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The Effect of Wire Feed,Speed on 
the Structure in Electroslag Welding 

of Low Carbon Steel
Increasing wire or e lectrode  feed  rate at constant  

voltage has no significant effect on penetration but  
increases poo l depth and decreases the shape factor, 

w hile  increasing weld ing voltage at constant e lectrode  
feed  rate increases both p o o l depth and penetration  

but has little effect on the shape factor

< ■ i

BY M. SOLARI AND H. BILONI

A BSTRACT. In E lectroslag  w e ld ing  of 
low  carbon steel, the effects of e le c­
trode feed rate on w eld  geom etry, 
w e ld ing  ve lo c ity , energy input, w e ld  
m acrostructure and the m icrostructure 
ot the w e ld  and H AZ w ere d e te r­
m ined. Results show ed that increasing 
the electrode feed rate at constant 
voltage had no sign ificant effect on 
the penetration but increased the pool 
depth , decreased the shape factor and 
increased the encounter angle. The 
pool shape was approxim ate ly a para­
boloid o f revo lu tion . Increasing the 
w e ld ing  voltage at constant feed rate 
increased both pool depth and pene­
tration , but had little  effect on the 
shape factor.

Standard and special m etallographic 
etchants w ere  used to study the tran­
sition region betw een the w e ld  and 
the base m etal, the average dendritic  
ce ll d iam eter, the pool shape and the 
m echanism  of m etal transfer from the 
base metal to the liqu id  poof as a 
function  o f the penetration ; results 
w e re re la te d  to the w eld ing  param e­
ters.

Introduction
D uring the past few  years, numerous- 

papers describ ing the details  o f e le c ­
troslag w e ld ing  (E S W ) have been 
published .'*5 Essen tia lly , ESW  is an 
autom atic arcless w e ld ing  process, 
best suited for the jo in ing  of plkte 2 in.

(5 cm ) or th icker, jo u le  heating of an 
e lectrica lly  co nd uctive  pool of m olten 
slag serves to melt the fille r metal 
together w ith  a portion of the base 
metal on either side o f the jo in t. The 
resulting w eld  pool and the overly ing  
pool of m olten slag are conta ined  
w ith jn  the jo int by w ater-coo led  
copper shoes.

The geom etry of the system  is such 
that the so lid -liqu id  in terface beneath 
the w eld  pool soon assum es a d yn am ­
ically  stable shape w h ich  is d e te r­
m ined by a com b ination  o f w e ld ing  
variab les, jo int separation , and plate 
th ickness. O n ce  dynam ic eq u ilib rium  
is ach ieved , the so lid ifica tio n  rate and 
the tem perature gradient at the solid- 
liqu id  in terface depend upon the lo ca­
tion on the in terface but are in d ep en ­
dent of tim e, provid ing the w e ld ing  
cond itions are not changed.

The m icrostructure of so lid ified  
w e ld  m etal is know n to have a strong 
in fluence on the m echan ica l, physical 
and chem ica l properties of the w e ld .1'"  
The shape o f the m olten w e ld  pool 
and the rate o f grow th at the solid- 
liqu id  in terface affect both the size 
and shape of the grains, the ir re lative

M . S O L A R I is w ith  the D e p a rtm e n t o t M a te ­
riali an d  H. B IL O N I is H ea d  o f th e  S o lid ifi­
ca tion  a n d  Casting D iv ision , C o in  m o n  
N a cio na l d v  Energia A to m ica , B u en o s  A ires, 
A rgentina.

crysta llograph ic o rien tation , and both 
m acro- and m icrosegregation. In e le c­
troslag w e ld ing , it is possible to define 
an "en co u n ter ang le" W hich depends 
upon the shape and depth of the w eld  
pool and affects the sensitiv ity  to 
cen te rline  hot crack ing .'

A lthough it is not possible to 
observe the shape of the pool during 
w e ld ing , several theoretical and exper­
im ental m ethods have been deve l­
oped to overcom e this d ifficu lty . 
Essentia lly , the experim ental methods 
are intended to reveal the position of 
the S-L in terface using d iffe reat trac­
ers, such as rad ioactive  m ateria ls and 
su lfu r additions subsequently revealed 
by su lfu r prin ts.” These m ethods reveal 
the shape of the pool at certain 
m om ents of the process. O n  the other 
hand, theoretica l m ethods have been 
used by several authors in order to 
obtain expressions for p red icting the 
pool shape; these are used not on ly  in 
w e ld ing  but also in other processes, 
such as the electroslag rem elting 
process (ESR ), w h ich  has s im ilar ther­
mal characte ristics .“' "  The m athem at­
ical problem  is com p lex enough to 
require the in troduction  of several 
s im p lifica tions in order to obtain 
formal expressions ab le to describe the 
pool. A subsequent w ork w ill describe 
a sim p lified  m odel of the therm al fie ld 
existing during the electroslag w eld ing  
operation.

Savage and co-w orkers have done
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extensive  s tu d ies*15”  on the co rre la­
tion b e tw een  w eld ing  structures a I id 
substructures and the operational 
variab les o f d ifferent w e ld ing  pro­
cesses. T b e '  aim of their type of 
approach is to provide corre lations 
betw een  So lid ification and phase 
transfo rm ation  structures and sub ­
structures and the m echanical proper­
ties o f the w e ld .

The w o rk  described in this paper 
corresponds to the in itiation  o f studies 
on the ESW  process at the S o lid ifica ­
tion and Casting D iv is io n  o f the 
A tom ic Energy Com m ission  of A rgen­
tina. Its p rincipa l goal is to determ ine 
the effect o f e lectrode feed rate on the 
geom etry o f the w e ld  poo l, the 
w e ld ing  speed, the energy input and 
the resultant m acro- and m icroslruc- 
ture of the w e ld  and H A Z . D iffe rent 
techn iques w ere  used in order to 
reveal the pool shape. In add ition , the 
m echanism s invo lved  in the m aterial 
transfer from the base m etal to the 
w eld  region w ere  to be stud ied .

Carbon steel w as used in the exp e ri­
m ents in order to develop an im proved 
understanding of both the so lid if ica ­
tion substructures and the m icro struc­
ture present in the H A Z  region. The 
results obtained during this research 
w ere corre lated  w ith  the experience  
accum ulated  in the laboratory as a 
result o f extensive stud ies on c o n ­
tro lled so lid ifica tion  perform ed in the 
past.'-1-'-'

Experimental Procedure
Equipment

A com m ercia l constant potentia l dc 
w e ld in g  pow er supply w ith  nom inal 
outputs of 85, 58 and 35 V  w as used in 
the reverse po larity  m ode. The m axi­
mum  current was varied betw een 1000 
and 1200 A  The equ ipm ent enab les 
the use o f e ither one or tw o  electrodes 
according to the plate th ickness ; the 
electrodes can be used w ith  or 
w ithout o sc illa tio n .

Tallio t—Chemical Compositions of Base 
Metal, Electrode, C onsumable Guide and 
Typical Weld Deposit, W l-V "

Baser melai 
Consumable!

g u id e  
E le ctro d e  
W e ld  d ep o sit •

C. M n  Si S l>

.07 .4« 0 5  .039 .012

V ) .(.S .12 .018 .011
,0‘J 1.r> .54 .016 .020
.11 .74 .24 .030 .(.16

400 600 800 1000 current (Amps)
Fig. 1—R ela tio n sh ip  li f t  w o r n  V/„ ant/ I for 
e/ec (roc/e n i 0  23H < m  dia m eter. I|

Material
The  chem ica l com p osition  o f the 

p late , e lectrod e feed and consum able 
guide used are given in Tab le  1. The 
flux used had the fo llow ing  co m p osK  
tion : S iO ,—36.29%; M n O ,-2 7 .3 7 % ; 
C a O — 16.82%; A 1 ,0 ,- 8 7 2 % ;.  M g O -  
2.67%; T iO .—2.5.3%; F e ,0 , - 1 .27%; 
N a.,.0—0.93%; K ,0 - 0 .7 2 % .

Welding Procedure
C om plete details of w e ld ing  co n d i­

tions have been given in previous 
papers."111 They c an be sum m arized ,as 
fo llow s:

1. Constants; Plate s ize  was 
35 X  35 X  5.1 cm  (13.8 X  13.8 x  2 in .) 
.and the separation betw een plates to

be w elded  was 2.5 cm  (1 in .) at the 
bottom  and 3.3 n r i (1.18 in .) at th e io p , 
legardlc-s*. o f ih e  plate height. A 
nom inal va lue  of 2.8 cm (1.1 in .) was 
used  in w eld ing ve lo city  ca lcu la tio n s ,. 
A 0.238 cm  (3/32 in .) d iam eter 
com m ercia l e lectrod e and one co n ­
sum able guide w ere used w itho u t 
o sc illa tion . Slag depth was m aintained 
constant by addition  of flux during the 
operation. A constant voltage o f 40 V 
w as used.

2. W e ld ing  Speeds and Resu lting 
W eld  Currents'. The  independent va r i­
able? stud ied w as e lectrode feed rate V,. 
over, the range from 5 to 19 cm /sec 
(approx. 2-7.5 ips). This variab le  co n ­
trols w e ld ing  current. Figure 1 show s 
the re lationsh ip  betw een e lectro d e  
(i.e ., w ire ) feed rate V„, and w e ld  
cu rrent, I.

Several factors, such as m inor va r ia ­
tions in the slag leve l, period ic flu c tu a ­
tion of the e lectrode feed rate and 
stray arcs, caused fluctuations of ± 50 
A in the m easured w e ld  current.

Measurement of Weld Geometry
Figure 2 show s schem atica lly  the 

m ela llograph ic planes upon w h ich  the 
structural analyses w ere m ade. The 
surfaces w ere  prepared by standard 
m echan ica l po lish ing techn iques. In 
order to measure* the geom etry of the 
w e ld s , both m elallograph ic and su lfu r 
addition techn iques w ere used.

M ot.illo f’ taphy. The  com position  of 
ih e  etchant w as C u C L —45 g; FeC I3—8 
g; H C I-1 8 0  cc; H N O :t—1.5 cc ;
H .,0 -1 8 0  cc ; a lco h o l—380 cc . The 
etching w as perform ed at room tem ­
perature. A subsequent light repol- 
ish ing w ith  alum ina reveals the segre­
gation and thus de lineates the pool 
shape perm itting the m easurem ent of 
Ihe  depth of the pool H , the w e ld  
w id th  b , and Ihe  "en co u n ter ang le" as 
show n schem atica lly  in Fig. 3. The 
same etching procedure was also used 
in order to reveal the segregation 
substructure .

1
f — ^ -,ph

> i
i

fI1
iL -— s'"  k--------------------

*J

Fig. 2—Schematic representation of Ihe set linns rnetallographit ,i//v analy/etl: 
a = vertical plane through the midsection oI the plate; /I = vi'itii ,il plane 
through the miilsection oi the weld anil perpendicular to plate stirlaces; 
y = horizontal cross set tion o i the weld

WELD WIDTH

BASE
METAL WELD,| METAL 

o< = ENC0UNTER ANGLE

BASE
METAL

lig . 3—St 'hem atic rep resentation  o l  a s e c ­
tion o n  plant' a; the p o o l  d e p th  H. the w e ld  
witltli /)„ anti the " e n c o u n te r  angle " are  
tlefinetl
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Su lfu r Print Tech n iqu e . In order to 

m ake period ic su lfu r additions during 
w eld ing , the insu lating rings of the 
consum able guide w ere  replaced by 
m eta llic rings conta in ing  2 g of FeS. 
W hen  the m olten slag reached the 
rings, the S was incorporated in the 
w e ld  pool. A fter w e ld ing  a su lfu r print 
cou ld  then be prepared to reyeal the 
pool profile.

A shape factor* (fi = b„./H ) was 
ca lcu la ted ; this is considered to be an 
im portant param eter in fluencing  the 
suscep tib ility  to crack fo rm a tio n .1

C a lcu la tio n  of Energy In pu t

The travel speed, V „ , was ca lcu la ted  
as fo llow s:

V w = (A ,/A B) X  V„
A,, is the cross sectional area of the 

electrode; A s is the cross sectional area 
of the gap betw een the plates to be 
w elded and V_ is the e lectrod e feed 
rate.

The error invo lved was estim ated as 
4%. The most im portant source of error 
w as the d iffe rence  betw een the actual 
va lue o f A k and the ca lcu la ted  value 
w ith  the nom inal plate separation , b,,.

The energy input was then ca lcu ­
lated as fo llow s:

E .l.
Volts 

x  Current x  60 k lo u les/ in .
travel speed'

(in ipm ) X  1000
and: k )/cm  = (k j/ in .)  x  0.394

M eta llo g rap h ic  P ro ced u res

M ai i/>/)/'( Exam ination . Both 
10% n it.il and the previously  m en­
tioned etchant w ere used .' E ither 
e lch .in t a llow s the m easurem ent of

*Sym b o li/ .ed  hero  by  C re ek  de lta  (8) 
in stea d  o f n o rm a lly  u sed  G reek  psi.

the encounter angle on the a plane 
(refer to Fig. 2). The d ilu tion  of the 
w e ld  metal w ith  base metal was 
m easured on the /? plane and ca lcu ­
lated by means of the expression:

D = ( (A , -  A J / A J  X  100
w here A„. is the cross sectional area of 
the w e ld  and A B is the cross sectional 
area of the orig inal gap betw een the 
plates to be w elded

M eta llog rap h ic  Exam ination. In o r­
der to reveal the m icrostructure and 
the so lid ifica tion  substructure , two 
etchan ls w ere  used: nital 1% and a 
reagent w ith  the fo llow ing  co m p osi­
tion: C u ,C I2—45 g; F e C L - B g ; H C I-1 8 0  
cc ; H N O - 2  cc ; H ,0 - I 8 0  cc ; a lco ­
ho l—580 cc. Etch ing  was perform ed at 
room tem perature.

Both etchants, together w ith  the 
etchant used to detect the shape of 
the w e ld  pool, w ere  used in order to 
study the transition zone betw een the' 
w e ld  metal and the I IA Z , as w e ll as the 
m echanism  invo lved in the metal 
transfer from the base metal to the 
w e ld  pool.

