  somewhat  lower values of  t ransi t ion 
temperatures in some cases where the structure contains excessive 
amounts  of  unrefined structures (48) .  
welds increases with decreasing grain s ize.  

The yield s trength of  the deposi ted 

d. Heat  Inputs  - -  As the heat  input  increases,  the rate  of  
sol idif icat ion and cooling in the weld metal  and rate  of  cooling in the 
HAZ decreases.  
of  the welds signif icant ly.  A comparison of  the effects  of  heat inputs  
of  1.2 and 2.2 ki lojoules per  mil l imeter  on the t ransi t ion curves of  
the weld metal ,  using shielded metal  arc electrodes of  types E7016 and 
E7018G on rol led s teel  of  0.14% C and 1.07% Mn, are shown in Figure 41(79) .  
The welds deposi ted in the f lat  posi t ions have general ly higher  toughness 
than those welded in the vert ical  posi t ion.  
sul ts  in  lower toughness for  the 25 mm square COD tests ,  but  the effect  
of  heat  input  is  not  apparent  in ei ther  the 10 mm COD tests  or  the 
Charpy V-notch transi t ion Curves (79) .

This difference in rate  of  cooling affects  the toughness 

The higher  heat  input  re-  

The influence of  heat  input  on the toughness of  submerged arc 
and MIG welds deposi ted in a groove in a  low carbon 3/4 inch thick 
steel  plate  was also determined (73) .  The resul ts  of  varying the heat  
input  over  a considerable range on the Charpy V-notch 15 ft . lb t ransi-  
t ion temperatures and strength levels  are presented along with the 
chemical  analysis  in Figure 42 (73)  for  both submerged arc and (GMAW) 
weld deposi ts .  

In the submerged arc deposi ted metals ,  the t ransi t ion temperature 
increased to a  maximum at  a heat  input  of  about  120 ki lojoules per  inch 
and then decreased sl ight ly as  the heat  input  increased to 231 kilojoules 
per  inch (48) .  The transi t ion temperature of  the MIG welds increased 
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steadily with larger  heat  inputs  up to 81 kilojoules per  inch or  the 
maximum invest igated.  The strengths of  both weld deposi ts  decreases 
s teadi ly,  and the elongation and reduction of  area increased with higher  
heat  inputs  .  

The loss  in  toughness with higher  heat  inputs  was at tr ibuted to 
the coarsening of  the microstructure.  
caused by weld restraint  was at tr ibuted to the s l ight  improvement in 
toughness of  the submerged arc welds at  the higher  heat  inputs .  
previously discussed under submerged arc welding,  the toughness also 
usual ly improves with a  larger  number of  smaller  weld passes because 
of  the f iner  s tructure obtained.  

A reduction in s train aging 

As 

The inf luence of  heat  input  on toughness occurs  primari ly because 
of  the effect  that  this factor  exerts  on the cooling rate .   In a  report  
on the development of  low al loy,  high strength thick plates  with good 
weldabil i ty  (80),  i t  is  shown that  the toughness increases with a 
shorter  cooling t ime between 1470 and 930°F for  mult i layered welds .  

The effect  of  welding posi t ion on the toughness has been studied 

The best  toughness is  obtained 
by several  invest igators  with the general  agreement  that  toughness 
decreased with out-of-posi t ion welding.  
in  the f lat  posi t ion,  fol lowed by horizontal  (overhead) with the 
vert ical  posi t ion yielding the poorest  toughness.  This  effect  of  
posi t ion was shown to some extent  in Figure 41.  
clearly demonstrate  that  the toughness obtained in the Charpy V-notch 
transi t ion curve is  signif icant ly better  in  the f lat  posi t ion with 
toughness decreasing for  the horizontal  and vert ical  posi t ions in that  
order .  The lower toughness of the overhead and vert ical  welds resul ts  
pr imari ly from larger  amounts  of  inclusions in these posi t ions.  
inputs  can be higher  in the f lat  posi t ion,  and this can counteract  the 
effect  of  posi t ion to some extent .  

The effect  of  electrode size in the shielded metal  arc process 

Other  invest igators  (49)  

Heat  

upon Charpy V-notch toughness of  low hydrogen weld metal  deposi ts  
has been invest igated (49) .  
5/32 inch diameter  general ly had lower Charpy V-notch values with the 
larger  electrode diameters .  This behavior  was at tr ibuted to:   the 
effect  of  changes in the electrode coat ing and i ts  behavior  on the 
composit ion of  the weld metal ;  and the higher  heat  inputs  that  normally 
occur with the larger  electrode diameters .  

