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ABSTRACT

Solidification Study and Improved Structural Integrity
of Electroslag Welds

Hee-Sung Ann, Ph.D.
Oregon Graduate Center, 1987

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

Principles of solidification mechanics were applied to study solute
band formation, dendrite reorientation and renucleation mechanisms during
weld metal solidification of electroslag (ES) welds. Dendrite re-
orientation and renucleation were significantly affected by solurte
banding. Development of secondary and tertiary dendrite arms was
dependent upon a unique combination of the temperature gradient vector
and primary dendrite arm growth direction. Mechanisms were proposed to
explain these solidification phenomena.

Mechanical properties of weld metal deposited by consumable guide
electroslag welding (ESW) are controlled by the complex macro/micro-
structural features and impurity segregation developed throughout the
weld. In order to understand this behavior, fundamental aspects in the
design of high toughness welds in 50 mm and 76 mm thick A36 and A588
structural steels were investigated. Parameters such as voltage, current,
gap size, welding speed, guide tube/plate designs, solid/tubular filler
metals, flux variables (oxygen potential and basicity), and alloying
additions (up to 2% Ni and 0.4% Mo in the filler metal) were examined and
found to significantly influence the solidification structures, macro/
microstructures, impurity segregation and fracture toughness of ES welds.

From these comprehensive studies, five different characteristic grain

xii



structures have been developed for electroslag welds, leading to new
classifications for these welds.

Optimum conditions, based on parametric studies and macro/micro-
structure analysis in ESW, were determined with a narrow gap (19mm),
unalloyed and wing or web guide plates. The optimum conditions provided
increased welding efficiency, deposition rate, resistance to hot
cracking, and improved microstructures.

Dramatically refined weld metal grain size was achieved in the as-
welded condition by shielding the consumable guide tube or plate with
a fused quartz sleeve. Intenge stirring of the weld pool and
significantly increased nucleation of polygonal and grain-boundary
ferrite (due to excessive a high density of oxide inclusions) were
responsible for grain refinement.

Charpy V-notch (CVN) tests were carried out for selected optimized
and non-optimized ES welds. A substantial increase in CVN toughness was
observed in optimized welds. The quartz grain refined welds exhibited

identical toughness values throughout the weld.



I. INTRODUCTION

The electroslag welding (ESW) process was originally developed at
the Paton Electric Welding Institute, USSR, in the early 1950's(l]. The
process was further developed in Czechoslovakia (Bratislava Institute of
Welding) and Belgium (Arcos Corporation)(2]. The technique eventually
was introduced into the United States in 1859 by the Arcos
Corporation(3]. Since then, it has been used in the U.S. for heavy

structure fabrications, which include highway bridges.

A. Electroslag Welding Process

Electroslag welding is a joining method in which a molten slag
simultaneously melts the filler metal and the surfaces of the work to be
welded. Both the molten weld pool, which is shielded by the molten slag,
and the molten slag extend along the full cross section of the joint as
the weld progresses. Copper shoes are used on both sides of the plates
being welded to contain the molten pool during welding and provide the
final weld contour.

The process 1is initiated by an electric arc between the electrode
and the bottom of the joint. Powdered flux is then added and
subsequently melted by the heat of the arc. The arc stops and the
welding current (500 to 700A) passes from the electrode through the slag
by electrical conduction once a layer of molten slag is established (3.5
te 5 cm). The passage of the current provides the necessary heat for
fusion. Electroslag welds are usually prepared in the vertical or the
near-vertical direction and utilize a starting sump and runoff block to

eliminate defects associated with the initiation and the termination of



the process.

The two types of electroslag welding are : a) conventional, and b)
cousumable guide. The conventional system utilizes a nonconsumable
contact tube to direct the electrode into the molten slag pool. The
contact tube is maintained about 50 mm above the slag pool surface. The
entire welding head, along with the containment shoes, is moved upward at
a predetermined rate consistent with the welding speed.

The consumable guide electroslag welding system uses a stationmary
consumable tube to guide the welding electrode into the slag pool (Figs.
1 and 2). The gulde tube runs from the top of the weld to the bottom of
the weld and is positioned with its tip about 37 mm above the bottom of
the joint for weld initiation. As the name implies, the guide tube is
consumed into the weld pool as the weld progresses. This method requires
no moving parts except the welding electrode.

Electroslag welding offers the greatest productivity and cost
effectiveness of any welding technique for joining thick section
steel[4, 5]. However, ESW requires a large heat input, typically on the
order of 100 KJ/mm for a2 50 mm thickness plate, which results in a high
base metal dilution (BMD) and a coarse weld grain structure. Multizoned
weld metal structural features ranging from coarse to fine columnar
grains and variable grain orientations(Fig. 3)[4, 5] lead to nonuniform
weld vproperties. These structural variations cowbined with centerline
segregation promote hot cracking of electrslag weldments.

As a result, the use of electroslag weldments has been prohibited on
main structural tension members on any Federally-aided project[6].
However, due to the importance of this process for economical fabrication

of large bridge components, the Federal Highway Administration has



undertaken several research programs to study and improve process control

as well as to ipcrease impact and fatigue properties.

B. Overview of Previous Study
This section presents an overview of the prior Oregon Graduate

Center study results[4-5].

1. Weld Metal Solidification

The solidification structures for both standard weld and narrow gap,
bigh current weld were revealed. The solidification structures for both
welds were of cellular morphology with the average cell spacing in the

narrow gap, high current weld 50 % smaller than in the standard weld.

2. Welding Variables

Several process variables exerted a strong influence on the
resulting electroslag weld and on weld consistency and quality. The
first process variable studied was guide tube centering for either single
or double grounding. Grounding both plates, positioning the guide tube
(electrode) within 1.5 mm from the geometric center of the joint gap, and
eliminating electrode cast provided a symmetrical weld with equal
penetration into both of the plates.

A second process control variable was the slag level. The slag
level used during welding and the constant maintenance of this level
(around 3.5-4.0 cm) were critical in establishing and maintaining steady-
state welding conditions. Current and voltage fluctuations associated
with intermittent flux additions were avoided by using a continuous flux
feeding device.