Results and D iscussion
Table 5 sum m arizes the experim ents 

perform ed and the w e ld ing  condi-

T ab le  2—W e ld in g  P ro ced u res

Plate th ickness S I cm  (2 in .)
P late separation  2.8 cm  (n o m in a l)

(1.10 in .)
E lectrode  d iam eter .238 cm  (3/32 in .) 
O sc illa t io n  none
N um ber " I  e le c tro ­

des O n e  
D epth  of slag pool 4.0 i m (1.57 in .) 
V o ltage 40 V (open c ircu it) 
Current 450-9(X) A 
E lectro d e  feed ra le  5-14 cm /sec

( I 18.11 -448.82 
ipm )

tions, as w e ll as the ca lcu lated and 
m easured dependent variables.

Effect of E lectro d e  Feed  Rate on  the  
Sh ape of the Pool

Penetration . Tab le 3 shows that 
w hen the w eld ing  voltage was held 
constant the w e ld  w idth  was not 
greatly in fluenced  by current changes 
w ilh in  the range of electrode feed 
speed stud ied . Com plem entary exp e ri­
m ents made w ith  35 and 55 V show ed 
that the w e ld ing  voltage is the m ajor 
factor contro lling  the penetration.

The w e ld  w id ih , a i m easured on the 
a p lane, is affected both by the slag 
depth and the energy input. F luctua­
tions in e lectrode feed rate; w ere 
observed at e lectrode feed rates near 
the low er end of the range stud ied . 
These fluctuations caused variations in 
the energy input and thus caused 
corresponding changes in w eld  
w idth .

This effect is show n in Fig. 4 w here 
the appearance of the w eld  on the a 
plane is show n both schem atica lly  and 
by actual photom acrographs In both 
instances the w e ld  m ade w ith  the low  
electrode feed rate is show n at the 
right. I his behavior agrees w ith  the 
m athem atical conclusion  that at c o n ­
stant pow er the penetration depth is 
most sensitive to w e ld ing  speed varia­
tions at the low  end of the travel speed 
range.'

D epth  o f  Pool. Figure 5 is a pho to­
m acrograph of the a p lane taken at 
X 6 . If show s how  the typ ical segrega­
tion substructure in the w e ld  d e lin ­
eates the w e ld  pool profile . C o m p le­
m entary to these observations, a su llu r 
addition was used in som e exp eri­
ments.

Figure 6 is a su lfu r print taken of the 
a plane and show s how  the dark, high 
su lfur region reveals the shape of the 
w e ld  pool. A carefu l com parison 
betw een both techn iques showed

T ab le  3 - W e ld in g  V ariab les and  Exp erim en ta l R esu lts

Exp e r­

E lectro d e
feed
ra le ,
c m /s C u rren t, V o ltage ,

1 ravel 
speed ,

Energy
inpu t,

E ncoun  
angle

iment (in ./ s ) A v ' ipm k j/ in . cleg

1 7.0 (2 .8) 450 40 0.48 2250 45
2 7.0 (2.8) 450 40 0.48 2250 35
3 7.0 (2.8) 450 40 0.48 2250 58
4 11.0 (4.3) 600 40 0.75 1920 -
5 13.5 (5.3) 700 40 0.92 1826 80
6 1.3.5 (5.3) 700 40 0.92 1826 83

19.0 (7.5) 900 40 1.30 1662 1 10
8 19.0 (7.5) 900 40 1.30 1662 92
9 19.0 (7.5) 900 40 1.30 1662 1 15

10 19.0 (7.5) 900 40 1.30 1662 120
C o m p lem en tary  experim ents 

I I  1 1 .0 (4 .3 ) MX) 35 0.75 1680 60
■ 12 11.0 (4 .3) 600 55 0.75 2640 75

Pool 
depth  I I ,

W eld
w id th

l)W, Shape 
la< lo r.

H A Z
lex

w id t h -  
us ot :
A, . IJ ilu t io

c in (in .) < m (in .) f) cm (in .) D,"o

1.4 (0 .55) 5.4 (2.13) 3.86 1.10 (0.4 i i ) 43
1. i (0 .51) 5.0 (1.97) 1.85 1.18 (0.465) -
1.2 (0.47) 5.0 (1 .97) 4 17 - -
2.6 (1.02) 5.9 (2. 58) 2.27 1.40 (0.551) 43
2.5 (0.98) 5.5 (2.17) 2.20 - -
2.6 (1.02) 5.9 (2.32) 2.27 1.25 (0.492) -
i. 1 (1.22) 5.0 (1.97) 1.61 1.00 (0.394) 41
1.8 (1.50) 5.4 (2.13) 1.42 0.95 (0.574) 37
{.9 ( 1.54) 4.5 (1.77) 1.15 - -
3.3 (1 .30) 6.0 (2.36) 1.82 —

1.8 (6 71) 4.2 (1.65) 2.33 1.15 (0.455) —

¡.5 (1 .38) 7.5 (2.95) 2.14 1.40 (0.551) 58



high wire 
feed rate

base
metal

electrode feed rate data. For this study, 
the travel speed ranged from 
1.45 X  10 - and 5.5 X  10 - cm /s (0.34 
and 1.30 ip m )—Table 3.

Fig. 4 —a (lo p ) Sch em a tica l rep resen ta tio n  o I  th e  p e n e tra tio n  variation w ith  the w eld in g  
•.peed; h  (b o tto m ) variation o f  the p e n e tra tio n  w ith  th e  cu rre n t in ten sity : e x p e rim e n t I (left) 
v  = 40, I =  450 A ; ex p e rim en t 8 (right) V  =  40, I =  WO A

excellent agreem ent. Both techn iques 
w ere able to reveal an increm ent in the 
pool depth H w hen  the electrode feed 
rate was increased.

Shape Factor S is a useful param eter 
for describ ing the geom etry of the 
liquid pool The re lative orientation  of 
the grains, and therefore the e n co u n ­
ter angle, can be related to the shape 
factor. Inspection of Tab le 3 ind icates 
that at a constant voltage o f 40 V the 
shape factor, S, is inversely related to 
the electrode feed rate. Note that the 
shape factor varied from an average of 
1.50 w ith  an elec trode feed rate of 19 
cm /s (7.5 in ./s ) to about 4 w ith  an 
e lectrod e feed rate of 7 cm /sec (2.8 
in ./s ).

The com p lem entary experim ents 
sh ow  that, w hen  the electrode feed 
rate is held constant, the shape factor 
is essen tia lly  independent of the w e ld ­
ing voltage.

Cross Sectio n a l Area o f the Pool. In 
general the w e ld  pool has the shape of 
a som ew hat distorted paraboloid of 
revo lu tio n . Figure 7 is a schematic 
show ing  the type' of d istortion of the 
solid liqu id  interface' reported to be 
com m on in electroslag m e ltin g ."  A 
sim ila r d isto rtion  occurs near the

center o f an electroslag w e ld  w here  a 
decrease in the rate of heat extraction 
caused by the increased length of the 
heat flow  path results in a decrease in 
the growth rate at the solid liqu id 
interface.

Referring again to Fig. 7 and re ca ll­
ing that the travel speed, V , is constant, 
since the growth rate R is given by 
R = V cos 0 a decrease in R must result 
in an increase in 0. This is show n 
schem atica lly  in Fig. 7 for the growth 
vectors R, and RL. corresponding to the 
theoretica l and actual growth condi- 
lio ns , respective ly .

Figure 8 corresponds to another 
d istortion w h ich  appears near the 
w ater cooled shoes. Th is d istortion  is 
accentuated by decreasing the pool 
depth. It is also related to the liqu id 
flow  w ith in  the w e ld  pool.

D ilu tion . The ca lcu la ted  values of 
this param eter ranged from 39 to 58% 
and increased as the energy input 
increased.

Effect of Electrode Feed Rate on W elding  
Speed

For each experim ent, the values of 
travel speed w ere ca lcu la ted  from

Effect of Electrode Feed Rate on Energy 
Input

At constant voltage and w e ld  gap, 
the energy input is also determ ined  by 
the electrode feed speed. At 40 V the 
energy input ranged from  2250 k )/ in . 
(886 k )/cm ) w ith  7 cm /sec e lectrode 
feed rate to 1662 k j/ in . (654 k )/cm ) 
w ith  19 cm /sec w ire  feed speed.

Effect of Electrode Feed Rate on 
Macrostructure

The co lum nar structure in the so lid ­
ified metal of the w e ld  orig inated both 
by ep itaxia l growth from the partia lly  
m elted grains of the base m etal and 
also by the nucleation  on the refriger­
ated shoes. The grains grow in the easy 
growth d irection  w h ich  is most nearly 
parallel to the d irection  of heat extrac­
tion. Thus growth tends to occur 
approxim ate ly perpend icu lar to the 
surface o f the pool. C onsequently , the 
shape of the pool contro ls the angle of 
the grain growth d irection  w ith  rela- 
tion to the axis of the w e ld , and thus 
contro ls the value o f the encounter 
angle.

The im portance of the value taken 
by this angle arises from the fact that a

Fig. 5—M e ta llo g ra p h ic  analysis o f ex p e ri­
m en t  6. The e tch  reveals th e  segregation  
su b stru ctu re  a n d  sh o w s  th e  p o o l shape. X  6 
(re d u ce d  OTi. on  re p ro d u ctio n )

Fig. 6 - S h a p e  o f th e  p o o l reve a led  in e x p e ri­
m en t 9 throtigh  a su lfu r print
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higher angle produces a greater cen ­
terline segregation and, as a co n se ­
quence, a higher suscopl ib ility  of 
cente rline  hot cra ck in g .1 In the present 
w ork , encounter angles betw een 35 
and 120 deg w ere observed. W ith  
constant voltage the sm aller values 
correspond to the sm aller e lectrode 
feed rate range (see Tab le 3). Figure 9 
corresponds to a m acrostructure on 
the fi p lane (refer to Fig. 2 for o rien ta­
tion) and show s a cross section of a 
fine co lum nar structure in a low  
carbon steel.

Effect of E le ctro d e  Feed Rate on  
M icro stru ctu re

So lid ifica tion  Substructu re . By ap­
plying special m eta llographic tech­
niques, the structure and substructure 
of the w e ld  have been investigated as 
w e ll as the transition zone betw een 
the w eld  and the H A Z . At the same 
tim e, the m echanism  of metal transfer 
from the base m etal to the liqu id  pool 
can be understood by close exam ina­
tion of the segregation substructure .

Figures 10 and 11, obtained by 
m etallographic etchants developed by 
Savage ef a / ," c le a r ly  show  that, sim ilar 
to other w e ld ing  processes, the b o un­
dary betw een the two zones is not a 
line. Instead, it is a transition region 
com posed of a zone m elted w ithout 
m ixing and a partia lly  m elted zone 
identified by the segregation substruc­
tures c learly  show n in Fig. 11. In that 
region, phases and inc lusions of low 
m elting point have been melted 
during the therm al cyc le  of the 
process.

The substructure of the w e ld  metal 
in the 100% m ixed region corresponds 
to a ce llu la r dendritic  type. For a 
constant energy input, the average cell 
spacing increased from the w ater 
cooled shoes or base metal to the w eld  
cen te rlin e—Fig. 8. D ecreasing the e le c­
trode feed rate causes the average cell 
spacing to increase throughout the 
w eld  due to the d ism in ished  coo ling 
rate, as Fig. 12 clearly  show s. Th is result 
agrees w ith  the conclu sion  of other 
authors in the sense that the cho ice  of

w eld ing-conditions in fluences the pat­
tern of m icrosegregation."’

M v( httnism o f M eta l Transfer Iro n i 
tile  />'< im' M eta l to the L iq u id  Poo I I'he 
metallographic analysis w ith  the ( l it - 
ferent etchants used gives in form ation 
about the m echanism  of material 
transfer from (he base metal to the 
molten pool.

In all the experim ents carried out, 
the transition betw een w eld  and FHAZ 
is characterized by a structure sim ilar 
to that show n in Fig. 13a. Light etching 
pro jections entering the w eld  region 
w ith  contour related to the shape of 
the pool appear at the base metal 
interface. These pro jections a lw ays

m atidlly. The decrease in the rate i>l hc.it 
extraction iit the central /one ol the weld 
produces a d ecw jse  in K. As a conse­
quence, 0 increases in order to satisfy the 
expression R = V cos ft.

„  . /  
COPPER 
SHOE

Fig. 8—D is to rtio n  near the  re frigera ted  
sh oe s revea led  through m eta llog rap h ic  
e tch in g —e xp e rim en t 2. X 6  (re d u ce d  7S% 
on rep ro d u ctio n )

fig . V -M a c ro g ra p h ic  stru c tu re  o b se rv e d  on  
p la n e  /?. Etch in g  w ith  n ita l revea ls the  s t ru c ­
ture o l  the w e ld  an d H A Z . O rig in a l re d u c ­
tion  30"4, (redu< e il 46% fu rth e r on  re p ro d u c ­
tion )

Fig. 10—B ou n da ry  b e tw e e n  the  w e ld  an il 
the  H A Z . The seg rega ted  so lid if ica tio n  
su b stru c tu re  o l  the  w e ld  /o n e  is n o tic ea b le  
an d the pa rtia lly  m e lte d  /o n e  is a lso  
revea led  by  the segregation  su bstru c tu re . 
X  100 ( (e d u c e d  50"i, on  rep ro d u c t io n )  
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had an etching behavior identical to 
that of the base m etal. F low ever, the 
same lype of so lid ifica tion  substruc­
ture appears in both these projec tions 
and in the dark etching region of the 
w e ld , ind icating that the segregated 
so lid ifica tion  substructures are co m ­
mon to both reg io n s-F ig . 13b.

These results suggest that the p ro­
jections are an extension of the 
unm ixed m elted zo n e .J" H ow ever, the 
pro jections are more prom inent w hen 
the travel speed is low . Figure 4 shows 
how  the pool depth in fluences the 
form ation of these pro jections. Note 
that at low  electrode 'feed rates, and 
therefore at low  travel speeds, the 
pro jections becom e longer and the 
w eld  in terface more irregular in 
shape.