Welds made with electrodes of  a 1/4,  3/16,  

Dilut ion of  the weld f i l ler  metal  takes place when the parent  
plate  and f i l ler  metal  of different  analyses are mixed during fusion.  
The influence of  di lut ion depends on the relat ive composit ion of  the 
weld deposi t  and base metal .  
was produced by using a thinner  plate  and narrower groove design has 
produced an increase in the Charpy V-notch 20 ft . lb t ransi t ion temper-  
ature of  approximately 60°F. In contrast ,  di lut ion which occured 
when welding a s tructural  s teel  with an E7018 electrode decreased 
the fracture t ransi t ion temperature of  the weld deposi t  and increased 
the al loy content  of the weld (49) .  

Dilut ion of  an E11018 electrode that  
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e .  Heat  Treatments  - -  Preheat ing reduces the thermal  gradients  
in  the weld and s lows down the cooling ra te  of the weld deposi t .  Pre-  
heat ing has a defini tely beneficial  effect  on the Charpy V-notch tough- 
ness  of low carbon and low al loy steels .  
temperature of  an E7018 weld deposi t  f rom 100 to  300°F reduced the 
Charpy V-notch transi t ion temperature f rom +50 to -40°F (49).  Increas-  
ing the preheat  temperature f rom room temperature to 200,  400 and 600°F
for E7015 and E8015-C2 electrodes s teadi ly improved the Charpy V-notch 
toughness (81) .  
of preheat  varies  with the coat ing and weld metal  analysis  (48) .  
i s  reported (49)  that  an increase in preheat  and interpass temperatures 
from 100 to  300°F had l i t t le  effect  on the notch toughness of  weld 
metal  deposi ted with an E9018 electrode.  

Increasing the preheat ing 

In low al loy,  high strength weld metals ,  the effect  
I t  

Postweld heat  t reatments  used in the fabricat ion of  welded 
structures are  classif ied as fol lows (48) :  

(1)  

(2) 

Local  heat ing employed short ly af ter  welding.  

Stress-rel ieving heat  t reatment  made at  a temperature 
below the A1  temperature.  

Normalizing and ful l  anneal ing by heat ing above the 
A1  temperature .

Quench and tempering and other  special  heat  t reatments .  

(3)  

(4)  

Stress  rel ieving in the subcri t ical  range of  1100 to  1250°F is  the most  
commonly used postweld heat  t reatment ,  a l though higher  temperatures 
are also employed.  Most  of the discussion in this  sect ion concerns 
stress  rel ieving heat  t reatments .  

The effect  of stress  rel ieving heat  t reatments  ( including some 
above the A1  temperature)  on the notch toughness of  carbon and al loy 
steel  weld metals  has been invest igated (48) .  
electrodes of  seven types:  
cel lulose,  i ron oxide,  t i tania,  low hydrogen (Mn-Si steel  wire) ,  low 
hydrogen (Mn-Si-Cr-Mo steel  wire)  and iron powder.
thick were heat  t reated for  1 hour at  temperatures between 1110 and 
1830°F and then furnace cooled.  
weld metals  ranged between 50 and 92 ksi.  The 15 ft .lb t ransi t ion 
temperatures obtained on Charpy V-notch tests  of  these weld metals  are 
shown in  Figure 43 (48) .  

Studies were made on 
i lmenite  (containing iron t i tanate) ,  

Butt  welds 5/8 inch 

The yield s trengths of  the as-deposi ted 

The heat  t reatments  caused losses in the notch toughness of 
weld metals  made with electrodes other  than the low hydrogen types,  
especial ly when the heat ing temperature exceeded the A1  temperature.  
These stress rel ieving treatments  produced l i t t le  change in the notch 
toughness of weld metals  made with low hydrogen-type electrodes;  even 
sl ight  improvement was observed in some cases.  When the heat ing 
temperature exceeded the A1  temperature,  a  marked increase in grain s ize 
was observed in the weld metals  made with all  types of  electrodes (48) .
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The s t ress  re l ief  embri t t lement  of  both carbon and al loy steel  
weld metals  has been studied (49) .  I t  is  reported that  weld metals  
which undergo secondary hardening ( increasing the tensi le  s trength)  
embri t t le  to  the largest  extent  as a resul t  of  s t ress  rel ief ,  whereas 
an improvement in notch toughness can be expected when the tensi le  
s trength decreases s ignif icant ly af ter  s t ress  rel ief .  Vanadium is  
known to  promote secondary hardening and stress  rel ief  embri t t lement .  
The Charpy V-notch transi t ion temperature of  a  weld metal  made with 
E10015 electrodes of  Ni-Mo-0.1 V wire increased by about  40°F after  
st ress  rel ieving for  2 hours at  1150°F,  while  the notch toughness of  
a weld metal  made with s imilar  electrodes of  vanadium free wire was 
barely affected by the s tress  rel ieving heat  t reatment  (48) .  