Operating characteristic of the standard ESW consumable guide



technique were compared with those for narrow gap welding with a
cylindrical guide tube, and with those for winged guide tube welding in a
standard and a narrow gap configuration. The operating characteristics
included voltage, current, and joint gap. The use of the winged guide
tube design had the potential for reducing the susceptibility of
electroslag welds to lack of penetration defects due to its shape
symmetry with the joint gap.

The welding voltage was found to essentially control weld
penetration and had a direct effect on the propensity for lack of edge
penetration defects. The welding current had a minimul influence on the
base metal dilution.

The high current, narrow-gap, winged guide tube welds were produced
exhibiting about 50 % of the heat input of that required <for standard
welds. The welding time was also reduced to 1/3 of that required for the
standard procedure, while the fusion zone width of the high current,
narrow-gap, winged guide electroslag weld was much smaller than that of
the standard weld. A marked reduction in the coarse—-grained HAZ width
was also achieved in high current, narrow-gap, winged guide electroslag

welds

3. Weld metal microstructures

Structural steel electroslag welds are known to exhibit a high
degree of undesirable solidification segregation and grain growth with
undesirable microstructural constituents. Three basic apprcaches to
modifying fusion zone microstructure were successful. One was the use of
high current, narrow—-gap, winged guide welds. significant refinement for

high current, narrow-gap, winged guide welds, and the proeutectoid



ferrite films bordering the grain boundaries were well dispersed as
opposed to continuous films present in standard welds. The second
approach was quartz-shielded guide tubes. The use of quartz-shielded
cylindrical guide tubes essentially eliminated fusion =zone coarse
columnar structure and resulted in a thin columnar structure across the
complete fusion zone. The third approach was to add alloying elements to
the filler material to suppress proeutectoid ferrite formation. Alloying
element combinations made with Cr-Mo were added as weld wire filler

metal. The microstructures consisted of a bainitic structure.

4. Charpy V-Notch Impact Toughness
Mechanical property assessment of electroslag welds is complicated
by two major factors : a) the extreme anisotropy of the weld structure,

and b) the very large grain size coamonly associated with electroslag

welds. The use of the narrow gap, winged guide tube technique increased
the impact properties. The average impact value of the 2-1/4 Cr : 1 Mo
weld wire weldment was over 20 Joules at -18°C. The HAZ 1 impact

energies showed considerable scatter and average HAZ ) value was below 20

Joules at -18° C.

The prior studies, performed at Oregon Graduate Center(4, 5],
addressed the fundamental relationships between process variables, micro-
structure, and properties of electroslag welds. The study of
solidification structures is very important in electroslag weldments,
because impurity segregations are controlled by solidification
structures. In electroslag welding, the maximum temperature gradient is

constantly changing direction as the heat source moves. Dendrites in



welds grow along the <100> direction and growth follows the steepest
temperature gradient{7]. Since the maximum gradient vector is changing,
it 1is often necessary for dendrites to change growth direction.
However, the mechanism by which dendrites are reoriented and renucleated
during solidification <{(to follow the changing temperature gradient) is
not fully understood{8]. The methodology developed under pricr studies
in Oregon Graduate Center was not fully demonstrated and understood. The

process was not fully optimized nor were limits defined.

The objectives of this investigation are therefore :

1) to determine the mechanisms which influence the dendrite reorienta-
tion, and renucleation during weld metal solidification

2) to study the effects of process variables, oxygen potential of the
slag and minor alloying additions (Ni and Mo) on the solidification
structure, and macro/microstructure and

3) to determine if innovative ESW procedures produce uniform, refined
weld solidification structures, microstructures, resistance to

solidification hot cracking, and consistently defect-free welds.



IT. BACKGROUND
A. Weld Metal Solidification

1. Initiation and Development of Substructures

Solidification in fusion welding starts at the fusion boundary of
weld wetal-base metal interface, where virtuvally perfect wetting of the
base metal occurs. Initial solidification characteristics in a molten
weld pool have been studied by Savage et al.(9] and others{10-11]. They
concluded that the nucleation event was Iinsignificant, that epitaxial
growth occurred from the unmelted base metal.

Solidification structures developed in weld metals are planar,
cellular, cellular dendrites, columnar dendrites, and equiaxed
dendrites(Fig. 4){12]. Solidification structures directly depended on the
s01id interface growth rate (R), liquid temperature gradient (G) and
solute content at the solid-liquid interface (Co)(Fig. 5). More detailed
analysis of the conditions during weld metal solidification revealed that
the following factors governed solidification structures development(13}

a) thermal gradient, b) growth rate, ¢) amount of supercooling, d)
amount of superheating, e) weld metal turbulence, ) solute
concentration, g) growth rate uniformity, and h) base metal grain
crystallographic orientation.

Undercooling mnear the solid-liquid interface effects the growing
interface and is a critical factor in solidification structure
development. The overall undercooling (AT) can be expressed as the sum

of three componentsfl4)

AT = ATy + aTg + aTy (1)



where AT~ ATg , and ATK are undercoolings due to solute

accumulation,- interface curvature, and interfacial kinetics,
respectively. ATs and ATy are, for metals, wusually assumed to be
negligibly small. Thus, the undercooling at the solid-liquid interface

can be estimated by only considering solute accumulation at the
interface(13, 15-16]. The constitutional supercooling (undercooling)

due to solute accumulation introduced by Tiller et al. was(8] :

G my Co 1l -k
= (2)
R Dy, k
where G, R, wmy , Co » C1 s Dy, and k are temperature gradient in the

liquid at the interface, growth rate of solid-liquid interface, slope of
the liquidus line, composition of bulk liquid, composition at the
solid-1liquid dinterface, diffusion coefficient of solute in the liquid,
and equilibbrjum partition ratio (Cs/C; ), respectively. There is a lower
limit below which the interface is unstable, which results in a cellular
or dendritic solidification structures.

