CHAPTER 3
THE NON-UNIFORM

DISTRIBUTION

OF INCLUSIONS IN

LOW-ALLOY STEEL WELD DEPOSITS

3.1 INTRODUCTION
In order to satisfy the ever increasing demand for improvements in the toughness of
weld deposits in engineering structures, there is strong incentive to improve welding
consumables and to design new welding methods (Abson and Pargeter, 1982). To
do this systematically

requires a method for modelling the microstructure

and

properties of welds as a function of its chemical composition, thermal history and
many other variables.
The microstructure

of a steel weld is complex; solidification involves the epi-

taxial growth of 8-ferrite from the parent plate grains at the fusion boundary, and
because of the high temperature
a cellular manner.
nar morphology.
grain structure

gradients involved in arc welding it proceeds in

The resulting solid 8-ferrite grains have an anisotropic columOn further cooling, austenite forms in such a way that its final

resembles closely the original 8-ferrite morphology.

the carbon level or the substitutional

However, if

alloy content or cooling rate is sufficiently

high, then austenite is the first solid to form and columnar austenite grains grow
directly from the melt. This is because of the small differences in the free energies
of the two phases (Edvardsson

et al., 1976).

Whatever

the mechanism of pri-

mary solidification, the austenite grains eventually undergo further transformation
into a complex microstructure
of layers of allotriomorphic
vVidmanstatten

et al. (1985)) consisting

ferrite which decorate the austenite grain boundaries,

ferrite plates, intragranularly

small amounts of martensite
crostructure,

(described by Bhadeshia

nucleated acicular ferrite plates and

or degenerate pearlite.

This is the "as-welded" mi-

and it can have a profound influence on mechanical properties.

example, the layers of allotriomorphic

ferrite are understood

For

to be detrimental to

toughness (Widgery, 1973; Ito et al., 1982; Tweed, 1982), whereas the morphology of acicular ferrite ensures that any crack has to follow a tortuous path during
propagation thus imparting better tougness to the weld (Widgery, 1976; Ito et al.,
1979, 1982).
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A model now exists which is capable of estimating

quantitatively

the fusion

zone of low-alloy steel welds, as a function of their chemical composition and welding conditions (Bhadeshia et al., 1985). The model does not however reveal any
information about non-metallic inclusions which are inevitably present in welds.
Inclusions in welds originate from oxides formed during weld deposition, or from
the unintentional trapping of slag forming materials which are used to protect the
molten metal during welding.

Inclusions are known to initiate fracture in weld

metals (Tweed and Knott, 1983; Schmidt- Van Der Burg et al., 1985; McRobie,
1985; Knott, 1985) so their content should be kept to a minimum.

On the other

hand, it is also believed that they are responsible for the intragranular

nucleation

of acicular ferrite (Ito and Nakanishi, 1976; Abson et al., 1979; Liu et al., 1982),
a highly desirable phase from the point of view of toughness. In order to reach a
compromise inclusion content with the right size distribution,
a method is developed for quantitatively

it is essential that

predicting the important

characteristics

of inclusions in welds. For reasons which will become clear later, this work attempts specifically to establish whether inclusions in low-alloy steel weld deposits
are distributed uniformly throughout the weld.
It has generally been assumed that the inclusions in are randomly distributed.
However, a variety of evidence suggests that this may not be be the case. Uhlmann
et al. (1964), Cisse and Bolling (1971), Bolling and Cisse (1971), and others (Chernov et al., 1976; Potschke, 1986), have shown (using organic and other solid-liquidparticle systems) that a moving interface can push some particles ahead of it while
others are trapped passively by the advancing interface (Figure 3.1). For cellular
solidification, the pushed particles can then locate themselves into crevices in the
interface (e.g., cell boundaries) where they are subsequently enclosed by the solid,
leading to a non-uniform distribution of inclusions, with larger particles decorating
the cell boundaries.
Since the distribution of inclusions in the weld microstructure

is determined

during solidification when the inclusions are mobile in the melt, it seems possible that similar behaviour should occur during weld-metal solidification, which
might provoke a non-uniform distribution of inclusions, perhaps to the columnar
grain boundary sites where they would do most damage.

