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"THE EFFECT OF WIRE FEED SPEED ON THE STRUCTURE

IN ELECTROSLAG WELDING OF LOW CARBON STEEL"

by M. Solari and H. Biloni



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

Increasing wire or electrode feed rate at constant
voltage has no significant effect on penetration but
increases pool depth and decreases the shape factor,
while increasing welding voltage at constant electrode
feed rate increases both pool depth and penetration
but has little effect on the shape factor

ABSTRACT. In Electroslag welding of
low carbon steel, the effects of elec-
trode feed rate on weld geometry,

welding velocity, energy input, weld .

macrostructure and the microstructure
ot the weld and HAZ were deter-
mined. Results showed that increasing
the electrode feed rate at constant
voltage had no significant effect on
the penetration but increased the pool
depth, decreased the shape factor and
increased the encounter angle. The
pool shape was approximately a para-
boloid of revolution. Increasing the
welding voltage at constant feed rate
increased both pool depth and pene-
tration, but had little effect on the
shape factor. )

Standard and special metallographic
etchants were used to study the tran-
sition region between the weld and
the base metal, the average dendritic
cell diameter, the pool shape and the
mechanism of metal transfer from the
base metal to the liquid pool as a
function of the penetration; results
were.related to the welding parame-
ters.

Introduction

During the past few years, numerous
papers describing the details of elec-
troslag welding (ESW) have been
published.""* Essentially, ESW is an
automatic arcless welding process,
best suited for the joining of plate 2 in.

BY M. SOLARI AND H. BILONI

(5 cm) or thicker. Joule heating of an
electrically conductive pool of molten
slag serves to melt the filler metal
together with a portion of the base
metal on either side of the joint. The
resulting weld pool and the overlying
pool of molten slag are contained
within. the joint by water-cooled
copper shoes.

The geometry of the system is such
that the solid-liquid interface beneath
the weld pool soon assumes a dynam-
ically stable shape which is deter-
mined by a combination of welding
variables, joint separation, and plate
thickness. Once dynamic equilibrium
is achieved, the solidification rate and
the temperature gradient at the solid-
liquid interface depend upon the loca-
tion on the interface but are indepen-
dent of time, providing the welding
conditions are not changed.

The microstructure of solidified
weld metal is known to have a strong
influence on the mechanical, physical
and chemical properties of the weld.**
The shape of the molten weld pool
and the rate of growth at the solid-
liquid interface affect both the size
and shape of the grains, their relative

M. SOLARI is with the Department of Mate-
rials and H. BILONI is Head of the Solidifi-
cation and Gasting Division, Comision
Nacional de Encrgia Atomica, Buenos Aires,
Argentina,

crystallographic orientation, and both
macro- and microsegregation. In elec-
troslag welding, it is possible to define

.an “encounter angle” which depends

upon the shape and depth of the weld
pool and affects the sensitivity to
centerline hot cracking.'

Although it is not possible to
observe the shape of the pool during
welding, several theoretical and exper-
imental methods have been devel-
oped to overcome this difficulty.
Essentially, the experimental methods
are intended to reveal the position of
the S-L interface using different trac-
ers, such as radioactive materials and
sulfur additions subsequently revealed
by sulfur prints." These methods reveal
the shape of the pool at certain
moments of the process. On the other
hand, theoretical methods have been

.used by several authors in order to

obtain expressions for predicting the
pool shape; these are used not only in
welding but also in other processes,
such as the electroslag remelting
process (ESR), which has similar ther-
mal characteristics."'" The mathemat-
ical problem is complex enough. to
require the introduction of several
simplifications in order to obtain
formal expressions able to describe the
pool. A subsequent work will describe
a simplified model of the thermal field
existing during the electroslag welding
operation.

Savage and co-workers have done



extensive studies*'** on the correla-

lion between welding structures ahd
substructures  and  the  operational
variables of "different welding pro-
cesses. The aim of their type of
approach is to provide correlations

Tahle 1~Chemical Compasitions of Base
Métal, Electrode, Consumable Guide and

Typical Weld Depaosit, Wi-4 -

C Mn Sib S P

between - sofidification and phase = Base metal 074 05 039 012

transformation structures and sub- Consumable

structures and the mechanical proper- | guide A4 6512 8 -0

ties of the weld. tlectrode 09 115 54 016 020
Weld deposit - A1 79 24 030 (1A

The work described in this paper
corresponds to the initiation of studies
on the ESW process at the Solidifica-
tion and Casting Division of the
Atomic Energy Commissjon of Argen-
tina. Its principal goal is to delermine
the effect of electrade feed rate on the
geometry of the weld pool, the

welding speed, the energy input and -

the resultant macro- and microstruc-
ture of the weld and HAZ. Different
techniques were used in order to
reveal the pool shape. In addition, the

mechanisms involved in the material °

transfer from the bhase metal ta the
weld region were to be studied.

Carbon steel was used in the experi-
ments in order to develop an improved
understanding of both the solidifica-
tion substructures and the microstruc-
ture present in the HAZ region. The
results obtained during this research
were correlated with the experience
accumulated in the laboratory as a
resull of extensive studies on con-
trolled solidification performed in the
pasL'H.l-’l

Experimental Procedure

Equipment

A commercial constant potential dc

welding power supply with nominal
outputs of 85, 58 and 35 V was used in
the reverse polarity mode. The maxi-
mum current was varied between 1000
and 1200 A. The equipment enables
the use of either one or two ¢lectrodes
according to the plate thickness; the
electrodes can be wused with or
without oscillation.

wire 'feed rate (cm/sec)

= Ratance is Fe

—_ s N
o O u» O

%00 600 800 1000
current (Amps)

Fig. 1=Relationship between V. and | fqr
eloctrode of 0238 cm diameter. ‘

Material

The chemical composition of the
plate, electrode feed and consumable
guide used are given in Table 1. The

" flux used had the following composi-

tion:  Si0.—16.29%;
CaO—=1682"%; A1.0,—8.72%;. MgO-
267%;  Ti0Q,=253%;, Fe.0,~1.27%;
Na.O—-0493%; K.O=().72%.

MDO;. = 2 ?‘ 37 IHI.I

Welding Procedure

Complete details of welding condi-
tions have bheen given in previous
papers." ' They can be summarized as
follows:

1. Constants:  Plate  size  was
35 % 35 X 5.1cm (13.8 X 138 X 2in.)

and the separation bhetween plates 1o
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Fig. 2=Schematic representation of the sections metallographicallv analysed:
a = vertical plane through the midsection of the plate; = vertical plane
through the miilsection of the weld and perpendicular 1o plate sarfaces;
y = horizontal cross section of the weld

be welded was 25 em (1 in.) at the
hotthm and 3.0 cin (1.18.in.) at the 1op,
tegardless of the plate height. A
nominal value of 2.8 ¢m (1.1 in.) was
used in welding velocity calculations.
A 0238 cm (3/32 in.) diameter
commercial electrode and one con-
sumable guide were used without

. oscillation. Slag depth was maintained

constant by addition of flux during the
operation. A constant voltage of 40 V
was used.

2. Welding Speeds and Resulting
Woeld Currents: The independent vari-
able studied was electrode feed rate V,
over the range from 5 to 19 cm/sec
(approx. 2-7.5 ips). This variable con-
trols welding current. Figure 1 shows
the relationship between electrode
(i.e., wire) feed rate V,, and weld
current, .

Several factors, such as minor varia-
tions in the slag level, periodic fluctua-
tion of the electrode feed rate and
stray arcs, caused fluctuations of + 50
A in the measured weld current.

Measurement of Weld Geometry

Figure 2 shows schematically the
metallographic planes upon which the
structural analyses were made. The
surfaces were prepared by standard
mechanical polishing techniques. In
order to measure the geometry of the
welds, both metallographic and sulfur
addition techniques were used.

Metallography. The composition of
the etchant was CuCl,—45 g; FeCl,—8
g: HCI-180 ¢¢; HNO,-15 cc;
H.O-180 cc; .alcohol=380 cc. The
etching was performed at room tem-
perature. A subsequent light repol-
ishing with alumina reveals the segre-
gation and thus delineates the pool
shape permitting the measurement of
the depth of the pool H, the weld
width b, and the “encounter angle” as
shown schematically in Fig. 3. The
same etching procedure was also used
in order to reveal the segregation
substructure.

'l

- WELD WIDTH
—

=3

BASE
METAL

X =ENCOUNTER ANGLE

lig. 3=5Schematic representation of a sec-
tion on plane a; the pool depth H, the weld

o

width b, and the “encounter angle
defined

are



Sulfur Print Technique. In ordor to
make periodic sulfur additions during
welding, the insulating rings of the
consumable guide were replaced by
metallic rings containing 2 g of FeS,
When the molten slag reached the
rings, the S was incorporated in the
weld pool. After welding a sulfur print
could then be prepared to reveal the
pool profile.