Some experim ents in w h ich  the 
w eld ing  current was interrupted w ere 
helpfu l in understanding the m echa­
nism of material transfer from the base 
metal to the w e ld  pool. Figure 14 
consists of a p lane m acrographs of two 
such w elds show ing the geom etry of 
the slag-pool at the instanl the current 
w as interrupted. In each case the left 
hand side of the macrograph co rre­
sponds to the w eld  centerline  the 
w eld  at the left, w h ich  was made w ith  
40 V and a travel speed of 1.22 cm /m in  
(0.48 ipm ), exh ib ited  a shape factor of 
4.17. lh .it  at the right was m ade w ith  
55 V and a travel speed of 1.91 cm /m in  
(0.75 ipm ) and had a shape fac tor of 
2.14.

In the w e ld  w ith  the higher shape 
factor (m ade w ith  the low er travel 
speed), the slag pool encroaches upon 
the'base metal to a greater degree and 
produces a pendulant overhang on 
w h ich  a layer of m olten base metal 
adheres by surface tension

Figure 15 show s, in sc hem atic form , 
the m echanism  proposed to explain 
the form ation o f- th e  pro jections of 
unm ixed m olten base metal -Fjrst, the 
depth of the stagnant boundary layer 
(show n by the dashed line above the 
so lid -liqu id  in terface) is contro lled  by 
the am ount of co nvective  m ixing in 
the liqu id and is thus contro lled  by the 
depth of the m olten pool and the

Fig. I I —D e ta il v iew  o l  th e  w e ld  in t e r f i le  
sho w in g  thi' fusion  / o n e  a n d  the partially  
mi ■/(''d / o n e  X  100 (re tim e d  W ,  o n  rep ro- 
iIik  lion)



Fig. I ¿ —C om partson  b e tw e e n  co a rse  (cx/>. 12) an d  fin e  (exp . 11) su b s tru c tu re  o f  tw o  w e ld s  
m atle w ith  i liffe re n l en e rgy  in p u ls , x h  (re d u c e d  50% on re p ro d u c t io n )

travel ‘•peed In teener,.!, decreasing the 
pool depth , hi, increases ihe  th ickness 
of the boundary layers and perm its the 
layer of m olten base metal (show n in 
black in Pig. 15) to slide under the 
stagnant layer period ica lly  and thus 
form an unm ixed pro jection  of Ihe 
type show n at right in Fig. 4b.

Increasing the travel speed both 
increases the depth o f the pool H and 
the rate of so lid ifica tion  R. Increasing 
H decreases the th ickness of Ihe b o u n ­
dary layer ow ing to m ore effective  
co nvective  m ixing , and increasing R 
decreases the tim e availab le  for the 
m olten layer ol base metal to slide in io  
ihe  w e ld  pool. Thus, the pro jections 
becom e shorter and th inner as ihe 
travel speed is increased.

Encroachm ent of the slag pool into 
the base metal produces a pendulant 
overhang such as is ind icated in Fig. 15 
(and at the right in Fig. 14). W hen  this 
occurs, the m olten base metal ad her­
ing to the overhang can flow  dow n the 
overhang, as ind icated at A in Fig. 15, 
to form drops w h ich  u ltim ate ly  are 
transferred to the liqu id metal pool. In

if:la

sum m ary, for high penetration w elds 
both m echanism s are operative , but 
for low er values of penetration , on ly 
the "p ro je ctio n " m echanism  acts.

W eld ing  H A Z  D im en sion s jn d  
Structure . The approxim ate gradient in 
the peak tem perature experienced in 
Ihe HAZ was determ ined from m acro­
graphs on the n p lane sim ilar to the 
one show n in Fig. 16 The fusion b o u n ­
dary is v is ib le  at Ihe left and represents 
ihe  locus of the region experiencing 
tem peratures in excess of the liqu idus. 
Near the center of Fig. 16, an abrupt 
transition occurs from an extrem ely 
fine grain s i/e  at the left to a coarser 
grain size at the right. This abrupt 
change in grain s ize identifies the 
locus of the region experiencing  a 
peak tem perature approxim ate ly equal 
to the A,., transition tem perature. Thus, 
by m easuring the d istance from the 
w e ld  in terface to this location , an indi-

Fig l4 -C o m p a rt'-o n  o I the shape ot the  
w e ld s  on p la n e  n to r e\/)erim ent\ I an d  12 
X 7 .f i ( re d u c e d  'W0.. on teprodu< tu n )

7 ^  \
'WELD METAL
i \ \ \ \  \

Fig. 15—Sch em a tic  rep resen ta tio n  ot bo th  
m ech an ism s o l m eta l transier

H r . O —M eta llo g ra p h ic  stru c tu re  o b se rved , 
on p la n e  a : a ( to p )—sh o w s  the  p ro je c t io n s  
o f the u r ,m ixe d  fu sion  z o n e ; b (hot- 
to m )—sh o w s th e  p re se n ce  o l a seg rega ted  
so lid if ica tio n  su b stru c tu re  in the p r o je c ­
tions. X  100 (re d u ce d  46% on  re p ro d u c ­
tion )

cation of the effect of w e ld ing  
variables on the extent of the HAZ 
c ould be obtained.

From such m easurem ents, the d is­
tance to the locus of the A,.:, was found 
to vary from 0.95 cm  (0.374 in .) for a 
w e ld  m ade w ith  an energy input of 
1662 k |/ in . to a m axim um  of 1.4 cm 
(0.551 in .) for a w e ld  m ade w ith  an 
energy input of 2640 k j/ in . Tab le  3

i ig . l(t—M e ta llo g ra p h ic  s tru c tu re  o f the  
HAS.. F it h ing w ith  n ita l revea ls the  w e ld  
m etal, co a rse  g ra in ed  reg ion , re fin e d  ¿o n e , 
pa rtia lly  re fin e d  / o n e  an d u n a ffe c ted  base  
m etal. X ft ( re d u ce d  51% on rep ro d u c t io n )



sum m arizes these data in the next to 
the last co lum n.

Conclusions
M acroscopic studies o f the so lid if i­

cation strut lu re  in ESW  of low  carbon 
steel show ed that w hen  the electrode 
feed rate was increased at constant 
voltage:

1. The penetration rem ained ap­
proxim ately constant.

2 . The pool depth increased.
i. I he shape factor decreased.
4. I he encounter angle increased.
5. The pool shape rem ained approx­

im ately a parabolo id of revo lution .
M icroscop ic studies of the m icro- 

stru rtu re ind icated that:
1. A transition zone at the edge of 

the w eld  consists of an unm ixed 
molten zone and a partially m elted
zone.

2. By increasing the* energy input 
the average dendritic  ce ll d iam eter 
was increased.

3. O w in g  to fluctuations in the 
speed of the electrode feed, fluctua- 
lions in the specific  pow er occur 
resulting in penetration variations and 
fluctuations of the so lid ifica tion  rate. 
T h e s e  fluctuations can be detected  
m eta llog raph ically  by su itab le e k h -  
a nts.

4. The fluctuations in the so lid ifica ­
tion rate cause transfer of m olten base 
metal to the liqu id  pool by slid ing 
through the stagnant boundary layer 
existing in contact w ith  the S-L in te r­
face. Th is m olten base metal does not 
mix w ith  the rest of the liqu id . As a 
consequence , it can be considered as a 
pro jection o f the unm ixed m olten 
region. Increasing the pool depth and 
so lid ification  rates decreased the 
length and th ickness of the p ro jec­
tions.

5. The m echanism  of metal transfer

from the base metal to the liqu id  pool 
depends upon the penetration o f the 
slag pool into the base m etal. In ad d i­
tion , w hen the penetration becom es 
large enough to produce a pendulant 
overhang in the base m etal, m olten 
drop lets form and are transferred 
through the slag to the w eld  pool. At 
low  travel speed both m echan ism s are 
effective .
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Electrodes and Fluxes for Submerged Arc Welding

Prescribes requirements for carbon steel electrodes 
and fluxes for submerged arc welding of carbon and 
low alloy steels

A 5 .17-76 covers C lass ifica tion  and Acceptance of Electrodes and Fluxes, Chem ical A nalysis of 
E lectrodes, and Required T ests  for C lass ify ing  Fluxes. Appendix A: Guide to AWS C lassification  of Bare 
Carbon Steel Electrodes and Fluxes for Subm erged Arc W elding and Appendix B: M etric Equ iva lents have 
been added for your convenience.

The price of AWS A 5 .17-76, Specifica tion  fo r Bare Carbon S tee l E lectrodes and F luxes fo r Sub m erg ed  Arc  
W elding is $3 .50 . D iscounts: 25%  to A and B m em bers: 20%  to bookstores, public lib raries and schools; 
15% to C and D m em bers. Send your orders to the Am erican W elding Society, 2501 N.W. 7th S t., M iam i, FL 
33125 . Florida residents add 4%  sa les tax.
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INTRODUCTION

At the’Argentine Atomic Energy Commission (CNEA) and under the frame of 

the Multinational Program of Metallurgy sponsored by the Organization of the 

American States (OAS) extensive research on metallurgy processes is under way.

Special effort is made in connection with Electroslag Welding Technology (ESW) of 

steel and aluminum. The research approach is to obtain correlations between 

operational variables, metallurgical structures and mechanical properties. The 

investigation strategy can be summarized:

Operational________  ̂ Metallurgical_______  Mechanical
variables structure properties

11
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The different stages of the research under way are:

i) Origin and development of the' weld structure. The basis of the research 

are the extensive knowledge developed in solidification and heat transfer at 

the Solidification and Casting Division of the CNEA, as well as the existing 

knowledge in solid phase transformations and special métallo graphic 

techniques.

ii) Study of the correlations between the weld structure and both the operational

variables and mechanical properties.
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iii) At the same time is intended to correlate directly the operational variables

with the mechanical properties. In these studies the results are used in 

order to obtain an adequate selection of consumible materials.

The present work intends to give a picture of the results already obtained and 

published as well as the research in progress.

EXPERIM ENTAL TECHNIQUES

F ig . 1 shows the equipment used as well aá the device used in order to maintain 

the plates to be welded in a correct position. A Hobart ES-2 mod$l for ESW was 

used. This equipment enables the use of either one or two electrodes according to

the plate thickness until a lim it of 300 mm. The electrode can be used with or 

without oscillation. When oscillation is used, the frecuency and magnitude of the 

lateral oscillation can be controlled properly. The energy sources were two Hobart 

rectifiers  RC-1000 of constant potential, having nominal outputs as 85,58 and 35 V.

Structural carbon steel with a maximum of 0.25%C was employed. Plates 

size were 35x35x5.1 cm. The fluxes were of the commercial type for ESW or those 

used fo r  submerged arc welding process. Diameter electrode of 0.238 cm and

0.317 cm were employed. Regarding to consumible guides were used commercial 

type as well as specially designed for the different experiments perform ed. The 

variable.» taken into consult* ration we re : plate thickness, voltage, current intensity, 

welding I'cerl rate, gap between plates, si a;1, composition and slag leve l; welding 

speed, weld geom etry, energy input, guide design and guide composition. The 

structural analysis was performed through standard and special metallographic 

techniques , sulfur print anti X I {ay . Media ideal properties were measured 

I h r o u g l i  e O l i ve  ni ¡i > 11: ■ ¡ l e  si ;i .



RESULTS

Stage i) and part o f stage ii) were already completed and partially published 

fo r  low carbon steels. Taking into account the scientific background involved^the 

results can be summarized.

Different zones can be distinguish in a welded structure; those having as 

origin  the liquid-solid transformation, or primary structure, and those having, as 

origin, solid phase transformations taking place at the weld or at the HAZ (secondary 

structure). According to Savage and his school at Rensselaer Plytechnic Institute, 

the use of special metallography can reveal the following zones in,a welded structure:

I) Mixed molten zone

II) Unmixed molten zone

III) Partially melted zone

IV) Heat affected zone (HAZ)

Daring the research perform ed in the present Program, these zones were 

characterized for the ESW process and will be briefly analyzed.

I) Mixed molten zone

The formation o f this zone is directly connected with the mechanisms involved

in the liquid solid transformation.

Nueleation and growth : In order to so lid ify , a metal-must start from  

a solid nuclei Lo grow under favorable thermodinamic conditions. In the 

iv.'il or induNlrlat world 11 u* mielealIon 1m liel.erogeueouH , lliiM In, fiwourod 1)V 

the existence of subxtrntes present in the melt. The theory o f heterogeneous 

nueleation affirm s that,a good wetting of the substrate by the melt, improves the 

nueio.uion. In tlie specific ease o f the welding process, tins ' wetting is perfect,



because the substrate is provided by the partial melting of the base metal grains.

From  there, the solidification o f the weld s ta rts . Taking into account that the 

growing crystals have the same crystailogaphy orientation of the partially melted 

grains, the process is known as epitaxial growth. However, a p referred  growth 

orientation arises and corresponds to the cellu lar dendritic substructure developed 

during the solidification. For the stee ls, the preferred  growth direction is the <’ 100>. 

As a result, a selection of grains occurs and a growth texture is developed. In 

general, the weld structure w ill be columnar, but under determined conditions 

equiaxed grains could appear stopping the columnar grains. In the present experiments 

perform ed with ESW, the structures were always corrlplotely columnar.

2) Shape of the pool: The shape of the pool depends upon the welding speed 

as well as on the heat balance o f the system fixed by the heat input and the cooling 

conditions. i f  the woldlng speed in low the pool tends to bo plane. On the other 

hand, tf the welding speed IncroftHos tho pool shajae tends to a paraboloid of revolution 

and as a consequence the pool depth increases. Taking into account that the columnar 

grains grow, in a direction closely perpendicular to the S -L  interface, it is important 

to know the shape of the pool. In the ESW process this is possible in an indirect 

way through the Sulfur print techniques , were SFe is added during the process and 

acts as a tracer. In order to predict the shape of the pool, a sim plified heat transfer 

model was formulated. The model is able to predict, during the steady state 

condition o f the process, the pool shape as a function of the physical properties of 

the base metal and the operational variables such as welding speed and geom etrical 

configuration of the system . Experimental results obtained show good agreement 

with the proposed model.