For a steel solidifying

as 8-ferrite, the preferential location of the inclusions at the columnar boundaries
would be advantageous since the subsequent austenite transformation

would cause

the inclusions to finish up in or near the centre of the columnar austenite grain
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Figure 3.1: Pile up of zinc particles in thymol at the solid-liquid interface (taken at
x360). (After Uhlmann, D. R., Chalmers, B., and Jackson, K. A. (1964), J. Appl.
Phys., 35, 2986-2993).

boundaries (Figure 3.2a). This is because the austenite grain boundaries would not
coincide with the 8 grain boundaries.

Any inclusions at 8 boundaries would not

then be at the austenite boundaries (Akselsen et al., 1986). Also, the nucleation
rate of acicular ferrite might be enhanced by the increased number of inclusions
present in regions away from the austenite grain boundaries.
On the other hand, if solidification occurs with austenite as the primary phase,
then there would be a non-uniform distribution of relatively large inclusions at the
austenite grain boundaries (Figure 3.2b). In such circumstances, not only may the
amount of acicular ferrite obtained in the final microstructure be reduced, but there
would also be a concentration of inclusions in the weakest phase, allotriomorphic
ferrite, which forms at the austenite grain boundaries.

If inclusions enhance the

grain boundary nucleation rate of allotriomorphic ferrite, then the situation would
worsen since the volume fraction of undesirable allotriomorphic ferrite in the final
microstructure would increase.
The aim of this particular work was to establish whether any preferential distribution of inclusions occurs during weld metal solidification, as a function of the
solidification mode.

3.2 EXPERIMENTAL

METHOD

In order to test for inclusion redistribution during solidification, four low-alloy steel
manual-metal-arc

welds were fabricated.

For one of the welds (Weld 3.1) a low carbon electrode was welded onto an
llmm

thick, Fe-O.68C-1.02Mn-O.24Si-O.03P-O.03S wt% high carbon base plate

using the bead-on-plate

technique. According to the Fe-C equilibrium phase di-

agram, the high carbon concentration in the base plate will ensure that it is in
the austenitic state before melting. In fact, solidification during welding is nonequilibrious, but this can only stimulate further the tendency to form austenite
rather than 8-ferrite.

Furthermore,

since grain growth at the fusion boundary

is epita..'Xial,this would ensure austenitic solidification of the entire weld pool even
though the deposit itself has a relatively low-carbon concentration. This is because
there is far less nucleation occurring within the weld pool itself.
In order to study a weld which solidifies initially as 8-ferrite, a second weld
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Figures 3.2a and b: Schematic diagram showing the location of inclusions in the
microstructure

of a weld for solidification as (a) 8-ferrite, and (b) austenite, as-

suming that the inclusions locate themselves preferentially at the cell boundaries
during solidification. In Figure 3.2a the prior 8-ferrite boundaries and austenite
boundaries diverge, since in arc welding the heat source is not stationary (Dadian,
1986).

(\Veld 3.2) was deposited using an experimental medium carbon electrode.

The

electrode was clad onto a Fe-0.12C-0.55Mn wt.% base plate. Six runs, in a layer
sequence 3-2-1 were used, so that dilution of the top bead, which was the bead
examined, would be minimal. This procedure gave a medium carbon weld which
solidified as 8-ferrite.
For the third weld, weld 3.3, a normal low-carbon bead-on-plate weld was fabricated by welding a low-carbon electrode on a 20mm thick 0.14C-0.48Mn-0.32Si0.028P-0.007S wt% base plate.

Three buttering

runs were carried out.

Then,

during welding of the fourth (top) bead, aluminium was added to the weld by
feeding an aluminium wire into the weldpool, directly behind the arc. The effect
of adding aluminium is to introduce a ,-loop (Figure 3.3), and thus to suppress
the ferrite~austenite

transformation.

This would thus permit examination of the

primary solidification microstructure at room temperature.

Chemical analysis of

the top bead of weld 3.3 proved extremely difficult because of the large amount
of porosity which formed in the weld as a consequence of the aluminium, and, in
fact, beacuse some of the base plate may have been sampled in the analyses of the
carbon and sulphur contents, the values obtained will be close, but not necessarily
completely accurate. The amount of aluminium in the weld was estimated from a
knowledge of the weight of aluminium wire consumed during welding of the final
run to be ~ 5wt%.
In all three cases, direct current (electrode positive) was employed, using a high
current-low voltage (180A/23V) electric arc. The welding speed was approximately
4mm/s.
Finally, a 0.05C wt% MMA multipass arc weld was taken (Weld 3.4). This
weld had been produced for use in experiments for the modelling of weld metal
strength (vVeld 5.2), and details of its fabrication are given in Section 5.2. The
important point is that its manufacture was in no way unusual, and thus it could
serve as a control specimen. vVeld 3.4 was heat-treated
Weld metal analyses are given in Table 3.1.
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at 600°C for 10 hours.
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Figure 3.3: Schematic diagram illustrating the effect of adding 5wt% Al to the
iron-carbon equilibrium phase diagram, when a closed ,-field is introduced.