A shape factor* (8§ = b,/H) was
calculated; this is considered to be an
important parameter influencing the
susceptibility to crack formation.'

Calculation of Energy Input

The travel speed, V., was calculated
as lollows:

V. = (A/A,) X V,

A, is the cross sectional area of the
electrode; A, is the cross sectional area
of the gap between the plates to be
welded and V, is the electrode feed
rate.

The error involved was estimated as
4%. The most important source of error
was the difference between the actual
value of A, and the calculated value

with the nominal plate separation, b,

The energy input was then calcu-
lated as Tollows:

Volts

E .l :M: kloules/in.
travel speed

(in pm) X 1000
and: kl/7cm = (k]/in.) x (.394

Metallographic Procedures

[xanunation. Both
10% nital and  the previously men-
tioned  etchant  were used.” Either
cichant allows the measurcment ot

Aacrographi

the encounter angle on the a plane
(refer to Fig 2). The dilution of the
weld  metal with  base metal was
measured on the B plane and calcu-
lated by means of the expression:

D = ((A. — A)/A,) X 100

where A, is the cross sectional area of
the weld and A, is the cross sectional
area of the original gap between the
plates to be welded.

Metallographic Examination. In or-
der to reveal the microstructure and
the solidification substructure, two
elchants were used: nital 1% and a
reagent with the tollowing composi-
tion; Cu.Cl.—45 g; FeCl.—8 g; HCI=180
cc; HNO =2 c¢; H.O-180 cc; alco-

hol—380 cc. Liching was performed at

room temperature

Both etchants, together with the
elchant used to detect the shape of
the weld pool, were used in order to
study the transition zone between the
weld metal and the HAZ, as well as the
mechanism  involved in the metal
transier from the base metal to the
weld pool.

Results and Discussion

Table 3 summarizes the experiments
performed  and the welding condi-

Table 2—Welding Procedures

Plate thicknoss
Plate separation

S.0em (2in)
28 cm (nominal)

(110 1n.)
Electrode diameter 2 om (3732 1n)
Oscillation none
Numbier af electra-

tles e
Depth of slag pool 40cm (1.57 )
Voltage 400V (open circuil)
Current 450900 A

519 cm /s
(1B 11-448.82

Electrode feed rate

tions, as well as the calculated and
measured dependent variables,

Effect of Electrode Feed Rate on the
Shape of the Pool

Penetration. Table 3 shows that
when the welding voltage was held
constant the weld width was not
greatly influenced by current changes
within the range of electrode feed
speed studied. Complementary experi-
ments made with 35 and 55 V showed
that the welding vollage is the major
factor controlling the penetration.

The weld widdh, as measured on the
a plane, is affected both by the slag
depth and the energy input. Fluctua-
tions in electrode feed rate were
observed at electrode feed rates near
the lower end of the range studied.
These fluctuations caused variations in
the energy input and thus caused
corresponding  changes in  weld
width,

This effect is shown in Fig. 4 where
the appearance of the weld on the a
plane is shown both schematically and
by actual photomacrographs. In both
instances the weld made with the low
electrode feed rate is shown at the
right. This behavior agrees with the
mathematical conclusion that at con-
stant power the penetration depth is
moslt sensitive to welding speed varia-
tions at the low end of the travel speed
range.'

Depth of Pool. Figure 5 is a photo-
macrograph of the a plane taken at
x 6. It shows how the typical segrega-
tion substructure in the weld delin-
cates the weld pool profile. Comple-
mentary o these observations, a sulfur
addition was used in some experi-
ments.

Figure 6 is a sulfur print taken of the
a plane and skows how the dark, high
sulfur region reveals the shape of the

“Svmbolized  here by Greek  delta (8) pm) weld pool. A careful comparison
msteadd of normally used Greek psi between  both  techniques  showed
Table 3—Welding Variables and Experimental Results
Flectrode ;
' ‘;.(’:,““ Weld HAZ width-
) Yool addtl locus
rale, fravel  Energy  Encounter | ‘! (!}]“ " “i”lli L Shape B : 2o
Expor- cmis Current,  Voltage, spoetd, nput, angle, SERAL i, Tat 1o Iilution
iment (in./s) A v ipm ky/in. deg om (in.) om (in) f) cm (1) D."%
[ 7.0 (2.8) 450 4 .48 2250 45 14 ((1.55) h4 2.13) 3 Hh L0 (043 44
) 7.0 (2.8) 450 an (.48 2250 15 L4 (051 A0 (197) 185 LIH (0.463) —
} 7.0) (2.8) 450 40 (.48 2250 W 1,2 (147 501 (1.97) 317 - -
4 11.0 (+4.3) () 40 0.75 1920 26 (L02) 54 (2.38) 227 140 (0.551) 43
5 13.5 (5.3) 700 40 0.92 182h ] 2.5 (1).98) A (2.17) 2.20 = =
6 135 (3.3) 700 a0 (192 1826 H3 26 (102) 59 (232)y 227 125 (0492 -
7 19.0 (7.5) 400 40 1.30 1362 1141 3 [1.22) 5.0 {(1.97)  1Lhl LI (U344 41
8 19.0 {7.5) 9K 30 130 162 u2 L (150) 34 (213 142 0495 (0574) 37
Y 190 (7.5) GO 40 130 1662 13 M (154 45 (L7 L5 = -
10 9.0 (7.5) 900 10 130 1062 120 34 (130) 60 (236) 182 - -
Complementary experiments
1 1.0 (4.3) H00 15 0.75 1680 i) 18 (671 42 (163 233 115 (n453) =
12 1143 (4.3) HX) 5% 0.7 2640) 75 3.5 (1.48) 7.5 (2.45) 2.14 140 (0.551) HH
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ation of the penelration variation with the welding

metal
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specd; b (hottom) variation of the penetration with the current intensity: experiment | (left)
V=40, 1 = 450 A; experiment 8 (right) V = 40, | = %0 A

excellent agreement. Both techniques
were able to reveal an increment in the
pool depth H when the electrode feed
rate was increased.

Shape Factor. 6 is a useful parameter
for describing the geometry of the
liquid pool. The relative orientation of
the grains, and therefore the encoun-
ter angle, can be related to the shape
factor. Inspection of Table 3 indicates
that at a constant voltage of 40 V the
shape factor, 8, is inversely related to
the electrode feed rate. Note that the
shape factor varied from an average of
1.50 with an elecirode feed rate of 19
cm/s (7.5 in./s) to about 4 with an
electrode feed rate of 7 cm/sec (2.8
in./s).

The complementary experiments
show that, when the electrode feed
rate is held constant, the shape iactor
is essentially independent of the weld-
ing vollage.

Cross Sectional Area of the Pool. In
general the weld pool has the shape of
a somewhal distorted paraboloid of
revolution. Figure 7 is a schematic
showing the type of distortion of the
solid liquid interface reported 1o be
common in electroslag melting.'' A
similar distortion occurs near the

center of an electroslag weld where 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 liquid
interface.

Referring again to Fig. 7 and recall-
ing that the travel speed, V, is constant,
since the growth rate R is given by
R = V cos Ba decrease in R must result
in an increase in 6. This is shown
schematically in Fig. 7 for the growth
vectors R, and R, corresponding to the
theoretical and actual growth condi-
lions, respectively,

Figure 8 corresponds to another
distortion which appears near the
water cooled shoes. This distortion is
accentuated by decreasing the pool
depth. It is also related to the liquid
flow within the weld pool.

Dilution. The calculated values of
this parameter ranged from 39 to 58%
and increased as the energy input
increased,

Effect of Electrode Feed Rate on Welding
Speed

For each experiment, the values of
travel speed were calculated from

Fig. 5—Metallographic analysls of experi-
ment 6. The etch reveals the segregation
substructure and shows the pool shape. X6
(reduced 50% on reproduction)

Tl A

Fig. 6=Shape of the pool revealed in experi-
ment 9 through a sulfur print

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 ipm)—Table 3.

Effect of Electrode Feed Rate on Energy
Input

At constant voltage and weld gap,
the energy input is also determined by
the electrode feed speed. At 40 V the
energy input ranged from 2250 k|/in.
(886 kl/cm) with 7 cm/sec electrode
feed rate to 1662 kj/in. (654 kJ/cm)
with 19 cm/sec wire feed speed.

Effect of Electrode Feed Rate on
Macrostructure -

The columnar structure in the solid-
ified metal of the weld originated both
by epitaxial growth from the partially
melted grains of the base metal and
also by the nucleation on the refriger-
ated shoes. The grains grow in the easy
growth direction which is most nearly
parallel to the direction of heat extrac-
tion. Thus growth tends to occur
approximately perpendicular to the
surface of the pool. Consequently, the
shape of the pool controls the angle of
the grain growth direction with rela-
tion to the axis of the weld, and thus
controls the value of the encounter
angle

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



higher angle produces a greater cen-
terline segregation and, as a conse-
quence, a  higher  susceptibility  of
centerline hot cracking.' In the present
work, encounter angles between 35
and 120 deg were oObserved. With
constant voltage the smaller values
correspond to the smaller electrode
feed rate range (see Table 3). Figure 9
corresponds to a macrostructure on
the B8 plane (refer to Fig. 2 for orienta-
tion) and shows a cross section of a
fine columnar structure in a low
carbon steel.

