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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 solute

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 controlledby 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. Intense 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.

xiii



I. INTRODUCTION

The electroslag welding (ESW) process was originally developed at

the Paton Electric Welding Institute, USSR, in the early 1950's[1]. 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 1959 by the Arcos

Corpora tion [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 is 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

to 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

1



the process.

The two types of electroslag welding are a) conventional, and b)

consumable 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 stationary

consumable tube to guide the welding electrode into the slag pool (Figs.

1 and 2). The guide 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 a 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 properties. These structural variations combined 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

2



undertaken several research programs to study and improve process control

as well as to. increase 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,

high 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

3



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 approaches 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

4



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 commonly 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 -18cC. The -HAZ 1 impact

energies showed considerable scatter and average HAZ 1 value was below 20

Joules at -180 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
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welds grow along the <100> direction and growth follows the steepest

temperature gradient[7]. Since the maximum gradient vector is changing,

it is 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 prior 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.

6



II. BACKGROUND

A. Weld Metal Solidification

1. Initiation and Development of Substructures

Solidification in fusion welding starts at the fusion boundary of

weld metal-base metal interface, where virtually 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 insignificant, 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

solid 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, c) amount of supercooling, d)

amount of superheating, e) weld metal turbulence, f) solute

concentration, g) growth rate uniformity, and h) base metal grain

crystallographic orientation.

Undercooling near 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 components[14]

(1)
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where and are undercoolings due to solute

accumulation, interface curvature, and interfacial kinetics,

respectively. A T6" and A TK are, for metals, usually 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

R
= 1 - k

k
(2)

where G, R, mL ' Co ' CI' ~ 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-liquid interface, diffusion coefficient of solute in the liquid,

and equilibbrium partition ratio (Cs/CL ), 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 (6), thermal super

cooling (AT), effective liquidus temperature, and temperature gradient

(G) on the region of constitutional supercooling.

The solute diffusion length (6) ahead of the interface can be

defined [17] as

6 = 2DL
R (3)

The solute diffusion length ahead of the interface is smaller (61) in

higher growth rate (R1)(Fig. 6). Thus, effective liquidus temperature is

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

8



(R) can be expressed as

R = Vw Cos e (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 (TI in Fig. 6), the larger temperature gradient

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 low 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 likely 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 illustrates the effect of alloy addition on

constitutional supercooling. Alloy additions promote the degree of

constitutional supercooling, because alloy additions decrease the

effective liquidus 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 is

constantly changing direction as the heat source moves. Dendrites in

9



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 variation 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 maximum temperature gradient changes significantly from point to

point in a nearly circular weld pool[lB]. 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.[lB] and Arata et al.[19] 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 when the

old dendrites entered a new band. They also found microsegregation at

the bands by electron-microprobe analysis.

D'Annessa reported[2l] that the molten pool turbulence and

fluctuation significantly affected the competitive growth process,

permitting favorable growth orientations to more conveniently win out

over less favorably oriented ones. The possibility that dendrite

fragmentation occurs by dendrite arm remelting has been suggested by

10



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

reorientation.

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

motion. In addition, dendrite curving has been observed in casting

ingots with stirring[29]. Curved dendrite is a hook-shaped dendrite

which is 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 from 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 (150 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[ 12, 21, 27] . Finally,

fluctuations 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

3) Molten base metal penetration

The depth of the stagnant boundary layer (shown by the dashed line

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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grow a finite distance into the liquid, vortices are likely to be

generated in the depressions of the surface. These vortices can

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



by the depth of the molten pool in ESW process[35]. In general,

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

(tf)[37-39] according to

DAS = f ( GR )-n = f ( tf )n (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 contenton DAS is not well established.

Conflicting experimental results indicate that increasing alloy content

can increase[16, 40-42], decrease[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 dendrites had smaller primary

DAS when grown in a flowing melt. They measured the arm spacings as a

13

increasing ihe 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



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 prevailing in a stagnant melt condition, which

led to a decrease in DAS.

14



B. Process Variables of Electroslag Welding

The major objective for weld process control is to achieve the

optimum conditions under which minimal penetration can be obtained

without lack of fusion or overheating of the HAZ.

The interaction of the welding parameter variables, namely current,

voltage, flux conductivity, joint 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 result in significant variations in weld

microstructures, uniform penetration, and properties. Hence, a complete

understanding of the influences of these variables on the weld

characteristics is 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 law[51]

I = V . Aeff . 0
i

(6)

and molten metal surface), respectively. In standard practice, ESW is

performed using a constant voltage-de 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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where I, V, Aeff, 6, and 0. 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



rate determine the specific electrical conductivity of molten slag ( ~ )

and the length 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.

H = v . I

Vw (7)

1. Welding Variables

Welding voltage has a major effect on heat input (Eq. 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 10w(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 is lost by radiation. This causes less base metal

penetration. Excessively high voltage eventually results in arcing at the

slag surface[52]. As a resultt 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 dilution

was observed by Gurev et a1.[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 voltage, but Frost et a1.[56]

reported that at constant voltage, the current was proportional to the

square root of the electrode feed rate (Ve).

1

I = f (Ve)2 (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

59]. Vaidya et ale [59] proposed that the narrow 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 ( Q ) changes with temperature (T) as

follows[61],

6 = a + hI + cI2 (9)
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primary performance consideration is to provide guide tube clearance from

the cooling shoes and weld members to avoid arcing. High speed

consumable guide welds using welding gaps between 10mm and 19mm were

reported with decreased heat input and improved properties[4, 5, 58,



where a, b, and c 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 - 5.69Nx2) + 0.0039(T-1700) (10)

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.

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 problems

and a violent flux pool due to spitting slag and arcing between the

electrode and the joint faces.

An excessively 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 also 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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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



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 axis 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,

Both cylindrical and rectangular shaped strip electrodes were used

in the past and Dilawari et al.[64] indicated a more efficient electrode

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 capacities.

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

sectional area to solve this problem. A wing guide tube design in which
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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.



rectangular fins were welded onto a cylindrical tube has been used by

several investigators[4, 5, 58, 59]. A higher ratio of the guide to gap

cross-sectional area helped to increase the welding speed. The wing

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 increasing the current-carrying capacity. Finally, the

guide tube/plate chemistry 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 to 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 also used to decrease the heat

input and improve properties[70].
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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, 5,



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

lead 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-Fe 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

condi tions [ 75] . In ESW, the introduction of artificial inoculants was

concluded to be highly problematical since inoculants 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[81] 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, molten 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 addition, 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 in 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 ferriteand widmanstatten ferrite kept low. In

general, the finer the plate size of the acicular ferrite the better the

toughness in C-Mn and low alloy weld metals[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

critical 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 interface.

The first two factors are not yet determined quantitatively. However,

the lattice disregistry (6) is well documented[95, 96]. Disregistry was

expressed[96] as :

6
(11)
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where Aao is the difference between the lattice parameters of the

substrate and the nucleated solid for a low index plane and ao is the

lattice parameter for the nucleated phase. The empirical relationship

between disregistry and supercooling~T) determined by Bramfitt[96] was

AT = (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 refinement suggested that these inclu-

sions were the active nuclei in the melt for delta-Fe nucleation[71, 95].

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, ee, Pr and Nd) addition was 3°e. This was small

compared with the 14°e for A1203 addition, 300e for 8i02 addition and 53°

e for MnO addition. The minimum values of disregistry were 5% for REM

oxides, 16.1% for A1203, 22% for 8i02, 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 austenite 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 inclusions followed the
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classical Zener precipitates-boundary interaction equation.

D = Limiting grain sizeL
4r
3f (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 dislocations 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 led 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)[8]. Austenite stabilizers would be expected to delay the

105]. But Cr and Mo were claimed to enhance 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 role of each element was extensively discussed by Grong et

al.[108], Dorschu[106] 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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transformation to ferrite [ 105], 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 temperature[8,



D. Mechanical Properties

Mechanical property assessment of electro slag welds is complicated

by two major factors[4-6, 110, Ill]: a) the extreme anisotropy of the

weld structure, and b) the very large grain size commonly associated

with electro slag welds.

Several investigators[4-6, 110, Ill] have studied the CVN toughness

of electroslag weldments. Charpy impact toughness evaluations of ES

welds in general revealed low toughness values in both the weld

centerline and the coarse grain HAZ [6]. None of several A588, standard

on A588 and A36 plates increased the impact properties. It increased the

average impact values as well as increased the minimum impact values.

The average impact value of the 2-1/4 Cr: 1 Mo weld weldment was

over 20 Joules at -18~C, while the minimum value was 14 Joules [4, 5].

Culp[6] found that HSLA steel, A588, 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 -18QC[4, 5].

The design philosophy using transition temperature curves by Charpy

toughness testing is 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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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 narrow gap (19 mm), winged guide tube technique



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[112].

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 limits toughness information to several grains,

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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III. 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] :

B.l. = CaO + MgO + Na20 + [20 + !(MnO + FeO)

Si02 + !(AI203 + Ti02) (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, jet-

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. All 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

furnace before use. Alloys were added to the ES welds by solid or tubular

alloyed electrodes.

The methodology used to produce fine, uniform 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 mm 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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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

device[4, 5]. All fluxes were baked for over 24 hours at 200°C in the



Oscillation of the shrouded electrode was also studied. Different flux

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 pool 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 CuCI2, 20g MgCI2,

10ml HCI and 500 ml 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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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.



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 fine 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 (%) = bw - bg x 100
bw (15)

where bw, and bg are width of weld and joint gap, respectively. bg is

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 (Wid), which is the ratio of the

maximum weld pool width to its depth, was measured on the longitudinal

section. The proportion of coarse columnar grain zone (CCG) was measured

on the transverse section and calculated by

GGG (%) = Wm - Wt

Wm
x 100 (16)

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 :

C.E = C Mn Cr+Mo+V+ -+ +
6 5

Cu+Ni
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. In 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 ft-lb Tinius Olsen

pendulum type instrumented impact testing machine. The V-notch was

ground perpendicular to the welding direction. 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 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 is changing as the heat source moves, it is often necessary for

dendrites to change growth direction.

Dendrites were significantly affected by solute bands which

facilitated reorientation of the growth direction parallel to the chan-

ging gradient vector(Fig. 16). Several dendrite characteristics were

observed at the solute bands(Fig. 17) a) direct dendrite arm growth

through solute banding b) dendrite arm bending (dendrite arm kink) c)

partial or complete dendrite arm melting d) new dendrite arm nucleation

and e) change of dendrite morphology. Dendrite arm spacing (DAS)

varied at the solute bands. DAS was finer, especially after growth

passed through the white-etching band of a solute enrichment layer (Fig.

18).

tungsten electrode (travel). Metallographic studies showed that the

curved dendrite was within the solute depletion dark band, while equiaxed

dendrites developed in the solute enrichment white band near the weld

center line, as shown in Fig. 19. This was in agreement with Bridge et

aI's observation[29] of dendrite structure change during electromagnetic

stirring of strand-cast steel. Dendrite curving was not found in
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One interesting observation in this investigation was the hook-

shaped dendrite curving observed in welds deposited by GTAW (Fig. 19) .

The curving direction was the same as the direction of the



electroslag welds primarily because of the insufficient temperature

gradient and convection developed in ESW.