"Veld
3.1
3.2
3.3
3.4

Solidification
Mode
Austenitic
Ferritic
Ferritic
Ferritic

Composition/wt%
Mn
Si
P
0.76
0.20
0.16
1.40
0.69
0.012
N.A.*
N.A.*
N.A.*
0.42
1.56
0.015

C
0.29
0.19
0.12
0.10

S
0.15
0.07
0.008
0.007

* Not ascertained
Table 3.1: Weld metal analyses

The welds were sectioned, ground, and polished in oil prior to etching in order
to avoid specimen pitting.

A variety of different etchants were used in this work.

Klemm I tint etch was found to produce the best results when made as follows:
660g Na2S203.5H20

was dissolved in 600ml of distilled H20 at 40°C. Then, when

etching, 19 K2S205

(potassium

metabisulphite)

was added to 50cc of this base

solution. Finally, the etchant was filtered before use. The scanning electron micrograph (Figure 3.10) was taken using a Cambridge Stereoscan S4 scanning electron
mIcroscope.

3.3 RESULTS

1+

3.3.1 "Veld 3.1: L~

L~ I ~

Q

+ Fe3C

Figure 3.4 shows weld 3.1 in cross-section, and illustrates the welding technique
used. Figure 3.5 shows the microstructure

of the weld from the base plate through

to the top of the bead. The structural transition from columnar to cellular-dendritic
growth may be seen.
In weld 3.1 the first phase to solidify was to be austenite.

This was indicated

by the large amount pearlite within the grains and the epita.."'Cial
growth at the
fusion boundary,
point is austenite

from a high carbon base plate whose structure
(Figure 3.6).

The microstruct';lre

at its melting

of the weld metal showed

irregular grains of acicular ferrite, (Qa), and pearlite, (dark etch), bounded by thin
layers of allotriomorphic
amount of Widmanstatten

ferrite, (Q). Close to the fusion boundary, a substantial
ferrite, (Qw), was also evident. The heat-affected base

metal (Figure 3.7) was predominantly pearlitic, although large amounts of retained
austenite, hret), and high carbon martensite (Q~c) were also present.
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Figure 3.4: Cross-section macrograph of weld 3.1, illustrating the welding technique
used. (Swab-etched in saturated aqueous NH4S203).

Figure 3.5: Weld metal solidified as primary austenite
(nominally 0.29C-0.76Mn-0.2Si).

(Nitamyl (2!% v/v

nitric acid in amyl alcohol), lOs, followed by Klemm I
tint etch).

Figure 3.6: Weld 3.1: Microstructure at the fusion boundary for a weld solidifying as primary austenite.

Note the curvature of the columnar grains due to the

transient nature of the heat flow in the solidifying weld. (2% nital).

Figure 3.7: vVeld 3.1: Micrograph of base plate near fusion boundary, showing
high carbon martensite (ake) and a large amount of retained austenite CTret).
(Tint-etched with Klemm I).

It is known that during solidification the weld metal comprises a series of columnar grains growing inwards from the fusion boundary, each grain consisting of a
bundle of fine regular hexagonal cells all having approximately the same crystallographic orientation in space (Gretoft et al., 1986). This behaviour leads to regions
of microphases aligned along the cell boundaries, indicating a local difference in
chemical composition within the columnar grains, and Figure 3.8 shows this segregation pattern.

The cells within the grains only change orientation at the columnar

boundaries confirming that the weld solidified as austenite.
On etching the weld with picral, large inclusions were observed at the columnar
grain boundaries, (Figure 3.9).
Figure 3.10 is a scanning electron micrograph of the same weld etched in
bromine in methanol, which attacks the metal, but not inclusions (Hammar and
Svensson, 1977). It can be seen that there is a predominance of inclusions at the
prior austenite grain boundaries.

Note that this technique is used simply to con-

firm the presence of inclusions at the boundaries, and is not generally applicable
since some inclusions may be washed away.