Effect of Electrode Feed Rate on
Microstructure

Solidification Substructure. By ap-
plying special metallographic tech-
niques, the structure and substructure
of the weld have been investigated as
well as the transition zone between
the weld and the HAZ. At the same
time, the mechanism of metal transfer
from the base metal to the liquid pool
can be understood by close examina-
tion of the segregation substructure.

Figures 10 and 11, obtained by
metallographic etchants developed by
Savage et al,'" clearly show that, similar
to other welding processes, the boun-
dary between the twa zones is not a
line. Instead, it is a transition region
composed of a zone melted without
mixing and a partially melted zone
identified by the segregation substruc-
tures clearly shown in Fig. 11. In that
region, phases and inclusions of low

melling point have been melted
during the thermal cycle of the
process.

The substructure of the weld metal
in the 100% mixed region corresponds
to a cellular dendritic type. For a
constant energy input, the average cell
spacing increased from ‘the water
cooled shoes or base metal to the weld
centerline—Fig. 8. Decreasing the elec-
trode feed rate causes the average cell
spacing to increase throughout the
weld due to the disminished cooling
rate, as Fig. 12 clearly shows. This result
agrees with the conclusion of other
authors in the sense that the choice of

Fig 9-Macrographic structure observed on
plane B Etching with mital reveals the struc-
tures of the woeld and HAZ. Original reduc-
fron 300 froduced 46% furthoer on reprodug -
tion)

welding conditions influences the pat-
tern ol nucrosegregation, ™

Modchanisor of Metal Transfer from
the Base Metal to the Liguid Pool The
meltallographic analysis with the dit-
ferent etchants used gives information
about the mechanism  of  material
transfer from the base metal to the
molten pool.

In all the experiments carried out,
the transition between weld and HAZ
is characterized by a structure similar
to that shown in Fig. 13a. Light etching
projections entering the weld region
with contour related to the shape of
the pool appear at the base metal
interface. These projections always

Fig. 7=Distortion of the pool shown sche-
matically. The decrease in the ate ol heat
extraction at the contral zone of the weld
produces a decrease in B As a conse-
quence, B increases in order to satisly the
expression R = V cos 8
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Fig. 8=Distortion near the refrigerated
shoes revealed  through  metallographic
etching—expennment 2 X6 (reduced 75%
on reproduction) )

T ol TN oy

Fig. 10=Boundary hetween the

wold and
the HAZ The scgregated  solidification
substructure of the weld sone s noticeahle
anel the partially  medted  zone 18 also
revistlod by the segregation substruciuee
X 10 (teduced 500 on roproduction)

had an etching behavior identical to
that of the base metal, However, the
same type ol solidification substiuc -
tre anpears in both these projections
and in the dark etching region of the
weld, indicating that the segregated
solidification substructures are com-
mon to both regions—Fig. 13h.

These results suggest that the pro-
jections are an extension of the
unmixed melted zone.* However, the
projections are more prominent when
the travel speed is low, Figure 4 shows
how the pool depth influences the
formation of these projections. Note
that at low electrode Yeed rates, and
therefore at low travel speeds, the
projections become longer and the
weld interface more irregular in
shape.

Some experiments in which the
welding current was interrupted were
helpful in understanding the mecha-
nism of material transfer from the base
metal to the weld pool. Figure 14
consists of a plane macrographs of two
such welds showing the geometry of
the slag-pool at the instant the current
was interrupted. In each case the left
hand side of the macrograph corre-
sponds 1o the weld centerline. The
weld at the left, which was made with
40 V and a travel speed of 1.22 cm/min
(0.48 ipm), exhibited a shape factor ol
417. That at the right was made with
55V and a travel speed of 1.91 cm/min
(0.75 ipm) and had a shape factor of
214,

In the weld with the higher shape
factor (made with the lower travel
speed), the slag pool encroaches upon
the'base metal to a greater degree anel
produces a pendulant overhang on
which a layer of molten base metal
adheres by surface tension

Figure 15 shows, in schematic form,
the mechanism proposed to explain
the formation of -the projections of
unmixed molten base metal.Eirst, the
deptn of the stagnant boundary layer
(shown by the dashed line above the
solid-liquid interface) is controlled by
the amount of conveclive mixing in
the liquid and is thus controlled by the
depth of the molten pool and the

Fig  H=Detail view ol the weld interface
showing the fusion zone and the partially
mectodd gone X 1K (redueed 50" on repro
due tiony)
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Fig. 12=Comparison between coarse (exp. 12) and fine (exp. 11) substructure of two welds
madde with different cnergy iputs. 6 (reduced 50% on reproduction)

travel specd In gl decreasing the
pool depth, H, increases the thickness
of the boundary lavers and permits the
layer of molten base metal (shown in
black in Fig. 15) to shide under the
stagnant layer periodically and thus
form an unmixed projection of the
type shown at right in Fig. 4b.
Increasing the travel speed both
increases the depth of the pool H and
the rate of solidification R, Increasing
H decreases the thickness of the boun-
dary layer owing to more effective
convective mixing, and increasing R
decreases the time available for the
molten laycr ot base metal 1o shide into
the weld pool. Thus, the projections
become shorter and thinner as the
travel speed 15 increased
Encroachment of the slag pool into
the base metal produces a pendulant
overhang such as is indicated in Fig. 15
(and at the right in Fig. 14). When this
occurs, the molten base metal adher-
ing to the overhang can flow down the
overhang, as indicated at A in Fig. 15,
to form drops which ultimately are
transferred to the fiquid metal pool. In

~

Fig  4=Comparison ol the shape ol the

welds on plane o« for expenments 3and 12
X 1.8 (recluced 51" on reprodictie ng

summary, for high penetration welds
both mechanisms are operative, but
for lower values of penetration, only
the “projection” mechanism acts,
Welding  HAZ Dimensions  and
Structure. The approximate gradient in
the peak temperature experienced in
the HAZ was determined from macro-
graphs on the a plane similar 1o the
one shown in Fig. 16. The fusion boun-
dary is visible at the left and represents
the locus of the region expeniencing
lemperatures in excess of the liquidus.
Near the center of Fig. 16, an abrupt
transition occurs from an extremely
fine gram size at the left to a coarser
grain size at the right. This abrupt
change in grain size dentifies the
locus of the region experiencing 4
peak temperature approximately equal
to the A transition temperature, Thus,
by measuring the distance from the
weld interface Lo this location, an indi-
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Fig 15=Schematic representation ol bhoth
machamsms of metal transter

“cation of

fig. 13=Muetallographic structure observed,
on plane a: a (top)=shows the projections
of the urmixed fusion zone; b (hot-
tom)—shows the presence of a segregated
solidification substructure in the projec-
tions. X 100 (reduced 46% on reproduc-
tion)

the effect of welding
variables on the extent of the HAZ
could be obtained.

From such measurements, the dis-
tance to the locus of the A, was found
to vary from 0.95 cm (0.374 in.) for a
weld made with an energy input of
1662 k|/in. to a maximum of 1.4 cm
(0.551 in.) for a weld made with an
energy input of 2640 kJ/in. Table 3

fig 16=Metallographic structure of the
HAZ Flohing with nital reveals the weld
metal, coarse grained region, refined zone,
partially refined rone and unaffected hase
metal X6 (reduced 51% on reproduction)



summarizes these data in the next o
the last column.

Conclusions

Macroscopic studies of the solidifi-
cation structure in ESW of low carbon
steel showed that when the electrode
feed rate was increased at constant
voltage:

|. The penetration remained ap-
proximately constant.

2. The pool depth increased.

i The shape factor decreased.

4. The encounter angle increased.
5. The pool shape remained approx-
imately a paraboloid of revolution.

Microscopic studies of the micro-
structure indicated that:

1. A transition zone at the edge of
the weld consists of an unmixed
molten zone and a partially melted
zone.

2. By increasing the energy input
the average dendritic cell diameter
was increased.

3. Owing to fluctuations in the
speed of the electrode feed, fluctua-
tions in the specific power occur
resulting in penetration variations and
fluctuations of the solidification rate,
These fluctuations can be detected
metallographically by suitable etch-
ants,

4. The fluctuations in the solidifica-
tion rate cause transfer of molten base
metal to the liquid pool by sliding
through the stagnant boundary layer
existing in contact with the S-L inter-
face. This molten base metal does not
mix with the rest of the liquid. As a
consequence, it can be considered as a
projection of the unmixed molten
region. Increasing the pool depth and
solidification rates decreased the
length and thickness of the projec-
tions,

5. The mechanism of metal transfer

from the base metal 1o the liquid pool
depends upon the penetration of the
slag pool into the base metal. In addi-
tion, when the penetration becomes
large enough to produce a pendulant
overhang in the base metal, molten
droplets form and are transferred
through the slag to the weld pool. At
low travel speed both mechanisms are
effective.
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ELECTROSLAG WELDING RESEARCH IN ARGENTINA
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Energy Commission (CNEA),
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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
stecl 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
. —_— —_—— .
variabies structure properties

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 metallographic
techniques.