The development of tertiary dendrite arms (Fig. 20) in stainless

steel welds deposited by ESW developed when the maximum temperature

gradient vector was substantially different from the easy growth <100>

direction. This same phenomenon was also observed in mild and low alloy

electroslag welds. Because of this orientation difference between the

primary dendrite arms and the temperature gradient vector, secondary side

arms became dominant and developed tertiary side arms.

Alloying of mild steel ES welds significantly affected the

morphology of the dendrite structures as displayed in Fig. 21. In mild

tional supercooling increased, the transition from columnar to equiaxed

dendrites was promoted. Perfect equiaxed dendrites developed and grew

with fast welding speed, alloy addition, and extremely low temperature

gradient.

Solute bands occurred near the edge or the fusion line of the weld

and diminished in intensity with increasing distance toward weld center.

The solute band spacing and width near the fusion line of the weld was

considerably smaller than the band spacing and width near center of the

weld. The frequency of solute bands was greater near the edge of weld

than toward the center of the weld. High form factor welds showed a

higher density of solute bands and greater band penetration toward the

weld center.

In the mild steel ES welds, a polygonal ferrite-rich, white etching
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steel welds having a fairly deep molten pool, primary dendrites grew

straight toward weld center with the secondary dendrite arms growing

preferentially toward heat source. As the alloy content and constitu-



band was visible. This band was formed due to nucleation of polygonal

ferrite in the solute-rich layer. However, in Ni-Mo alloyed ES welds, the

polygonal ferrite nucleated at the solute depletion layer which

represented the dark-etching band.

The Knoop hardness and electron probe micro-analysis (EPMA) study

was performed to quantitatively characterize the solute segregation

across the bands and dendrites. In mild steel electro slag weld specimens

taken midway between fusion line and weld center, the hardness of the

dendrite core averaged 79 Rb (converted to Rockwell from Knoop) and

interdendritic space averaged 84 Rb. The relative concentration of Mn by

EPMA in the interdendritic region was 23% higher than that of dendrite

core.

Hardness variations across several solute bands near the fusion line

in Ni-Mo alloyed welds were also determined. The soft dark band averaged

90.5 Rb as compared to the hard white band (94.5 Rb). Microprobe

analyses of the solute bands near the fusion line also indicated that the

darkened region was around 12% lower in Mn than the white region (etched

with with Stead's etchant). The darkened region also appeared to be low

in other solute elements. The concentration and hardness variations

across the bands were associated with periodic changes in solidification

rate.
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B. Classification of Weld Structures

A new classification system representing five different types of

grain structures produced in A36 and A588 weldments deposited by the ESW

process are illustrated in Fig. 22 and Table 3. The characteristic

structures were dependent upon welding parameters, alloy content and

inclusion or oxygen content of the weld.

Type I weld structure consisted of only fine-grained, thin columnar

crystals throughout the weld. Type II welds contained an outer zone of

coarse columnar grains and an interior zone of thin columnar grains.

Type III welds consisted of only coarse columnar grains throughout the

weld. Type IV welds possessed not only the coarse and thin columnar

grains (as in Type II), but also a zone of equiaxed grains in the weld

center. And Type V welds contained an interior zone of equiaxed grains

and a zone of thin columnar grains at the weld edges.

1. Type I

This weld structure, illustrated in Fig. 22, was obtained by

applying high oxygen potential fluxes(made with over 40 wt.% Si02,

silicate manganese) resulting in weld metal oxygen concentrations

exceeding about 600 ppm (Table 4). The size and number of non-metallic

inclusions were determined and found to increase with increasing weld

metal oxygen potential(Fig. 23), as expected, since the oxygen content

is directly related to the volume fraction of oxide inclusions. The

solidification structures were found to be equiaxed dendrites at the weld

center(Fig. 22). The high volume fraction of oxide inclusions strongly

favored producing a fine grained structure of predominantly blocky and

grain-boundary ferrite(Figs. 22 and 23).
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2. Type II

This weld structure was generated under normal welding conditions

(including commercial welding practice) using a mild steel electrode,

neutral flux and either standard or narrow gaps (Table 3). Solidifica-

tion of Type II welds was characterized by cellular dendrites dominating

near the weld edges and columnar dendrites near the weld center (Fig.

24). The cellular dendritic structure was associated with coarse colum-

nar austenite grains which transformed to large amounts of acicular

ferrite. The columnar dendritic morphology prevented lateral grain

growth of austenite resulting in the thin columnar structure which

transformed predominantly into blocky and grain boundary

ferrite(Fig. 25).

3. Type III

This fully coarse grained weld structure was produced by ESW with

low oxygen potential and high basicity fluxes containing CaF2-CaO-A1203.

The weld metal oxygen and sulfur content were typically only 80 ppm and

0.012 wt.%, respectively (a standard weld using a neutral flux would

contain 02 : 250 ppm and S : 0.025 wt.%)(Tables 3 and 4).

Larger dendrite arm spacing with noticeable side arms was observed

at the weld center(Fig. 22). The low oxygen and impurity levels in the

interdendritic regions were insufficient to retard the grain boundary

migration of austenite. Thus, virtually unrestricted lateral austenite

growth during weld cooling produced a fully coarse grain structure. Fig.

26 illustrates macrostructures as affected by weld metal oxygen content.

The reduced oxygen content decreased the amount of acicular ferrite

nucleation while increasing polygonal ferrite(Figs. 22 and 27). Another
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interesting fact was a noticiable reduction of widmanstatten ferrite

throughout the weld.

4. Type IV

This weld was developed using a mild steel electrode, neutral flux

and the highest values of current and welding speeds to produce an extre-

mely deep weld pool with a form factor of only 0.9. This solidification

structure was characterized by a small zone of equiaxed dendrites at the

weld center.

Subsequent solid state transformations produced equiaxed grains

containing large amounts of acicular ferrite and proeutectoid ferrite at

prior austenite grain boundaries (Fig. 22). The equiaxed grain structure

of the weld was so resistant to hot cracking that small radial type hot

cracks (usually less than 6.4 mm in length) developed intergranularly in

the thin columnar grain zone. Fig. 29 shows SEM micrograph of radial

type cracks illustrating solidification induced hot cracks.

5. Type V

When the low alloyed filler metal (AX90 and TW8544) containing Ni

and Mo was added to the medium and high oxygen welds, equiaxed dendrites

at the weld center resulted without the aid of rapid welding speeds.

Unlike Type IV, the equiaxed dendritic structure in Type V welds could

occur at much lower growth rates and high temperature gradients. The

solid state microstructure also showed equiaxed grains at the weld center

with a high volume fraction of acicular ferrite(Fig. 22).

The role of the Ni-Mo alloy addition to the weld metal appeared to

promote the following: (a) equiaxed dendritic and equiaxed ambient

temperature grain structures around the weld center, (b) grain boundary
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and blocky ferrite reductions, (c) acicular ferrite increases up to about

90%, and (d) elimination of the coarse columnar austenite grain structure

near the fusion line. The Ni-Mo alloying additions tended to reduce the

nucleation rate of high temperature transformation products (blocky,

grain boundary and widmanstatten ferrite). The Ni-Mo alloy additions

provided the further benefits of substantially increased resistance to

hot cracking because of the development of equiaxed grains in the weld

center zone.
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C. Slag Conductivity

The electrical conductivity of the slag was calculated using an

empirical formula(Eq. 10)[61]. Fig. 28 illustrates the marked influence

of the slag conductivity on the base metal dilution produced during ESW

and also clearly demonstrates the optimum conductivity of slag for the

highest welding efficiency which is around 3/(llcm) at 1700bC. Welding

efficiency (P) is defined as[114]

diffusivity, respectively.

Excessive slag conductivity produced a small exposed arc between the

guide tube and surface of molten slag, while highly resistive slags

tended to develop a submerged arc between the electrode and weld pool

(Fig. 12). In either case, arcing wasted energy and reduced efficiency.

Thus, there was an optimum slag conductivity that produced the most

efficient ohmic heating of the slag as shown in Fig. 28.
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4a

where Vw, bw, and a are welding speed, weld width, and thermal



D. Narrow Gap, High Deposition Rate ESW

The joint gap directly controls the heat input of the weld per unit

thickness of plate since the welding speed is a function of the volume of

filler metal that is required to fill the weld joint cavity in ESW.

Thus, in this study, a combination of narrow gap (19 mm), high welding

current and rectangular shaped modified guide plates were selected and

used to decrease the heat input, refine the weld metal microstructures

and improve the mechanical properties. The commercial neutral flux (PF

201) was applied, because it provided optimum oxygen potential (200-250

ppm) in the weld. Only mild steel electrodes (25P and WS of Table 1) were

utilized in this study. The narrow gap welding parameters were studied

and optimized to produce the greatest weld toughness while maintaining

sufficiently high form factors to ensure good resistance to

solidification hot cracking.

1. Functional Relationships between Welding Variables

Heat input was directly proportional to the base metal penetration

within the limits of this study as shown in Fig. 30. A substantial

decrease of heat input was observed for the narrow gap versus the

standard gap ESW process, primarily because of the increased welding

speed and decreased joint gap spacing.

The base metal dilution (BYill) increased exponentially with increa-

sing voltage at a fixed current as shown in Fig. 31. The BMD was

slightly higher in narrow gap welds compared to the standard weld of 50

mm thick plate (compared at 40 V). Figure 31 also indicates the onset

of lack of fusion. The exponential character of BMD at higher voltages
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(Fig. 31) was probably due to shallow extention of electrode into the

slag pool at high voltages. This resulted in initiation of exposed

arcing at the top of the slag pool and loss of heat near the top of the

slag pool by radiation(Fig. 12).

A non-linear relationship between BMD and current was also observed

at a given voltage. BMD increased with increasing current at a low

current range and decreased with increasing current at a high current

range(Fig. 32). Dilution increased at low currents because the rise in

the current is higher than the rise in the electrode feed rate (welding

speedHEq.8). Thus the rate of heat generation out-paced the rate at

which heat was removed through the surrounding metal. For a high current,

the effect was just the opposite.

The current increased as electrode feed rate increased. The

current was approximately proportional to the square root of the

electrode feed rate. The current was also dependent on the welding

voltage even if the voltage dependence was not strong. The current was

approximately proportional to the cube root of the welding voltage. Fig.

33 illustrates these relationship.

The increase of current with increased electrode feed rate was

increase of voltage. The increase of voltage increased the molten slag

temperature inducing an increase in effective current conducitivity and a

resultant increase in current(Eq. 9)(Fig. 12). Too high a voltage will

reduce the molten slag temperature because of heat losses due to exposed

arcing or radiation. This increases the resistivity of the molten slag
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probably because the increase of electrode feed rate reduced the gap

between electrode tip and molten metal pool surface thus decreasing the

effective resistance of the current path. Current increased with an



and thereby reduces the current.

The effect of guide plate geometry(Fig. 14) on uniformity of

penetration was also studied as a function of voltage variation at fixed

current. Wing, web and standard guide tubes/plates were compared in 50 mID

thick plate. Only wing and web guide plates when compared in 76 mID thick

plate. The 50 mID thick plate with web guide plate showed the most

uniform penetration when compared to wing guide plate or standard guide

tube with electrode oscillation. However, welds deposited between 50 mID

thick plates with a wing guide plate exhibited greatly increased uniform

welding penetration, compared to the standard guide tube. The use of the

web guide plate resulted in welds having better uniformity of penetration

in the 76 mID thickness than did the wing guide method. This was due to

the efficient distribution of heat towards the plate edge. However, web

guide plate consistently produced greater BMD than the wing guide as

shown in Figs. 31 and 32. This was probably due to the production of a

high form factor and greater penetration at plate sides in web guide

weld.