Fig. 6 summarizes the influence of growth rate of solid-liquid
interface (R), the width of solute diffusion zone (§ ), thermal super
cooling (AT), effective liquidus temperature, and temperature gradient
(G) on the region of constitutional supercooling.

The solute diffusion 1length (§) ahead of the interface can be

defined(17] as
R (3)

The solute diffusion length ahead of the interface is smaller (§y) in

higher growth rate (Ry)(Fig. 6). Thus, effective liquidus temperature is

steeper in higher growth rate. The growth rate of solid-liquid interface



(R) can be expressed as

R = Vw Cos (4)

Growth rate of solid-liquid interface is different at all points of weld
pool boundary as illustrated in Fig. 7.

The degree of thermal supercooling, which is controlled by local
heat extraction, determines the actual temperature gradient. The larger
the thermal supercooling (T7 in Fig. 6), the larger temperature gradient
(6Gyp in Fig. 6). Thus, the conditions for a high degree of
constitutional supercooling (small value of solute diffusion length) are
fast welding speed (fast growth rate)(Eq. 3 and 4) and 1low thermal
supercooling (low temperature gradient). The near-fusion-line region of
the weld is normally associated with slow crystal growth and high
temperature gradient, Thus, constitutional supercooling is 1likely to be
low and the final structure is expected to be planar and cellular type
(Fig. 5). The weld center region is just the opposite case of fusion
line region. The structures are expected to be columnar and/or equiaxed
dendrites depending on the degree of constitutional supercooling.

Fig. 8 further 1illustrates the effect of alloy addition on
constitutional supercooling. Alloy additions promote the degree of
constitutional supercooling, because alloy additions decrease the
effective 1liquidus temperature and increase the steepness of curve as

illustrated in Fig. 8.

2. Effect of Weld Puddle Shape
The maximum temperature gradient in fusion welding process 1s

constantly changing direction as the heat source moves. Dendrites in



welds grow along the 100> direction and growth follows the steepest
temperature gradient. Since the maximum gradient vector is changing, it
is often necessary for dendrites to change growth direction. The
frequency of wvariation in the dendrites direction of growth depends on
weld pool shape. A nearly circular weld pool shows more frequent changes
in dendrite growth direction, compared to kite shaped weld pool, because
the maxiwum temperature gradient changes significently from point to
point in a nearly circular weld pool[18]. This requires dendrites to

renucleate or reorient along more appropriate growth directions.

3. Dendrite Reorientation and Renucleation

In solidification, the dendrites try to change their direction of
growth due to changing temperature gradient as discussed earlier. Savage
et al.[18) and Arata et al.[]9] observed dendrite reorientation at
solute bands. Solute band in welds is caused by the non-uniformity of
mixing in the molten pool and is very common in fusion welds because of
the periodicity of the growth rate. Yoshimura et al.[20] found two kinds
of relationships between the dendritic structure and solute band. The
first involved the growth of dendrites through the solute band. The
second type involved the nucleation and growth of new dendrites whemn the
old dendrites entered a new band. They also found microsegregation at
the bands by electron-microprobe analysis.

D'Annessa  reported[21] that the molten pool turbulence and
fluctuation significantly affected the competitive growth  process,
permitting favorable growth orientations to more conveniently win out
over 1less favorably oriented ones. The possibility that dendrite

fragmentation occurs by dendrite arm remelting has been suggested by
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several investigators[22-26]. This remelting is thought to be due to
solute accumulation, which drops the local solidification temperature.
The melted-off dendrite arms are removed by liquid flow resulting from
the local temperature gradient difference. Dendrites which survived
fragmentation continue to grow in preferred growth orientations along
the  existing temperature gradient. This results in dendrite
reorlentation.

Dendrite bending and broken-off dendrites due to molten pool
fluctuation have also been reported{27-28). Dendrite bending is defined
that dendrite grows straight following preferred growth direction and
changes growth direction in another preferred growth direction by kink
moticn. In addition, dendrite curving has been observed in casting
ingots with stirringl29]. Curved dendrite is a hook-shaped dendrite
which 1is caused by continuous change of growth direction of dendrite.
Fig. 9 illustrates dendrite curving with forced liquid flow in an
electromagnetic stirring ingot. However, dendrite curving has not been
observed in welding until this investigation.

Nakagawa et al.[22) observed that when the direction of maximum
temperature gradient was different {rom primary dendrite growth
direction, the primary dendrite arms diminished and secondary dendrite
arms having only one direction toward the maximum temperature gradient
developed. Devletian et al. [30) also observed a similar phenomena in
capacitor discharge welding. Kato, et al.[31] reported that when the
angle between the primary dendrite growth axis and the heat flow direc-
tion exceeded a critical value (15° to 30°), growth morphology changes

from dendritic to a platelike structure.
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4. Solute Band Formation
A number of mechanisms have been proposed for solute band formation.

The essentials of these various mechanisms are considered below

1) Growth rate change ;

A pulse type of solidification proceeds because of solute build up
ahead of the interface to allow rapid solidification[32) (step one) and
solidification halt due to the removal of supercooling at the solid-
liquid interface by the rapid evolution of latent heat{32-33)(step two).

D'annessa reported local periodic solidification rate variations due
to a retardation in growth of primary dendrite arms caused by heat
evolution during branching of secondary arms[21]. Arc force and heat
input changes due to electrical fluctuations in the power supply cause
periodic changes in solidification rate[l2, 21, 27]. Finally,
fluctuvations in weld pool turbulence due to downward streaming of

shielding gas have also been reported to cause solute bands([12, 34].

2) Hydrodynamic consideration

D'Annessa [27] proposed that solute segregation between interdendri-
tic growth projections takes place by liquid flow. If the projections
grow a finite distance Into the liquid, vortices are 1likely to be
generated in the depressions of the surface. These vortices can

accentuate the segregation of solute by cavitation effects (Fig. 10).