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

variables and mechanical properties.

11
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i1i) 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 ;n_aterials ‘
The present work intends to give a picture of the results already obtained and

published as well as the research in progress.

EXPERIMENTAL TECHNIQUES

Fig. 1 shows the equipment used as well as the device used in order to maintain
the plates to be welded in a correct position. A Hobart ES-2 model for ESW was
used. This equipment enables the use of either one or two electrodes according to
the plate thickness until a limit 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 for 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 specialiy designed for the different experiments. performed. The
vitriables ken imto consideration were: plate thickness |, voltage, current intensity,
woelding fecd rate, grp between piates | slag composition and slag level; welding
speed, weld geomelry, energy input, guide design and guide composition. The
structural analysis was performed through standard and special metallographic
technlques , sullur print and X Ray. Mechanical properties wurlv measured

Clirovpgh conventionng lestn,



13

RESULTS

Stage i) and part of stage ii) were already completed and partially published
for 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 phaseltransformations 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 stlructure:
I) Mixed molten zone
In) Unmixed molten zone
OI) Partially melted zone
IV) Heat affected zone (HAZ)

During the research pcrformc;d in the present Program, these zones were

characterized for the ESW process and will be briefly analyzed.

I) Mixed molten zone

The formation of this zone is directly connected with the mechanisms involved

in the liquid =solid transformation.

k) Nucleation and growth @ In order to solidify, a metal'must start from
a solid nuclei able Lo grow under favorable thermodinanmic conditions. In the
real or industeiat world the nucleation i heterogencous, this I8, favourad hy
the existence of substrates present in the melt. The theory of heterogeneous
nucieation alfirms that, o good wetting of the substrate by the melt, improves the

pucicdadon.  In the specific case of the woelding process, Uhas © wetting is perfect,
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because the substrate is provided by the partial melting of the base metal grains.
From there, the solidification of the weld starts. Taking into account that the
growing crystals have the same crystallogaphy orientation of the partially melted

grains, the process i3 known as epitaxial growth. However, a preferred growth

orientation arises and corresponds to the cellular dendritic substructure developed
during the solidification. For the steels, the i)referred growth direction is the <100).
As a result, a selection of grains occurs and a growth texture is developed. In
general, the weld structure will be columnar, but under determined conditions
equiaxed grains could appear stopping the columnar grains. In the present experiments

performed with ESW, the structures were always conmipletely columnar.

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

as well as on the hcat balance of the system fixed by the heat input and the cooling
conditions. If the welding speed is low the pool tends to be plane. On the other

hand, tf the wolding spoed increnses tho pool shape tends to a parabolold 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 SF, is added during the process and
acts as a tracer. Inorder to predict the shape of the pool, a simplified heat transfer
model was formulated. The model is able to predict, during the steady state
condition of 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 geometrical .
configuration of the system. Experimental results obtained show good agreement

with the proposed model.



3) Solidification rate: The solidification raté is the pfojection 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 epitaxiai growth, and reached a maximum at the weid

XIS,

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

liquid metal has i certain superheat and, as 2 consequonce 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 measurecd 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 measured. This is a paramecter that relates the weld with the pool
depth. The shape factor is also rclated to the phenomena involving centerline hot
cracking sensitivity. The wire fced speed is an operational variable which has a
decisive influcnce on the encounter angle and the shape factor. This conclusion of
the work imposes a maximum limit of the wire feed speed, in order to avoid radial
and centrai oot eracking.

The Columbar Jhans Sop ctgdon swostrueture is dotesmined 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
roelattonship tho S- 1L Intsrfnco will ho plano; this oocurs nt the beginning of the
epitaxial growth. Quite rapidly the S-L interface becomes unestable and in practice
reaches the condition of a cooperative growth of déndrites known as cellular dendrites.
Microsegregation -short rangec segregation- is a consequence of thé solute

redistribution during solidification.

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 lsothermes 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 "ocal solidification time", it can

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

7) Solidification microstructure: The mushy zone ¢haracteristics, together

with the cellular dendritic substructure, produced by the Constitutional Supercooling
conditions, existing during the columnar growfﬁ, determine structural elements

of different type: i) microsegregation as a consequence of the cellular dendritic
growth, where the dendritic arm space is a direct function of the solidification local
time. ii) Non metallic inclusions at the interdendritic spaces. iii) Microporosity .
In the actual weld thin structural clements | appears in a proportion related with
operative variables. All these structural elements affect directly the mechanical
propertics. On the other hand the solute enriched liquid flowing into the cellular

dendritic channels, can produce macrosczregation, this is a long range segregation




onc of the causes of hot eracking during the IXSW process at high welding speeds.

8) Liquid flow into the pool: The solidification paramaters mentioned above can
be affected by the liquid stirring duc to different causes: thermal convection or

forced convection by mechanical or electromagnetic devices. The possible effects

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

9) Banding: During the welding process occurs a periodic fluctuation of the
solidiffcation rate and the thermid 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: ﬁen 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. Durihg 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

the oripzinal position of the primary interdendritic spaces.

II) Unmixed 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 basc metal into the weld. In the ESW process this

cffeet can be metallographically detected through proper etching techniques.



OI) Partialiy melted zonpe

.During the welding process, ihe base metal near the fusion line is submitted to a
thermal cycle and, as a conscquence, inclusions of low meltiag 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 regions,
when solidified, and contracted, during the subsequent cooling are, in general, source

of microcracks.

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

to the liquid-sclid transformation provoque the formation of the so ;:alled secondary
structure. In the case of the steels, according to the cooling cycle, the fases or
formed at high temperature will be transformed in the structures emerging from the
TTT (Time, Tempcrature, Transformation) diagram corresponding to the welded
steel, this is ferrite, bainite, etc. When ferrite s formed its morphology depends
upon the coolirg conditions, as well 2s the chemical composition of the steel. The
phase transformation begins with the ferrite nucleation at preferential places, as
grain boundaries and segregated areas. The influence of the primary structure on
this transformation is still not completely clear and in the research under progress
the relationship existing between the solidification substructure and the resultant
secondary structure is investigated. 7The secondary macrostructure has the same
aspect as the solidification macrostructure, but instead of austenite, or delta grains,
numerous and small ferrita grains appear that coexist with perlite or other solid
phase trunsformations products. At present, in the ESW process experiments under
way, the relationship between the segregated areas of the primary substructure and
the fgrrite nucleation has been determined, but the miechanism acting during the

£y

soitd phase teansformation i+ =till vader res<careh.  in relesence with another
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structural elements that were formed during the weld solidification, as inclusions,
pores, macrosegregation, etc. are not affected by the solid phase transformation

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

1V) 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
fuston line the grain size is larger and it is conven;enf to obtain the thinnest HAZ
possibié. 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 wélded is disminished.

In summary, the weld structure is composed by different.elenents having, as
origin, the liquid-solid transformations and soild 'ﬁhase transformations. The
results are columnar grains to be joined at the weld axis. The interior of fhese
grains presents. an elevated chemical heterogen;ity associated with inclusions and
microporosities.

Finally, the resultant structure of a weld, can be changed as a function of the
operating variables. As an examblc, increasing the "energy input'', the dendritic
space increases, as well as the size of the inclusions. On the other hand for a given

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

1. The penetration remadns approximalely constant
2. The pool depth increases
3. The shape factor decrenses

4. The encounicr angle increascs
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Do The shape of the pool hoeonies approximately parboloid of vevolution.,
I'ig. 2 corresponds (o the structural results bbtained, meanwhile Fig. 3

shows the sulfur print of the pool.

MECHANICAL PROPERTIES VERSUS WELDING STRUCTURES

This part of the work, under progress, corresgonds to points ii) and iii) and
takes Into anccount the relationship botweon the wolded structures ind the mechanical
properties, but at the same time, the direct way mentioned at the Intmductlc:;n.

In the first 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
through metallography and non destructive tests. At present, fhe 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 obtéined at high welding speed. In order to obtain this type of
weld, a specially designed consumable guide is used, shown 3i’c Fig. 5. ‘The
analysis of the structures obtained, shows that the speed of the process has a
limit, from where radial cracking appears, associated with macrosegregation of
alloy clements.

The second approach corresponds to the direct correlation bétween consumable
and mechanical properties, obtained through different mechanical tests. In this
case wire, with different chemical composition and different slags are used. This
research approach permits an adecquate optimization of the operational variables,
consumabie selectior and qualification of the welding procedure, but the reason of

the resulls obtained is not clcared up. rom the authors point of view, both

20
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approaches to the research arc valid, but the extrapolation of the results obtained,
only is possible through 4 complete study envolving operational variables, structural

anilysis and mechanical propertics.