Form factor was a useful parameter for describing the geometry of

the liquid pool and susceptibility to hot crack formation. The relative

orientation of the grains, and therefore the encounter angle, could be

related to the form factor. Smaller form factor (higher encounter angle)

produced greater center line impurity segregation and, as a consequence,

a higher susceptibility to center line hot cracking. Form factor

increased with increasing voltage at constant current (Fig. 34) and was

inversely related to the current at a constant voltage (Fig. 35).

-For ESW 50 mID and 76 mID thick plates, the dual electrode

web guide technique had a higher form factor (Fig. 3.5) and thus
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greater resistance to hot cracking than the single electrode wing guide.

guide plate. This induced a deeper weld pool. The current density was

reduced in the web guide plate electrodes as it was split between two

electrodes which were at the guide plate edges(Fig. 36).

In the standard weld, in Fig. 37, the current could not exceed 800A

because of guide tube overheating and hot crack formation in the weld.

The narrow gap welds, however, could survive up to around 1250A or 1400A

without introducing any hot crack formation in the weld. Figure 36

clearly illustrates the improvement in hot cracking resistance for the

deduced by referring to Fig. 36. If the same current and voltage were

applied in both standard weld and narrow gap welds, the following weld

characteristics result(Fig. 36). In standard welds fabricated with a

single cylindrical guide, the heat and current density are concentrated

at a point and the electrode penetrated deeply into the slag pool to

maintain an Ohm's law, thus inducing a low form factor. In narrow gap

welds fabricated with plate guides, the current and heat density were

distributed across the weld joint more uniformly via the guide plates,

thus inducing a higher form factor and shallower weld pool. This effect

was greatest with the dual electrode web guide plate, because heat was

distributed more efficiently to the plate surfaces, resulting in less

current density.
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The majority of current and heat transfers from the tip of the electrode

to the bottom of the pool. Therefore a high current and a high heat

were concentrated at the tip of the one centrally located electrode wing

narrow gap welds, especially in the web guide plate weld. No wing or web

guide plates were studied in standard gap (32 mm) electroslag welding.

The reasons for the change in hot cracking resistance could be



Since the solidification front followed the steepest temperature

gradient, impurities segregated at the weld center in the standard weld.

However, the impurities were more evenly distributed along the weld

experiences triaxial tension as it solidifies last. Narrow gap, high

current ESW exhibits lower stresses due to a smaller weld pool. This led

to less shrinkage stresses, better form factor, and lower hot cracking

susceptibility.

The effect of heat input on total HAZ size was also studied. From

this study, total HAZ size at the maximum penetration region was observed

to be relatively independent of heat input in narrow gap welds. Local

heat generation and distribution patterns appeared to be more critical

because maximum temperature gradient or heat flow direction was

significantly affected by molten pool shape. Factors affecting local

heat generation and distribution patterns included electrode extension

into the slag pool, pool shape, and electrode positioning and

straightening.

2. Characteristic Grain Structures

Narrow gap ESW of A36 and A588 steels using mild steel electrodes

(25P and WS) results in Type II structures. The macrostructure

characteristics for Type II welds were categorized in Fig. 22. High

toughness is associated with fine grained acicular ferrite. For this

reason, it has become increasingly important to understand the factors

which would maximize the volume fraction of acicular ferrite in the weld
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centerline in the narrow gap welds due to the elongated, shallow

temperature gradient induced by the wing or web guide plates.

In ESW, the weld surface is in compression while the weld center



metal.

The coarse columnar grain (CCG) zone in the Type II structure

contained abundant acicular ferrite (-90%). On the other hand, the thin

columnar grain (TCG) zone and weld center showed low acicular ferrite but

increased proeutectiod and widmanstatten ferrite at prior austenite grain

boundaries(Fig. 25). Thus attempts were made to obtain the largest CCG

constant voltage(Fig. 39). The narrow gap welds exhibited a greater

extent of the CCG zone in the weld than standard welds. This was

promoted by the higher current and higher welding speed in narrow gap

weld. From Fig. 36, the single electrode wing guide plate exhibited a

slightly more favorable macrostructure for toughness than the dual

electrode web guide plate. Generally, the best macrostructure for high

toughness was often accompanied with low form factor, which led to poor

resistance to hot cracking.

The proportion of specific grain structures found in a given Type

weld varied as a function of welding parameters. These structure changes

observed for Type II narrow gap ESW can be broken down into three cases,

as illustrated in Fig. 40.

direction of heat source. The structure was obtained with low weld

current (600-800 A), high voltage (42-47 V) and slow welding speeds (0.25
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zone without introducing any hot cracking in the weld.

The extent of the CCG zone decreased with increasing voltage at

constant current(Fig. 38) and increased with increasing current at

a) Case I - The weld metal macrostructure consisted of a small outer zone

of CCG and a large interior zone of elongated TCG. The center line of

the weld contained grains running vertically, or parallel to the



- 0.30 mm/sec.). The electrode extension into the slag pool was small

and heat input was high, producing great base metal penetration. Thus,

the weld pool shape was shallow and wide (Form factor : )2.0).

The dendritic structures at the weld center possessed the lowest

susceptibility of center line hot cracking because dendrites could not

impinge upon the weld center line to form a "plane of weakness". So

interdendritic impurities were dissipated uniformly through out the weld

zone. The nearly circular weld pool and slow welding speeds tended to

allow the growing austenite columnar grains to follow the heat source by

curving in behind the moving heat source. The microstructure contained

large amounts of grain boundary ferrite and widmanstatten ferrite due to

the slow cooling rate. Thus the impact toughness tended to be low

because the crack propagated along the direction of grain boundary

ferrite[4, 5].

b) Case II - The weld metal macrostructure consisted of around 50% CCG

zone and 50% TCG zone. The central part of the weld structure pattern

consisted of rows of thin columnar grains impinging gradually at the

2.0) for best microstructure and toughness without hot cracking. This

structure also showed low susceptibility to center line hot cracking due

to dissipation of impurities throughout the weld. In addition, the

microstructure was favorable for good toughness because it contained less

proeutectoid ferrite and more acicular ferrite than the Case I welds.

c) Case III - The weld metal macrostructure consisted of a large outer
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center line. This structure was obtained by increasing both welding

current (800 - 1100 A) and welding speed (0.35 - 0.60 mm/sec.) The

electrode extension into the slag pool was optimum (Form factor : 1.2-



zoneof CCG and small interior zone of TCG. In these welds, grains and

dendrites grew directly to the weld center line and impinged abruptly

giving rise to a "herring bone" appearence. The structure was obtained

for welding conditions with higher current(1100 - 1300A) and welding

speed(0.6 - 0.75 mm/sec.) than Case II. The electrode extent ion into the

slag pool was large, thus the weld pool shape was narrow and deep(Form

factor: 0.9 - 1.2). Although these welds contained a high percentage

of acicular ferrite, the grain structure at the weld center line was

susceptible to hot cracking because impurities were segregated to the

center line. The higher the obtuse encounter angle, the greater the

susceptibility to center line hot cracking.

In addition, when the highest values of current (1300 - 1550A) and

weldng speed ( >0.75 mm/sec.) were applied, the electrode extension into

the slag pool was a maximum. This produced a narrow and extremely deep

weld pool (Form factor: <0.9) and Type IV structure, seen in Fig. 22 and

described earlier.

Fig. 41 summarizes volume percent of coarse columnar, thin columnar

and equiaxed zones in the weld metal as a functionof welding speed at

constant 40V. Fig. 42 also represents the encounter angle and the range

of hot cracking and equiaxed grain formation as a function of welding

speed at constant 40V.

4. Optimum Conditions

Based on all parametric studies, macrostructure and especially

microstructure analysis (Fig. 40), the optimum conditions for sound

narrow gap, unalloyed ESW (Case II welds) were summarized in Table 5.

Typical microstructures at the weld center and HAZ1 of optimized welds
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of A36 and A588 plates are shown in Fig. 43. Wing guide plate was

preferred in 50 mm thick plates. But the web guide plate was recommended

for ESW 76 mm thick plates because of uniform side wall penetration.

The technical data comparison (Table 6) between standard and

optimized narrow gap ESW taken from 50 mm thick plate pointed out the

great reduction in heat input that was achieved by utilizing the

optimized narrow gap ESW procedure. Welding efficiency and welding speed

were also greatly improved. The optimized narrow gap ESW showed slightly

higher BMD. But the base metal penetration was greatly reduced due to

more uniform side wall penetration. The HAZ was reduced in the optimized

narrow gap ESW process compared to standard weld. Fig. 44 schemati-

cally compares the base metal penetration, dilution and HAZ size between

standard and optimized narrow gap ESW.

The encroachment of the slag pool into the base metal in the

standard weld produced a pendulant overhang where the slag would be

easily entrapped when abrupt voltage and current change occurred during

welding. The encroachment of the slag pool into the base metal was

smaller and more uniform in the optimized narrow gap welds. Thus

pendulant overhang and slag entrapment were not problems in narrow gap

ESW.
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E. Quartz Grain Refinement

In addition to the above weld metal alloy and process modification,

quartz grain refinement through dynamic stimulation in large ES welds was

also tried. This was because substantial grain refinement in the weld

fusion zone can play an important role in preventing severe hot cracking

while enhancing weld metal fracture toughness without the need for

expensive alloyed filler metals.

1. Welding Parameter Study

The quartz sleeve effectively shielded the guide tube from the

molten slag and resulted in deep extension of the quartz and guide tube

into the slag pool (Fig. 45). Current and voltage fluctuations occurred

right after the quartz sleeve was immersed in the slag pool. Persistent

arcing, current and voltage fluctuations, and intense stirring of molten

pool continued throughout the ES weld process(Fig. 46).

A decrease in the effective conductivity (and increasing viscosity)

of the slag by quartz dissolution decreased both the generat10n and local

transport of the Ohmic heat (Fig. 47). A decrease in the effective

conductivity of the slag further promoted deep extension of the electrode

into the slag pool to maintain Ohm's law, which was further accelerated

by confinement of heat by quartz tube. All of these effects resulted in

an increase in the local temperature only near the electrode and, conse-

quently, caused an increase in the electrode melting rate. Due to

confinement of heat by quartz tube and decreased transport of heat to the

base metal sides, local heat generation patterns were extremely sensitive

to electrode location and wire straightening. Even minor misalignment of

the electrode resulted in a markedly asymmetrical heat generatio~
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pattern. The use of electrode oscillation provided more uniform heat

generation patterns (Fig. 48).

The narrow gap (19 mm) technique using a web guide plate shrouded

with quartz was tried in the hope of achieving fast welding speed and

turbulent stirring of molten pool. The technique, however, was not

successful. Narrow gap spacing didn't allow room for slag bath formation

along with the quartz around the guide plate. The slag was forced up the

spacing along the guide and weld plates and frozen there.

Standard gap (32 mm) techniques using web guide plate shrouded with

quartz were also tried. But problems still existed because of high

silica content and extreme flux turbulence. Narrow gap (19 mm) quartz

shrouded guide tube and powder cored tubular electrode (PS 588) was also

performed in the hope of"less extension of electrode into the slag pool.