3.3.2 Weld 3.2: L--+ 8

The microstructure

+L

--+ 8

+, + L

--+ , --+ Q

+ Fe3C

of weld 3.2 (Figure 3.11) was typical of that of a low-carbon

manganese steel weldment, and showed a columnar structure with layers of allot riomorphic ferrite at the prior austenite grain boundaries and fine plates of acicular
ferrite within the grains. Clusters of Widmanstatten

ferrite plates can be seen at

the prior austenite grain boundaries.
Weld 2 solidified as 8-ferrite and subsequently transformed to columnar austenite grains.

The nature of the original 8-ferrite solidification structure

obvious, because the transformation

was not

to austenite during cooling destroys any mi-

crostructural evidence of the position of the 8-8 grain boundaries. It could however
be revealed by solute sensitive etching using Klemm I (Figure 3.12), which maps
the distribution of impurities in the microstructure; since these impurities segregate
during solidification to regions between the 8 grains, the etch indirectly delineates
the positions of the prior 8 boundaries. Inclusions were seen aligned along the prior
8-boundaries.
It should be emphasized, however, that the inclusions were not aligned with
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Figure 3.8: Weld 3.1: Epitaxial growth at the fusion boundary.

The austenite

solidification structure may be seen within the columnar grains. (2% nital).

Figure 3.9: Weld 3.1: Large inclusions are located predominantly
boundaries of the solidifying phase (austenite).

at the gram

Figure 3.10: Weld 3.1: Secondary electron image of deep-etched weld metal, showing inclusions (arrowed) at the columnar grain boundaries.
v Iv bromine in methanol).

(Deep-etched in 10%

Figure 3.11: Weld 3.2: Weld metal microstructure.
ammonium persulphate).

(Etchant:

saturated aqueous

Figure 3.12: Weld 3.2: Inclusions delineate the prior 8 grain boundaries. (Nitamyl,
followed by Klemm I tint etch).

the prior austenite grain boundaries.
the 816 and,

I, boundaries

Recent work (Dadian, 1986) indicates that

are neither coincident nor parallel under the influence

of a moving heat source, as found in arc welding, but cross over each other, and
this would account for the lack of alignment.
3.3.3 vVeld 3.3: L-+ a

+ L -+ a

In weld 3.3, the addition of a small percentage of aluminium was sufficient to
permit the weld to retain its ferritic solidification structure to room temperature
to give a columnar microstructure

of primary ferrite grains (Figure 3.13). Reac-

tion of the aluminium with nitrogen from the atmosphere during welding to form
aluminium nitrides gave the weld an extremely high hardness of over 700HV. The
presence of aluminium also made the weld difficult to etch. However, on etching in
acidified alcoholic copper

(11)

chloride, the solidification morphology of the 8 grains

was revealed, with the inclusions at the solidification boundaries (Figure 3.14).
3.3.4 Weld 3.4: L-+ 8 + L -+ 8 +,

+ L -+ ,

-+ a

+ Fe3C

As with weld 3.2, this weld solidified as ferrite, but the subsequent transformations to austenite, and then ferrite meant that any non-uniform inclusion distribution would be obscured by the microstructure

that evolved. The microstructure of

weld 3.4 is shown in Figure 3.15a, and shows the characteristic features of of any
low-alloy C-Mn weld metal microstructure.

A fine layer of allotriomorphic ferrite

)

ornaments the grain boundaries. THe carbon content (0.10C wt%) is slightly higher
than is typical, and this led to a high volume fraction of acicular ferrite in the weld,
at the expense of vVidmanstatten ferrite, as expected (Evans, 1983). Tempering at
6000 C had allowed the internal weld microstructure

to recrystallize, although the

original columnar grain boundaries were still present. This microstructure is shown
in Figure 3.15b. Inclusions could be seen at and within the columnar grain boundaries, and aligned along their length. Experimental

evidence has shown that the

inclusion distribution of a weld is unaffected by subsequent heat treatment (Tweed
and Knott, 1983). Thus, the inclusions observed were in the positions they were
in when the weld had solidified as b-ferrite. The work of Dadian (1986) has shown
that for this to happen the inclusions would not necessarily have to be parallel to
the prior austenite grain boundaries.
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Figure 3.13: Microstructure of aluminium-containing weld. Small nuclei of austenite may be seen at the o-ferrite grain boundaries.
ESAB AB).