ELECTROSLAG WELDING OF ALUMINUM Abi'D ITS ALLOYS

Every day the thickness of structural aluminum parts to be welded increases.
As an exumple can be quotoed the busbars in :uﬁmlnum plants, or structural parts
of liquid petroleoum gas containers. A comparative study of the possible méthods
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 electrobearrlx can be used
botween 30 and 120 mm. ‘The ESW process can bo used for thickness larger than
40 mm and frbm the economi¢ 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 Welde&, the
energy necessary for the melting is less than for a similar sfeel 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 AIZO3 film di_fficult 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 wires to be used
3) Design of the refrigerant devices of the equipment, considering the high thermal

conductivity and specilic hewt ol the duminum
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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 Argentipa. The strategy research is to know the origin and
development of the weld structures obtained and thelr relationship with the resultant
mechanical properties. This purpose an interrelation among operational variﬁbles,
structures and mechanical properties. This optic permits to obtain general knowledge
on the welding metallurgy, able to be extrapolated to other process and materiﬁl&
On the other hand, the direct way,where the consumables and operational variable;
are related with the mechanical properties of the weld, withoulth considering the
structure, seems to be correct for an adecquate selection of consumables and
procedure qualiflcation; 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 for a given plate thickness considerably. With reference to

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

be considered positive.
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Fig. 1
Fig. 2
Fig. 3

Fig. 4

Fig. 5

Equipment used in the ESW research

_ Structural results obtained in ESW of low carbon steels

Sulfur print showing the poool shape
Comparision between weld structures fc;r cbm"entional,'andl high speeds’
methods

Guide consumable design for high speed ESW
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ORIGIN AND DEVELOPMENT OF FUSION WELD ING 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
metal-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 composedﬁEﬁcﬁlggeagféerent 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
e}ectroslag process in steels describes four types of structures:
fine column?r grains, coarse columnar grains, "mixed grains" and
central equiaxed grains. Kerr ( 3 ), iu 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

E evteten il o s B, R da wmbmenged v
y groove angle variations. Kato and Matsuda

( 5 ) des?ribed several types of macrostructures in aluminum
alloys, analysing the welding speed and the allo

: : compositi
influence. Finally Nakada et al ( 6 y comp ion

) described another struct
. ‘ _ ure
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

existing between Ticrosegregation substructures and the resultant
macrostructure. With this aim electroslag and submerged arc welding

28
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experiments have been performed, in steels as well as the analysis
of aluminum welding alloys using automaticltungsten arc process.
The results obtained willbe compared and discussed wi’h those
previously existing in the literature, in an effort to establishb

in a rational way the origin and developmentof the different
fusion welding structures.

II) EXPERIMENTAL

1l.- Eguigment

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.- Materials
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.

3e— 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 elcctrode speed rate ranged between 5 and 19 cm/seg.
Reverse polarity was used. The welding intensity varied
between 400 and 1000 Amp.

ii)SumeEgpd arc process: Bead on plate weldments were
prepered 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_IIG Process: Alterning current, tungsten
electrode (0.8% Zr) and argon shiclding 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) Nital 10% in order to reveal the macrostructure



30

b) Nital 1% to reveal the microstructure.
c¢) FeCl_ : 40 gr.; CuClZ: 3 gr; HCL: 40 cm3; ethyl alcohol:
3 .
500 cm3

ii) Aluminum

; : 3
a) Electropolishing followed by etching with: HN03: 47 cm™;
HF : 3 cm3; H20 : 50 cm3. This etchant reveals the
microstructure

b) Mechanical polishing unt%l 1 micron alamina, follqwed by
etching with: HCl: 50 cm”; HNO _: 47 cm; HF: 3 cm~. This
etchant reveals the macrostrucéure

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"
i . . were

( 3 ) , casting experiments in laboratory scale/pertformed.6063

alluoy ingots were casted in copper molds of 0 cm diameter and

10 cm high. The ingot structure was observed as cast and after

subsquent electrolytical polishing,

IIT.- EXPERIMENTAL RESULTS

l.- 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



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 IIT 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 themomalies 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 99,5A stray structure

is noticeable, as well as axial grains stopping the columnar
growth. This type of structure has been also observed in
Aluminum alloy 6063 .Under some welding conditions an equiaxial-
central structure was observed in the same alloy . Fig. 9.0n

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.

l.- Liquid - Solid transtormations

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,

11

iii) Crystal multiplication ( ) and nucleation on the free

surface ( 12 ).

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

2.- Solid 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.1l2 shows schematically the differcent 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 N° 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: in this case the
central line is irregular, as shown in Fig. p
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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 (13 ), 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 auclei 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 liquid; 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 is 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:

i.- Southin mechanisms (12): 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 because the heat source would melt the nuclei;

in electroslag welding this mechanisms can not operate
due to the weld geometry.

ii.- Winegard and Chalmers (1¢) 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.

33



34

iii.- Jackson et al (11 and O'Hara and Tiller (17,18 proposed
the crystal-multiplication mechanism. In it branches of
the columnar structure are broken due to the heat flow
and thermal convection.

The prescince 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
cvidence of free dendritic growth are observed at higher
solute contents (1§5).Kerr(s), also, observed that an
increcase in solute, promotes grain maltiplication.

A longitudinal cross section of an aluminum weldment,

with stray
structure, is shown in Fig. 8b.

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 dircction

and the growth of a few grains parallel to the axis, is
easier.

This structure is shown in Fig.8a

Edvardsson (19) studied the growth dircction in a transvcersal
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. § and 7b Jis
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
heterogencous nucleation mechanism, to be the source of equiaxed
grains necar the center for a weld; on the other hand Arata (21) is



in agreement with the s.C.theory Kerr (3) presents another'
structure that he calls "partially equiaxed" . Equiaxed grains
can be notggnng%rficially in a longitudinal cr0§s sections,

but they/bé observed 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
skrinkege is formed and if the liquid feed is deficient, the
dendritic morphology is shown plainly in the surface, and the
superficial segregation is the result of solute liquid enrichnent.

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 3 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.

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 ferritc 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 influecnced.
Another mechanism connected this structure with the solidification
sequence and the peritectic reaction (L+§ — ¥ ) According to this
model (23) , coarse grains are obtained when the liquid solidifies
as '{ phase. On the other hand when the liquid becomes 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 4 ferrite is formed.

Near the fusion line the heat extraction is greater and the metastable

reaction L -=f takes place, this reaction is represented in the
Fc.C diagram, continuing the solidus-liquidus lines.
Type N° 0O:

Structure with coarse and fine columnar grains and an
equiaxed central zone: Paton (2) has found this structure in
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electroslag 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 tound 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 structiure: origin epitaxial and competitive
growth, crystal multip!ication.

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

Type N° 6: Equiaxed structire origin epitaxial and competitive
growth, heterogeneous nucleation. ‘

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

Type N° 8: Structure with coarse and fine columnar grains :

origin epitaxial and competitive growth; peritectic reaction;
ferrite nucleation and growth.

Type N° 9: Structure with coarse fine columnar grains and an
equiaxed central zone.

Origin: epitaxial and competitive growth; interface instability:
heterogeneous nucleation or crystal multiplication; peritectic
reaction; ferritic nuclecation and growth.



Base metals,

Table 1L

electrodes, consumable guides and iluxeés compositions

PROCESS Base metad
Composition (%)
Steel A: C: 0.07 Mn: 0.48 Si: 0.05 S: 0.039 P:O.QlQ
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
Consuméble guide
ELECTROSLAG Composition (%)
C:0.17 Mn: 0.65 Si:0.12 S:0.0i8 P:0.01l
Electrode
Composition ( %) (
C:0.0 Mn:1.15 S8i:0.54 S:0.016 P:0.020
Diameter 0.238 cm 3/32") ¢
Flux (%)
8102:36.29;Mn02;27.37;Ca0:16.82;A1203:8.72
Mg0:2.67;TiOz:Z.53;F3203:1.27;Na20:0.93;
K20:0.72 O
Base Metal
SUBMERGED Composition ( %)

ARC

C:0.1 Mn:0.75 Si:0.07 Al1:0.05
Electrode

Composition (%)
C:0.11 Mn:1.060 Si:0.11 8:0.02 P:0.021

Diameter 0.325 cm

0
Flux (%) ' N
Mn0:30;8j02:40;A1203:15;Fe203:l;BaO:2;
Mg0+CaO:5;F2Ca:5;Ti02:2;K20+Na20:l
Flux basicity 0.52
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ALMTOMATIC