3) Molten base metal penetration
The depth of the stagnant boundary layer (shown by the dashed 1line
above the solid-liquid interface of Fig. 11) is controlled by the amount

of convective mixing in the liquid metal, which, in turn, is controlled
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by the depth of the molten pool in ESW process[35]. In general,
increasing the welding speed increases the pool depth and decreases the
thickness of the boundary layer (due to more effective convective
mixing). The time available for the molten layer of base metal to slide
into the weld pool is also decreased(Fig. 9). Projections of unmixed
molten base metal into the molten metal pool become shorter and thinner
as welding speed is increased. The opposite is true with decreasing the

pool depth.

5. Dendrite Arm Spacing (DAS)

DAS and microsegregation are closely related to homogenizing
kinetics {36]. The primary and secondary DAS decreases exponentially
with increasing cooling rate (GR) or decreasing local solidification time
(t§)037-39] according to

DAS = £ (GR )" = £ (tp )" (5
where the exponent n is in the range of 1/3 to 1/2 for secondary dendrite
arm spacing and generally very close to 1/2 for primary dendrite arm
spacing.

The effect of alloy content on DAS is not well established.
Conflicting experimentgl results indicate that increasing alloy content
can increase(l6, 40-42], decreasel[43-46] or have no effect{[47] on DAS.

The effect of liquid flow on  primary DAS has  been
investigated[48-49]. Liquid flow, which promoted solute mixing, caused
the primary DAS to become larger because of inverse solute segregation.
Takahashi et al.[50], however, showed that deudrites had smaller primary

DAS when grown in a flowing melt., They measured the arm spacings as a
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function of flow rate and distance from the chill. Fluid flow changed
the local solidification variables such as the temperature gradient and
cooling rate from those prevailirng in a stagnant melt condition, which

led to a decrease in DAS.
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B. Process Variables of Electroslag Welding

The major objective for weld process control is to achieve the
optimum conditions under which winimal penetration can be obtained
witbout lack of fusion or overheating of the HAZ.

The interaction of the welding parameter variables, namely current,
voltage, flux conductivity, Jjoint gap, electrode types, electrode posi-
tioning, slag depth, guide tube geometry, and welding speed determines
the final characteristics of the weld. Variations in one or more of
these welding parameters vresult in significant wvariations in weld
microstructures, uniform penetration, and properties. Hence, a complete
understanding of the 1nfluences of these variables on the weld
characteristics 1s necessary to produce welds with consistent structure
and properties.

During ESW, the slag bath acts as a resistor in the circuit and the

process operates purely on resistive heating. By the Ohm's lawl51]

V - Aeff - 6

(6)
0

where I, v, Aeff, 6, and { are current, voltage, effective cross-
sectional area of resistor (slag pool), specific electrical conductivity
of slag, and length of resistor (defined as length between electrode tip
and molten metal surface), respectively. In standard practice, ESW is
performed using a constant voltage—dc power supply with reverse polarity
mode. Reverse polarity mode indicates that the electrode is connected to
positive terminal of power source(Fig. 1). Once the voltage is set, the
current is directly influenced by joint gap (Aeff), flux chemistry, and

electrode feed rate (welding speed). Flux chemistry and electrode feed
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rate determine the specific electrical conductivity of molten slag ( § )
and the lenmgth between electrode tip and molten metal surface (Q),
respectively.

Heat input (H) is directly proportional to the base metal penetra-
tion and is a function of the voltage, current, and welding speed.

Vv - 1
Vw

f= (7)

1. Welding Variables

Welding voltage has a major effect on heat input (Eg. 7), base metal
penetration and on the stable operation of the ESW process. The voltage
must be maintained within certain limits to optimize welding conditions.

If the voltage is too low, heat input is low(Eq. 7). In addition,
short circuiting, or arcing to the molten metal pool may occur. Ohmic
behavior (assuming constant current, cross-sectional area of slag pool
and specific electrical conductivity of slag pool) requires a much lower
effective resistance leading to electrode extension nearly to the bottom
of the slag pool (Fig. 12). Most of the current will then flow from the
tip of the electrode to the bottom of the slag pool providing less heat
to be available for base metal penetration.

Too high a voltage may also produce unstable operation due to slag
spatter and arcing on the top of the slag pool. High voltage causes a
short electrode extension into the slag to maintain Ohm's law (Fig. 12).
A majority of the heat will be generated near the top of the slag pool,
much of which 1is lost by radiation. This causes less base metal

penetration. Excessively high voltage eventually results in arcing at the

slag surface{52]. As a result, voltage should be selected within an
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optimum voltage range, where the electrode extends a moderate distance
into the slag pool and the heat is primarily generated in the central
region of the slag pool.

A linear relationship between the voltage and base metal dilution
within certain voltage range and constant current was reported(4, 5, 53].
However, a parabolic relationship between voltage and base metal diluticn
was observed by Gurev et al.[54].

Welding current and electrode feed rate are directly related.
Increasing welding current is accompanied by increased electrode feed
rate and hence increased deposition rate (welding speed). Several inves-
tigators{4, 5, 35, 55) found a linear relationship between the current
and electrode feed rate at a fixed volitage, but Frost et al.[56)
reported that at constant voltage, the current was proportional to the

square root of the electrode feed rate (Ve).

1
2

I =1¢£ (Ve) (8)

High currents can induce deep electrode extension into the slag pool
(Fig. 12). This causes less heat ¢to be available for base metal
penetration because of heat concentration at the bottom of slag pool and
the fast welding speed. However, low current can also produce less heat
for base metal penetration due to short electrode extension into the slag
pool (Fig. 12) and heat loss by radiation. Thus, the welding current
(welding speed) must also be selected within an optimum range to maintain
complete base metal penetration.

A linear relationship between the current and base metal dilution at
constant voltage was reported(4, 5). A non-linear relationship between

base metal dilution and current at constant voltage has been
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reported(52]. At lower current levels, increasing the welding current
tends to slightly increase the width of the weld. Since the rise in the
current is slower than the rise in the electrode feed rate at higher
welding current range(Eq. 8), higher welding current reduces the energy

input and decreases the weld penetration.