3) Solidification rate: The solidification ratfe is the projection of the 

welding speed upon the perpendicular to the S -L  interface. As a consequence,

it depends upon the welding speed but also on the heat extraction. It starts from  

zero at the beginning of the epitaxial growth, and reached a maximum at the wold

a x i s .

4) Liquid thermal gradient: Due to the existence of the molten slag, the 

liquid metal has a certain superheat. and, as a oonsoquonco a liquid gradient (G) 

exists. This gradient is a maximum where the distance between the S -L  interface and 

the slag is a minimum. The G value near the interface is very important because

it is one of the variables controlling the type of segregation substructures, occurring 

during the solidification process.

5) Solidification structures and substructures: As has pointed out before 

the liquid pool shape determines the columnar growth direction as well as the 

solidification rate and the thermal gradient into the liquid. The columnar grain 

orientation plays an important role vis a vis with the hot cracking sensitivity.

The parameter that takes into account this orientation is the encounter angle of the 

columnar grains measured on the weld axis. During the experiments an increase of this 

parameter with the welding speed was observed. On the other hand, the shape

factor was measui'ed . This is a parameter that relates the weld with the pool 

depth.' The shape factor is aiso related to the phenomena involving centerline hot 

craclving sensitivity. The w ire feed speed is an operational variable which has a 

decisive influence on the encounter angle and the shape factor. This conclusion of 

the work imposes a maximum lim it of the w ire feed ¿peed, in order to avoid radial 

and central hot cracking.

The columnar grams s e L V i . on iruetu re is determined by the S-L



morphology as a function of the relationship existing between the liquid thermal 

gradient, G, and the solidification rate (V ). This corresponds to the Constitutional 

Supercooling concept introduced by Chalmers and his school. For a high G/V 

ruluUoiiHhlp Uiu S -L  Intm'fueo w ill bo piano; thin coeurs at thi) beginning of tho 

epitaxial growth. Quite rapidly the S -L  interface becomes uneatable and in practice 

reaches the condition of a cooperative growth of dôndrites known as cellular dendrites.

M icrosegregation -short range segregation- is a consequence of the solute 

redistribution during solidification.

i . •

6) "Mushy'zone: The solidification process in an alloy proceeds in a temperature

range between the liquidus and solidus lines of the equilibrium diagram. As a 

consequence, a coexistence of liquid and solid between both isothermes exists.

This is the "mushy zone". The width of this zone and its displacement rate, 

determine the time of the completion of the liquid-solid transformation at each 

point of the system. This parameter is known as |"local solidification tim e", it can 

be calculated and depends on the conditions Imposed to the solidification process.

7) Solidification m icrostructure: The mushy zone characteristics, together 

with the cellu lar dendritic substructure, produced by the Constitutional Supercooling

conditions, existing during the columnar growtTi, determine structural elements 

of d ifferent type: i) m icrosegregation as a consequence of the cellu lar dendritic 

growth, where the dendritic arm space is a d irect function of the solidification local 

tim e, ii) Non metallic inclusions at the interdendritic spaces, ii i )  M icroporosity .

In the actual weld thin structural e lem ents, appears in a proportion related with 

operative variab les . A ll these structural elements affect d irectly  the mechanical 

p roperties . On the other hand the solute enriched liquid flowing into the cellu lar 

dendritic channels, can produce m acroscgTegation, this is a long range segregation



one of the causes of hot cracking during the ESW process at high welding speeds.

8) Liquid flow into the poo l: The solidification parameters mentioned above can 

be affected by the liquid stirring  due to d ifferent causes: thermal convection or 

forced convection by mechanical or electromagnetic d ev ices . The possible effects 

must be takon into account, in order to control tho structure of the weld.

9) Banding: During the welding process occurs a periodic fluctuation of the 

solidification rate and tho thermal gradient. As a consequence a localized variation 

of composition appears, named banding. When a suitable metallographic etching

is used the local solute variation can be detected and the pool shape is revealed.

10) Phases; When steel is welded the grains begin to solidify with a structure 

corresponding either to ferrite ( ) or austenite ( ) depending on the carbon alloy 

content and cooling rate. During the cooling until room temperature that phase 

suffers solid phase transformation. The unhomogeneity composition, result of the 

solidification substructure has as a consequence different solid phase transformations 

at different points of the weld. That differences are functions of the local carbon 

and other alloy elements content. Different types of inclusions appear related with 

tho original position of'the prim ary interdendritic spaces.

II) Unn\ixed molten zone

The metal transfer, from the base metal to the liquid pool, is through a doplet 

mechanism and a sliding of molten base metal. The second mechanism, forms 

unmixed projections of melted base metal into the weld. In the ESW process this 

e ffect can be metal log raphicrtliy detected through proper etching techniques.



HI) Partia lly  melted 'zone

During the welding process, the base metal near the fusion line is submitted to a 

thermal cycle and, as a consequence, inclusions o f low melting point, as well as 

segregates regions, due to partition coefficients less than 1, can be melted. From  

the technical point of view this phenomenon is very important because those reg ion s, 

when solid ified , and contracted, during the subsequent cooling are , in general, source 

of m icrocracks.

Secondary structure? As has been mentioned before, the subsequent cooling 

to the liquid-solid transformation provoque the formation of the so called secondary 

structure. In the case of the stee ls , according to the cooling cyc le , the fases or 

formed at high temperature w ill be transformed in the structures emerging from  the 

T T T  (T im e, Tem perature, Transformation) diagram corresponding to the welded 

stee l, this is fe rr ite , bainite, etc. When fe rr ite  Is formed its morphology depends 

upon the cooling conditions, as well as the chemical composition of the stee l. The 

phase transformation begins with the fe rr ite  nucleation at preferential p laces, as 

grain boundaries and segregated a reas . The influence of the prim ary structure on 

this transformation is s till not completely c lear and in the research under progress 

the relationship existing between the solidification substructure and the resultant 

secondary structure is investigated. The secondary macrostructure has the same 

aspect as the solidification m acrostructure, but instead of austenite, or delta grains, 

numerous and small fe rr ita  grains appear that coexist with perlite or other solid 

phase transformations products. At present, in the ESW process experiments ,under 

way, the relationship between the segregated areas of the prim ary substructure and 

the fe rr ite  nucleation has been determined, but the mechanism acting during the 

solid phase transformation ¡s still under research, in reference with another



structural elements that were formed during the weld solid ification , as inclusions, 

pores, macrosegregation, etc. are not affected by tihe solid phase transformation 

and, as a consequence, are presents in the final structure.

I y ) Heat affected zone (HAZ)

The metal near the weld is submitted to a heterogeneous thermal cycle producing 

different solid phase transformations as a function of temperature and time. The 

result, is different structures, characterized by different grain size. Near the 

fusion line the grain size is larger and it is convenient to obtain the thinnest HAZ 

possible. This can be managed decreasing the energy input through either a lower 

Voltage or an increase of the welding speed. This procedure is more convenient 

and is obtained when the gap between plates to be wfelded is disminished.

In summary, the weld structure is composed by different .elements having, as 

origin, the liquid-solid transformations and solid phase transformations. The 

results are columnar grains to be joined at the weld axis. The interior of these 

grains presents an elevated chemical heterogenity associated with inclusions and 

microporosities.

Finally, the resultant structure o f a weld, can be changed,as a function o f the 

operating variab les. As an example, increasing the "energy input” , the dendritic 

space increases, as well as the size of the inclusions. On the other hand fo r  a given 

voltage an increase of the wire feed rate has, as a consequence:

1. The penetration re mains approximately constant

2. The pool depth increases

3. The shape factor decreases

4. The encounter angle increases



5. Thr .‘¡I! p" v  |,lu' pool i't-'i'orvicB approximately parboloid o f revolution.

F ig . 2 cor res pond« to the structural results obtained, meanwhile F ig . 3 

shows the sulfur print of the pool.

MECHANICAL PROPERTIES VERSUS WELDING STRUCTURES

This part of the work, under progress, corresponds to points ii) and iii) and 

UikoN Into account the relationship between the woldod structures and the mechanical 

properties , but at the same tim e, the direct way mentioned at the Introduction.

In the firs t approach, low carbon steel plates of 5.8 cm thickness are used with 

different consumables and operational variables. The welded structures are

submitted to different tests as traction, bending and impact, as well as inspection
f '

through metallography and non destructive tests. At present, the ESW process 

used is the high speed type where the gap between plates to be welded is 16-18 mm, 

instead of the conventional 25.4 mm. With this method the welding speed is larger 

than 4 m/h and the HAZ is drastically reduced. Fig. 4 compares the conventional 

results with those obtained at high welding speed. In order to obtain this type of 

weld, a specially designed consumable guide, is used , shown at Fig. 5. The 

analysis of the structures obtained, shows that the speed of the process has a 

lim it, from  where radial cracking appears, associated with macrosegregation of 

alloy e lem ents.

The second approach corresponds to the direct correlation between consumable 

and mechanical properties, obtained through different mechanical tests. In this 

case w ire , with different chemical composition and different slags are used. This 

research approach permits an adecquate optimization of the operational variables,

consumable selection ana qualification of the welding procedure, but the reason of

the results obtained is not cleared ,p. From the authors point of view, both
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approaches to the research are valid, but the extrapolation of the results obtained, 

only is possible through a complete study cnvolving operational variables, structural 

analysis and mechanical p roperties .

ELECTROSLAG WELDING OF ALUMINUM AND ITS ALLOYS

Every day the thickness of structural aluminum parts to be welded increases.

As un example can be quoted tho busbars in aluminum plants, or structural parts 

of liquid petroleoum gas containers. A comparative study of the possible methods 

to be used shows that the MIG process Is useful until 45 mm thickness, the electro­

gas process in a range between 30 and 70 mm, while the electrobeam can be used 

between 30 and 120 mm. Tho ESW process can bo usod for thickness larger than 

40 mm and from the economic point of view, presents the best conditions. However, 

the ESW method in aluminum alloys is not popular, probably because the complexity 

inherent to the aluminum welding is connected with very little scientific-technical 

information, related to this method.

The ESW research program under way, considers the ESW of aluminum and 

its alloys. It should be considered that for a given aluminum to be welded, the 

energy necessary for the melting is less than for a similar steel volume, but the 

high thermal conductivity of the aluminum imposes a high heat input, in order to 

obtain a proper penetration. The existence of a AlgO^ film difficult to be removed , 

even when the base metal has been melted, is another important factor. At present 

the different research areas are:

1) Slag selection

2) Consumable guides design and selection of the proper w ires to be used

3) Design of the refrigerant devices of the equipment, considering the high thermal 

conductivity'anil specific heat Oi the aluminum



4) Gas extraction system, design,in order to protect the equipment and the operator 

from toxic products

SUMMARY

Under the frame of the Multinational Program of Metallurgy OAS-CNEA, a 

research of the ESW of steels and aluminum alloys is under way at the Atomic 

Energy Commission of Argentina. The strategy research is to know the origin and 

development of the weld structures obtained and their rtelationship with the resultant 

mechanical properties. This purpose an interrelation among operational variables, 

structures and mechanical properties. This optic permits to obtain general knowledge 

on the welding metallurgy, able to be extrapolated to other process and materials.

On the other hand, the direct way,where the consumables and operational variables 

are related with the mechanical properties of the weld, withouth considering the 

structure, seems to be correct for an adecquate selection of consumables and 

procedure qualification, but is limited for a complete understanding of the welding 

processes . The use of a high speed welding for steels reduces the HAZ and,the ./ 

metal to be deposited ¿‘or a given plate thickness considerably. With reference to 

the application of the ESW in aluminum alloys, the preliminary results obtained can 

be considered positive.
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ORIGIN AND DEVELOPMENT OF FUSION WELDING MACROSTRUCTURES 

T. Pérez, M.J.Solari and H.Biloni

I) INTRODUCTION
The weld metal structure is a result of complex 

transformations and interactions, starting with metal-gas and 
meta1-flux reactions in the liquid state. The primary structure 
is obtained through the liquid-solid transformation, which 
generally, follows certain laws, quite well understood, at 
present, after 30 years of research in controlled solidification 

An actual structure (eventually secondary) is obtained 
as a consequence of thermomechanical transformations occurring 
during the subsequent cooling till room temperature. The final 
structure is composed/ÉKcfi^§Se5 Í?ferent phases, physical and 
chemical heterogeneities,which interact with the constraints 
imposed by the weld geometry. As in all metal structures the 
analysis can be done in three stages: i) Macroscopic scale: 
that characterizes the shape, size,distribution and orientation 
of the grains. This is known as "macrostructure"; ii) microscopic 
scale: microsegregation, inclusions, microporosity, etc.: iii) 
crystallographic and atomic level,mostly related with crystal 
lattice defects.

Taking into consideration that the classification 
of the primary and secondary structures is still not clear the 
present work will attempt to clarify and unify that classification. 
While some authors refer to primary structure, others consider 
the secondary structure. Savage ( 1 ) describes several types 
of columnar structures in relation with the weld pool morphology, 
adding an axial grain structure. Paton ( 2  ), working with 
electroslag process in steels describes four types of structures: 
fine columnar grains, coarse columnar grains, "mixed grains" and 
central equiaxed grains. Kerr ( 3 )> in agreement with Russian 
authors ( 2 ) describes the following structures in TIG steel 
welds: i) axial; ii) stray; iii) columnar; iv) competitive 
columnar; v) equiaxed and vi)partially equiaxed . On the other 
hand, Edvarsson ( 4 ) reported axial growth in submerged arc 
prQcesses controlled by groove angle variations. Kato and Matsuda 
( 5 ) described several types of macrostructures in aluminum 
alloys, analysing the welding speed and the alloy composition 
influence. Finally Nakada et al ( 6 ) described another structure 
already discussed in aluminum alloy castings: the feathery crystals.
The research strategy to be used is the same applied by Biloni
and coworkers in casting research ( 7  ), this is, the relationship 
existing between microsegregation substructures and the resultant 
macrostructure. With this aim electroslag and submerged arc welding

\



experiments have been performed, in steels as well as the aria ysx 
of aluminum welding alloys using automatic tungsten ar̂ c process. 
The results obtained will/be compared and discussed wiJh those 
previously existing in the literature, in an effort to establish 
in a rational way the origin and developmenVof the different 
fusion welding structures.