T1G

Base metals:

a = Aluminum

" 09,5
-6063 alloy

~5086 alloy

Thickness:

b - Steel

Thickness:

alloys

Al 99,5
Fe 0,18
Fe 0,39
Cu 0,045

Fe 0,27
Mg 0,52
Mg 3,47
Mn 0,32

0,1 - 0,2 - 0,25 -

c 0,06

0,15 c¢m

Si 0,02

Si 0,12
Si 0,42
Si 0,11
Cr 0,19

0,3 cm

Mn 0,32
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Welding variables and Experimental Results

39

Weld Code Steel Electrode feed Current Voltage| Travel Encounter
. rate (cm/seg) (Amp) (V) speed angle(°)
(em/min)
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 1591 -
5 A 13.5 700 40 2.34 80
6 A 13.0 700 40 2.34 83
7 A 19.0 900 40 3.3 110
8 A 19.0 900 40 %3 92
9 A 19.0 900 40 3.3 115
10 A 19.0 900 40 343 120
11 B - 10.0 600 40 1.85 22
Table 1II
Submerged arc Welding encounter angles (V: 30 volts).
Travel speed
(em/min) 18.78 26.78 50 65.1 97.72
Current
(Amp)
éOO 67 .38 56.28 34.4 22.62 17.06
500 97 : 71.56 75.54) 57.62 83.96 .
600 82.92 118.08 115.606] 97.24 |- 88.48;
. _ ;
50 £ 169 168,58 156.58f 180 167.76
"(76.16) (76.3) 124.7 | (116) (80.2)
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Figures

Fig.1l: 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).
Fig.7: a- Submerged arc welding macrostructure (transversal cross

section ) (4,7 x) l

b- Segregation substructure of the weld in Fig.7a.
Fig.8: a- Automatic TIG welding macrostructure (Al 99,5) (6,2 x).

b- Automatic TIG welding macrostructure (6063 alloy) (6,6, x).
Fig.9: Automatic TIG welding macrostructure (6063 alloy) (5,7 x).
Fig.10: Automatic TIG welding macrostructure (5086 alloy) (10,7 x).
Fig.l1l1:8"Meniscus' structure, as cast. SEM. micrograph (240 x).

b "Meniscus" structure Electrolitically polished.
Fig.12: Diferent types structure scheme.

Fig.13: Mechamism of parcially equiaxed structure origin,
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"THE INFLUENCE OF THE WELDING MACROSTRUCTURE

ON ALUMINIUM HOT - CRACKING"

by M.E. Saggese, M. Solari and H. Biloni
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THE INFLUENCE O THE WELDING ﬁACKOSTRUCTURE ON ALUMINUM
{I0T CRACKING
Ma. L. Saggese-Mirasiia: INEND. Comision Nacional de Energia Afdmica
(CNEA) Argentina.
M. Solari: Departamento de Materiales. CHEA.
H. Biloni: Director del Proyeccto Especial Sobre Aluminio y Cobre. 0AS-

~CNEA.

1 - INTRODUCTION

llot cracking is a type of failure that can appear in al most
all alloys when they are welded by any fusion process. It is generated by
stresses arising both from the solidilication contraction and the
restraint provided by tChe joint. Additional restraint may be introduced
by externa devices.Several works( ’H)é0rrulate the structure developed
dauring the soliditication process, the composition of the weld, the
geometry oif the pool and the stresses developed during the process. lhey
can by summarized as follows.

i) During the solidification process between liquidus and
solidus temperatures of the alloy, fhe mushy zone of the weld 1s formed by
a dendritic network with solute-enriched liguid around it. For I{O< 1
this enriched liguid solidities with a lower point of fusion and non-
equrlibrium phases or cutectiecs with a low melting point usually appear.

1i) Maximum scorresation is achieved at the grain boundaries of’
the crystals having an nterdendrilic segregation as a result ot the
soliditication process. In systems where the energy associated with the
gcrain boundarics {Fﬁj_) 1 s hlgher than twice the interfacial Solid-Liguid

S Tee!
energy ‘s—?ﬁ”),i.he whaole ntertacial energy ot the system is minimized
through a mechanism consisting of penetration ot the liguaid through the
grain bhoundarvics.

iii) lligh velocity welds with a tear drop shape of the pool are
more susceptible to hot craciking than others presenting elliptical pools
resulting from low welding speed. The difference is attributed to the

relationship cexiating between che columnar grains and the encounter angle
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Under high speced conditions a very high encouncer angle develops and
the solute rejected at the soliditication front; as well as the
impurities prescent in the liquid, are trapped in the weld centerline
As a conscquence a high scgregation arises. On the other hand
ellipticaliy shaped pools do not usually present a centerline
segregation and as a conscquence the danger ot centerline hot crackang
practically does not exist. E

From the preceding items the cracking phenomena results in a
combination of high segregsated continous regions (namely at the center-
line grain boundaries and interdendritic spaces ), with solidification
contraction during the completion ot the mushy zone, contraction stresses
developed in the cooling solid and an inadequate liquid feeding aiong
the 1nterdendritic spacings. The result is a concentration of stresses in
a relat vely small amonnt. of seolid regions triggering the conditions (or
the criack propagation.

The present. paper is concerncd  with aluminum welds presenting
an axial type ot macrostiucture, characterized by an elliptically
shaped pool and grains that grow near the centerline, parallel to the
welding direction ana whiclhi, as a conscquence , stop the columnar structurc

(9}. The susceptibility to

developea epitawially trom the base metal
hot cracking owi this structure will be established through a careful
examination of the relationship existing between the macrostructure and
the segregation substructiire developed during the solidification

process.

IT - EXPERIMENTAL
a)Materials: TABLE I specifies the thickness and composition of
the two sheets of commercially pure aluminum used i1n the experiments.
b)Equipment: A commercial power source able to operate in the
DC or AC mode and with DF incorporated in order to start the arc, was
used . With this equipment 1t was possible to select the current intensat
as well as tqknntrol the upsltlope rate, upslope tLime, welding current,
welding time, downslope rale, dowas!ope time, riuai current (in order to

control the cooling ratc of the tinal part of the bead) and the final time.

The welding torch travellea automatically in a range between 0 and 15 com
nin



52

c)W&kding procedure: Beads on plates with continous HF and

AC, where pertormed. The electrode used was tungsten thoriatea and
water retrigerated. Argon was used as the shielding gas. Previously
to each operation the pilates were cleaned with acetone and brushed.
TABLE 1I sumarizes the welding procedure.

d)Metallographic techniques: Metallographic analysis was

pertorined on the welding plane. The etchant used was: HCLl:50cc;
HN03:4?CC; HF: 3cc. The etching time was used as a variable.in order

to regulate the proper detection of the segregation substructure and the
nacrostructure. :

e)Special metallographic techniques:

01) Microanalysis: With a CAMECA MS40, X Ray images ot Si and
Fe were performed. In all the cases the samples were carefully polished
until a diamond paste 1 inish.
the surtace reliet associated with the welding and the cracks a scan-

ning mcroscope PESM 500 was used.

I11 - RLSULTS

Throuzh the oxperimental conditions reported in TABLE II the
weld pools obtained had elliptical shapes. The shape of the solidification
front can be interred trom the superiicial ripples 61:' the beads. Fig. 1
shows a SEAM micrograph ol one of tLihe cracked beads. This figure is
consideircd representative of the experiments performed.For_the heat
inputs usea (see TABLE [I1) , the macrostructure was an axial type.

The hot cracks observed were locatea in two preterential places:
the central line betwcen two axial grains (Fig. Z2a) 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
the rest of the structure (Fig. 3)(9). The X Ray images ot cracked
beads also contirmed a !'1gher concentration of Fe and Si, in those
regions. The observations of the crack surfaces with the SEM permits
the {ollowing descrintion:

1) A direct correcspondence between tears on one face and adhered

parts ot ths other part of the another face oif the crack (Figs. 4a ana b)
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Fig. § shows with more detail the planar deconesion observed at different
depths. The’rracturc surjiaces show an axial celular dendritic structure
decanted during the cracking process.

ii1)Fig. 0 show' the distribution of the plastic deformation
trom the center to the tip of the crack. The same tigure also shows the
plastic detormation continuing in the noh-cracked metal.

ii1)Fig. 7 shows the surface ot a-crack at a zone of
minimum plastic detormation. Tthe rounded ot1 structure characteristic of
decanted cellular dendritic morphologies, can be seen.On the other hand
Fig. ® corresponds to a place with a high amount ot plastic detformation,

near the tip of the crack.