Other invest igators  on the effect  of stress rel ief  have noted 
improvements  in toughness under some condit ions.  The toughness 
exhibi ted by the Charpy V-notch test  showed a sl ight  increase with 
st ress  rel ieving compared to the as-welded condit ion for  four  of  seven 
types of electrodes tested (E6013,  E6020,  E7015 and E8018-C2);  
toughness of the other  three was reduced somewhat  more (E6010, E8015-C2 
and E10016) (81) .  
in  the Charpy V-notch toughness of  E7016 and E7018 electrodes as  a  
resul t  of  an 1150°F stress  rel ieving treatment .  The effect  of  an l l l0°F 
stress  rel ieving treatment  for  one hour on several  different  weld metals  
and welding processes has been studied using fat igue cracked COD speci-  
mens (79) .  The inf luence of  this  stress  rel ieving treatment  on the COD 
test  resul ts  are l is ted in  Table XI (79) .  A loss  of  toughness occurred 
with stress  rel ieving in all  manual  welds except  two (an E7016 and 
E6018  deposi t) ,  and the improvement was minor in these cases.  The 
toughness of  the submerged arc deposi t  was unaffected;  the flux-CO2  
shielded and bare-CO2  shielded wire lost  toughness with stress rel ieving.  
The COD propert ies  of  the electroslag deposi ts  improved signif icant ly.  
Other  invest igators  used fracture toughness tests  (87)  and COD tech-  
niques (83) to  measure the toughness of  weld deposi ts  af ter  welding 
and stress  rel ieving with about  the same resul ts  as shown above.  

the 

Other work (49) observed a signif icant  improvement 

Electroslag welding with the large grain s ize produced in the 
weld metal  and HAZ by the high heat  inputs  can be s ignif icant ly 
improved by normalizing treatments  after  welding.  These improvements  
in Charpy V-notch toughness for  both the weld metal  and HAZ have been 
observed for  both normalizing and double normalizing treatments  after  
welding (84 ) .  

Different  combinat ions of  preheat  and postheat  have been 
invest igated for  s ingle-pass weld metals  of  nominal  analysis  -  0.10% C, 
1.4% Mn, 0.40% Si,  0.20% Ti.  
0.l0 mm was designated as  the COD fracture t ransi t ion,  
tes t  pieces to 1830°F was employed to s imulate a la ter  weld pass.  
Table XII (85)  and Figure 44 (85) summarize the resul ts .  

An arbi trar i ly chosen displacement  of  
Cycling the 

Three dist inct  areas of  toughness were observed:  a  high tough- 
ness  was obtained with the simulated la ter  weld (K and L); an inter-  
mediate  toughness (A, B, C, D) for  welds which had no preheat  or  post-  
heat ;  and a low toughness (E,  F, G. H, J)  for  welds which had undergone 
a 930°F preheat ,  1155°F postheat  or  both.
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In an invest igat ion involving the arc welding of  5% Cr, 0.5% Mo 
steel  pipe,  the toughness of the weld metal  was improved considerably 
by postheat ing at  1250 to 1400°F and improved further  with a  500°F 
preheat  and 350°F postheat  (86) .  

Welding Discontinui t ies  - -  

In an invest igat ion sponsored by the Steel  Foundry Research 
Foundation,  the influence of  weld discontinui t ies  in cast  8630 steel  
on the impact  resis tance was measured (87) .  
and bending impact  techniques upon welded steel  in  ei ther  the normal-  
ized and tempered (N & T) or quenched and tempered (Q & T) condit ions.  
The welding operat ion performed and the types of  discontinui t ies  are 
s imilar  to those reported in reference 28 and shown in Figure 14 and 
Table IV, except  that the TIG process with a f i l ler  rod similar  to  the 
E9018 composit ion was used for  the tension impact  bars.  The bending 
specimens were tested as  a simple beam in an oversize Charpy Type 
Machine that had a capaci ty of  2200 ft . lbs. The bend specimens were 
7-1/2 inches long by 1 inch wide by 1/2 inch thick and tested unnotched.  
The tension impact  specimens had a 0.357 inch gage diameter ,  1 .425 
inches long with larger  diameter  ends for  holding during test ing.  
s teels  were heat  t reated to the propert ies  shown in Table XIII(87) .  
The specimens were all  welded as cast  and completely heat t reated after  
welding .  