(Picture:

courtesy B. Gretoft,

Figure 3.14: Weld 3.3: Micrograph of an aluminium-containing low-alloy steel weld.
A uniform distribution of fine aluminium nitride particles comprises a key feature
of the microstructure.

Diagonally superimposed on this, inclusions can be seen

aligned along the primary solidification boundaries.

CuCh).

(Etchant:

acidified alcoholic

a)

b)

Figure 3.15: (a) As-deposited and (b) post-weld heat-treated,
ure 3.15b, the inclusion distribution

600°C/10h. In Fig-

within the weld microstructure

is revealed.

The inclusions exhibit strong alignment (arrowed). (Etchant: 2% nital).

3.4 DISCUSSION
The size of the inclusions which locate themselves preferentially at the boundaries
of the primary phase to solidify identifies them as primary indigenous inclusions,
that is the deoxidation products of non-external

origin which are present in the

liquid during the freezing of the weld. They typically have dimensions ranging
from 1 to 3pm for arc welding of the type considered here (Craig et al., 1979).
The nucleation, growth, and flotation of deoxidation products in liquid steel
has been modelled by Turkdogan (Turkdogan,

1966), when the rate of nucleation

in a weld is estimated by equating the number of nuclei to the number of inclusions
found empirically. Knowing this, and the rate of growth of the inclusions, which is
assumed to be limited by the diffusion of reactants to the surface of the inclusions,
the rate of oxygen removal from the melt can be calculated. We find that for a weld
metal, with a typical inclusion density of 107mm-3,

the inclusions should grow to

almost their ultimate size in less than one second, implying that flotation is the
critical process in determining the final inclusion and oxygen content of a weld.
Stokes' law states that the velocity of an ascending spherical inclusion,

(3.1)

where r is the radius of the sphere,
ps is the density of the steel,
Pi is the density of the inclusion,
and

1]

is the coefficient of viscosity for the steel.

However, according to Stokes' law, if the weld pool is molten for, say, 5 seconds, the greatest distance travelled by, for example, a 1pm inclusion will be only
be 1.7pm. Thus, Stokes' law cannot be a critical factor in the removal of small
inclusions of the type considered here, although the suggestion that it does not
control the deoxidation of welds is less certain for larger particles.

As far as the

present work is concerned, Stokes' law implies that the upwards flow of small inclu38

sions during solidification can be neglected. These conclusions concur with those
of Grong et al. (1986), who studied the silicon-manganese deoxidation of mild and
low-alloy steel weld metals.
temperatures

Weld pool conditions are extremely turbulent with

beneath the arc exceeding perhaps 3000°C. This is especially true of

arc welding, when electromagnetic stirring of the weld pool generated by Lorentz
forces creates conditions of considerable turbulence within the pool (Woods and
Milner, 1971). However, this turbulence ceases as the heat source recedes, and the
temperature in the melt is reduced (Easterling, 1984). Grong et al. modelled deoxidation as a two stage process. Above about 1900°C continuous phase separation
takes place as a consequence of turbulent flow conditions. In the cooler part of the
weld pool, however, precipitated slag remains in the metal as finely dispersed particles. The solidification front during manual-metal-arc welding moves typically at
a speed of 2mm.s-1 (Easterling, 1983). whereas the small inclusions float at just
O.5Ilm.s-1 so that the solidification front grows into a melt containing virtually
stationary small particles.
The observed preferential location of inclusions at the boundaries between
grains of the primary phase can be understood as follows. Inclusions in welds,
being usually based on mixed (MnAI) silicates and oxides are assumed to exhibit
a fully incoherent (high energy) interface with the liquid.

Interfacial tension is

highly sensitive to solute concentration, and the adsorption of surface active elements, such as oxygen or sulphur, reduces the interfacial tension in slag-metal
systems. Thus, a gradient of concentration of surface active elements along an interface can result in a gradient of interfacial tension, and a concomitant interfacial
flow. Such interfacial convection is usually called the "Marangoni effect" (Tinkler
et al., 1984). This phenomenon, or some other force, perhaps surface tension, could
explain the observed non-uniform distribution.