1V - DIisSCUSSION
Upon review, as was porntedc oul in the Tntroduction the

: 8)
ot crack sensttivity is related to thie shape of Lhe weld pool( ‘
Elliptic pools obtained througzh a low welding speed would not be

susceptible Lo crack nitiation. Tue resnlts of the present work

scems to be n contradiction with that statement. owever 1t is
necessary Lo take inio consideration that the structure obtained

in the heat i1nput range usca was an axial macrostructure. This type

of macrostructure develops an clliptical pool but presents at the

center ol the weld one or several grains growing axially parallel to the
weldinzg dircction {(see Fig. 2). Thosc grains present difrerent
characteristics trom the segregation point ot view, when they are
compared with the columnar grains of the macrostructure. Metallographic
analysis and microanalysis show that an almost continuous segregation
exists associated with the grain boundaries oif the central axial grains
and at the limit betwecen the columnar gra ns and the crystals. The
origin ot this segregation may be visualized as follows: the

columnar grains trom the base metal reject solute in tront of them.
Because tLhey are pgrowing with a low encounter angle, as a result of the
elliptical pool, 1{ the «olumnargrowtiiis completed no centerline appear.
flowever the existence ot axial central grains QPOWIng in an enriched
licuid change the situation in 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 grain boundary segregation
is tfavoured. The results in hotih cases 1s the uasi-continuos
segregation arising irom a tear drop shape of the weld metal pool. As
a result, the conditions necessary lor the development of hot cracking
are quite similar; due to the low mechanical resistance of the

liquid rilm the stresses concentrate in the few solid bridges. When
they ftail,a crack appears. In addition the contraction stresses have
their maximum component in the direction perpendicular to the central
grain boundaries, favouring the failure.

The present work suggests that in order to prevent hot
cracking susceptibility, it is necessary to control the shape ot the
pool but also the segregation distribution that is determined by the
weld macrostructure.

Concerning the plastic detormation associated with the cracks,
1t is necessary to consider:

1) A the central zone oif a crack no deiormation appears and
sot't rounded surtaces arce observed. This suggests that dendrites
growing from both crack faces in the Lifjuid entrapped do not ftill
the space developed. As a cunscequence a decanted type of cellular
dendrites appears.

1i) Towaids the tip or the crack the surtfaces show more and
more tears and a larger amount of plastic deformation. This may be due
to the e¢ppenrrance of the contraction stresses torcing the weld bead to
detorm plastically betore cracking and the existence or a high number of
solid bridges tosether with a less amount of liquia due to an
inefiicient local reeaing.

The heterogeneous distribution of plastic detormation may
then be a consequence o! two mechanism operating during the propagation
ot the crack. At high temperature the cracks may grow partially by
liquation of the grain boundaries, provided the r‘elationship?ss (2{‘51‘
is accomplished. This 1s very difraicult to evaluate taking  into account
the problems existing in order to measure the intertaciai free energy
as well as the rather unknown influence of minor amounts of impurities

¢ )

on their valucs . At lower temperatures this mechaflism ywould stop



and then the solad bridges would have to standa the stresses imposed

by the coolinyg of the bead.

V ~ CONCLUSIONS

1)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 bhetween the columnar structure and the axial grains.

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

4) The origin ot the hot cracking is similar to the center
line Lot cracking cppearing in columnar structures, associated with a
tear drop shape ot the weld pool. This 1ndicates that not only the
geometry ol the weld pool must be CLalen in consideration, but also
the relationship existing belween the macrostructures and the solute
segregation.

5) The analysis ol the cracks shows the presence ot an

heterogeneous plastie delormation.
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MATERIAL THICKNLESS Fe S1 Ga Pb # IMPURITILIFS
cm wth wt% wth wté wt%
A 0.25 0.27 0.12 0.03 0.0y 0.005
B 0.30 0.13 0.13 0.03 0.05 0.005

TABLE I

Base Metal | Materials A and B
Electrode (W-107 ' 0.235 ecm ¢

Nozzle (Alumina) 0.787 em int. @
Current intensity 87 +to 155 Amp. (A.C.)
Voltage 16 to I8 V

Welding speea 20 to 00 cm/min.

Heat. imput (i.1.-1V/v) 2.50 to 4.20 kJ/cm

TABLE IT



Fipg. 1 llot crack in as welded metal surtace. Notice the

l-}l]ipl ical Lype ol Liyer !n,:ul revealed b Lhe =snrrlace ]-|i;[)j_(:

a b

Fig. 2 Axial macrostructures presenting hot cracks. a)Between two
central grains, X1,5. b)At the limit between a central grain and

the columnar front, XLl4.
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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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Technical hoter NETALLUOGRAFAIC SULFHUR DEYTERMINATION BY Stii

IN AUSTENITIC STAIWLESS STEEL WELD METAL
Julio lorgenfeld, lario Solsri, José Ovejero-Garcia

INTRCDUCYTION

Sulphur distribvition in weldments is of great
interest because it is associated with-seﬁeral phenomena 1
corrosion, mechanical resistance, intergranular brittleness,
hot cracking, etc.(1)

Frobably the most common method to reveal segregated
sulphur widely used in indusiry is ithe 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 int6
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 hotl cracking research field.
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BACKGROUNLD1

" During welding the molten weld pool does not freeze
according to eauilibrium conditions and ihus, during metlal
alloy cooling from the liguid state, a solute pile-up in front
of the'solid*liquid interface may appear. So, an instability is
origirizted, which produdes morphological changes. The Constitu-
tional Supercooling criteria developed by Chalmers (4), permits
the determinatioﬁ of interface instability conditions, besides
justifying the fact that the dendritic grdwth can develop ilowards
the liguid pool center in a tempefature gradient direction.

The first visible ihstabiliiy signals connected to the
interface are depressions, called nodes (5), allowing its
metalliograpnic detection by special techniqgues,

In a typical fusion weld the solid surface in contact with
liguid metal grows adopting a cellular or dendritic shape, with
the object of eliminating ihe constitutional supercooling by
redistributing the solute in front of the interface. The result
is a short range segrégation - 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
siructure and hot cracking is well known. In general, hot
cracking is caused by the combination of two factors 1 1i)
mechanically and/or thermally induced strain, and ii) crack
susceptible microstructure. Welding parameter, rate of solidifi-
cation, alloy composition and microsegrcgatiion are all factors

which play an imporiant role in the control of hot cracking

=

i

ociated with welding.

fyhl
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Svlphur can appear in the solidified weld metal as a solid
solution as well as non-metallic inclusions. The strong sulphur
segregation in the interdendritic spacing is due to its too low
partition coeficient. Several authors showed that steels with
the same chemical composition but with diferent sulphur content
could rave different behaviours in reference ito its weldability.

The Fc-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 verying amounts of ferrite. The delta ferrites can be
associated with the interdendritic spacing as well as the cores
of dendrites according to the cooling rate and composition.
Extensive discussions have been published on ithe solidification
behaviour and origin of ferrife in austenitic stainless gteel
weld metal. However, no one has been able to clearly establish
the.solidification seguences 1leading to the observed final
microstructure of the weld metal (6),(13).

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 nurvers 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.,.

Takine into account the complex distribution of austenite
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and delta ferrite (approx. 1 pm wide) as well as the micro-
segregation associated with a fine dendrite arm spacing (approx.
5 pm) typical in weldments, it results that thre electronic
microprobe technigue (limited by the probe size to 1 ymB. and
sensibility, doses higher than .3%;in weight) is not capable of
determining sulphur distribution in this fine scale. On the other
hand, the epitaxial layers technique enablec one to reveal
segrezation very accurately, but it is not possible to determine
sulphur in a selective way.

Technicues for ahalysis of fracture surfaces with good depth
resolution, such as Auger electron spectroscopy, are difficult
to apply to austenitic slainless steels which resist intergranu-
lar fracture. On the other hand, X-ray mycroanalysis of thin foil
specimens appeafs to be the best technique currently available
for high spatial resolution analysis of the heavy elements in
austenitic steels (19) (resolution of 30 nm). However, the applica
bility of this-technique is limited by the method's complexity.

An alternative technigue is high resolution autoradiography
with radioactive sulphur 535. 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
autoradiograpny, in which a silver %romide monogranular emulsion
is deposited on the surface specimen.,

The technique used in i1his work can be applied not only to
massive pieces, with a conventional metallographic specimen
observable by SEN, but io thin foils observable by scanning
electronic Wransmition microscopy with a 150 nm resolution. It

is possible to reveal the sulphur distribution with a very high
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sensitivity; for example it has been reporiéd that sulphur
monoatomic layers were recvealed, (12).

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. }

NATERIALS AND PROCEDURESH |

The stainless steei AISI 304L studied
was used in the form of a 3 mm sheet. The e;perimental fusion
welds used were performed with semi—automafic GTA with 11 volts
and 90 amperes, in an argon atmosphere with 30 cfh flow and a
travel speed of 30 cm/min.

The metallographic specimens were prepared according to
coriventional 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 A2: 78ml percloric; 100ml Butilcello-
solve, 700ml etanol and 120ml HZO. Finally, an electrolitic

attack with 10 % oxalic acid and 8 volts was performed.