Tests  were made by tens ion  

The 

The resul ts  of  these tests  indicated that the loss in  toughness 
from discontinui t ies  was severe.  The resul ts  show that  the effect  of  
these discontinui t ies ,  in  order  of  decreasing severi ty for  the bending 
impact  was: undercut ,  surface s lag,  slag inclusions located internal ly 
in the specimen and incomplete penetrat ion.  
demonstrated the greatest  loss of toughness from slag inclusions 
fol lowed by undercut  and incomplete penetrat ion.  The sound,  welded 
specimen with the weld reinforcement  in place exhibi ted a loss  in  tough- 
ness  as indicated by reduced fracture energies  because of  the notch 
effect  at  the edge of  the reinforcing bead.  
cast  s teel  with the weld machined to the specimen contour was similar  
to  cast  s teels  process to the same strength level  by a similar  heat  
t reatment .

The tension impact  tests  

The toughness of  welded 

The effect  of  the various types of  welding discontinui t ies  in 
8630 cast  steel  specimens on the fracture energy levels  and temperatures 
for  the star t  of duct i l i ty ,  50% ducti l i ty  and 90-l00% ducti le  behavior  
are l is ted in  Table XIV (87) .  

Weld undercut  affected weld toughness more in bending than in  
tension impact  test ing because of  i ts  locat ion at  the surface.  
energies  above the completely f ibrous t ransi t ion temperature in bending 
were decreased by 60 to 65% by undercuts  as compared to sound welds 
for  Q & T and N & T welds,  respect ively;  t ransi t ion temperatures 
increased 125°F for  Q & T samples and 75°F for  N & T samples.  
notch effect  of  undercuts  in tension was not  as great  as  procuced by 
slag inclusions in  tension.  
reduced impact  energies  about  65% compared to sound welds in  both 

Impact  

The 

Slag inclusions in welded Q & T specimens 
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bending and tension impact  tests ;  the t ransi t ion temperatures increased 
125° F for  bending and 150°F for  tension.  
s lag inclusions decreased impact  energies  about  half  for  both types of  
tests  and increased transi t ion temperatures by approximately 100°F.  
Incomplete penetrat ion reduced fracture energies  approximately 50% for 
the quenched and tempered welds and about  40% for  normalized and tempered 
welds and increased transi t ion temperatures about  50°F in  both types of  
tests .  Incomplete penetrat ion reduced fracture energies  of  tension 
impact  specimens about  25% and increased fracture t ransi t ion temperatures 
by 50°F in  Q & T samples;  no shif t  in  t ransi t ion temperatures occurred 
for  N & T specimens (87) .  

In welded N & T samples,  

Another  invest igat ion of  the effect  of  discontinui t ies  on the 
toughness of  welds has shown that the presence of microcracks reduces 
the toughness of  Charpy V-notch specimens,  as measured by the f t . lbs  
for  fracture,  by about  one-half  over  a test ing temperature range of  
room temperature to -100°F for  E6010 weld deposi ts  (88) .  
discuss the influence of slag inclusions in promoting discontinuous crack 
propagation through a steel  weld (89)  and the influence of  hot  s train-  
ing (46 ,  90) .  