II) EXPERIMENTAL

1.- Equipment

i)Electroslag and submerged arc processes: Two constant 
potencial D.C. electrical pow-r suplies were used. The 
maximun intensity was 1000 Amp each one.

ii)Automatic TIG process: A device able to operate either 
in direct or alterning current was used , with H.F. in 
order to start the arc.

2. - M;iterials

Table I gives details on the chemical composition of 
the base and filler metals as well as on the geometry of 
the weld, consumable guides and fluxes used.

3 .- Welding procedure

i)Electroslag process: A butt joint with a gap of 2.5. 
cm and consumable guides without oscillation were used. In 
order to maintain constant the slag depth , flux was added 
during the operation. The welding voltage was 40 Volts and 
the electrode speed rate ranged between 5 and 19 cm/seg. 
Reverse polarity was used. The welding intensity varied 
between 400 and 1000 Amp.

ii)Submerged arc process: Bead on plate weldments were 
prepiired using reverse polarity. The welding parameters 
varied in the following ranges: Current 400 to 600 Amp; 
Voltage 22 to 34 V; welding speed 18 to 98 cm/min.

iii)Automatig TIG Process: Alterning current, tungsten 
electrode (0.8% Zr) and argon shielding gas were used in 
order to produce bead on plate weldments. The weldment 
parameters varied as follows: Current 60 to 150 Amp; Voltage 
10 to 20 V; welding speed 20 to 100 cm/min.

4.- Metallographic techniques

i)Steels

a) i\ital 1 0 % in ortier to reveal the macrostructure
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b) Nital 1% t o  reveal the microstructure.

c) FeCl : 40 gr.; CuCl : 3 gr; HCL: 40 cm^j ethyl alcohol:
3 3500 cm

ii) Aluminum
a) Electropolishing followed by etching with: HNO^: 47 cm ;

HF : 3 cm3; H 0 : 50 cm'l This etchant reveals the 
microstructure

5.- "Encounter angle measurements"

The encouter angle in electroslag and submerged arc weldments 
is determined by the impingement between the columnar grains 
and the central line. (Fig.l)

6 .- Complementary experiments

In order to elucidate the structure called "partially ,equiaxed"
w  0  r* o  /

( 3  ) , casting experiments in laboratory scale/pertormed.6 0 63 
alloy ingots were casted in copper molds of 6 cm diameter and 
10 cm high. The ingot structure was observed as cast and after 
subsquent electrolytical polishing,

III.- EXPERIMENTAL RESULTS

1.- Electroslag process

Table II summarizes the welding conditions as well as the
measured encounter angle.

a) The macrostructure obtained in steels type A is constituted 
only by columnar grains. Originated in the base metal, they 
grow towards the center of the bead with an encounter angle 
that increases with the electrode feed rate.Fig. 2 shows the 
macrostructure after etching with Nital 10$ and Fig.3 co­
rresponds to the secondary microstructure produced during 
the solid state transformations. The analysis of the 
segregation substructures through suitable etchants show 
that when the feed rate is high the grains define an 
encounter line at the bead axis (Fig.4). For lower feed 
rates one or more axial grains are detected stopping the
columnar growth (Fig. 5).

b) In steel type B, with higher amount of carbon
the secondary structure is formed by coarse columnar grains
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growing epitaxially from the parent metal. This coarse grains 
are followed by fine columnar grains covering the central zone 
of the weld , (Fig. 6).

2.- Submerged arc

Table H I  shows the welding conditions. In this case for a 
given welding speed the encounter angle varies essentially 
with the welding current. For high welding intensities two 
angle were measured. The greatest corresponds to the 
columnar grains that grow from the base metal. The smallest 
is measured from the point where the columnar grains modify 
their direction. Taking into consideration that a proper 
measure of the encounter angle must be done in three dimensions^ 
it may be possible that theaiomalies observed in the tendency 
variation, as are shown in Table III,, are due to studying 
only the metallographic plane. Fig. 7,corresponding to a 
transversal section, shows the mentioned encounter angles. 
Eventually some axial grains could appear intercepting the 
columnar grain growth.

3.- Automatic TIG process

Fig. 8 shows the longitudinal cross section corresponding 
to a weldment performed in Aluminum 99>5 A stray structure 
is noticeable, as well as axial grains stopping the columnar 
growth. This type of structure has been also observed in 
Aluminum alloy 606.3 .Under some welding conditions an equiaxial 
central structure was observed in the; same alloy ; Fig. 9 • On 
the other hand Fig. 10 corresponds to a typical feathery crystal 
structure obtained in a 5086 Aluminum sheet.

4•- Additional experiments

In the surface of 6063 aluminum ingots the so called "meniscus 
marks" ( 8  ) were analyzed.The as cast surfaces presents a 
superficial structure with the appearence of small equiaxed or 
multiplied grains. Fig. 11 (a-d) shows the microstructure as cast 
and after subsequent electrolytical polishing. It is quite clear 
that the structure is confined to a thin superficial film of 
the ingot.

IV) DISCUSSION AND CONCLUSIONS:

In the attempt of classifying fusion weld macrostructures we 
considered worthwhile to correlate their origin not only 
with the phase transformation ocurring during the process 
but also with the mechanism of solidification . The
results obtained by Kerr and other authors (5,9 )are also taken
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into consideration. The following concepts are those considered 
basical for the discussion.

1.- Liquid - Solid transformations

i) Epitaxial and competitive growth of the columnar structure 
from the base metal ( 9 )

ii) Interface instablity as a result of the «amount of
Constitutional Supercooling ( 10 ) . A sequence of different 
segregation substructures: cellular,cellular dendritic, 
dendritic and superdendritic, are obtained at increasing 
supercooling.

iii) Crystal multiplication ( 11 ) and nucleation on the free 
surface ( 12 ).

iv) Peritectic reactions influencing the subsequent solid 
phase transformations in steels.

2.- Soljd phase transformations

After welding operation on steels, and during the subsequent 
cooling^new phases are nucleated in the solid state. The 
structures obtained are, in general, related to the solidification 
substructures.
Fig.12 shows schematically the different types of macrostructures 
present in fusion welds, together with the mechanisms involved 
in their origin and development.
Based on the previous mechamisms those structures can be 
explained as follows:

Type M0 1 : Columnar structure: the columnar grains impinge at the 
bead axis determining a defined encounter central line. The grains 
are formed epitaxially and due to the competitive growth only 
those with an easy growth direction, nearly coincident with the 
heat extraction, reach the center.
This structure is associated with tear shaped weld pools, that 
is to say, with high welding speeds.
The interface instability and, therefore, the resulting substructure 
are function of: the growth speed, the thermal gradient and the 
metal composition.
In general, a cellular dendritic substructure is obtained with 
commercial alloys.

Type N° 2 : Competitive columnar structure: i n  this case the 
central line is irregular, as shown in F ig o  22
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This structure was found, in steels Containing 0,08 %, C and. 
at welding speed above 30 cm/min.(3)•
The transition from structure type 1 to type 2 is gradual; 
and sometimes , they coexist.
When the composition and the welding speed exceed determined 
values a preferential growth of certain dendrites is observed. 
As the thermal gradient tends to zero, the structure can be 
supposed to be formed by superdendrites (L3 ) , this 

mechanism was observed in castings.

Type N° 3: in this case the columnar grains do not form a 
defined center line.
This structure appears when th welding speed is low and 
consequently, the weld pool is elliptical.
The grains grow normally to the liquid-solid interface 
following the maximum thermal gradient, as it changes. Fig.2 
shows this structure in an electroslag weldment.

Type ,N° 4 ' Stray structure: the characteristic of this 
structure is that many grains,which grow epitaxially from 
the base metal, are stopped by nuclei that float in the 
liquid.
Several authors ( 10,11,15) have established the existence 
of the so called "initial zones" , they are originated 
by crystals that grow free in the liquidj the initial zones 
segregation substructures presents a coarse region, followed 
by a celluar dendritic substructure . During the free growth 
the heat is transfered from the solid towards the liquid. 
When the columnar grains,which grow from the base metal,touch 
a nucleus , heat iá extracted through the Solid, producing 
a dendritic morfology.
As a function of the nuclei density , the final structure 
would be equiaxed or stray; in this case the nuclei generate 
new columnar grains.
Three possible mechanisms can explain the origin of initial 
zones. These mechanisms operate,to various degrees, in the 
cast ingots equiaxed zone formation ; their application in 
welding are analyzed as follows:

■ ~ Southin mechanisms (̂ -2) ; nucleation events are produced 
at the free surface, and the nuclei are showered down 
into the liquid. In arc welding this mechanisms is very 
improbable becausé the heat source would melt the nuclei- 
in electroslag welding this mechanisms can not operate 
due to the weld geometry.

ü •- Winegard and Chalmers (l6) propose a mechanism of
heterogeneousnucleation in the melt. It is also scarcely 
probable in welding due to the presence of a positive 
thermal gradient in the liquid.
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iii.- Jackson et al (3 1) and O'Hara and Tiller ( 17.»18) proposed 
the crysta1-mu 11iplication mechanism. In it branches of 
the columnar structure are broken due to the heat flow 
and thermal convection.
The presence of solid fragments trapped in the columnar 
front of a weld is promoted by conditions which enhance 
constitutional supercooling and dendrite remelting. A 
prove to this theory is that larger fragments showing 
evidence of free dendritic growth are observed at higher 
solute contents (15)•Kerr(3) ,  also, observed that an 
increase in solute, promotes grain multiplication.

iA longitudinal cross section of an aluminum weldment, with stray 
structure, is shown in Fig. 8 b .

Type N° 5 • Axial structure: several grains grow following 
the bead axis direction stopping the columnar growth. In 
this case, the maximun thermal gradient direction coincides 
with the weld axis. That is why the columnar grains, that 
grow from the base metal, have a non favorable direction 
and the growth of a few grains parallel to the axis, is 
e a s i e r .
This structure is shown in Fig.8 a
Edvardsson (19) studied the growth direction in a transversal 
cross section and defined an encounter angle; it is function 
of the welding current intensity, the voltage and the welding 
speed. The crystals can grow diverging from a point at the 
botton of the bead or develop as parallel plates.
It is also possible that some of the grains , which were 
growing epitaxially form the base metal, change their direction 
and continue growing parallel to the center line axis; in 
this case the transversal section looks like fig.
Cracks frecuently appear in the grain boundaries of the axial 
grains (4, 20) > as it is shown in Fig. 8 a in aluminum 

weldment.
These structure also appears in electroslag and submerged 
arc welding (Figs. 5 and 7b ).

Type N° 6: Equiaxed structure was found in aluminum alloys, 
specially as the solute content increased . Fig. 9 shows an
equiaxed structure obtained in aluminum 6063*
Kerr (3) concluded that the percentage of equiaxed region, in 
steel welds, decreases as the carbon content increases; this 
observation suggested that constitutional undercooling was not 
responsible for equiaxed grain formation. He considers the 
heterogeneous nucleation mechanism, to be the source of equiaxed 
grains near the center for a weld; on the other hand Arata (21) is

1



in agreement with the S.C.theory Kerr (3) presents another 
structure that he calls "partially equiaxed” . Equiaxed grains 
can be noted suggrficially in a longitudinal cross sections, 
but they/beaobserVed in a transversal cross section.
The additional experiments carried out during the presents work, 
sugget that the origin of this structure is similar to that 
of the"meniscos marks" Fig. 13 shows a scheme of the proposed 
mechanism for both cases. During solidification, a contraction 
skrinkage is formed and if the liquid feed is deficient, the 
dendritic morphology is shown plainly in the suri"ace, and the 
superficial segregation is the result of solute liquid enrichment.

Type N° 7 • Feathery crystal structure : was found in aluminum 
weldments and continuous casting . This structure is formed by 
plates, nearly parallel,forming a conical or pyramidal colony,
(22 ) Their thickness is about 100 and their length reach 
some centimeters. Roman, Solari and Biloni (22) analyzed the 
growing morphology,origin and easier growing directions of this 
structure in DC casting, this basic analysis is applicable in 
weldments. « I1 ' • ' '
Type N° 8 : Structure with coarse and fine grains:Paton identified 
this structure many years ago (2), but its origin is not yet 
completely clear. I
The appearence of coarse and fine grains is due to the preferential 
precipitation of poligonal ferrite in certain places. Near the 
fusion line,the precipitation takes place in the primary grain 
boundaries (austenitic phase), so that coarse grains are delineated.
In the central zone, the ferrite nucleates in the microsegregated 
regions that appeared during solidification process. One of the 
proposed mechanisms which explain this structure suggets that the 
interdendritic segregation in the central zone reaches values 
which locally modify the curves, and therefore , the feritic 
precipitation is also influenced.
Another mechanism connected this structure with the solidification 
sequence and the peritectic reaction (LtJ —-» Y  ) According to this 
model (2 3 ) , coarse grains are obtained when the liquid solidifies 
as V  phase. On the other hand when the liquid becomes J ferrite, 
first, and then, during the peritectic reaction austenite of a 
different size is produced; finally the descomposition originates 
a fine ferritie pearlitie structure.
The solidification sequence depends on the cooling rate. In the 
central region, as the cooling rate is lower equilibrium diagram, 
and d ferrite is formed*
Near the fusion line the heat extraction is greater and the metastable 
reaction L » takes place, this reaction is represented in the 
Fc.C diagram, continuing the solidus-liquidus lines.

Type N° 9: Structure with coarse and fine columnar grains and an 
equiaxed central zone : Paton (2 ) has found this structure in



3 6

e l e c t r o s l a g  weldments of steels with carbon contents over 
0,35$ and high welding currents. The width of the equiaxed 
zone varied in the range of 0,4 to 0,8 cm.
In no case, independently of the steel used were equiaxed 
grain structure found during the present work.

’>Conclussions
The fusion welding macrostructures can be sketched as Fig. shows,and 
their origins explained, as followed:

Type N° 1 : Columnar structure: origin epitaxial and competitive 
growth; interface instability.