Surface tension would tend to pull

inclusions into the line of intersection between three grains. The solute-rich cell
boundaries solidify at a lower temperature than the leading interface, and shrinkage during solidification, as well as the general motion of the interface, would tend
to draw the inclusions in. The final structure would therefore contain more, and
relatively larger particles, at the grain boundaries of the primary phase.
It should be noted that there are other possible mechanisms by which inclusions
may end up preferentially at cusps in the solid-liquid interface, particulary if the
interface can "push" inclusions in its direction of motion. Such an effect has been
observed previously; Cisse and Bolling (1971), and Uhlmann et al. (1964) explained
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the observed pushing of particles by a solid-liquid interface in terms of a short
range repulsive force between the particle and solid. However, work carried out
by Weinberg (1984), in which the interaction of iron particles with a dendritic
interface in a microgravity

environment was studied, indicates that particles in

a metal melt are not repelled by an advancing solid-liquid interface.

Similarly,

Schvezov and Weinberg (1985) carried out a series of modelling experiments, but
found no evidence of particle interface repulsion. They considered that the LifshitzVan der Waals force might cause repulsion of a metal particle in a liquid metal,
but, in fact, found it to be positive.
In another experiment, using nylon spheres for particles, and a lucite cellular
surface as an interface, Schvezov and Weinberg found that the spheres pushed by
the interface tended to locate themselves preferentially at to the cell boundaries as
the interface advanced, rather than be trapped in the matrix.

Whether particles

can be pushed by the solid-liquid interface seems to depend on the particular system
under consideration and it is not possible to be definitive about such an effect at
this stage.
Whatever the mechanism leading to the non-uniform distribution of inclusions,
it is evident that if austenite is the first phase to solidify, then numerous relatively
large inclusions will be found at the austenite grain boundaries.
a very detrimental

This should have

effect on toughness when allotriomorphic ferrite then forms at

the austenite grain boundaries.

It is emphasized that solidification mode will be

austenitic either when the chemical composition at the fusion boundary is thermodynamically

suitable to induce the epitaxial growth of austenite, or when the

cooling rate and undercooling is high enough to kinetically favour austenite growth
relative to that of 8-ferrite. The latter circumstance may arise with electron beam
or laser beam welding and should be investigated in future work.

3.5 SUMMARY
Non-metallic inclusions in low-alloy steel welds have an important
microstructure

effect on the

and properties of weld deposits. Work has been carried out in an

attempt to understand the factors controlling the spatial distribution of such inclusions, with particular emphasis on the uniformity of the distribution,

and the effect

of solidification mode during MMA welding. The solidification mode has been controlled by using unusual combinations of base plates and experimental electrodes.
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For the welding conditions used, the deposition of a low-carbon electrode on a
high-carbon

substrate

caused the weld pool to solidify as austenite, whereas so-

lidification proceeded with 8-ferrite as the primary phase when a medium carbon
electrode was deposited on a low-carbon substrate.

This follows from the fact

that weld pool solidification occurs by the epitaxial growth of grains at the fusion
boundary, and it is the crystallographic

structure of these which has determined

the solidification mode. The addition of aluminium to the weldpool was found to
suppress the 8 -+ I phase transformation,

and allowed cooling of the weld without

a subsequent phase transformation.
It has been found in four separate experiments found that inclusions in lowalloy steel welds deposited by a MMA technique are not uniformly distributed;
they tend to locate themselves preferentially to the boundaries of the first phase
to solidify. For an austenitic solidification mode, the inclusions are mostly located
at the austenite

grain boundaries and hence are present in the allotriomorphic

ferrite which forms from the austenite at the grain boundaries.
as 8-ferrite, the subsequent transformation

For solidification

to austenite ensures that most of the

inclusions in the final weld are located away from the austenite grain boundaries,
in regions where they can contribute towards the intragranular nucleation of acicular ferrite. This behaviour dictates that welds which solidify as austenite (either
because of a high-carbon

substrate or because the welding process leads to a high

cooling rate during solidification) should have relatively poor toughness.
The reason for the observed non-uniform distribution of inclusions can be attributed tentatively to surface tension effects at the solidification front (Marangoni
effect) or to the pushing of inclusions by the solid-liquid interface.

41

REFERENCES
ABSON, D. J., DOLBY, R. E., and HART, P. H. M. (1979), "Trends in Steels
and Consumables for Welding", [Proc. Con!.], Welding Institute, Abington, U.K.,
75-10l.
AKSELSEN, O. M., GRONG, 0., and R0RVIK, G. (1986), Sveisteknikk,
87-96.