Deep extension was detrimental, because deep electrode extension into the

slag pool induced kite-shaped molten pool and heat concentration in the

vicinity of electrode tip. This work was also not successful as

consistent lack of fusion occurred. Slow welding speed was required to

modify the heat generation and distribution pattern.

When a single standard quartz shrouded guide tube was used in ESW

50 mm thick plates, non-linear relationship between BMD and voltage was

observed at constant current (Fig. 49). In order to generate sufficient

heat to melt the base metal, the thermal shielding behavior of the quartz

shroud resulted in the need to apply a higher voltage (around 48V) than

that used in welds without quartz shielding.

Welding voltage above 48V led to severe arcing. This was because

the jet stream of superheated/vaporized slag generated by Joule heating

in extremely high voltage at the electrode tip area was sufficient to
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blow the slag out and locally boil the slag. This introduced a gas

envelope and" severe arcing. Form factor was not greatly influenced by

either the welding voltage or current (Fig. 50). Ironically, the

conditions necessary to produce sound, tough welds by the standard ESW

process were the worst conditions for quartz shielded guide grain refined

ESW.

The effect of mechanical oscillation of the shrouded guide on the

grain refinement was investigated on 76 mm thick plate. Different

oscillation speeds (8 seconds, 5 seconds and 3 seconds) with or without

dwell time(l second) were tried. Grain refinement across the entire weld

section resulted in every weld metal. Lack of fusion still existed.

Quartz shielded dual electrode (50 mm spacing) ESW with or without

oscillation was also tried on 76 mm thick plate. Grain refinement

resulted. But lack of fusion still existed.

An increase of silica content due to melting of the quartz shroud

reduced the basicity of slag. This caused a large increase of the silicon

and oxygen concentrations in the deposited metal (Fig. 51)(Table 4). Weld

metal carbon content was found to be substantially decreased with

increasing weld metal oxygen content because of the degassing of carbon

monoxide formed during vigorous agitation(Table 4). Therefore, the weld

metal carbon equivalent was decreased with increasing oxygen content.

Table 7 illustrates the chemistries of major elements of PF201 flux and

slag before and after quartz shroud dissolution.

The high conductivity slag (CaF2 - CaO - Al203) was used to increase

the thermal efficiency in an effort to solve the lack of fusion problem.

High €lectrically conducting slags are formed by addition of CaF2. Their

use considerably facilitated the starting and the stabilizing of the
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shrouded consumable guide tube produced a substantial grain refinement

(Fig. 53). Microstructural analysis of the quartz grain refined welds

revealed significantly increased nucleation of polygonal, grain-boundary

and widmanstatten ferrite due to an excessive oxygen potential induced in

the manganese silicate fluxes by quartz dissolution. The high oxygen

potential also led to many inclusions (Fig. 23) interdendritically and at

the austenite boundaries, which helped to nucleate ferrite early in the

austenite-ferrite transformation. By increasing the oxygen in the weld

.2~ '..~~_.... t-hO <>mn11n~ of ac.icular ferrite was
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A typical macrostructure of weldments made using the quartz shrouded

consumable guide tube is shown in Fig. 46. The use of fused quartz

shrouded consumable guide tube produced a substantial grain refinement

(Fig. 53). Microstructural analysis of the quartz grain refined welds

revealed significantly increased nucleation of polygonal, grain-boundary

and widmanstatten ferrite due to an excessive oxygen potential induced in

the manganese silicate fluxes by quartz dissolution. The high oxygen

potential also led to many inclusions (Fig. 23) interdendritically and at
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quartz-shrouded ESW process. Increasing slag conductivity increased the

melting efficiency (Fig. 52) giving melt-back of the quartz shroud.

Penetration of the quartz shielded guide tube into the slag pool was

greatly reduced. This eliminated the intense stirring and grain refine-

ment present in previous quartz shroud welds. Thus, the conductivity of

slag was very important in quartz-shroud induced grain refinement. A

flux exhibiting less than 2/~cm) at 1700QC was required for substantial

grain refinement.

2. Metallurgical Structures

A typical macrostructure of weldments made using the quartz shrouded

consumable guide tube is shown in Fig. 46. The use of fused quartz

shrouded consumable guide tube produced a substantial grain refinement

(Fig. 53) . Microstructural analysis of the quartz grain refined welds

revealed significantly increased nucleation of polygonal, grain-boundary

and widmanstatten ferrite due to an excessive oxygen potential induced in

the manganese silicate fluxes by quartz dissolution. The high oxygen

potential also led to many inclusions (Fig. 23) interdendritically and at

the austenite boundaries, which helped to nucleate ferrite early in the

austenite-ferrite transformation. By increasing the oxygen in the weld

metal through quartz dissolution, the amount of acicular ferrite was

decreased. With further increase of weld metal oxygen up to 800ppm, the

amount of acicular ferrite approached zero (Figs. 23 and 27).

The advantages of the refined grains and lowered carbon equivalent

were offset by increased proeutectoid ferrite. The amount of acicular

ferrite was significantly increased ( 75%) by alloy modifications (AX90 :

high Ni electrode), which also induced refined grain boundary ferrite.
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Composition control through the introduction of low alloyed filler metal

was necessary in order to maximize the volume fraction of acicular

ferrite.

Quartz shrouded welds were fabricated using basic fluxes in an

attempt to control flux oxygen potential. Basic fluxes have low

reactivity due to the high thermodynamic stability of the compounds which

make up the flux. This minimizes oxygen pick up and promoted deoxidation

of the weld metal. When the weld metal oxygen level reached below around

550ppm, coarse columnar grains started to develop and 100% coarse

columnar grains were generated below 100ppm of oxygen (Type III of Fig.

22). Thus, the basicity of slag (oxygen potential) was very important

for development of quartz-shroud induced grain refinement.
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F. Mechanical Properties

The impact requirements for A36 and A588 plates are 20 Joules at 4°C

according to the zone 2 requirement of American Association of State

Highway and Transportation Officials (AASHTO)[115]. All base metals used

in this study successfully qualified according to AASHTO zone 2

requirement (Table 8). AWS DI.I does not require base plates toughness

but does require weld toughness[116]. The AWS Dl.l impact requirements

for ES welds are 20 Joules at -18°C for the quarter thickness location on

the weld center line[120].

The variations of CVN toughness at -18°C with respect to each

structure type (Fig. 22) and test specimen location are compared in Fig.

54, which illustrates the upper and lower impact energy limit. Type I

structures exhibited low impact energy due to the large amount of oxygen

inclusions, blocky and grain boundary ferrite. In Type II, wide varia-

tions of fracture toughness values were experienced between conventional

welds using standard practices and welds using process modifications

(narrow gap, fast weld speed, etc.) that decrease heat input. A

substantial increase in Charpy toughness in A36 welds was observed in the

weld center region of the narrow gap (19 mm) with wing or web guide welds

when compared to the standard welds (Table 8). Welds deposited on A588

developed slightly lower toughness than similar A36 welos (Table 8),

despite the large amount of acicular ferrite in the A588 welds. This was

because the A588 weld metal had a microstructure containing greater

amounts of pearlite(Fig. 43) and a higher hardness (AS88: 94 Rb, A36 :

84 Rb).

Type III welds averaged 37 Joules at weld center in A36 welds(Fig.
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54). These welds provided less preferential crack initiation sites

important role in influencing weld metal microstructure and toughness.

Type IV structures showed extremely nonuniform properties throughout the

weld. The low toughness value of the thin columnar grain region was

believed to be associated with microcracks developed interdendritically.

This was induced by high solute accumulation interdendritically. TypeV

structures exhibited substantially increased fracture toughness. This was

due to uniform distribution of impurities by development of equiaxed

dendrites and also fine acicular ferrite formation throughout the weld.

An important achievement in Types I, III and V structures was the

uniformity of CVN impact toughness. This was consistent with a uniform

distribution of impurities due to earlier development of columnar and

equiaxed dendrites and uniform grain structures throughout the weldment.

The variations of CVN toughness at -18°C, with respect to each case

(Fig. 40) and test specimen location in A36 welds of narrow gap ESW, are

crack propagation path (Fig. 40). The low toughness at weld center of

Case III was believed to be associated with high solute accumulation

interdendritically and microcracks developed interdendritically. All

data from optimized narrow gap ESW (Case II welds) successfully met the

recommended AWS criterion, even at mid thickness.
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during impac"t testing due to less oxygen inclusions, a high volume

fraction of blocky and coarse acicular ferrite and less grain boundary

ferrite. The number and size distribution of inclusions played an

compared in Fig. 55. This figure illustrates upper and lower impact

energy limi ts . Case I structures exhibited low impact energy at weld

center because dendrites, interdendritically segregated impuritues and

grain boundary ferrites were running parallel to the direction of notch



The quartz grain refined welds exhibited almost identical toughness

values throughout the weld, which was consistent with a uniform fine

grain structure in entire fusion zone. Average mid-thickness CVN impact

toughness values tested at -18°C for various structural zones of quartz

grain refined A36 and A588 ES welds are given in Fig. 56. A great CVN

toughness increase was observed in the weld center region of the grain

refined A588 weld when compared to the standard weld. In A36 welds the

quartz grain refined welds at weld center region showed a slight decrease

of impact energy compared to standard welds. This was obviously due to

the increased blocky "and grain boundary ferrite and high inclusion

contents in quartz weld~".

Complete Charpy temperature transition curves for selected

unalloyed, optimized welds and standard welds, together with base metal,

are shown in Figs. 57 through 62. The 20 Joules transition temperature

is tabulated in Table 9. The optimized narrow gap welds increased

fracture toughness and lowered the ductile/brittle transition temperature

of the weld metal as shown in Figs. 58 through 62 and Table 9. The high

oxygen (quartz grain refined welds with alloy addition) welds exhibited

somewhat lower toughness than medium oxygen welds (Figs. 54 and 62).
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v. DISCUSSION

A. Dendrite Reorientation and Renucleation during
Weld Metal Solidification

1. Solute Banding

Solute banding 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. There is a critical growth rate below

I which the solutes are pushed by the interface and above which they are

enriched in the solid[32-33].

Solute banding contributes substantially to dendrite reorientation

and renucleation. Dendrites can change growth direction by one or a

combination of following mechanisms

(a) dendrite arm bending (b) partial and complete dendrite arm

remelting (c) new renucleation of dendrites and (d) dendrite curving.

In addition, (e) development of tertiary dendrite arms also contributes

to dendrite reorientation when solute enrichment band is absent or weak.

Dendrite bending is defined that dendrite grows straight following

preferred growth direction and changes growth direction in another

preferred growth diretion by kink motion. Curved dendrite is a hook-

shaped dendrite which is caused by continuous change of growth direction

of dendrite. Fig. 63 is a schematic sketch illustrating several

dendrite characteristics observed in the solute bands.

2. Dendrite Bending

When partially solidified metallic dendrites are subjected to a

shear stress induced by liquid flow at its solidus temperature, the soft

metallic dendrite arms may deform plastically in the direction of the
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maximum temperature gradient. Since the growth rate and thermal gradient

in welds are orders of magnitude greater than those of ingots[18],

dendrite bending is undoubtedly operative in welding. The nature of the

pulse type stress exerted on the partially solidified dendrites

intensifies the dendrite bending, especially at solute bands, because

solute bands are formed by pulse type movement of solidification front.