2, Joint Gap

Standard welding practice uses a joint gap of 32 mm{57]. The
primary performance consideration is to provide guide tube clearance from
the cooling shoes and weld mwmembers to avoid arcing. High speed
consumable guide welds wusing welding gaps between 10mm and 1%mm were
reported with decreased heat input and improved properties[4, 5, 58,
59]. Vaidya et al. [39] proposed that the parrow gap approach had
economic advantage of increasing welding speed. However, their results

showed arcing problems.

3. Electrical Conductivity and Slag Volume

The electrical conductivity of the molten slag used in ESW was
reported to be a primary factor in determining the heat generation
efficiency([60]. The specific electrical conductivity of the slag is a
function of both composition and temperature and depends on the
concentration of cations available to carry the electrical charge and
their mobility[51). Generally, an increase in temperature or additions
of CaF2 increases the electrical conductivity,

The conductivity of the slag ( 6§ ) changes with temperature (T) as
follows[61]),

€=a+ bT + cT? (2)
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where a, b, and ¢ are the constants for the slag. The empirical

formula for the conductivity derived by Hara et al.[61] was
6 = Exp (1.911 - 1.38Nx - 5.69Nx”) + 0.0039(T-1700)  (10)

where Nx = Np),05+ 0.75Ngipy+ 0.5(Ntip + Nzr02) + 0.2(Ncg0 + 2Ngas ) and
all N's represent component molar percent.

High slag resistance can restrict current flow and result in a cold
slag bath. This promotes deep electrode extension into the slag pool.
Low slag resistance allows excessive current flow, shallow electrode
extension into the slag pool and exposed arcing (Fig. 12).

The slag pool must be deep enough for the electrode to extend into
it and permit current to flow through the slag pool rather than by arcing
to the molten slag pool surface. A shallow slag bath becomes too hot and
results in low slag resistance(Eq. 9). This condition induces a shallow
electrode extension (Fig. 12), which causes electrode feeding probiems
and a violent flux pool due to spitting slag and arcing between the
electrode and the joint faces.

An excesslively deep slag pool depth dissipates some of the heat
produced by the welding current due to the greater contact area of heated
base metal. This prompts pool circulation of the flux bath, a low slag
temperature and a high slag resistance(Eq. 9)[62). Deep electrode

extension into the slag pool results(Fig. 12).

4. Electrode and Guide Tube Geometry
The electrode geometry and size salso play an important role in
controlling the heat distribution in the slag and the weld pools. As

indicated by several investigators, a bend or a cast in the electrode
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affects the heat distribution in the weld pool[63]. Thus, electrode
straightening was essential to maintain symmetrical weld penetration
about the weld axis.

Several investigators(4, 5, 63] showed that significant asymmetry
occurred in the heat generation with off-centered electrode. This caused
an excessive dilution in one plate while producing lack of fusion in the
second plate. Venkataraman et al.[5] studied the effect of ground
connections on symmetrical weld penetration about the weld eaxis in
addition to electrode centering. They showed that when a single ground
was used, weld penetration into the grounded plate was enhanced with
either a centered or off-centered electrode. Grounding both plates,
positioning the guide tube (electrode) within 1.5 mm from the geometric
center of the joint gap, and eliminating electrode cast provided a
symmetrical weld with equal peretration into both of the plates.

Both «cylindrical and rectangular shaped strip electrodes were used
in the past and Dilawari et al.[64] indicated a more efficient electrede
melting with the use of strip electrodes.

The guide tube (or plate) is a key part in successful ESW. The
standard consumable guide ESW utilizes a cylindrical guide tube to direct
the welding electrode into the slag pool. In such cases, the guide tube
and welding gap cross—-sections are circular  and rectangular,
respectively. This combination leads to lack of penetration near plate
edges when welding at low voltages and/or narrow gaps. Welding at high
currents leads to resistance heating and warping of the guide tube due
to limited current-carrying capaclties.

Patchett[58] proposed using a guide plate with Jlarger cross-—

sectional area to solve this problem. A wing guide tube design in which
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rectangular fins were welded onto a cylindrical tube has been used by
several investigatorsl4, 5, 58, 59]. A higher ratio of the guide toc gap
cross-sectional area helped to increase the welding speed. The wing
guide tube also eliminated the necessity for electrode oscillation while
welding thicker section materials[65]. Narrow gap welds could be made
using the wing guide tube without edge penetration difficulties(4, 3,
66]. In addition, the wing guide tube could be used for welding plates
with varying thickness.

Consequently, this method was a far more efficient way to distribute
the heat across the slag bath and reduced the amount of filler metal
while greatly increaesing the current-carrying capacity. Finally, the
guide tube/plate chewistry can be carefully manipulated to achieve the
required weld properties since it constitutes a finite fraction of the

weld metal.

5. Metal Powder Addition

An increase in welding speed was also achieved by several investiga-
tors through external metal powder additions tc the slag pool(67-69].
The metal powder additions increased the metal deposition rate, thereby
increasing the welding speed. The powder additions quenched the slag
pool. Both of these effects lowered the heat input for the weld. The
addition of alloyed metal powder was alsc used to decrease the heat

input and improve properties(70].
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C. Grain Refinement

ES welds generally have a large columnar grain structure which
favors impurity segregation and solidification cracking. It is necessary
to replace the columnar structure with an equiaxed one to reduce the hot-
cracking problems and improve toughness. The different methods which

lJead to structure control are described as follows

1. Inoculation

Inoculation by suitable nucleants has been used to produce fine
equiaxed microstructures[71-74]. The requirements for nucleants are that
nucleants should not melt in the molten pool, act as a delta-Fe nucleant
and grain growth inhibitor. TiC promotes delta-¥e nucleation without
melting due to stability in high temperature and inhibits grain growth in
low carbon steels[71]. The most effective nuclei for delta-Fe were found
to be TiN and TiC, SiC, ZrN and WC in order of decreasing effect[74].