SULPHUR MICROPRINT EXPERINENTAL METHOD:1

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 L4, Then a 10 % diluted
sulphuric acid drop is deposited during 10 sec with the aim of
producing SH, detachrment and SAg, formation. After the operation

of fixing and washinz with distilled water, the specimen-emulsion
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2s a wnole is obeerved by S, The LAg, ap;wars.ﬂhf&timpOSP' o
ithe miﬁros{ructurc as brilliant white grains. Thus it is pesuible
1o correlaie the sulphur segregation with microsiructural deizils,
RESULTS AND DISCUSSTOu1 |

v Ae an initial step in the investigation
oflsulphur heterogeneity ia weld metal, a study was carried out
on austenitic stainless s{ee] AISI 304L in order to observe
svlphur microprint suitébi]iny.

Figure 1 is a pnotomicrograph of a iransverse cross seection
of a weld vead showing a periodic sulphur segregation within
columnar grains. This chemical helerogeneity corresponds ieo an
interdendritic segregation resulting from a cellular dendritic
growth, The SEM photomicrograph shows the SAgy brilliant white
rarticles with a resolution of up to 300mm. 1he presence of this
type of pa?tic]e is associated with suﬁphur microinclusions or
sulphur in solution. The dendritic arm s€pacing (das) is in ihe
ranze of 5 ym. Flemings (11) has pointed oui inat the mechanical
properties of casiti metals are stirongly dependant on ihis parame-
ter. The das is a function of cooling rate and composition. It
should be noted that das diminishes as the cooling rate increases.
“his parameter is a mesure of the size and disiribution of the
structural elements.,

Figure 2 shows an area close to the fusion line of the above
mentioned weldments at higner magnification. This photomicrograph
shows sulfur inclusions in ine segrezated regions,

Freferential scgregation at the structure nodes is shown in
figure 3. The nodes corresponé %o real solute enriched liquid
cnannels. When tk interfzc¢ instability condition is present,a

iendency to balar. = the soluile rejection witih a curvature change

o
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occurs. hote tnat tne solute and temperatvre dgifuession coeffi-
cients are very 6ifferent, so the heat ani mass iransfer are

tal

14y

nced for a curved interface due 1o the different flow
directions. The degree of segregation depends vpon solute pile-up
and interfazce curvature effecls, solid state difussion and
édendritic arms coarsening.

Figure 4 shows a high magnification detail of sulphur
inclusions. A previous work (3) reported the possibility of
revealing sulphur microprecipitation in the delta ferrite -
austenite interface. Now, a part of the present vork in austeni-
tic stainless steel weld metal is the study of sulphur segregatlion
in a delta ferrite - auvstenite interface using thin foil sulphur

microprint specimens, observed by TrM.

CONCLUSICKSt

m
4

'he experimental work performed reveals ihat the

application of the suiphur microprint technicue 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.
hditionaly, the thin foil sulphur microprint observed by TEM

will effer higher accuracy in the detection of sulphur segregation,
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LEYENDS T0O FIGURES

Cross section of a weld bead showing a periodic sulphur
segregation within columnar grains. (600 X).

Sulphur inclusions in the segregated regions of an area
closeito the fusion line. (1200 X).

Freferential segregation at the structure nodes (3200 X).

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; (i) columnar growth; (iii) solidification at high speed and (iv) processes where the

solidification 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 [1],
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 result 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-
quernice 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 (C;) can be calculated:

Ci=Cu(l—a) +bCa, )
where
a=G D /mRCa, )

b= [~ 2KR(1 —ko)/m D Ca]? G)
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The undercooling in front of the interface as a
function of the freezing conditions and alloy proper-
ties is [8]

AT = g% + 23’3[_

172

mL(l e ko) C...KJ R"’ ) (4)

Dy

In expressions (1)—(4): C. = liquid composition far
from the S—L interface; G = liquid gradient; K =
curvature constant = g/AS, where o = S—L interface
free energy and AS = fusion entropy of the pure
metal; ko = partition coefficient; and mp = liquidus
slope.
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Fig. 2. A comparison between experiment and theory in Al-2%Cu alloy using an expanded temperature scale to illustrate the
behaviour of the two analyses at high velocities and two temperature gradients. From ref. [8].

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 G ;
(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
(=dsfL) in a time df and for 4, = 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)
YL(AofL dx) dCp/dt = —yL(CL — Cs) A dx df /dt

+d/dx(DpyLA4 9Cy [ox) dx

— Dg AolL dx v, dCs/dy , (6)

where 7y = liquid density, Dg = solid diffusion coef-

ficient, and L = A/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(Cy —Cw)=—Dy 0CyJox . )
Taking into consideration eq. (1),
3CL/ax = (R/Dy)(a - b) . (8)

The solute gradient is an average value considered as
valid for the interdendritic liquid.
(ii) The liquid lateral area is 4 = AofL, then

0A/0x = Ao offox . )
(iii) The solidification is in the steady state condition

of /ox = —R™ 3f Jor . (10)
Replacing eqgs. (8), (9) and (10) in eq. (1), and sim-
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plifying Ao, 7L and dx,
dC‘ df
—X=—(CL- cs)—-(a—b)c.- "

ot i 11
L d (11)
(iv) The rate of wall thickening is constant
dy/dr=L/6g, (12)

local solidification time, and from eq.

where 8g=
koCy, defining

(12), considering that Cg =
a=Dgg/L? =4Dgf/\? , (13)
and reordering, we get:

d _ dCy
futaky Cr(1 —ko)+(@—b0)Cu’ (14)

Integrating the first term between 1 and fi, and the
second between C; and Ci, and taking into account
that f) = 1—fg and C = Cg/ke,

b qa—b)( fs )ko-l”
Cs—koco[k —]+(C__ku—1 l_l-rako J

(15)

This expression corresponds to the solid composi-
tion at the interface during the solidification for each
solid fraction fg as a function of the alloy properties:
Dy, Ds ko and my, the growth conditions: G and R
and the tip composition C;. Considering expression
(1), the genergl expression for local distribution is
obtained:

b - bk
Cs= koCo[k — l + (1 - (——-ako _)1 0)
fs k°-'] -
x(1 ‘T?I'&Z) . @16)

* Fig. 3 corresponds to Cs = f{fs) for different values of

a and b when an Fe—1%Mn alloy is considered.

3. Discussion

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

Cs=koCo(l —fg)*0™*. (17)
Ifa=b=0anda+#0:

= Is )"':’_l ;
¢ k,.c.,(1 T ; (17)

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

ﬂko __]
=k _ - kg =1
Cs= kool -5 + 1 ko,—l)“ 147, (18)
Ifa+0, b and a # 0: .
a ak fs \ko-
el -2
5= ""Lq,-f(1 R\ TV,

(18)
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Fig. 3-23 from ref, [6] shows cellular microsegre-
gation according to eq. (18) for an Al—4.5%Cu alloy.
At the limit of @ = 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 expen-
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 havihg cubic [2,13]
or hexagonal crystallography [18]. According to
Flemings [6] cellular dendritic solidification occurs
for a low relationship between G and R. In these
circumstances, 2 = 0 fundamentally as a consequence
of the low value of Dy (~107° cm?/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:

= -b bk, k—l]
o= koo g+ (14522 ) @ = o) a9

If solid back diffusion is considered, a % 0:

_ -b ( bk.,)
Cs-koco[ko_l+ 1+ko-—1

kg—1
X (1 77 {s‘;ku) n ] as)

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 A and G and R is

A=c(GR)™" (20)

where c is a constant depending of the alloy composi-
tion and the exponent n is:

n = 1/3 for secondary arm \pacing,

n = 1/2 for primary arm spacing.

3.3. Diffusion in the solid

Although Brody and Flemings [10] extended the
treatment considering the diffusicn 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 8¢ [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.

v}
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3.4. Segregation ratio

Eq. (4) can be expressed as:

AT =G DR + BR"? . (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=CS mulCSmllI:l .

Taking into account expression (20), eq. (21) be-

comes:

AT = (c/\)V/" DL, prin (22)
R? ’

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. I, Cpax = Cg = const. Then,
an increase in AT gives a higher value of Cpinand as a
consequence S decreases. Thus, from fig. 4 it can be
concluded that for a given value of Cy:

(i) for low solidification rates, below 107 ¢m/s, and
gradients higher than 10°C/cm, it is possible to obtain
cellular dendrite substructures with a low segregation

. 1atio and vanable arm spacing;

J(ii) for solidification rates below 10™ cm/s and fo.
'the same arm'spacing, the segregation ratio increases
when the gradient decreases;

(iii) for high solidification rates, higher than 1077
cm/s and for the same solidification rate, it is possible
to obtain different arm spacings characterized by the
same segregation ratio.

If for given conditions of G| and R. C, increases,
the tip undercooling AT will increase. and taking into
‘account that Cpax = Cp=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
(AT, 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 § = 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.
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Fig. 4. Relationship between the temperature of the tip of a dendrite and the rate of solidification for different values of G and
arm spacing. The figure shows the regions of maximum and minimum segregation.

82



M. Solari, H. Biloni | Microsegregation in cellular and cellular dendritic growth

4. Summary and conclusions

As Flemings pointed out [6], the actual morpho-
logy of the deéndrites 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 welding. 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, A" type.
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