If the bending angle, which is defined in Fig. 64(top), is greater

than 20°, the dendrites are completely broken and totally wet by the

liquid according to the surface-energy controlled grain boundary wetting

concept [ 28] . Even when the dendrites are misoriented from the original

dendrite growth direction by an angle greater than about 20°, the

surface energy of the boundary «(gb) becomes unstable according to

(19)

where {S-L is the surface energy of the solid-liquid interface. The

grain boundary is replaced by a thin layer of liquid and the dendrites

can break apart along the prior boundary as reported by Doherty et

al. [28] .

In ESW of mild steel, a crude estimation of the region of consti-

tutional supercooling (x) was given by the Eq. 20 [117]. Calculations

considering Mn as the major alloying element showed that the weld center

region was around 40 times larger than the fusion line region.

AT = T - TL A
1 - k

= mLCo 1, [1 - exp(-
R x

~)] - G x = 0 (20)

where TL , and TA are equilibrium liquidus temperature corresponding

to different points ahead of the solid-liquid interface and actual
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temperature in the liquid, respectively and values used for calculations

were as follows; mL = 5.0, Co = 1.2, k = 0.74, DL = 5x 10-3 mm2 /sec,

R = 0.025 - 0.05 mm/sec (near fusion line), R = 0.3 0.58 mm/sec (weld

center) and G = 120 - 1600 C/mm (near fusion line), G = 3.3 - 3.50 C/mm

(weld center) Thus, the dendrites will tend to project into the liquid

substantially longer distances at weld center region than at fusion line

region. The further the dendrites project into the liquid, the easier

the partially solidified dendrites will be bent or broken by liquid flow.

3. Partial and Complete Dendrite Arm Remelting

The localised thermal fluctuations around the growing dendrites,

caused by the effect of disturbances in growth rate (identified by the

presence of solute bands), is to produce conditions conducive to dendrite

arm remelting. In this regard, solute-enriched bands alter dendrite

morphology because remelting at the roots of dendrite arms is induced by

stress will also result in dendrite arm remelting. Once the dendrite arm

fragments are loose, they are able to grow in a more favorable

direction.

4. Dendrite Renucleation

Three factors promoting renucleation are (a) substantial

undercooling (b) nucleating substrates like innoculant and solid inclu-

sions and (c) dynamic nucleation (dendrite multiplication). The nuclea-

tion rate (I) was assumed to be of the form[96].
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local solute accumulation, which drops the local equilibrium liquidus

temperature. If the degree is severe, complete remelting of dendrite

arms may be occur. Fluid flow by convection and pulse-type thermal



I = 10 (No - N) exp [_ _ u .~ ] (21)

where No is the total number of heterogeneous substrate particles, N is

the number that have already nucleated, ~T is the undercooling and 10

and u are constants. If the nucleants are carried into the supercooled

liquid and survive, new dendrites grow with their <100> directions

parallel to the temperature gradient. Oxide inclusions could be

transported by liquid convection through the weld pool and segregation of

oxide inclusions would be maximum in the solute enriched band because of

fast movement of solidification front.

Ohashi et al.[95] studied the effect of oxides on nucleation

behavior and showed that the degree of critical undercooling in the case

of rare-earth metals (La, Ce, Pr and Nd) addition was 3dC, while that for

A1203 was 14cC, for Si02 was 30°C, and for MnO was 53~C. In ESW, the

rough estimation of maximum undercooling calculated from Eq. 22 given by

Davies[117] considering Mn as a major alloying element was around 20-40°C

near fusion line and 1-20 C at the weld center region.

(22)

Thus, oxide particles (mostly, Si02, MnO, A1203 or combination of these)

in welds can promote nucleation of dendrites. The solute enriched band is

suitable for the nucleation of new dendrites because it accentuates local

constitutional supercooling and contains copious amounts of oxide
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segregation. All the oxide particles which survived in the supercooled

liquid region will grow following the preferrential growth direction.

These large number of crystals will give a fine dendrite arm spacing



after growing through the solute enrichment band (Fig. 18) because of

copious heterogeneous nucleation by localised constitutional

supercooling.

5. Dendrite Curving

The observation of dendrite curving in a solute depletion band in

GTAW was particularly interesting because it is generally believed that

dendrites grow straight following <100> direction. Several

investigators[50, 118-120] studied the effect of fluid flow on the

deflection of growth direction and found that if the bulk liquid flows in

the process of dendritic growth, the dendrite is deflected against the

direction of fluid flow due to disruption of the radial diffusion fields

around the dendrite tips (Fig. 72, Bottom). Doherty et al[28] reported

that the dendrites grow toward the flow direction by liquid flow.

The dendrite curving observed in GTAW was directed toward the heat

source. The influence of the liquid flow direction on the growth

direction could not be related in this study. However the vortical

liquid flow induced by severe arc torch weaving in GTAW -together with

the maximum temperature gradient- was believed to continuously stress the

dendrite during growth to produce curving. Dendrite curving was not found

in electroslag welds due to low temperature gradient and low fluid flow

as compared to GTAW.

6. Development of Tertiary Dendrite Arms

Tertiary dendrite arms developed when the growth direction of the

primary dendrite arms differed substantially from the maximum temperature

gradient vector and forced liquid flow was absent or weak. As a result,

tertiary arm development always occurred near the weld center. The
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primary dendrites growing with a large deviation from the maximum

temperature gradient vector diminish and secondary and tertiary dendrite

arms develop. From Fig. 20, the deviation angle between maximum

temperature gradient vector and dendrite growth direction is

believed to be around 4Sc.

7. Effect of Alloy and Oxygen Content

Alloy and oxygen contents will also significantly affect the amount

of solute bands and dendrite rearrangements. Higher alloying accelerates

the degree of constitutional supercooling and results in earlier

development of columnar or even equiaxed dendrites.

Oxygen content(ie. oxide particles) also promotes equiaxed dendrites

by nucleation. The size of the equiaxed zone in alloy/oxygen welds

affects the solute bands. The smaller the equiaxed dendrite zone, the

larger the solute bands, because once equiaxed dendrites develop,

uniform distribution of solutes develops and solute bands cease to form.

The dense spacing of transverse solute bands near the fusion line

region was probably due to the hydrodynamic effect in the molten pool in

addition to molten base metal penetration. Pulse motion of liquid flow is

expected to be maximum at the molten pool edges because of shallow pool

depth. In addition, strong convection would also be intense at the weld

edges due to a high thermal gradient[121].

Microstructural characteristics of the weld metal were dependent

upon solidification induced compositional variations. In mild steel ES

welds, the white-etching band contains comparatively high segregation of

impurities. Polygonal ferrite easily nucleated at these preferred sites

with a small undercooling below the A3 temperature. Similary, in Ni-Mo
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alloyed welds the white band also had high segregation of solutes such as

Ni. The presence of Ni in the white band shifts the austenite

decomposition curve or CCT diagram downward and to the right and

suppresses the ferritic transformation temperature. Acicular ferrite

formed in the solute rich bands, while polygonal ferrite nucleated in the

Ni-depleted regions associated with the dark etching bands.
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B. Effect of Welding Parameters on Solidification Structure and
Microstructures

The solidification of low alloy steel weld deposits involves the

epitaxial growth of delta-ferrite from the plate grains at the fusion

boundaries[122]. The liquid metal ahead of a solidifying interface is

constitutionally supercooled and the interface is unstable. Thus

dendrites break down into one of the several dendritic growth modes. The

resulting solid delta-ferrites have an anisotropic columnar morphology

with their major axes following the direction of maximum heat flow. On

further cooling, austenite allotriomorphs nucleate at the delta-ferrite

boundaries. Anisotropic austenite growth along delta ferrite boundaries

leads to the formation of columnar austenite grains which closely

resemble the original delta ferrite morphology[123,124]. During the

austenite to ferrite transformation, a large variety of microstructures

develop. The final weld metal microstructures depend on complex

interactions between several important variables such as the weld thermal

cycle, the solidification structure, the prior austenite grain size, the

total alloy content and concentration, chemical composition, and size

and distribution of non-metallic inclusions[108].

In normal ES welds (including commercial welding practice) ,

relationship between weld metal solidification structure and subsequent

solid state macro/microstructure has been established (Fig. 65 )[125]

based on fundamental solidification and solid state transformation

mechanics [108, 122,123, 12M. Solidificationin the cellular-dendritic

mode resulted in coarse columnar austenite grains which transformed to

predominantly acicular ferrite. Columnar dendritic solidification

produced thin columnar austenite grains which transformed to mostly grain
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boundary and widmanstatten ferrite. Thus, if the solidification struc-

tures are predicted, the macro/microstructures can also be predicted in

normal ES welds.

1. Welding Variables

Voltage, current, and welding speed are closely related to heat
1

input (Eq. 7). The solidification structures are determined by G/R2 and

Co (Fig. 5). The temperature gradient was reported to be inversely

proportional to the cube root of heat input[121].

G f (
1

HI/3
) (23)

More specifically, the temperature gradient was a function of melting

point (Tm) divided by the distance between the heat source and the weld

pool boundary (x)[126].

(24)

(25)

1
G/R2 is influenced by the weld pool shape and welding speed and is

different at all points of the pool boundary, because weld pool shape

and welding speed respectively determine the x and Vw terms of Eq. 25.

In the nearly spherical weld pool, slow welding speed and high heat

1
input weld (Case I shown in Fig. 40), the range of G/R2 from fusion

line to weld center is small because the distance between the heat source

and the weld pool boundary (x) is almost identical from fusion line to

weld center.
1

The value of G/R2 at the fusion line is also small,
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Thus, from the Eq. 4 and 24,

1

f( Tm 1)G/R2 =
x(VwCOs9)2



compared to the high speed, kite shaped weld pool because the x value of

Eq. 25 at the fusion line is higher in the nearly spherical weld pool

than in the kite-shaped weld pool (Fig. 40). The small range of G/R!

1
from fusion line to weld center and small G/R2 value at the fusion line

developed in the nearly spherical weld pool induce a small exterior

cellular dendritic structures and a large interior columnar dendritic

structures (Case I of Fig. 66), when superimposed on the diagram of

solute content and solidification parameter diagram (Fig. 5).

Columnar dendrites reject more solutes to the interdendritic region

than to the dendritic tip. Thus, the solute distribution in the

solidifying front is thought to be constantly increased because of

earlier development of columnar dendrites and frequent change of dendrite

orientation to follow the maximum temperature gradient (Case I of Fig.

66). Thereby, the weld metal macrostructures consisted of a small outer

zone of coarse columnar grains (in the region of cellular dendrite) and a

large interior zone of thin elongated columanar grains (in columnar

dendritic region). The microstructure contained large amounts of grain

boundary and widmanstatten ferrite due to the slow cooling rate and high

proportion of columnar dendrites in the fusion zone.

However, in the kite shaped weld pool (high welding speed and low

heat input weld Case III of Fig. 40),
1

G/R2 values at fusion line and

weld center are larger and smaller, respectively, compared to the nearly

spherical weld.
1

A larger range of G/R2 is generated from fusion line to

weld center. Thus, the outer large range of cellular dendrites and

interior small zone of columnar dendrites appeared in the weld metal(Case

III of Fig. 66). The weld metal macrostructures consisted of a large

outer zone of coarse columnar grains (predominantly consisting of

70



acicular ferrite in the region of cellular dendrites) and a small

interior zone of thin columnar grains (mostly consisting of a high volume

fraction of grain boundary and widmanstatten ferrite in the columnar

dendrite region). These conditions are responsible for hot crack forma-

tion due to high solute accumulation at the weld center region.