41, (6),

BOLLING, G. F. and CISSE, J. (1971), J. Cryst. Growth, 10,56-66.
BHADESHIA, H. K. D. H., SVENSSON, L-E., and GRETOFT, B. (1985), Acta
Metall., 33, 1271-1283.
CHERNOV, A. A., TEMKIN, D. E., and MEL'NIKOVA, A. M. (1976), Kristall.,
21, 652-660.
CISSE, J. and BOLLING, G. F. (1971), J. Cryst. Growth, 10,67-76.
CRAIG, 1., NORTH, T. H., and Bell, H. B. (1979), "Trends in Steel and ConsumabIes for Welding", [Proc. Con!.], Welding Institute, Abington, U.K., 249-263.
DADIAN, M. (1986), "Advances in Welding Science and Technology", Proc. Conj.,
ASM International, Metals Park, OH 44073, 101-117.
EASTERLING, K. E. (1983), "Introduction to the Physical Metallurgy of Welding", 1st Ed., Butterworths & Co. Ltd., London, U.K., 63.
EASTERLING, K. E. (1984), Mat. Sci. Eng., 64, 191-198.
EDVARDSSON, T., FREDRIKSSON, H., and SVENSSON, 1., (1976), Met. Sci.,
10, 298-306.
EVANS, G. M. (1983), Weld. J., 62, (11), Weld. Res. Supp., 313s-320s.
GRETOFT, B., BHADESHIA, H. K. D. H., and SVENSSON, L-E., (1986), Acta
Stereol., 5, 365-37l.
GRONG, 0., SIEWERT, T. A., MARTINS, G. P., and OLSON, D. L. (1986),
Metall. Trans. A, bf 17A, 1797-1807.
HAMMAR,

6. and

SVENSSON, U. (1977), "Solidification and Casting of Metals",
(Proc. Con!.], Metals Society, London, U.K., 401-410.
ITO, Y. and NAKANISHI, M. (1976), Sumitomo

Search, 15, 42-62.

ITO, Y., NAKANISHI, M., and KOMIZO, Y. (1979), Ibid., 21, 52-67.
ITO, Y., NAKANISHI, M., and KOMIZO, Y. (1982), Met. Constr., 14,472-478.
42

KNOTT, J. F. (1985), "Advances in Fracture Research", [Proc. Conf.], Pergamon
Press, Oxford, U.K., 83-103.
LIU, S., DALLAM, C. B., and Olson, D. L. (1982), "Welding Technology for Energy
Applications", [Proc. Conf.], Oak Ridge National Laboratory, Oak Ridge, Tenn.
37830, 445-465.
McROBIE, D. E. (1985), University of Cambridge, U.K., Ph.D. thesis.
MUNNIG SCHMIDT-VAN DER BURG, M. A., HOEKSTRA, S., and OUTEN,
G. D. (1985), Weld. J., 64, Res. Supp., 63s-70s.
PARGETER, R. J., and ABSON, D. J. (1982), "Fitness for Purpose Validation for
Welded Constructions", [Proc. Conf.], Welding Institute, Abington, U.K., paper 42,
1-12.

POTSCHKE, J. (1986), Tech. Mitt. Krupp, (English Ed.), (1), 21-24.
SCHVEZOV, C. E., and WEINBERG, F. (1985), Metall. Trans. B, 16B, 367-375.
TINKLER, M. J., GRANT, 1., MIZUMO, G., and GLUCK, C. (1984), "The Effects of Residual, Impurity, and Microalloying Elements on Weldability and Weld
Properties", [Proc. Coni.], vVeldingInstitute, Abington, U.K., paper 29, 1-13.
TURKDOGAN, E. T. (1966), J. Iron Steel Inst., 204, 914-919.
TvVEED, J. H. (1982), University of Cambridge, U.K., Ph.D. thesis.
TWEED, J. H. and KNOTT, J. F. (1983), Met. Sci., 17, (2), 45-54.
UHLMANN, D. R., CHALMERS, B., and JACKSON, K. A. (1964), J. Appl. Phys.,
35, 2986-2993.
WEINBERG, F. (1984), "Fundamentals of Alloy Solidification Applied to Industrial Processes", [Proc. Coni.], National Aeronautics and Space Administration,
vVashington, D.C. 20546, 79-90.
vVIDGERY, D. J. (1973), Welding Institute Research Report, Welding Institute,
Abington, U.K., M76/73.
vVIDGERY, D. J. (1976), Weld. J., 55, Res. Supp., 57s-68s.
vVOODS, R. A., and MILNER, D. C. (1971), Ibid., 50, Res. Supp., 164s-171s.

43