Type N° 2 : Competitive columnar structure: origin epitaxial and 
competitive growth; interface inestability.

Type N° 3: Origin epitaxial and competitive growth.

Type N° 4: Stray structure: origin epitaxial and competitive 
growth, crystal multiplication *

Type N° 5 : Axial structure: origin epitaxial and competitive 
growth.

Type N° 6 : Eqüiaxed strüctdre origin npita^ial and competitive 
growth, heterogeneous nucléation.

Type N° 7 * Feathery crystal structure: origin epitaxial and 
competitive growth; inteiface instability : constitutional 
supercooling.

Type N° 8 : Structure with coarse and fine columnar grains : 
origin epitaxial and competitive growth; peritectic reaction; 
ferrite nucléation and growth.

Type N° 9 : Structure with coarse fine columnar grains and an 
equiaxed central zone.
Origin. epitaxial and competitive growth; interface instability: 
heterogeneous nucléation or crystal multiplication; peritectic 
reaction; ferritic nucléation and growth.



Table I

Base metals, electrodes, consumable guides and fluxes compositions

PROCESS Base in et a.1

ELECTROSLAG

■

Composition {% )

Steel A: C: 0.07 Mn: O . 4 8 Si: 0.05 S: 0.039 P:0.012i
Steel B: C:0.19 Mn: 0.65 Si: 0.12 S: 0.018 P:0.011 
Dimensions 35 x 35 x 5-1 cm 
Consumable guide 
Composition {% )

C:0.j; Mn: 0.65 Si:0.12 S:0.0l8 P:0.011
Electrode
Composition ( %) C 

C:0.0 Mn:1 .15 Si:0.54 S:0.0l6 P:0.020 
Diameter 0.2 38 cm 3/32")
Flux ( %) '

SiO : 36.2 9;MnO :27. 37; CaO: 16. 82; Al „0 :8. 7 2Z ¿t

MgO:2.67;TiO :2.53;Fe 0 :1.27;Na 0:0.93;
K 0:0.72 i  O

*

SUBMERGED

ARC

Base Metal
Composition ( %)

C :0.1 Mn: 0 .7 5 Si:0.07 Al:0.05
Electrode
Composition ( %)

C :0.11 Mn:1 .06 Si:0.11 S:0.02 P:0.021
Diameter 0.325 cm
Flux (% )

MnO: 30 ;S10 : 40 ; Al 0 :15;Feo0 :1;BaO: 2 ;
Mg0+Ca02 5; F Ca: 5 ;TiO : 2;K 0+Na Ò :1

Lt Zd Z* Zà

Flux basicity 0.52



r
Base metals:

a - Aluminum alloys
- 99,5 A1 99,5 Fe 0,27 Si 0,12
- 6 0 6 3 alloy Fe 0 , 1 8 Mg 0,52 Si 0,42
-.5086 alloy Fe 0,39 Mg 3,47 Si 0,11

AUTOMATIC
Cu 0,045 Mn 0,32 Cr 0,19

TIG
Thickness: 0 , 1 - 0,2 - 0 ,25 - 0,3 cm

b - Steel c 0,06 Si 0,02 Mn 0 V* to

r i

Th i ckness: 0 , 1 5  cm



Ta b l e  I I

Welding variables and Experimental Results

Weld Code Steel Electrode feed 
rate (cm/seg)

Current
(Amp)

Voltage
(V)

Travel 
speed 
(cm/min)

En counter- 
angle ( 0 )

1 A 7.0 450 40 1. 22 45

2 A 7.0 450 40 1.22 35
3 A 7.0 450 40 1. 22 58
4 A 11.0 600 40 I.9I -
5 A 1 3 . 5 700 40 2.34 80

6 A 1 3 . 0 700 40 2. 34 83
7 A 1 9 . 0 900 40 3.3 110
8 A 1 9 . 0 900 40 3.3 92
9 A 1 9 . 0 900 40 3-3 115

10 A 1 9 . 0 900 4° 3.3 120
11 B 10.0 600 40 1.85 22 Q

Table TII

Submerged arc Welding encounter angles (V: 30 volts).

Travel speed 
( cm/min )

Current
(Amp)

18.78 2 6 . 7 8 50 65.1
6

97.72

4 0 0 O
N

O
s) O
O 56.28 34.4 2 2 . 62 I7 .O6

5 00 97 71.56 75.54 57.62 8 3 . 96 •

600
«

8 2 . 9 2 118.08 115.66 97.24 8 8.4 8 ;

650 ; 16 9 
'(76.16)

168.58
(76.3)

156.58
124.7

180
(116)

I6 7 . 7 6  
(80.2)
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Fig.1: Columnar growth encounter angle (scheme).
Fig.2: Longitudinal cross section macrostructure (electroslag 

welding; steel A).
Fig.3: Secondary microstructure of weld metal (see Fig. 2)(120 x)
Fig.4: Longitudinal cross section structure (high welding speed).
Fig.5: Longitudinal cross section structure (low welding speed).
Fig.6 : Coarse and fine grain structure; (electroslag welding; steel B).1
Fig.7: a- Submerged arc welding macrostructure (transversal cross

sect i  on ) (4 , 7  )f)
!b- Segregation substructure of the we]d in Fig.7a.

Fig.8 : a-  Automatic TIG welding macrostructure (A1 9 9 , 5 )  (6,2 x).
b- Automatic TIG welding macrostructure ( 6 0 6 3 alloy) (6 ,6 , x). 

Fig.9: Automatic TIG welding macrostructure ( 6 0 6 3 alloy) (5*7 x).
Fig.10: Automatic TIG welding macrostructure (5086 alloy) (10,7 x). 
Fig.11:^"Meniscus" structure, as cast. SEM. micrograph (240 x).

b) "Meniscus" structure Electrolitically polished.
Fig.12: Diferent types structure scheme.
Fig.1 3 : Mechamism of parcially equiaxed structure origin.
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"THE INFLUENCE OF THE WELDÏNG MACROSTRUCTURE 

ON ALUMINIUM HOT - CRACKING"
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THE INFLUENCE OF THE WELDING MACROSTRUCTURE ON ALUMINUM
hot c r Ac ki ng

M a . E. Saggese-Miraglia s INEND. Comision Nacional de Encrgia Atomica
(CNEA) Argentina.

M. So]ari: Departamento de Materialcs. CNEA.
H. Biloni: Director del Proyecto Especial Sobre Afuminio y Cobre. OAS- 

-CNEA.

I - INTRODUCTION
¡lot cracking is a type of failure that can appear in al most

ail alloys when they are welded by any fusion process. It is generated by
stresses arising both from the solidification contraction and the
restraint provided by the joint. Additional restraint may be introduced

('I , « ) ,by externa devices. Several works correlate the; structure developed
during the solidification process, the composition of the weld, the 
geometry of the poo] and the stresses deveJoped during the process. They 
can by summarized as follows.

i) During the solidification process between liquidus and 
solidus temperatures of the alloy, the mushy zone of the weld is formed by 
a dendritic network with solute-enriched liquid around it. For k 1 
this enriched liquid solidifies with a lower point of fusion and non- 
equilibrium phases or eutec tics with a low melting point usually appear.

i >) Maxi mum segregation is achieved at the grain boundaries of 
the crystals having an interdendri. tic segregati on as a result of the 
solidification process. In systems where the energy associated with the 
grain boundaries ( q \ ) is higher than twice the interfacial Solid-Liquid 
energy { "75^ ) , the whole nterf ac ia ! energy ot the system is minimized 
through a mechanism consisting of penetration ot the liquid through the 
grain boundaries.

iii) High velocity welds with a tear drop shape of the pool are 
more susceptible to hot cracking than others presenting elliptical pools 
resulting from low welding speed. The difference is attributed to the 
relationship e,vi «tin«; between the columnar grains and the encounter angle



Unaer high speed cortd.Lti.ons a very high encounter angle develops and 
the solute rejected at the solidification front, as well as the 
impurities present in the liquid, are trapped in the xveld centerline 
As a consequence a high segregation arises. On the other hand 
elliptically shaped pools do not usually present a centerline, 
segregation and as a consequence the danger ot centerline hot cracking 
practically does not exist. j

From the preceding items the cracking phenomena results in a 
combination o? high segregated continous regions (namely at the center­
line grain boundaries and rntercJ.cndri.tic spaces ), with solidification 
contraction during the completion of the mushy zone, contraction stresses 
developed in the cooling solid and an inadequate liquid feeding along 
the interdcnclritic spacings. The result is a concentration of stresses in 
a relatively small amount, of solid regions triggering the conditions for 
the cr;ick propagation.

The present, paper is concerned with aluminum welds presenting 
an axial type ol macrosiriicture, characterized by an elliptically 
shaped pool and grains that grow near the centerline, parallel to the 
welding direction and which, as a consequence , stop the columnar structur 
developed epitawially trom the base metal^^. The susceptibility to 
hot cracking of this structure will be established through a careful 
examination ol the relationship existing between the macrostructure and 
the segregation substructure developed during the solidification 
process.

II - EXPERIMENTAL
a)Materi.al s : TABLE I specifies the thickness and composition of 

the two sheets of commercially pure aluminum used in the experiments.
b)Equipment: A commercial power source able to operate in the 

DC or AC mode anti with UF incorporated in order to start the arc, was 
used . With this equipment it was possible to select the current intensit 
as well as t(jfcoatroJ the upslope rate, upslope time, welding current, 
welding time, downs lope rate, downs! ope time, final, current (in order to 
control the cooling rate of the final part of the bead) and the final time
The weeding torch travelled automatically in a range between 0 and 15 cm
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cjWfejtding procedure: Beads on plates with continous IIF and 
AC, where performed. The electrode used was tungsten thoriated and 
water refrigerated. Argon was used as the shielding gas. Previously 
to each operation the plates were cleaned with acetone and brushed.
TABLE II sumarizes the welding procedure.

d)Metallographi.c techniques: Metallographic analysis was 
performed on the welding plane. The etchant used was: HCl:50cc;
UNO :47c c ; HF: 3co. The etching time was used as a variable-, in order 
to regulate the proper detection of the segregation substructure and the 
macrostructure.

e)Special metallographic techniques:
e ) Mi£ro ana l_ys i. s_: With a C AMEC A MS46, X Ray images of Si and 

Fe were performed. In all the cases the samples were carefully polished 
until a diamond paste finish.

e j  Surface observations^ In order to obtain a proper view of 
the surface relief associated with the welding and the cracks a scan­
ning microscope PESM 500 was used.

Ill - RESULTS
Through the experimental conditions reported in TABLE II the 

weld pools obtained had elliptical shapes. The shape of the solidification 
front can be interred from the superficial ripples of the beads. Fig. 1 
shows a SEAM micrograph of one of the cracked beads. This figure is 
considered representative of the experiments performed.Forcthe heat 
inputs used (see TABLE II) , the macrostructure was an axial type.

Tl\e hot cracks observed were located in two preferential places: 
the central line between two axial grains (Fig. Z a ) and the encounter 
line of the columnar grains with the axial or central grains (Fig. 2b).
A metallographic study of the segregation revealed that these places
presented a higher and quasi-continous segregation when compared with

(9)the rest of the structure (Fig. 3) • The X Ray images of cracked 
beads also confirmed a higher concentration of Fe and Si, in those 
regions. The observations of the crack surfaces with the SEM permits 
the following description:

i) A direct correspondence between tears on one face and adhered 
parts of the other part of the another face of the crack (Figs. 4a and b)

-------------------------------------------------------------7 5 2
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Fig. 5 shows with more detail the planar deco^esion observed at different 
depths. The fracture surfaces show an axial celular dendritic structure 
decanted during the cracking process.

ii)Fig. t> show '. I he distribution oi:' the plastic deformation 
from the ccnter to the tip of the crack. The same figure also shows the 
plastic deformation continuing in the nOiicf ticked metal.

i.ii)Fig. 7 Shows the surface of a 'crack at a zone of 
minimum plastic deformation. The rounded oft structure characteristic of 
decanted cellular dendritic morphologies, can be seen.On the other hruid 
Fig. b corresponds to a place with a high amount ¡of plastic deformation, 
near the tip of the crack.

IV - DISCUSSION
Upon review, as was pointed out in the Tut reduction the

( S )hot crack sensitivity is related to the shape of I. he we Ld pool 
Elliptic pools obtained through a low welding speed would not he
susceptible to crack i n i t i ation. The results of the present work
seems to be ; n contrail let i on with that statement. However i t is
necessary to take into consideration that the structure obtained
in the heat input rai\-j;e used was an axial macrostructure. This type
of macrestructure develops an elliptical pool but presents at the
center of the weld one or several grains growing axially parallel to the
welding direction (see Fig. 2 ). Those grains present different
charact er Litics from the segregation point of view, when they are
compared with the columnar grains of the macrostructure. Metaliographic
analysis and microanalysis show that an almost continuous segregation
exists associated with the grain boundaries of the central axial grains
and at the limit between the columnar grains and the crystals. The
origin of this segregation may be visualized as follows: the
columnar grains from the base metal reject solute m  front of them.
Because they are growing with a low encounter angle, as a result of the
elliptical pool, if the c o Lunina rgrowrtltfis completed no centerline appear.
However the existence of axial central grains growing in an enriched
liquid change the situation i n  two ways: i) a terminal transient of
solute distribution appears at the region where the columnar grains are
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stopped by the axial crystals: ii) a high gra^fn boundary segregation 
is favoured. The results in ftotii cases is the quasi-continuos 
segregation arising from a tear drop shape of the weld metal pool. As 
a result, the conditions necessary for the development of hot cracking 
are quite similar; clue to the low mechanical resistance of tne 
liquid film the stresses concentrate in the few solid bridges. When 
they tail,a crack appears. In addition the contraction stresses have 
their maximum component in the direction perpendicular to the central 
g r a m  boundaries, favouring the failure.

cracking susceptibility, it is necessary to control the shape of the 
pool but also the segregation distribution that is determined by the 
weld macrostructure.

soft rduiiued surfaces are observed. This suggests that dendrites 
growing from both crack faces in the liquid entrapped do not fill 
the space developed. As a consequence a decanted type of cellular 
dendrites appears.

more tears and a larger amount of plastic deformation. This may be due 
to the appearance of the contraction stresses forcing the weld bead to 
deform plastically before cracking and the existence or a high number of 
solid bridges together with a less amount of liquid due to an 
inefficient local reeding.

then be a consequence of two mechanism operating during the propagation 
of the crack. At high temperature the cracks may grow partially by

is accomplished. This is very difficult to evaluate taking'into account 
the problems existing in order to measure, the inter facial free energy 
as well as the rather unknown influence of minor amounts of impurities

The present work suggests that in order to prevent hot

Concerning the plastic del o filiation associated with the cracks, 
it is necessary to consider:

j
1 ) At (he central zone of a crack no deformation appears and

li) Towards the tip or the crack the surfaces show more and

The heterogeneous distribution of plastic deformation may

liquation of the g r a m  boundaries

1. )on their values . At lower temperatures this mechanism would stop
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and then the solid bridges would have to stand the stresses imposed 
by the cooling of the bead.