In the fastest welding speed and the lowest heat input welds (with

extremely deep molten pool and lowest form factor welds : Type IV weld of

Fig. 22), the fast cooling rate allows less time for lateral diffusion

of the rejected solutes giving finer dendrite arm spacing and less segre-

gation. This acceralates more solute accumulation to the weld center

region. The development of a large zone of cellular dendrites further

at the weld center (Type IV of Fig. 66). The high degree of

constitutional supercooling provided the driving force for dendrite arm

remelting resulting in nucleation of equiaxed dendrites at the weld

center.

The observation of pearlite islands in A588 and widmanstatten

ferrite in A36 steel welds along the grain boundary ferrite provided

good contrast in mild steel ES welds and HAZ I(Fig. 43). Since the

ferrite is very low in carbon (less than 0.02 wt.%C at Al temperature),

its growth is associated with a rejection of carbon from the ferrite-

austenite interface back into the austenite. When the undercooling

below AC3 is large due to thermal supercooling by local heat extraction,

carbon diffusion needed for carbon removal from the interface is not

efficient, forming a steep carbon gradient. The only way to break the
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helps the solute rejection to the weld center. The transition from

columnar to equiaxed dendrites (Type IV of Fig. 22) is associated with

fast growth rate, high amount of solute content and low thermal gradient



carbon solute barrier is the formation of separate ferrite needles, which

is widmanstatten ferrite. So once grain boundary ferrite is formed from

the austenite grain boundaries, further growth of widmanstatten ferrite

normally occurred in A36 welds.

When strong carbide forming elements, such as Cr, are added to A588

welds, carbon concentration at the interface is large and the austenite

is unstable with respect to both ferrite and cementite so that Fe3C

precipitation occurs. Ferrite will continue to grow until a carbon

barrier is again formed which introduces pearlitic structures along the

grain boundaries[8].

2. Flux Chemistry and Conductivity

The slag basicity is related to conductivity and oxygen potential of

the slag. In general, conductivity of the slag increases with increasing

slag basicity while the oxygen potential decreases.

Strong slag pool convection occurs when high resistivity, high

oxygen potential flux is used, due to the steep temperature gradient

between the fusion line and the weld center. This results in dendrite

fragmentation. Oxide particles may also act as nucleants for dendrites,

resulting in finer dendrites. In addition, an excessive oxygen potential

and low basicity flux will increase the amount of inclusions. It has

already been suggested[89-94, 97-104] that oxygen inclusions at the

interdendritic boundaries and the subsequent austenite boundaries in weld

metal significantly influence the transformation characteristics of weld

metal and kinetics and morphology of ferrite formation. They do this by

moving the transformation curve to shorter delay time and higher

temperature (Fig. 67). The inclusions tend to reduce the austenite
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grain size, favoring the formation of blocky, grain boundary and

widmanstatten ferrite because the inclusions inhibit the movement of the

extensive planar front of the proeutectoid phase by pinning and dragging

effects(Type I of Figs. 22 and 26).

In the welds using high conductivity and high basicity flux, the

columnar dendrites develop earlier with large dendrite arm spacing due

to greatly increased heat input efficiency (Fig. 28)(Eq. 18) and

increased local solidification time. The established relationship

between the weld metal solidification structure and subsequent solid

state macro/microstructures in normal ES welds[125] can not be applied to

the ES welds made using these fluxes. Even if the solidification

structure showed the columnar dendrites with noticiable side arms, the

subsequent solid state macrostructure did not show thin columnar grains

(Type III of Fig. 22). The reason for the development of only coarse

columnar grains was probably due to low impurity levels. The weld pool

was vigorously desulfurized and exhibited extremely low oxygen potential

(Table 4). The low impurity level at the intercolumnar dendritic region

did not restrict lateral austenite growth and thereby induced coarse

grain structures.

The formation of a high volume fraction of blocky and coarse

acicular type ferrites was presumably due to high heat input and low

oxygen content. The effect of oxygen concentration on the ferrite content

in ES welds is shown in Fig. 27. Many investigators [85-90] postulated

that oxygen inclusions can directly nucleate acicular ferrite and showed

that intermediate weld metal oxygen level (200-300ppm) along with

appropriate dispersion and size (around 0.3 urndia.) gave a primarily

acicular ferritic structure. The results of this study also demonstrated
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that both adequate number and appropriate dispersion of weld metal oxygen

inclusions were an essential requirement for the nucleation of acicular

ferrite. The best microstructures for maximum acicular ferrite were

obtained with fluxes having a basicity index of about 1.2, which

corresponds to around 200 ppm of oxygen and 50 % acicular ferrite at weld

center of A36 welds using mild steel electrodes(Fig. 68).

From this study, the coarse and thin columnar grains in welds were

directly influenced by weld metal oxygen content (Fig. 26). In normal

welds, around 50 % of thin columnar grains in the weld was observed in

the range of 200-300ppm of oxygen content. The percentage of thin

columnar grains was substantially decreased with decreasing weld metal

oxygen content, and 100 % coarse columnar grains were obtained at around

80 ppm of oxygen. This is equivalent to a basicity index of 3.6 (without

CaF2 term) and flux electrical conductivity of 3.3/(~cm) at 1700°C.

100% thin columnar grains were obtained at oxygen contents exceeding 600

ppm in welds.

3. Alloy Addition

Small additions of Ni-Mo into the weld pool dramatically influenced

the solidification structures as well as the microstructures of A36 and

A588 weld metals (Type V structures of Fig. 22) deposited by ESW.

Increasing the alloy content increases the constitutional supercooling

(Fig. 8), which induces earlier development of columnar or equiaxed

dendrites. As already discussed, the solidification structures follow a

particular order, ie. planar -- cellular -- cellular dendrite

columnar dendrite -- equiaxed dendrite with increasing constitutional

supercooling. Thus the solidification structures will be one step to
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several steps upgraded by alloy additions, depending on the amount of

addition. This was
1

analogous to a decrease in the G/R2 ratio. The

development of equiaxed dendrites was believed that the fragile tips of

growing dendrites were broken away from the main dendrites and carried

into the supercooled region to provide nuclei to form equiaxed dendrites.

In addition to the formation of equiaxed dendrite, the rightward

displacement of the maximum delta-Fe composition in the Fe-Ni and Fe-Mo

phase diagrams, (compared to the Fe-C diagram), also promotes long range

primary delta-ferrite dendrites. This increases the temperature

stability range of delta-ferrite, which results in longer homogenization

time. All of these effects provided a relatively beneficial (crack

resistant) solidification structure.

Solid state microstructure also showed perfect equiaxed grains with

high volume fraction of acicular ferrite (Type V of Fig. 22). Nickel is

an austenite stabilizer and therefore tends to shift the transformation

curve to a longer delay time. Thus nucleation of high temperature

transformation products (blocky, grain boundary and widmanstatten

ferrite) can be suppressed to a large degree of under cooling below the

AC3 temperature by the addition of Ni. The retarded austenite grain

growth was due to interdendritic impurity segregation, because alloy

additions promoted early development of columnar dendrites. The thin

austenite grains subsequently transformed to refined thin grain boundary

ferrite with a high volume fraction of acicular ferrite.

Fig. 69 illustrates the combining effect of oxygen and alloy

contents on the volume fractions of coarse columnar, thin columnar and

equiaxed zones in the weld metal. The proportions of the coarse

columnar, thin columnar and equiaxed zones varied with alloy content and
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oxygen concentration in the weld. Generally, as these variables

increased, the size of the thin columnar zones increased, and with

further increase of alloy content and oxygen concentration in the weld,

the size of the equiaxed zone increased at the expense of the thin

columnar zone. Increased welding speed also increased the equiaxed zone

size.
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C. Slag Conductivity

The relationship between experimentally determined electrode feed

rate and empirically calculated[61] conductivity of slag at 1700° C at

constant current and voltage is shown in Fig. 70. The decrease of

electrode feed rate with increasing slag conductivity at constant current

and voltage is associated with Ohm's law in ESW.

An increase in electrode feed rate drives the electrode closer to

the molten metal pool. This decreases the current path between the

electrode tip and the molten metal pool surface. The current path length

must decrease with increasing slag resistivity if absolute resistance is

to be kept constant, as required in the constant current and voltage

case. This leads to the current path length, in a high resistivity slag,

being effectively decreased by means of deep electrode extension into the

slag pool, ie. short distance between the electrode tip and molten metal

pool surface in order to maintain constant voltage and current (Fig. 12).

For a low resistivity slag, the effect is just the opposite.

The high resistivity slag is not efficient in transferring heat to

the side wall. This results in build up of heat at the electrode tip

inducing localized boiling of the slag and submerged arcing. These

effects increase the electrode melting rate and lower base metal

dilution, since most of the heat is generated in the proximity of the

electrode tip.

An exposed arc between guide tube and surface of the molten slag

occurs while using a high conductivity slag. At low electrode feed rate,

the current path length through the molten slag is long and the area in

which heat is generated is large and diffused. As a result, high base
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metal dilution was observed even if some of the heat generated is

consumed in exposed arcing (Fig. 28).
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D. Heat Input on HAZ Size

The magnitude and direction of the thermal gradient are direct

measures of the ability to extract heat from the weld pool to the cooler

surroundings. Therefore, the larger the value of the thermal gradient,

the greater the heat-extraction capacity[127]. In the case of high heat

input, an elliptical-shaped weld pool was observed and the direction of

the maximum thermal gradient continuously changes from the fusion line to

the weld centerline. This reflects the ability to extract more heat in

the longitudinal direction (weld metal side) as compared to the

transverse direction (base metal side) as solidification proceeds from

the fusion line towards the weld centerline. However, the opposite is

true in the low heat input case, which results in a kite-shaped weld

pool. The kite-shaped weld pool shows a larger maximum temperature

gradient in the fusion line region, compared to an elliptical weld pool.

If a standard weld (600A, 40V and 32mm gap) and a narrow gap weld

(lOOOA, 40V and 19mm gap) with the same slag pool height are compared,

the narrow gap weld illustrates greater heat strength (Q = VIt) at a

given time and requires a smaller volume of slag pool. This will

increase the slag temperature. In addition, the distance between

electrode and base metal is also small compared to a standard gap weld.

All of these conditions (magnitude and direction of temperature gradient,

considering the increased exposure time of the slag pool to the base
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heat strength, slag volume, slag temperature and distance between

electrode and base metal) provide increased heat transfer efficiency

through both the slag pool and the molten metal pool to preheat and melt

the base metal. The opposite is true in a standard weld. However, by



metal in a standard weld versus a narrow gap weld, as measured by welding

speed, the net heat efficiency is thought to be almost identical in both

welds.

Molten metal pool shape also greatly affects the heat distribution

pattern toward base metal. Plate edges accumulate more heat, while the

mid-thickness region delivers heat easily, due to radial shape. Thus,

large HAZ size in plate edges and small HAZ size in mid-thickness region

are produced[Fig. 44]. This effect is greater in a standard weld. If a

mean value of HAZ size measurements at the edges and at the center of the

weld is taken, total HAZ size, in general, will be greater in a standard

weld (Table 6).
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E. Quartz Grain Refinement

1. Heat Generation and Distribution

The quartz shrouded guide and electrode filler metal extended deeply

into the slag pool(Fig. 45) inducing a low form factor(Fig. 50). A large

region of the slag. The jet stream of superheated/vaporized slag,

generated by Joule heating at the electrode tip area, was sufficient to

blow the slag out and locally boil the slag introducing a gas envelope

which caused a persistent arcing (Fig. 46).