The effective operation of this grain refining technique was shown
to depend critically upon the rate of inoculant supply, the position of
inoculation in the pool, the size of the inoculant powder and welding
conditions[75]. In ESW, the introduction of artificial inoculants was
concluded to be highly problematical since 1noculants would not be
expected to survive contact with the molten slag and molten metal for

long times{76].

2. Molten Pool Stirring
Controlled stirring of solidifying melts is an important grain
refining technique because crystal fragments generated by stirring are a

prominent source of equiaxed crystals(84]. Various types of stirring
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including electromagnetic, mechanical, ultrasonic and impact have been
reported to produce grain refinement in solidifying castings and
weldings[4, 5, 28, 29, 77, 78). An alternative method to induce molten
pool stirring was power supply variation. This was achieved by applying
either a pulsed arc or current modulation, or even combination of the
two{79, 80). Campbell[8]1] has extensively reviewed the effects of
vibration during solidification.

The mechanism of crystal fragmentation by stirring is believed to
promote constitutional supercooling ahead of the growing dendrites
through periodic fluctuations in the temperature gradient. The enhanced
liquid motion can break the growing dendrite tips at the solid-liquid
interface and sweep them out into the liquid where further solidification
takes place from these fragments[23, 82].

In addition, wmolten pool stirring techniques to achieve grain
refinement were developed for ESW[4, 5]. The techniques utilized
shielding the consumable guide tube with either mullite or fused
quartz. The basic concept of this process was to induce intense stirring
of the molten pool by means of deep immersion of electrode into the
molten slag pool. Some progress was reported with electromagnetic

stirring of ES welds and with the use of ultrasonic vibration in ESW[8].

3. Cooling Rate

A rapid cooling rate supercools the solidifying weld  metal
considerably below the liquidus temperature and induces a high rate of
nucleation[83]). In additiom, the tendency toward finer DAS and equiaxed
crystalization is favored by high freezing rates(Eq. 5)(Fig. 4). Also

the critical degree of supercooling for the onset of equiaxed growth ip a
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molten pool is  reached within a shorter distance with fast cooling
rate[37].

Fast cooling rates can suppress transformation reactions and induce
the formation of low temperature transformation products[84]). For plain
C-Mn deposits, a high toughness and a low transition temperature can be
achieved if the proportion of fine grained acicular ferrite is kept high
and grain boundary ferrite and widmanstatten ferrite kept Jlow. In
general, the finer the plate size of the acicular ferrite the better the
toughness in C-Mn and low alloy weld wetals[85-94). Harrison[88)
reported the effect of cooling rate on acicular ferrite formation in Nb
steel weldments. Increasing cooling rate was seen to increase the
acicular ferrite and to refine the acicular ferrite grain size. The
refinement was explained as due to the depression of transformation

temperature which increased the nucleation to growth ratio.

4, Control by Oxygen Inclusions

Inclusion—assisted nucleation is a heterogeneous process like
inoculation where interfacial energy (at the nucleating interface) and
¢ritical supercooling are the major controlling factors. Factors
influencing the interfacial energy include chemical properties of
nucleation agents, topography of the surface of nucleation substrate, and

disregistry of crystal lattice between the two phases in the iInterface.

The first two factors are not yet determined quantitatively. However,
the lattice disregistry (& ) is well documented(95, 96]). Disregistry was
expressed[96] as :
5 - A3Bo
- ap (11)

24



where Aaag, 1s the difference between the lattice parameters of the
substrate and the nucleated solid for a low index plane and ag is the
lattice parameter for the nucleated phase. The empirical relationship

between disregistry and supercooling(AT) determined by Bramfitt[96) was

§ 2
AT =2 12
3 (12)

The greater the disregistry between the substrate and the nucleating
phase, the less effective the compound was in promoting nucleation.

The «correlation of the increase in concentration of the oxygen
inclusions and the onset of grain refinemwent suggested that these inclu-
sions were the active nuclei in the melt for delta-Fe nucleation[71, 85].
Ohashi et al.[95) studied the effect of oxides on nucleation behavior and
showed that the degree of critical supercooling in the case of rare earth
metals (REM : La, Ce, Pr and Nd) addition was 3°C. This was small
compared with the 14°C for A1203 addition, 30°C for $i02 addition and 53°
C for MnO additiom. The minimum values of disregistry were 5% for REM
oxides, 16.1% for A1203, 22% for Si02, and 22.9% for MnO, which agreed
with Bramfitt's relationship[96].

The effect of oxygen Inclusions on room temperature microstructure
has also been studied by many investigators([89-94, 98-104]. They sugges-
ted that oxygen inclusions in weld metal significantly influenced the
transformation characteristics of weld metal. Kinetics and morphology
of ferrite formation were changed by increasing the rate of nucleation of
high temperature proeutectoid ferrite, particularly from asustenite grain
boundaries, to produce a fine grained structure of predominantly blocky
and/or grain boundary ferrite. Ferrante et al.[102) demonstrated that

the grain boundaries decorated by oxygen 1inclusions followed the
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classical Zener precipitates-boundary interaction equation.

4y
D = Limitin rain si =
L g8 size IF (13)

where f and r are the inclusion volume fraction and inclusion radius,
respectively.

Abson et al.[89] showed that inclusion size and type of
distribution was substantially more important than the total inclusion
volume fraction in influencing ferrite nucleation. Harrison et al.[99]
reported that nucleation occurred on dislocatlions in the immediate
vicinity of the inclusions rather than directly on the inclusion
substrate. Strain fields can be produced within the matrix between a
hard inclusion and a softer matrix. The dislocations produced in this
manner not only had the normal advantages of providing nucleation sites,
but also the region of matrix close to the inclusion might be depleted in
alloying elements (such as Mn), making nucleation in this region
energetically more favorable.

The role of non-metallic inclusions in the nucleation of acicular
ferrite was demonstrated by Abson et al.[89] and Cochrane et al.[90] and
was confirmed later by many other investigators[98-102]. An adequate
number and appropriate dispersion of weld metal oxide inclusions (with a
diameter around 0.3um) were an essential requirement for the nucleation
of acicular ferrite. Thus, only the intermediate oxygen content (200-
300ppm) produced a high volume fraction of acicular ferrite and refined

weld metal microstructures{85].