±)Elliptical pools associated with an axial type ot 
macrostructure are susceptible to hot cracking,

2) The cracks develop at the axial grain boundaries
and at the limit between the columnar structure and the axial grains.

3) The metallographic and microanalysis studies show an almost 
continuos segregation in those regions.

4 ) The origin 01 the hot cracking is similar to the center 
line hot cracking appearing in columnar structures, associated with a 
tear drop shape oi the weld pool. This indicates that not only the 
geometry ol' the weld poo l must he taken in consi deration, but/ also 
the relationship ex L i s t i n g  between the macros t rue tures and th*i sfalute 
segregation.

5) The analysis of the cracks shows the presence 01 an 
heterogeneous plastic deformation.
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MATERIAL THICKNESS 
cm

A 0.25
B 0. 30

Fe Si Ga
u t% wt% vvt.%

O . 2 7 0.12 O.O3

0 H C*. 0.-L3 O. 03

Pb / IMP URI TIP'S
wt% wt%

0 . 0 5 0 . 0 0 5
0 . 0 5 0 . 0 0 5

TABLE I

Base Metal !
Electrode (W-10%)
Nozzle (Alumina)
Current intensity
Voltage
Welding speed
■Heat i mpu t ( ; i. I . 1 V/v )

' :!? {

Materials A and B
0.2 35 cm 0

0.787 cm int. 0
87 /to 155 Amp. (A.C.)
16 to 1.8 V
2 0 to 0 0 cin/min.
2.50 to 4-20 KJ/cm

i i!
TABLE II
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a b
Fig. 2 Axial macrostructures presenting hot cracks. a)lietween two 
central grains, -M,5. b)At the liin.it between a central grain and 
the columnar front, XL4.



WELDING DIRECTION ---------------------- ^

Fig. 3 Microsegregation in an axial structure. Notice the continuos 
segregation at the grain boundaries and at the limit between the columnar 
region and the axial grains. X400.
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a

b
Fig. 4 Corresponding fracture surfaces of a hot crack 
located at the boundary of a central grain. As welded 
X 100, SEM micrograph.



m

Fig. t> Plastic deformation associated to an axial structure 

hot cracked at the centerline. As welded. X160 micrograph.
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fig. 7 Sur fai e of a crack far from the tip 
As welded X4000EEM micrograph.
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Technical Note: METALLOGRAFHIC SULPHUR DETERMINATION BY StK
IN AUSTENITIC STAINLESS STEEL WELD METAL 

Julio Morgenfeld, Mario Solari, José Ovejero-García

INTRODUCTION!
Sulphur distribution in weldments is of grea't 

interest because it is associated with several phenomena i 
corrosion, mechanical resistance, intergranular brittleness, 
hot cracking, etc.(l)

Frobably the most common method to reveal segregated 
sulphur widely used in indusxry is the one developed by Baumann 
in 1906 (2). This technique permits the detection of sulphur 
in a direct way. However, the silver bromide crystals of photo­
graphic paper are several microns in size, so the resolution 
achieved by this method is restricted.

Recently, a new metallographic technique was developed 
- called microprint Baumann or sulphur microprint - which 
reveals sulphur in a direct way even at the electron microscopic 
scale (3 ) •

In the CNEA’s Materials Laboratory, the hot cracking of 
austenitic stainless steel is investigated using the solidifica­
tion theory background and the Varestraint test. The aim of this 
work is to analize the relationship between operative variables 
and the mechanism responsible for hot cracking, taking into 
account microstructural features. In this framework, the results 
of the present investigation indicate that a sulphur microprint 
is useful to reveal sulphur segregation in austenitic stainless 
steel weld metal. As a consequence it appears to be an excellent 
tool in the hot cracking research field.
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BACKGROUNDi
During welding the molten weld pool does not freeze 

according to equilibrium conditions and thus, during metal 
alloy cooling from the liquid state, a solute pile-up in front 
of the solid-liquid interface may appear. So, an instability is 
originated, which produces morphological changes. The Constitu­
tional Supercooling criteria developed by Chalmers (4), permits 
the determination of interface instability conditions, besides 
justifying the fact that the dendritic growth can develop towards 
the liquid pool center in a temperature gradient direction.

The first visible instability signals connected to the 
interface are depressions, called nodes (5 )» allowing its 
metaiiographic detection by special techniques.

In a typical fusion weld the solid surface in contact with 
liquid metal grows adopting a cellular or dendritic shape, with 
the object of eliminating the constitutional supercooling by 
redistributing the solute in front of the interface. The result 
is a short range segregation - microsegregation - located in 
the interdendritic spacing.

Microsegregation can appear in correlation with nonmetallic 
inclusions, microporosities and microshrinkage.

On the other hand, the relationship between solidification 
sxructure and hot cracking is well Known. In general, hot 
cracking is caused by the combination of two factors i i) 
mechanically and/or thermally induced strain, and ii) crack 
susceptible microstructure. Welding parameter, rate of solidifi­
cation, alloy composition and mici'osegregation are all factors 
which play an important role in the control of hot cracking 
associated with welding.
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Sulphur can appear in the solidified weld metal as a solid 
solution as well as non-metal1ic inclusions. The strong sulphur 
segregation in the interdenaritic spacing is due to its too low 
partition coeficient. Several authors showed that steels with 
the same chemical composition but with aiferent sulphur content 
could have different behaviour's in reference to its weldability.

The Fe-Cr-Ni stainless steels can solidify as austenitic 
dendrites as well as delta ferrite dendrites. Austenitic stain­
less steel weld metal normally has a duplex structure that 
contains varying amounts of ferrite. The delta ferrite can be 
associated with the interdenaritic spacing as well as the cores 
of dendrites according to the cooling rate and composition. 
Extensive discussions have been published on the solidification 
behaviour and origin of ferrite in austenitic stainless Steel 
weld metal. However, no one has been able to clearly establish 
the.solidification sequences leading to the observed final 
microstructure of the weld metal (6 )>(1 3 )*

It is recognized that if sufficient ferrite is in the weld, 
the ferrite will effectively prevent hot cracking (7). The ferrite 
level that prevents cracking is found to be dependent on the 
impurity level, whereas for low. F+S, little or no ferrite is. 
required to prevent cracking. With ferrite contents greater than 
ferrite numbers 13 or 14 large amounts of P and S can be 
accomodated without cracking (8 ). Compared to phosphorous, 
sulphur has a much greater effect on high temperature cracking(9).

The importance of sulphur in hot cracking corresponds to 
its association with low melting point films as well as a 
ductility diminishment near solidus.

Taking into account the complex distribution of austenite



and delta ferrite (approx. 1 îm wide) as well as the micro- 
segregation associated with a fine dendrite arm spacing (approx.
5 /jm) typical in weldments, it results that the electronic

3microprobe technique (limited by the probe size to 1 , and 
sensibility, doses higher than .3% weight) is not capable of 
determining sulphur distribution in this fine scale. On the other 
hand, the epitaxial layers technique enables one to reveal 
segregation very accurately, but it is not possible to determine 
sulphur in a selective way.

Techniques for analysis of fracture surfaces with good depth 
resolution, such as Auger electron spectroscopy, are difficult 
to apply to austenitic stainless steels which resist intergranu- 
lar fracture. On the other hand, X-ray mycroanalysis of thin foil 
specimens appears to be the best technique currently available 
for high spatial resolution analysis of the heavy elements in 
austenitic steels £L(0) (resolution of 30 nm). However, the applica 
bility of this technique is limited by the method’s complexity.

An alternative technique is high resolution autoradiography
35with radioactive sulphur S , which is also limited to laboratory 

studies.
The originality of the sulphur microprint is based on the 

association of the classic Baumann test with high resolution 
autoradiography, in which a silver "bromide monogranular emulsion 
is deposited on the surface specimen.

The technique used in this work can be applied not only to 
massive pieces, with a conventional metallographic specimen 
observable by SEN, but to thin foils observable by scanning 
electronic transmition microscopy with a 150 nm resolution. It 
is possible to reveal the sulphur distribution with a very high



sensitivity; for example it has been reported that sulphur 
monoatomic layers were revealed.(1 2 ).

This technique can be useful in the study and solution of 
many problems in basic as well as applied investigations, such 
as stainless steel hot cracking. I

MATERIALS AND PROCEDURES! j
The stainless steel AISI 30̂ +L studied 

was used in the form of a 3 «  sheet. The experimental fusion 
welds used were performed with semi-automatic GTA with 11 volts 
and 90 amperes, in an argon atmosphere with 30 cfh flo.w and a 
travel speed of 30 cm/min.

The metallographic specimens were prepared according to 
conventional prectice. The upper surface of the welds were 
polished to the diamond stage. Then, two touches with automatic 
electrolitic polishing were performed using 20 volts during 10 

sec; the reagent used was A2i 78ml percloric; 100ml Butilcello- 
solve, ?00ml etanol and 120ml H20. Finally, an electrolitic 
attack with 1 0 % oxalic acid and 8 volts was performed.

SULPHUR MICROPRINT EXPERIMENTAL METHODi
The sulphur microprint 

principles were detailed in a previous paper (3 ), so the 
following description will be brief.

The metallographic prepared specimen is covered with a 
nuclear emulsion thin film Ilford L^. Then a 10 $ diluted 
sulphuric acid drop is deposited during 10 sec with the aim of 
producing SK2 detachment and SAg2 formation. After the operation 
of fixing and washing with distilled water, the specimen-iemulsion

7 0 5
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as a whole is observed by SEM. The -Agg £ ppears .• super a mpo s e/' ■ ~ 
the rr. i c rostruc ture as brilliant white grains. Thus, it is possible 
to correlate the sulphur segregation with microstruetural details.

RESULTS AND DISCUSSION I
i As an initial step ir. the investigation 

of sulphur heterogeneity i.i weld metal, a study was carried out 
on austenitic stainless steel AISI 30̂ -L in order to observe 
sulphur microprint suitability.

Figure 1 is a photomicrograph of a .transverse cross section 
of a weld bead showing a periodic sulphur segregation within 
columnar grains. This chemical heterogeneity corresponds to an 
interdendritic segregation resulting from a cellular dendritic 
growth. The SEM photomicrograph shows the SAg2 brilliant white 
particles with a resolution of up to 300nrn. The presence of this 
type of particle is associated with sulphur microinclusions or 
sulphur in solution. The dendritic arm Spacing (das) is in the 
range of 5 . Flemings (11) has pointed out that the mechanical 
properties of cast metals are strongly dependant on this parame­
ter. The das is a function of cooling rate and composition. It 
should be noted that das diminishes as the cooling rate increases. 
This parameter is a mesure' of the size and distribution of the 
structural elements.

Figure 2 shows an area close to the fusion line of the above 
mentioned welaments at higher magnification. This photomicrograph 
shows sulfur inclusions in the segregated regions.

Preferential segregation at the structure nodes is shown in 
figure 3- The nodes correspond to real solute enriched liquid 
channels. When th interface- instability condition is present, a 
tendency to balar. e the soljute rejection with a curvature change

)v



occurs, note that the solute and temperayure difussion coeffi­
cients are very different, so the heat and mass transfer are 
"balanced for a curved interface due to the different flow 
directions. The degree of segregation depends \ ppn solute pile-up 
and interface curvature effects, solid state difussion and 
dendritic arms coarsening.

Figure shows a high magni f ication detail of sulphur 
inclusions. A previous work (3) reported the possibility of 
revealing sulphur microprecipitation in the delta ferrite - 
austenite interface. Kow, a part of thp present work in austeni- 
tic stainless steel weld metal is the study of sulphur segregation 
in a delta ferrite - austenite interface using thin foil sulphur 
microprint specimens, observed by TEM.

CONCLUSIONS«
The experimental work performed reveals that the 

application of the sulphur microprint technique to the investi­
gation of austenitic stainless steel weld metal allows the 
successful selective detection of sulphur segregation from the 
solidification process. This new technique becomes an important 
tool in the study of weld metal solidification and hot cracking. 
Aditionaly, the thin foil sulphur microprint observed by TEM 
will offer higher accuracy in the detection of sulphur segregation.
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LEYENDS TO FIGURES

I.- Cross section of a weld bead showing a periodic sulphur 
segregation within columnar grains.(500 X).

I.- Sulphur inclusions in the segregated regions of an area 
close ito the fusion line. (1200 X).
Preferential segregation at the structure nodes (3200 X).

I-.- High magnification detail of sulphur inclusions (3200 X).
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On the basis of Flemings' microsegregation model and the work done by Burden and Hunt describing cell tip composition and 
undercooling as a function of the growth variables, a general microsegregation equation is proposed. The particular cases consider 
diffferent conditions: (i) cellular solidification; Cii) columnar growth; (Ui) solidification at high speed and (iv) processes where the 
(olidification rate changes during the process, as in welding.

1. Introduction

Extensive work has been done to develop a theory 
able to predict microsegregation in cellular and cellu­
lar dendritic growth. As Flemings pointed out [I] , 
two different approaches were used in the literature.
Meanwhile, several authors [2-5] developed analysis 
for dendritic growth considering only the dendrite tip 
and its growth into an isothermal or isoconcentrated 
liquid. Flemings and coworkers [6] neglected den­
drite tip-related phenomena and concentration pro­
cesses occuring behind the tip during solidification of 
alloys melts. This led to quantitative understanding of 
a variety of solidification phenomena, including mi­
crosegregation.