The manner in which the thermal energy is distributed in the quartz

shrouded welds has a profound effect on weldment soundness. The severe

lack of fusion found in these welds was attributed to the heat loss by

arcing, vigorous agitation of the molten pool, coldness and high

resistivity of slag and poor heat transfer toward base metal sides. The

quartz also requires heat to melt(Table 10). Slow welding speeds were

circulation of the molten pool resulting in improved utilization of the

energy.

2. Weld Metal Grain Refinement

The mechanisms of grain refinement and dendrite renucleation were

investigated. The application of the quartz shroud resulted in
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portion of the current flows through the slag directly below the

electrode tip to the bottom of the slag bath. Thus, much of the heat

generated in the process is concentrated in a relatively small local

required to increase thermal efficiency by changing the heat flow

direction and molten pool shape from a deep kite-shaped weld pool to a

circular weld pool. A slow welding speed also induces a less intense



substantial grain refinement because the guide tube provided a narrow jet

stream of superheated/gaseous slag and a sharp thermal gradient between

weld center and the unmelted base metal due to a high thermal shielding

of guide tube and electrode(Fig. 71)(Table 10). Consequently, the

intense forced convective field, in addition to electromagnetic Lorentz

force, permitted an extensive dendrite multiplication by fragmentation or

remelting of previously solidified dendrites protruding ahead of the

advancing solid-liquid interface(Fig. 53).

The grain refinement shown in the room temperature microstructure

was believed to be due to interdendritically segregated oxygen

inclusions. Oxygen inclusions have a great influence on steel

transformation behavior through its austenite grain growth inhibition

effect and ferrite transformation acceleration effect[85-90].

The mechanically broken short columnar dendrites in a quartz grain

refined weld still followed the maximum temperature gradient, but when

Nickel alloy was added to these welds, perfect equiaxed dendrites

developed with random dendritic growth due to a high degree of

constitutional supercooling. Alloy additions also effectively controlled

the solid-state microstructures giving high amount of acicular ferrite

(Type V of Fig. 22).

From the study of the quartz shrouded guide tube and flux

modification, the conditions required for as-welded thin grain refined ES

welds were an uniform interdendritic distribution of a fairly high amount

development of columnar dendrites or dendrite fragments throughout the
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of oxide particles (around 600ppm of oxygen) throughout the weld and

optimum conductivity of flux (less than 2.0/(£1..em)) at 1700° C.

Conductivity was controlled to not give melt-back of quartz. The



weld was necessary to induce uniform oxide particles segregation

interdendritically.

The greater resistance to hot cracking previously observed(Fig. 72)

[4, 5] was believed to be associated with uniform distribution of

impurities by dendrite fragments produced in weld center region.

Consequently, the outstanding capability of the quartz shroud is to

increase the hot cracking resistance, promote uniform grain refined

structures and uniform mechanical properties throughout the weld.

However, the reliability in producing defect free welds and industrial

applications is still in doubt.
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VI. CONCLUSIONS

Based on the study of dendrite reorientation and renucleation during

weld metal solidification, the following can be concluded

1) Dendritic structures were significantly affected by solute bands.

Several phenomena occuring at the solute bands were:

a) dendrite arm growth through solute bands

b) direct dendrite arm bending

c) partial and complete dendrite arm remelting

d) new dendrite nucleation

e) change of dendrite morphology and arm spacing

2) Development of tertiary dendrite arms was dependent upon a unique

combination of the temperature gradient vector and primary dendrite arm

growth direction

3) Pool shape, alloy and oxygen contents significantly affected

extents of solute band and dendrite reorientation and renucleation

4) Microstructural characteristics of the weld were d~pendent upon

solidification induced compositional variations.

From the comprehensive welding parametric studies of ESW A36 and

A588 steels, the following can be concluded :

1) A new classification of macrostructures for ES welds has been

developed. Five characteristric types of weld metal grain structures

were proposed as a function of welding parameters, alloy content, oxygen

potential and basicity of the slag.

2) Thin columnar structures were a result of high weld metal oxygen

concentrations.

3) Fully coarse columnarstructures occurred with highly basic, low
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oxygen potential slags.

4) Equixed grains at the weld center were promoted by Ni-Mo addition,

high oxygen content, and/or fast welding speeds.

5) Minor additions of Ni and Mo substantially increased the weld

metal's resistance to hot cracking and increased the volume fraction of

acicular ferrite.

The parametric study of narrow gap (19 mm) ESW on 50 mm and 76mm

thick A36 and A588 steel plates using wing or web guide plates has led to

the following conclusions :

1) The optimum conditions for narrow gap ESW over standard

conventional welds can provided increased welding efficiency, deposition

rate, resistance to solidification cracking and improved microstructures.

2) Wing or web guide plates provided uniform penetration and greater

current carrying capacity.

3) An increase in Charpy toughness was observed in the weld center

region when compared to the standard welds.

The investigation of quartz grain refinement through dynamic stimu-

lation in large ES welds has led to the following conclusions

1) Intense stirring of the weld pool and significantly increased

nucleation of polygonal, grain-boundary and widmanstatten ferrite due to

excessive oxygen potential in the manganese silicate fluxes with quartz

dissolution was revealed and was responsible for grain refinement.

2) Higher voltage (around 48V) than that used in welds without quartz

shielding was necessary to generate sufficient heat to melt the base

metal due to the thermal shielding behavior of the quartz shroud. Further

over potential led to severe arcing.
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3) The conductivity and basicity (oxygen potential) of slag were very

important in the quartz shielded grain refinement.

4) Uniform Charpy impact toughness throughout the weld was produced.
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Table 1. Compositions of base metals, electrodes and guide plate materials

Material C Mn Si Cr Ni Mo Cu S P V

A36 0.17 0.92 0.20 0.02 0.10 -- 0.20 0.02 0.01 0.06

A588 0.18 1.20 0.37 0.56 0.16 -- 0.32 0.02 0.01 0.08

Hobart-25p 0.11 1.12 0.50 -- -- -- 0.32 0.02 0.02

Linde-WS 0.09 0.50 0.30 0.55 0.50 -- 0.30 0.03 0.02

\0
Hobart PS-588* 0.07 1.10 0.50 0.50 0.80 1.00 0.45 0.01 0.01w

Airco-AX90 0.08 1.40 0.46 0.06 2.10 0.40 -- 0.02 0.02 0.01

Stoody-TW8544* 0.03 1.20 0.45 -- 2.30 0.45 -- 0.02 0.02 0.05

17-4 PH 0.07 1.00 1.00 16.5 3.50 -- 3.50 -- 0.04 0.03

304 0.08 2.00 1.00 18.2 9.50 -- -- 0.03 0.05

309 0.20 2.00 1.00 22.3 13.0 -- -- 0.03 0.05

1010 0.10 0.45 -- -- -- -- -- 0.05 0.04
(max) (max)

Balance : Fe

* Powder-cored tubular wire



( Table 2. Flux chemistries used in this study(wt.%)

*
1. Hobart PF201

2. 100%CaF2

(1) 50% CaF2 - 25% CaO - 25% A1203

(2) 33% CaF2 - 33% CaO - 33% A1203

(3) 80% CaF2 - 10% CaO - 10% A1203 .

4. Hobart PF201 + CaF2-CaO-A1203 flux

(1) !(Hobart PF201) + !(50% CaF2 - 25% CaO - 25% A1203)
(2) 2/3 (Hobart PF201) + 1/3(50% CaF2 - 25% CaO - 25% A1203)

- 94

(

* HobartPF201 running flux chemistry

Compound Amount (wt.%)

Si02
32.95

Mno 22.46

CaO 12.20

CaF2 8.62

A1203
8.32

Ti02 8.02

MgO 2.34

FeO 1.81

K20
0.88

Na20
0.57

P205 0.05

\.
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Table 3. Significant variables promoting each type of
characteristic structure in A36 and A588 ES welds

\0
\.11

I I IWELDING
I VOLTSI AMP GAP

FLUX
SPEED REMARK

(V) (A) (mm) (mm/s)
OXYGEN BASI CITY

(ppm) INDEX

TYPE I
35 - 600

25 -
>0.28

HIGH ACIDIC HIGH a
45 32 >600 <0.7

TYPE II
35 - 500 - 19 - 0.25 - 21)0 NEUTRAL COMMERCIAL

45 1100 32 0.75 0.7 PRACTICE

35 - 600 19 - 0.25 - LOW BASIC L0l4 0
TYPE II I 45 32 0.30 80 3.6 LOWIMPURITY

35 - NEUTRAL HIGH SPEED
TYPE IV 40 >1100 19 > 0.75 250 0.7

35 - 600 - 19 - NEUTRAL Ni - Mo
TYPE V >0.28 (600 STEEL FILLER

45 1100 32 0.7



, ~

Type V 0.14 1.32 0.36 0.03 1.12 0.20 0.10 0.02 0.02 0.01 0.01 260 55

Table 4. Chemical compositions of weld metals of each type (wt.%)

Type C Mn Si Cr Ni Mo Cu Al S P V v N
(ppm) (ppm)

Type I 0.08 1.03 0.52 -- 0.08 -- 0.13 -- 0.02 0.01 0.03 678 67

Type II & 0.15 1.12 0.34 0.02 0.08 -- 0.17 -- 0.03 0.01 0.03 246 58

IV

\.{)
0-

Type III 0.14 1.24 0.33 0.03 0.05 -- 0.09 0.01 0.01 0.01 -- 83 54
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A36 1000-11 00 A
76 mm Web

A588 38-40 V

Table 5. The optimum welding parameters of narrow gap(19mm) ESW

Material Thickness guide plate
Current

.
Voltage

\0
....

A36 900-1000 A

50 mm Wing
A588 35-38 V



Table 6. Technical data comparison between standard and

optimized narrow gap ESW

* Mean value of measurements at the edges and at the center
of the HAZ

98

Item
Standard Gap Narrow Gap
(600A, 42V) (lOOOA, 38V)

Heat Input 100 68

(KJ/mm)

Efficiency
0.4 0.7

(VW/4a)

(
Welding speed 0.25 0.58

(mm/sec)

BM Dilution(%) 45 47

.
BM Penetration(mm) 60 45

*
HAZ(mm) 14 12

(Data taken from 50mm thick plate)



(

PF 201 33.1 22.9 12.5 8.5 1.8 2.7 18.5

( Slag 38.5 29.2 11.2 7.2 6.0 2.8 5.1

\
\

99

Table 7. Flux and slag chemistries before and

after quartz dissolution

(com£osition : wt.%)

Material

Analyzed Si02 MnO CaO Al203 FeO MgO RemIt



Table 8. Weld metal, and base metal CVNtoughness summary

CVNData (Average of 3 tests)

Thickness
Weld

Condition
*

(gap,wire)
Alloy (mm)

**
WMtT (-18°C)

Base metal

(+4oC)

Joule Ft lb Joule Ft lb

A588 50 SG, WS
NG, WS

5
15

4
11 50 37

76 SG, WS
NG, WS

4
5

3
4 73 54

* SG: Standard gap (32mm)
NG : Narrow gap (19mm)

25P : A36 matching filler
WS : A588 matching filler

** Average of 6 tests

A36 50 SG, 25P 22 16
NG, 25P 27 20 83 61

.....
0
0

76 SG, 25P 13 10
NG, 25P 21 16 52 37



Table 9. Transition temperatures at 20 Joules (15ft-Ib)

of CVN toughness

Alloy Thickness

(mm)

Weld Condition
*

(gap, wire)

20 Joules

Notch Location

tT

A588 50 SG, WS
NG, WS

3
9

76 SG, WS
NG, WS

26
20

A36 50 Quartz + Alloy -65

* SG: Standard gap(32mm)
NG : Narrow gap(19mm)

25P : A36 matching filler
WS : A588 matching filler

A36 50 SG, 25P -19
NG, 25P -32

.....
76 SG, 25P - 90

.....