5. Alloy Additions

Attempts to control the weld metal solidification structures as well
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as the microstructures 1led to the introduction of welding
consumables containing various alloying elements. Alloying elements
present in the weld metal were either introduced deliberately through
the filler electrode and flux or picked up from the base metal as a
result of dilution.

Increasing the alloy content increases the constitutional
supercooling, which induces earlier development of columnar or equiaxed
dendrites. During solid state transformation, some elements helped to

stabilize the austenite (austenite formers ; C, N, Mn, Ni, Cu and Zn) and

others stabilize ferrite (ferrite formers ; Zr, Ti, P, V, Nb, W, Mo, Al,
Si and Cr)l[8]. Austenite stabilizers would be expected to delay the
transformation to ferrite[l05], whereas the role of strong carbide

formers such as Cr and Mo would have more complex effects because of
their effects on interface mobility as well as on the A3 temperature8,
105]. But Cr and Mo were claimed to enbance transformation to acicular
ferrite at the expense of proeutectoid ferrite[87]. Ni additions of up
to approximately 3.5 % were considered to have a generally beneficial
effect on increase of volume fractions of acicular ferrite [106, 107].
The 1role of each element was extensively discussed by Grong et
al.[108], Dorschull(06] and Abson et al.[109). However, the effects of
various alloying elements on the austenite to ferrite transformation were
inadequately explained and conflicting views are held about the major

controlling mechanisms(108].
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D. Mechanical Properties

Mechanical property assessment of electroslag welds is complicated
by two major factors[4-6, 110, 111} : a) the extreme anisotropy of the
weld structure, and b) the very large grain size commonly associated
with electroslag welds.

Several investigators{4~6, 110, 111] have studied the CVN toughness
of electroslag weldments. Charpy impact toughness evaluations of ES
welds 1in general revealed low toughness values in both the weld
centerline and the coarse grain HAZ [6]. None of several A588, standard
gap (32 mm) electroslag weldments at weld center was capable of raising
the average impact energy above 20 Joules at -18°C[4, 5].

The use of the narvow gap (1% mm), winged guide tube technique
on A588 and A36 plates increased the impact properties. It increased the
average 1impact values as well as increased the minimum impact values.
The average impact value of the 2-1/4 Cr : ) Mo weld weldment was
over 20 Joules at -18°C, while the minimum value was l4 Joules [4, 5].
Culp[6] found that HSLA steel, AD88, exhibited lower toughness than
construction grade carbon steel, A36, due to weld metal chemistry and
microstructure.

The HAZ impact energies showed that there was a considerable scatter
and the minimum and average values were relatively independent of welding
technique. The average HAZ value was below 20 Joules at -18°Cl4, 5].

The design philosophy using transition temperature curves by Charpy
toughness testing 1is the determination of a temperature above which
brittle fracture will not occur at elastic stress levels. Obviously, the

lower this transition temperature, the greater the fracture toughness of
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the material. A common criterion to define the transition temperature
was on the basis of an arbitrary low value of energy absorbed. As a
result of extensive tests on world war II steel ship plates, it was
established that brittle fracture would not initiate if the absorbed
energy was equal to 20 Joules at the test temperature. A 20 Joules
transition temperature has become an accepted criterion for low-strength
steels for a design[ll2].

Several investigators [6, 110] believe that Charpy toughness eva-
luations don't rate welds in their true order, because the small size of
Charpy specimens limirs toughness information to several erains,
especially in electroslag welds. Tuliani et al.[53] reported scatter in
the CVN toughness along the weld length. This factor, as well as the
small size of the charpy specimens, led to conflicting toughness results
in certain weld evaluations. However, since full thickness KIc testing
of the weldments was expensive and difficult, CVN test served as an

initial qualification for ES welds.
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ITI. EXPERIMENTAL PROCEDURES

A. Materials

The base metals used for this investigation included ASTM A36 and
A588 structural steel plates in 50 mm and 76 mm thick sections. The wing
and web guide plates were made of Type 1010 mild steel. The chemical
compositions are given in Table 1. The microstructures of as-received
plate materials are shown in Fig. 13.

The commercial Hobart PF 201 flux was used for starting and running
in most welds. In order to improve the welding quality, high
conductivity and low oxygen potential fluxes were introduced. Table 2
provides this information in detail. The basicity indices (B.I.) of the
commercial and experimental fluxes were calculated by[103]

_ Ca0 + MgO + Nap0 + K20 + %(Mn0O + Fe0)

B.I. 2
Si07 + 3(Al903 + TiO3) (14)

where each component is mole fraction.

Several electrode filler wires were used in this investigation.
Low—carbon steel wire, Hobart 25P and Linde WS, respectively, matched the
compositions of A36 and A588 base metals. To develop suitable alloy
additions, Airco AX90, and Stoody TW8544 wires were deposited. Stainless
steel wires, 17-4 PH, 309 and 304 were also utilized to study solidifica-
tion phenomena. All chemical analysis data of the above filler metals
are included in Table 1. All steel plates were ultrasonically tested to

record the location of any rejectable indications.
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B. Electroslag Welding

The standard welding head along with the flux feeding system, Jjet-
line wire feed measuring device, oscillation mechanism, and a guide tube
holder were mounted on one of the plates being welded. The rectangular
shaped, modified consumable wing and web guide plates as well as a
standard guide tube were centered in the various joint gaps (19 mm,
25 mm, and 32 mm). The configuration and dimension of the standard guide
tube and the wing and web guide plates are shown in Fig. 14. A1l welds
were made with a Hobart Model RC750, dc constant voltage power source
using reverse polarity mode. The principle of this method is illustrated
in Figs. 1 and 2. For the high conductivity and low oxygen potential
flux, the flux was added manually at a rate of approximately 4 g/min,
which was equivalent to automatic flux feeding by continuous flux adding
devicel4, 35]. All fluxes were baked for over 24 hours at 200°C in the
furnace before use. Alloys were added to the ES welds by solid or tubular
alloyed electrodes.