On the other hand, Burden and Hunt [7-9] pro­
posed a model in order to explain the variation in cel­
lular or dendritic tip temperatures with velocity and 
temperature gradient. The model predicts that under­
cooling can be considered to occur as a result of the 
build up of average solute concentration ahead of the 
growth front, depending mainly on the imposed 
temperature gradient, together with an additional 
term necessary to satisfy mass balance at the inter­
face. Flemings pointed out [1] that the basic ideas 
coming from the two different approaches can be

unified and that the Asult would be a base on which 
to study the dendrite growth process. In that frame 
the present paper is an attempt to propose a general 
equation able to consider the different solidification 
conditions arising in different technological processes.

2. Proposed model

Fig. 1 corresponds to the model for dendritic 
growth, proposed by Flemings and coauthors [ 10]. In 
the present work an extra assumption related to the 
cell of dendritic cell tip is made.

The extra assumption is that there exists an under­
cooling in front of the interface not only as a conse­
quence of a build up of solute but also as a curvature 
effect of the solid—liquid (S—L) interface. Kinetic 
undercooling is not considered.

From Burden and Hunt’s model the composition 
of the dendrite tip (Ct) can be calculated:
Ct = C . ( l - « )  + W :. ,  ( 1) 
where
a = GiPiJmiJiC.  , (2)
b = [ -  2KR(\ - k 0)lmLD LCm] 1/2 (3)
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D IS T A N C E  X
Fig. 1. Conceptual model of cellular dendritic freezing showing: (a) portion of the phase diagram; (b) schematic temperature dii- 
tribution in the melt; (c) distribution of solute within the liquid of the mushy zone; (d) representation of platelike, unbranched 
dendrites showing the position of a characteristic volume element. From ref. [10].

The undercooling in front of the interface as a 
function of the freezing conditions and alloy proper­
ties is [8]

1/2
"IlO  -  k0) C „K

> 1/2 •(4)

In expressions (1)—(4): G» = liquid composition far 
from the S—L  interface; GL = liquid gradient; AT = 
curvature constant = a/AS, where a = S—L  interface 
free energy and AS = fusion entropy of the pure 
metal; k0 = partition coefficient; and c liquidus 
slope.
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the

The interface temperature can be considered as the 
result of three effects:
(a) the matching of the composition variation 
between the dendrites to the average gradient ahead 
of the interface;
(b) an additional radial gradient;
(c) the undercooling due to curvature.

The analysis of eq. (4) shows that AT:
(i) at low growth rates depends strongly on Gl ;
(ii) at high growth rates fundamentally depends on 
the solidification speed R.

Fig. 2, corresponding to Burden and Hunt’s work 
[8], gives a comparison between experiment and 
theory in Al-2%Cu, using an expanded temperature 
scale to illustrate the behaviour of the two theoretical 
analysis [8] for two gradient values. Recent work by 
Tassa and Hunt [11] uses the much simpler Zener 
analysis which is also used in the present work.

In order to obtain a general expression of local dis­
tribution of solute, a mass balance is made in the 
elemental volume of fig. 1. For a solidified amount 
(—d/L) in a time dr and for A 0 -  area of the elemental 
volume transversal to the heat flow:

Solute increase in liquid = (Solute rejected at inter-

face) + (Net flow of solute by diffusion in 
liquid) -  (Solute back diffusion in solid), (5)

7l04o/l dx) dCJdt  = - y L(CL -  CS)A 0 dx d f jd t
+ d/dxÇD^^A bCL /bx)dx

-  DSA 0I,L dx 7 L dCs/dy , (6)
where 7 L = liquid density, £>5 = solid diffusion coef­
ficient, and L  = X/2 = half of the cellular spacing. 

Additional suppositions':
(i) No macrosegregation exists. The solute balance in 
the liquid, in front of the liquid isotherm is:
R (C t -  C„) = - D l  bCJdx  . (7)
Taking into consideration eq. ( 1),
bC\Jbx = (R /D ^ )(a  -  b ) . (8 )

The solute gradient is an average value considered as 
valid for the interdendritic liquid.
(ii) The liquid lateral area is A =Xo/l. then
dA/bx =A 0 bJiJbx . (9)

(iii) The solidification is in the steady state condition 
b fjb x  *  —R~ l b f jb t . (10) 
Replacing eqs. (8), (9) and (10) in eq. (1), and sim-

6 5Ì4-
6 5i2- 
65 5 X -

ssca.
6 5 4 £ . 

TEMPERATURE 
•C

6 S U  •

G=Q5*C/CM

APROXIMATE ZENER ANALYSIS 
MORE EX  ACT ANALYSIS

65 4.2 —

GROWTH RATE CM/S
Fig . 2. A comparison between experiment and theory in Al-2%Cu alloy using an expanded temperature »cale to illustrate 
behaviour of the two analyses at high velocities and two temperature gradients. From ref. {8].
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Fig. 3. Microsegregation in ccllular solidification when a 
Fe-l% M n alloy is considered. The solute distribution into an 
elemental volume according to eq. (16) and different values 
of the parameters a and b is shown.

plifying/lo, 7 l  and d*, 
d C, _ . à f L V l
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L  ¿y  ’ O D

(iv) The rate of wall thickening is constant
ày/dt = L/8S , (12)
where 0S = local solidification time, and from eq.
( 12), considering that Cs = k0CL , defining
ct — DsfislL,*’s 4D ;$sl\*, (13)
and reordering, we get:

d/i. dCL__________
/ L + ak0 C L(1 -  k0) + (a -  b) C„ ' (14)

Integrating the fust term between 1 and / L, and the 
second between C, and C l, and taking into account 
that f i  = 1 - / s and C l -  Cs/^e,

Cs=*4 ^ +(êrin) (‘ -
(15)

This expression corresponds to the solid composi­
tion at the interface d̂uring the solidification for each 
solid fraction /s as a function of the alloy properties: 
D l , Ds. k0 and mL, the growth conditions: GL and R 
and the tip composition Ct. Considering expression 
( 1), the general expression for local distribution is 
obtained:

x ( ' - i t s t T " } - (16)

Fig. 3 corresponds to Cs = /I/s) f°r different values of 
a and b when an Fe—l%Mn alloy is considered.

3. Discussion

The genera] expression (16) can be considered for 
particular cases
(i) When a = b = a = 0 the Scheil equation (12) of 
solute distribution is obtained

(17)

(17')

Cs = *< A (l - f s T ° - ‘ ■ 
If a = b = 0 and.a# 0:

(ii) When a¥=0 and b = a = 0 the expression corre­
sponds to that developed by Bower, Brody and 
Flemings [13]

l fa ^ 0 ,b  and a # 0 :

(18')
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Fig. 3-23 from ref. [6] shows cellular microsegre­
gation according to eq. (18) for an A]—4.5%Cu alloy. 
At the limit of a = 0, the result is exactly the same as 
obtained by applying eq. (17). Even at high values of 
a, substantial eutectic change is predicted. Thus the 
expression accounts for the detection of high segrega­
tion at the nodes of the substructure, a fact experi­
mentally observed, even at very low solute concentra­
tion [14—17], The Burden and Hunt analysis shows 
that b will be negligible for low growth rate, while a 
grows in importance for low growth rates and high 
liquid gradients. As a consequence eq. (18) will 
respond quite well for those conditions which exist in 
general for cellular growth.

3.1. Cellular dendritic solidification

The cellular type of solidification can be extended 
to cooperative dendritic growth or cellular dendrites, 
considering a plate morphology. This assumption has 
experimental support for alloys having cubic [2,13] 
or hexagonal crystallography [18]. According to 
Flemings [6] cellular dendritic solidification occurs 
for a low relationship between G l  and R . In these 
circumstances, a -* 0 fundamentally as a consequence 
of the low value of D i  (~10-s cm2/s). Then, it seems 
to be correct to consider in eq. (16), a = 0. If no solid 
diffusion is considered, a = 0 and eq. (16) becomes:

"* (1* i r h ) a - /s)‘“" }  (19)Cg = koC0 1
If solid back diffusion is considered, a #  0:

(I+îr?ï)
x i ' - T ^ n (19')

When ingot solidification is considered, the param­
eter b has only importance at the beginning of the 
solidification due to the high R  value. For the rest of 
the ingot b is negligible and eq. (19) tends to the 
Scheil equation. Then, eq. (19) could be considered 
as applicable to high rate solidification processes; for 
example, welding. In this particular process the solidi­
fication begins by epitaxial growth from the base 
metal, with high liquid gradient and low growth rate. 
The growth rate increases until the welding axis; there

is a maximum. As a consequence, near the base metal, 
eq. (18) would respond better for the segregation 
profile; while at the weld axis, eq. (19) would be 
applicable.

3.2. Dendrite arm spacing

The solute redistribution model considered is 
independent of the arm spacing. According to 
Flemings the dendrite arm spacing is a function of the 
temperature gradient and the growth rate [6]. Thus 
the relationship between X and G and R  is
X = c(GR)~n (20)
where c is a constant depending of the alloy composi­
tion and the exponent n is: 
n = 1/3 for secondary arm spacing, 
n = 1/2 for primary arm spacing.

3.3. Diffusion in the solid

Although Brody and Flemings [10] extended the 
treatment considering the diffusion in the solid from 
melting temperature to room temperature, the 
parameter a only takes into account the diffusion 
during the solidification process. Flemings and 
coauthors do not consider the parameter b in any cir­
cumstance and considered that the microsegregation 
in unidirectional solidification and columnar growth 
is described by eq. (17').

On the other hand, considering that eq. (13) con­
nects the local solidification time with the dendrite 
arm spacing, and taking into account that X is a func­
tion of 6$ [6], Brody [19] suggests that if the param­
eter a does not vary with a change in the dendrite 
arm spacing the segregation ratio S  does not depend 
on the rate of cooling. As a consequence, an electron 
beam welding structure and an ingot structure would 
have the same degree of segregation. Without entering 
into considerations about arm spacing as a function 
of the local solidification time pointed out by Wein­
berg [20], we point out that the general eq. (16) 
indicates that the local composition does not depend 
only on a but also on the parameters a and b. These 
two parameters will change with the solidification 
rate as well as with the gradient into the liquid.
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3.4. Segregation ratio

Eq. (4) can be expressed as:
A T = G LD J R  + BR1'7 . (21)

In fig. 4 the limits of the diagram are given by the 
plane S - L  interface. This is, where no constitutional 
supercooling exits, and for a diffusionless transforma­
tion where the solid obtained has a liquid composi­
tion. In both cases the segregation ratio

S ~ Çs max/ Ŝ min = 1 •
Taking into account expression (20), eq. (21) be­
comes:

AT  = (c/X)'ln^ + B R in . (22)
M\

Fig. 4 shows the segregation ratio obtained for dif­
ferent local rates of freezing, arm spacing and thermal 
gradients. In order to rationalize the results it is 
necessary to take into account that for a diagram of 
the type presented at fig. 1, Cmax = Ce = const. Then, 
an increase in AT  gives a higher value of Cmin and as a 
consequence S  decreases. Thus, from fig. 4 it can be 
concluded that for a given value of Co'-
(i) for low solidification rates, below 10-3 cm/s, and 
gradients higher than 10°C/cm, it is possible to obtain 
cellular dendrite substructures with a low segregation

. ratio  and variable arm spacing;
■(ii) for solidification rates below 10~J cm/s arid fo, 
the same arm'spacing, the segregation ratio increases 
when the gradient decreases;
(iii) for high solidification rates, higher than 10"3 
cm/s and for the same solidification rate, it :s possible 
to obtain different arm spacings characterized by the 
same segregation ratio.

If for given conditions of G i and R . C0 increases, 
the tip undercooling AT  will increase, and taking into 
account that Cmax = Ce = const., S will decrease. 
These conditions could be extrapolated to the analy­
sis of welding solidification. In fact, according to the 
preceding concepts the microsegregation ratio will 
change from the base metal according to diagrams 
(A7\ G, R , \). Experiments in Al—Cu are under way
[21] but experimental results by Edvarsson et al.
[22] in steels indicate that microprobe measurements 
show that the concentration at the middle of a den­
drite arm increases with increasing solidification rate. 
The same authors affirm that: (i) a dramatic increase 
in the solidification rate implies that conditions cor­
responding to diffusidnless solidification are obtained 
as a consequence S  = 1, and (ii) during the transition 
from dendritic to diffusionless solidification, the 
degregation will decrease. These results are therefore 
in agreement with the predictions of the model pro­
posed.

SOLIDIFICATION RATE R cm /s  
Fig. 4. Relationship between the temperature of the tip of a dendrite and the rate of lolidification for different values of C l  and 
arm spacing. The figure shows the regions of maximum and minimum segregation.
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4. Summary and conclusions

As Flemings pointed out [6], the actual morpho­
logy of the dendrites is much more complex than the 
simple plate-like or cylindrical morphology generally 
used for calculations involving solid diffusion. Thus, a 
detailed description of the solute distribution in the 
cellular dendritic substructure requires numerical 
solutions of the diffusion equation that take into 
account the more complex morphology, coarsening 
effects, etc. However, expression (16) will provide a 
simplified solution for microsegregation. The particu­
lar cases of that equation constitute acceptable 
approaches to the reality, under different conditions:
(i) Expressions (18) or (18') for cellular microsegrega- 
tion leading to node segregation.
(ii) Expressions (17') and (17) for columnar growth 
when the solidification rate is not important and the 
solid back diffusion is or is not taken into considera­
tion.
(iii) Expressions (19) or (19') when R  is important, 
such as at the beginning of the columnar grains of an 
ingot, or at the axis of a werding. In this process the 
region near the base metal will be better described by 
expressions (18) or (18’).
(iv) For processes where the rate of solidification 
changes through the process, as in welding, the segre- 
tation ratio would depend for each alloy considered 
on diagrams of “AT, G ,R ,\ "  type.
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