NG, 25P -22



(" ,,-... "

Table 10. Data comparison between steel and quartz

ITEM Quartz(Si02)Steel

...,.
OQ.
.......

t'"'
I»
'<
0

rt

0
I-h

n
0
=' .....rn

§
0
N

I»
C"
......
m

... :: i OQ..-...I ...,.
= j:

.... Q..
.. :, : . m. . . '=' ::!

. i :; .. tz:jJ (/)
:E::
'd
'1
0
n
m
rn
rn
.......
:;t:I
m
I-h
..

\J1
(X)

Required heat to melt (KJ/g) 1.3 2.14

Melting point (oC) 1510 1713

3
7.3 1.5Density (g/cm )



Fig. 1.

Fig. 2.

MOLTEN SLAG

MOLTEN WELD
METAL

WATERCOOLED
SHOE

Layout of consumable guide ESW process[Ref : 58]

Principle of consumable guide ESW process[Ref : 62]
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A-Base Metal

B-HAZ 2

C-HAZ 1

D-Coarse Columnar Zone

E- Thin Columnar Zone

Fig. 3. Standard ES weld macrostructure indicating various
structural zones [Ref : 4 and 5]
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Fig. 4. Types of solidification structural growth mode

EOUIAXED
DENDRITIC
GROWTH

o
<.>

PLANAR
GROWTH

SOLIDI FICATION PARAMETER. G I./R

Fig. 5. Factors controlling the solidification
structural growth mode
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Fig. 6. Effect of welding parameters
on the region of constitutional
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Fig. 7. Growth rate as a function of
welding speed



C02/K

E
-----

ColiK - - - - - - -- - - - - - - - -./
~ --------------.. ,~---/o --'
~ KC02 _ _ _ Co. - - - - - - - _

(1
o KCo. - - - ,- -- - - -
U ~ ' I

80 ~ I - - - - - - --t' ILID~ LIQUID I - - - - - - 71' i I
., -r-X 'I:I I / I'

I " I ,I

~

' :: : : :

I I ,.. I ,
1 I GL I I
, 1/ GL l : 1

'.'01 --_' ' I~:r--
T.co2r 't-

I I

.,...~--------
I I

- -:- ~ - - - - - - -
I

OJ"':>..c
..r ,..0IlKS
OJ
..

'..02/:

~ :
I X:LIQUIO_

80LID ~~

o

COIolPQSITIO"

Fig. 8. Effect of alloy addition

on the region of constitutional

supercooling

107



TEMP f

_ Distancefromsurface

Fig. 9. Effect of fluid flow on dendrite curving
[Ref : 29]
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)
:,i, i,
\ \ \

) I :
/ / "--- ".

NO LIQUID CONVECTION

Fig.lO. Solute segregation as an influence of liquid flow
[Ref : 27]
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Fig. 1L Holten base metal sliding into the molten metal pool
during ESW [Ref : 35]
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Fig. 12. Effect of welding parameters on weld pool characteristics
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A36, 5C ~ thick

Fig. 13. Microstructures of as-received alloys
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Fig. 15. CVN specimen location configuration
for ES welds
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(A)

-- - - - - - - - -- -. -------.----.--.--

(8)

\

Fig. 16. The reorientationof primary dendrite arms
as a function of the frequency of solute
bands in ES welds :

(A) few solute bands
(B) multiple solute bands

* Arrows indicate typical solute bands

114

"



--- - ------- -----

(A)

.-'

(B)

Fig. 17. Illustrations of dendrite bending and renucleation
at solute bands :

(A) 17-4 PH stainless steel ES weld deposited on
A36 base metal

(B) 304 stainless steel GTA weld deposited on A36
base metal

* Arrow a indicates partial dendrite arm remelting and change

of dendrite morphology

b,f,g and i indicate new dendrite nucleation

c indicates direct dendrite growth
d,e and h indicate dendrite arm bending
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Fig. 18. Development of tertiary dendrite arms when the

direction of maximum temperature gradient is

different from primary dendrite gross direction

in ES weld of 309 stainless steel deposited on
A36 base metal
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"'-J

~

Fig. 19. Dendrite curving in 304 stainless steel GTA weld deposited
on A36 base metal
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(A)

(8)

Fig. 20. Development of tertiary dendrite arms when the
direction of maximum temperature gradient is
different from primary dendrite growth direction
in ES weld of 309 stainless steel deposited on
A36 base metal (A) schematic representation and
(B) solidification structure
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(A) (B) (C)

I-'
I-'
~

AtLOY CONTENT
CONSTITUTIONALSUPER COOLING

Fig. 21. Dendrite arm development at weld center line as a function of alloy
content in ES welds (A) HP 25 electrode (forming a fully columnar

structure) (B) PS588 electrode (partially equiaxed) (C) AX90
electrode (fully equiaxed)



TYPE J

(a)

(b)

(c)

(d)

Fig. 22.

TYPE D TYPEm TYPEm TYPEV

Classification of ES weld metal structures

(a)
(b)
(c)
(d)

schematic sketch of macro structures

macrostructures

dendrite structures

solid-state microstructures
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Fig. 23. Inclusion distribution as a function of oxygen potential and oxygen content
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I 1- HEAT AFFECTED ZONE
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THIN COLUMNAR

-..-

SOLIDIFICATION -
STRUCTURES

'-
J - MACROSTRUCTURES

Fig. 24. Relationship between weld metal solidification
structure and subsequent solid state structure
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Thin columnar grain zone Coarse columnar grain zone

......
N
LA,)

Fig. 25. Typical thin columnar grain and coarse columnar
grain microstructures



Fig. 26. Macrostructure as affected by
weld metal oxygen content

Fig. 27. Ferrite content at weld center as a

function of weld metal oxygen content
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Fig. 28. Relationship between slag conductivity and
base metal dilution
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Fig. 29. SEM micrograph showing dendrite structures
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Fig. 30. Effect of heat input on base metal penetration
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Fig. 31. Influence of voltage on base metal dilution
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Fig. 32. Influence of current on base metal dilution
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Fig. 33. Relationship between welding current and
electrode velocity and welding voltage
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Fig. 34. Form factor as a function of voltage

Fig. 35. Form factor as a function of current
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ST ANDARD GAP NARROW GAP

..FORM FACTOR (Wid)

Fig. 36. Heat, current density and impurity distributions
comparison between standard weld and narrow
gap welds
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Fig. 37. Hot crack resistance between standard and
narrow gap welds
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Fig. 38. Influence of voltage on the coarse columnar grain zone
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Fig. 40. Three characteristic cases of grain structure
in narrow gap ES welds
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Fig. 43. Typical microstructures at weld center and
HAZ 1 of optimized weld between A36 and A588

13S



51 ANDARD GAP NARROW GAP

Fig. 44. Schematic sketch of base metal penetration, dilution
and HAZ size between standard weld and narrow gap weld
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Fig. 45. Quartz penetration into the slag
pool in quartz grain refined welding
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Grain refinement and currentand voltage
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138



z
o
~
:)
..J
C
..J
<
~
w

.~
w
en
<
m

50

~SW
A36
50mm THICK
25mm GAP
600A
48V

40

30

20

10
QUARTZ SHROUDED WELD

o

o 0.03 0.06 0.09 0.12 0.15

AMOUNT OF QUARTZeSi02) ADDITION (g/cm3)
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Fig. 48. Influence of electrode misalignment and asymmetrical
heat generation during quartz welding
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Fig. 51. Influence of amount of quartz addition on the
weld metal oxygen and silicon content during

quartz welding
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Fig. 52. Base metal dilution as a function of slag conductivity
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Fig. 53. Fragmented dendrites due to intense molten
pool stirring during quartz grain refined ESW
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Fig. 54. CVN toughness of each type of weld structures
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Fig. 55. CVN toughness of each case of weld structures
in narrow gap ES welds

C : WELD CENTER
ESW
A36

() M : THIN COLUMNARGRAIN 50mmTHICK -
a) E : COARSECOLUMNARGRAIN 19mm GAP 3:
..... 60 80 1::J

I »
0

< -t
50 m- Z.c- 60 mI :rJ-

:; 40 G>
> -<

..... C) -
a:

c...

VI 0
W 30 40 c
Z CD
W .....,

20
»

() -t
< 20 Ia. -a.

10 Q)

0
I I

0
E 0

CASE I CASE n CASEm



Fig. 56. CVN toughness for quartz grain refined plus the influence
of alloy additions
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Fig. 57. CVN transitioncurves for A36 and A588 base material
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Fig. 58. CVNtransition curves for A36 50mm thick ESwelds
SG : Standardgap (32 mm) 25P : A36 matching filler
NG : Narrow gap (19 mm)
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Fig. 59. CVNtransition curves for A36 76mm thick ES welds
SG : Standard gap (32 mm) 25P : A36 matching filler
NG : Narrow gap (19 mm)
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SG : Standard gap (32 mm) WS : A588 matching filler
NG : Narrow gap (19 mm)
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Fig. 61. CVN transitioncurves for A588 76mm thick ESwelds
SG : Standard gap (32 mm) WS : A588 matching filler
NG : Narrow gap (19 mm)
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SG : Standard gap (32 mm) NG: Narrow gap (19 mm)
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Fig. 63. Schematic representation of dendrite reorientation,
renucleation and change of morphology at solute band

(1) dendrite arm growth through solute band

(2) direct dendrite arm bending

(3) partial dendrite arm remelting

(4) complete dendrite arm remelting
(5) new dendrite nucleation

(6) change of dendrite morphology
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of lattice bending to give grain boundaries, (d) for fgb) 2 !S-L,
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Fig. 64, Effect of fluid flow on the growth direction
of dendrite [Refs. Top:28, Bottom: 50 ]
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(A) primary solidification morphology

(B) austenite grain structure, and

(C) room temperature microstructure
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Fig. 66. Effect of welding conditions on the solidification
structure formation
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Fig. 68. Effect of weld metal oxygen content on the amount of acicular ferrite

.... 40
-
WI-

a:
w
I&-
a:
c 30...I
=»
0
<3
c

VI l&-
e):) 0

I-
Z
=»
0 20

c



Fig. 69. Effect of alloy and oxygen contents on the volume

percent of coarse columnar, thin columnar and

equiaxed zones in weld metal
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CALCULATED CONDUCTIVITY OF SLAG
AT 1700 C <QCM)-1-

?ig. 70. Electrode feed rate as a function of slag conductivity
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Fig. 71. Proposed fluid flow motion between standard weld
and quartz shrouded weld
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