The methodology used to produce fine, wuniform grain structures
utilized a thin-walled quartz shroud placed around (a) the 12.5 mm
diameter standard consumable guide, and (b) the rectangular shaped
consumable guide plate (wing or web guide plates). A flare formed on the
top edge of the quartz shroud facilitated securing the quartz to the
guide tube (Fig. 14). This shroud provided a means for deep immersion
and enhanced molten pool mixing by the electrode.

The methodology was used to produce standard gap (32 mm) and narrow
gaps (25 mu and 19 mm) welds with different welding conditions in order

to vary proper heat input and base metal dilution. Different electrodes
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were also used for varying weld metal alloy contents. Quartz thickness
and diameter were varied for use with the 12.5 mm diameter standard
consumable guide to induce different degrees of molten pool stirring.
Oscillation of the shrouded electrode was also studied. Different £lux
compositions were used to control oxygen transfer into the molten metal.
In addition, current and voltage fluctuations were monitored during the
welding process to detect and analyze arcing. A record of these
variations was made with a Gulton strip chart recorder.

Furthermore, the solidification behavior of a limited number of GTAW
welds was characterized. 304 stainless steel filler was deposited on the
A36 base metal using GTAW and the welds were used for a solidification
study, especially for the study of dendrite reorientation, and
renucleation phenomena. Intensive molten poel stirring was induced by

weaving the GTAW arc torch.

C. Weldment Evaluation

1. Metallography

Longitudinal and transverse section specimens were etched with a 10%
nital solution to expose the macrocharacteristics of weld metal and HAZ.
The microstructure of each weldments was evaluated using longitudinal and
transverse section specimens. Solidification structures were revealed by
a Stead's reagent with the following composition : 5g CuCl2, 20g MgCl2,
10ml HC1l and 500 m1 methanol. Solid state transformation products were
examined by etching in a 2 % nital solution at room temperature. A
subsequent light repolishing with alumina revealed the solidification

substructure. In addition, the number and size of inclusions on selected
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welds were measured by microscopical examination of the polished and
unetched specimen.

Stainless steel welds deposited on A36 base metal by ESW and GTAW
were sectioned longitudinally. After finme grinding and polishing, jet
electro~etching of stainless steel welds were done using an electrolyte
of 33 % water, 55 % phosphoric acid and 12 % sulfuric acid with 1.5 to 2V
for 60 seconds. In addition, Stead's reagent was also applied. Dendrite
structures of stainless steel welds were revealed by this both methods.

The base metal dilution (BMD) was measured on the transverse section

and calculated by means of the expression

BMD (%) = —2¥ = b8 400
by (15)

where bw, and bg are width of weld and joint gap, respectively. bg 1is
taken as the mean value of measurements at the edges and at the center of
the weld. Base metal penetration was measured at maximum sidewall weld
metal penetration. A form factor (W/d), which is the ratio of the
maximum weld pool width to its depth, was measured on the Ilongitudinal
section. The proportion of coarse columnar grain zone (CCG) was measured

on the transverse section and calculated by

Wm -~ Wt
Wm

where Wm and Wt are maximum size of weld width and weld width of thin
columnar grain zone, respectively. The uniformity of penetration and

HAZ widths were also measured on the transverse section.

2. Chemical Analyses

Chemical analyses of the base metal and selected welds were carried
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out using a spectrographic analyzer. Oxygen and nitrogen potential of
the base metal and selected welds were also determined. The
International Institute of Welding (IIW) carbon equivalent (C.E.) was

calculated on selected welds by

Mn Cr+Mo+V  Cu+Ni
CE = C + 6 + 5 + 15 (17)

where the amounts of each element are given in weight percent. This
equation was reported to be suitable for around 0.18% C and long cooling

times{113].

3. Electron Probe Micro-analysis (EPMA)

The EPMA was utilized to reveal significant segregation detail.
Selective scanning techniques coupled with metallographic data were used
to obtain concentration profiling of substructure for quantitative

analysis.

4. Hardness

The hardness was measured across the weld fusion zone, HAZ and base
metal using a Rockwell B scale hardness tester. A C scale measurement
was made whenever the hardness value exceeded Rb 100. 1In addition, Knoop
micro-hardness testing was also applied to determine the hardness of
segregated regions in weld metal. Also Knoop indentations were used to

identify locations in weld metal for subsequent EPMA studies.

5. Charpy Impact Testing

Standard ASTM E23 Charpy impact specimens were machined in weld
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locations and were tested individually in a 264 fc-1b Tinius Olsen

pendulum type instrumented impact testing machine. The V-notch was
ground perpendicular to the welding directiom. Notches were located in
the mid-thickness for the weld zone. The notch was precisely located by

etching of the weld prior to sectioning.

Impact tests on these welds were conducted over a temperature range
of -73 “C to +65 °C to determine the temperature transition
characteristics. Two or three samples were machined for each test
temperature, except the -18°C test for which 6 samples were machined.

Selected welds were also machined and notches were located in three
regions, namely weld centerline, thin columnar grain, and coarse columnar
grain (Fig. 15). A total of 6 samples were used for this test and were

performed at -18°C.

6. Scanning Electron Microscopy (SEM)

SEM, using a JEOL (JSM-35) at 25Kv and a 39 mm working distance, was
done on selected CVN specimens to reveal the fracture morphology and on
radial type cracks of weldments to determine whether the crack was
solidification-induced hot cracking or not. The surfaces of selected

specimens were cleaned ultrasonically in acetone.
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IV. RESULTS

A. Dendrite Reorientation and Renucleation during
Weld Metal Solidification

Dendrites in welds grow along the <100> direction and growth follows
the steepest temperature gradient. Since the maximum temperature gradient
vector 1is changing as the heat source moves, it is often necessary for
dendrites to change growth direction.

Dendrites were significantly affected by so