Other s tudies 

IV.  APPLICATION OF FRACTURE TOUGHNESS CONCEPTS TO 
MECHANICAL BEHAVIOR OF WELDS 

The fracture toughness concepts  and tests  discussed in the sect ion 
on types of  tests  for  toughness offer  the possibi l i ty  of  calculat ing the 
maximum al lowable or  tolerable crack sizes that can be permit ted in weld 
deposi ts  without  fai lure occurr ing.  Tests  that indicate the t ransi t ion 
from ducti le  to bri t t le  fracture,  such as  the Charpy V-notch,  drop weight  
and dynamic tear  tests ,  cannot  be readily ut i l ized for  this purpose.  
However,  the K I c  value and COD (Crack Opening Displacement)  tests  can be 
employed direct ly (91) .  The K I c  value is  employed for  these crack size 
calculat ions when fracture occurs  with only a small  amount  of  plast ici ty 
at the crack t ip.  When signif icant  amounts  of  plast ici ty precedes fracture 
at  this  crack t ip,  such as frequently occurs  in commercial  welds made in 
medium and l ight  sect ions,  the COD test  resul ts  may be employed for  
al lowable crack size determinat ions (91) .  The calculat ion of  these 
crack sizes and their  effect  on fai lure of  the weldment  provides a means 
of  determining the acceptable l imit  of weld discontinui t ies  in non-des-  
t ruct ive test ing.  

A similar  approach of  using fracture mechanics to determine the 
acceptable l imits  of discontinui t ies  in welds subjected to fat igue stresses 
also offers  promise (92).  Further  work is  required to obtain addit ional  
data on the behavior  of  various welded configurat ions and materials  so 
that the method can be general ly applicable.  When these data are avai l-  
able on various materials  and weldment  shapes,  the design computat ions 
possibly will  be much more adjustable to various service condit ions than 
from simple S-N curves (92).  
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V. SUMMARY AND CONCLUSIONS 

The weldability of cast  s teels  is  broadly defined as  their  
abi l i ty  to provide a  qual i ty weld joint  with good mechanical  propert ies  
and without  the need for  special  welding process precautions or  t reat-  
ments.  The types and causes of  mechanical  and metal lurgical  welding 
discontinui t ies  that  may occur and the effect  of  various welding pro-  
cesses and techniques on their  occurrence are described.  

Under this  weldabil i ty  defini t ion,  low carbon cast  s teels  
(C  ≥ 0.20% C) have excel lent  weldabil i ty  and only l imited problems 
with gas porosi ty and hot  cracking.  These diff icul t ies  can be readily 
prevented by control  of  the deoxidizers  and sulfur  content  of  the steel .
Medium carbon steels  with a  carbon content  in the 0.20 to  0.50% range 
have good weldabil i ty  up to 0.30% C but  become increasingly diff icul t  
to  weld at  higher  carbon contents  requir ing preheat ing temperatures 
up to 400°F under some condit ions.  
or  with processes employing a low level  of  hydrogen in the shielding 
atmosphere reduce or  el iminate the need for  preheat ing.  Stress  rel ieving 
af ter  welding is  recommended over  0.40% C.  High carbon cast  s teels  
(0.5-1.0% C) are diff icul t  to  weld because of  the possible formation of  
bri t t le  high carbon martensi te  in the heat affected zone.  With low 
hydrogen welding atmospheres,  preheat ing temperatures as  high as  600°F
and postheat ing by stress  rel ieving or  preferably a  ful l  heat  t reatment ,  
sat isfactory welds can be produced.  
greater  precautions.  

Welding with low hydrogen electrodes 

Thicker  sect ion welds require 

The al loy steel  grades are discussed in this paper up to 5% 
al loy contents .  
that contain considerable alloy for  s trengthening to the medium al loy 
4300 types.  The low carbon,  al loy steels  have good weldabil i ty  with 
several  processes and only require low preheat ing temperatures (100- 
200°F) in  heavy sect ions.  
higher ,  the hardness levels  at tained in the heat  affected zone increase 
with a  greater  tendency for  cold crack formation.  
cracking requires  preheat ing to higher  temperatures,  low hydrogen 
welding atmospheres,  and lower sulfur  and phosphorus contents .  
higher  al loy types are general ly ful ly heat  t reated af ter  welding.  

Their  weldabil i ty  varies  widely from low carbon types 

As the carbon and al loy contents  become 

Prevention of  this  

The 

The fat igue propert ies  of weld joints  are  frequently s ignif i-  
cant ly inferior  to the base cast ing.  
ar ises  from a number of  causes and can be minimized by select ive weld- 
ing procedures.  While the weld fat igue strength increases somewhat  
with the s trength of  the base steel  and weld deposi t ,  this  increase 
levels  off  at  about  a base cast ing strength of  l05  ksi  with an endurance 
l imit  in  the range of  40 to  50 ksi.  
below that  at tainable with higher  s trength cast  s teels  even when the 
weld reinforcement  is  ground f lush to the cast ing surface and with a  
full  heat  t reatment .

This  loss  in  fat igue propert ies  

The fat igue l imit  of welds is  

Welds that  are made with low hydrogen shielding atmospheres and 
automatic  welding processes (such as  submerged arc and electroslag 
welding) have bet ter  fat igue propert ies  compared to  manual  processes 
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primari ly because of  the reduction in welding discontinui t ies .  
smal l  discontinui t ies  can cause s ignif icant  losses in fat igue propert ies .  
The magnitude of  the effect  of  such discontinui t ies  depends on the 
fa t igue stressing condit ions;  losses in endurance rat io of  up to 50%
can resul t  f rom surface and internal  porosi ty,  undercuts ,  s lag inclusions 
and lack of  penetrat ion.  

Relat ively 

Postwelding treatments  may improve the fat igue propert ies  of  
weldments .  A ful l  heat  t reatment  is  very effect ive if  s t ress  concen- 
t rat ions from weld reinforcements  and discontinui t ies  are avoided.  
Stress  rel ieving improves the fat igue strength under al ternat ing 
compression and tension loads but  not  for  purely tension stresses .  
Peening of  the as-welded structures and grinding the weld f lush to the 
weld surface are both effect ive in improving fat igue behavior .  

The toughness of  welds has been primarily measured by Charpy 
V-notch specimens ut i l iz ing a number of  t ransi t ion temperature,  minimum 
f racture  energy and fracture appearance cr i ter ia .  
toughness methods such as  the plane strain fracture toughness parameter ,  
K I c ,  and the crack opening displacement ,  COD, have been employed.  These 
tes ts  have shown that  the notch toughness of  welds is  markedly affected 
by a large number of  welding and postwelding processes in addit ion to 
the inf luence of  microstructure,  composi t ion and strength level  that  
have been established as signif icant  factors  for  the toughness of  cast  
steel .  

Recently,  f racture 

The toughness of  weld metal  in  s teel  cast ings is  improved by 
the fol lowing welding procedures:  

(a)    use of  Gas Tungsten Arc (GTAW or TIG) ,  Gas Metal  Arc 
(GMAW or MIG) and submerged automatic  arc welds compared 
to manual  deposi ted,  shielded arc welds;  

low hydrogen welding electrodes or  atmospheres with basic 
f luxes;  

reduced heat input  during welding and mult iple  welding 
passes compared to s ingle or  a  few larger  weld deposi ts ;  

a  low carbon,  oxygen,  ni t rogen,  sulfur  and phosphorus 
content  in the weld deposi t  with no more al loy than 
required for  s trength;  nickel  is  less damaging and 
vanadium more detr imental  than other  al loys;  aluminum 
deoxidat ion is  general ly beneficial .  

a  f lat  welding posi t ion,  fol lowed by horizontal  (over-  
head),  with the vert ical  posi t ion the poorest ;  

reduced welding restraint .  

(b) 

(c)  

( d )  

(e)  

(f)  

The notch toughness of  the heat  affected zone was lowest  in the 
grain coarsened port ion,  better  in  the grain ref ined sect ion and best  
in  the intercr i t ical  region.  Postweld heat t reatments  improve the 
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toughness in  the heat  affected zone and ei ther  decrease or  increase 
the weld metal  toughness depending on the microstructure and composit ion.  
A full  heat  t reatment  provides bet ter  toughness in the heat  affected 
zone than stress  rel ieving.   The high heat  input  of  electroslag welds 
resul ts  in  a coarse grain size  in  both the weld deposi t  and the heat  
affected zone with low toughness,  requir ing a full  heat  t reatment  for  
some improvement.  
heat  affected zone in as-welded s teels .  

Increased levels  of  al loy reduce the toughness of  the 

The presence of  discontinui t ies  can sharply reduce the notch 
toughness of  welds in  cast  s teel .  The general  effect  of  these discon- 
t inui t ies  l is ted in  order  of  decreasing severi ty is  cracks,  undercuts ,  
slag inclusion and lack of  penetrat ion,  al though the locat ion of  the 
discontinui ty with respect  to  the maximum stress  distr ibut ion can 
affect  this  order .  

The fracture mechanics approach and the use of  avai lable fracture 
toughness data allows calculat ions to be made to  determine the effect  
of  various discontinui t ies  on the toughness and fat igue behavior  of  
welds.  
of discontinui t ies  measured by non-destruct ive test ing.  

These calculat ions can be employed to provide maximum safe l imits  
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