The Nonuniform Distribution of Inclusions
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Nonmetallic inclusions in low-alloy steel welds have an important effect on the microstructure and
properties of weld deposits. This work is an attempt at understanding the factors controlling the spa-
tial distribution of such inclusions, with particular emphasis on the uniformity of the distribution and
the effect of solidification mode during manual-metal-arc welding. The solidification mode has been
controlled by using unusual combinations of base plates and experimental electrodes. It is found that
the first phase to solidify (in the form of columnar grains) is delta-ferrite (§) when a medium carbon
electrode is deposited onto a low carbon substrate, but that it is austenite (y) when a low carbon
electrode is deposited onto a high carbon substrate. Relatively large inclusions have been found to
position themselves preferentially, during solidification, to the columnar grain boundaries of the first
phase to solidify, whether this is 8-ferrite or austenite. The results can be understood qualitatively in
terms of a surface tension driven Marangoni effect, or in terms of the pushing of solid inclusions by
the solidification front. Both mechanisms drive the larger inclusions into cusps in the interface while
smaller ones are passively trapped. The implications of the observed nonuniform distribution of in-
clusions are more severe for solidification with austenite as the primary phase, since the larger in-
clusions are in that case located in the weakest region of the weld where they also do not contribute
to the intragranular nucleation of acicular ferrite.

I. INTRODUCTION

IN order to satisfy the ever increasing demand for im-
provements in the toughness of weld deposits in engineer-
ing structures, there is strong incentive to improve weld-
ing consumables and to design new welding methods.' To
do this systematically requires a method for modeling 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; solidifi-
cation involves the epitaxial growth of 8-ferrite from the
parent plate grains at the fusion boundary, and because of
the high temperature gradients involved in arc welding it
proceeds in a cellular manner. The resulting solid §-ferrite
grains have an anisotropic columnar morphology. On fur-
ther cooling, austenite forms in such a way that its final
grain structure resembles closely the original 8-ferrite mor-
phology. However, if the carbon level or the substitutional
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.’
Whatever the mechanism of primary solidification, the
austenite grains eventually undergo further transformation
into a complex microstructure (described elsewhere’) con-
sisting of layers of allotriomorphic ferrite which decorate
the austenite grain boundaries, Widmanstatten ferrite plates,
intragranularly nucleated acicular ferrite plates, and small
amounts of martensite or degenerate pearlite. This is the
“as-welded” microstructure, and it can have a profound in-
fluence on mechanical properties. For example, the layers
of allotriomorphic ferrite are understood to be detrimental
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to toughness,*** whereas the morphology of acicular ferrite
ensures that any crack has to follow a tortuous path durin;
propagation, thus imparting better toughness to the weld.®"

A model now exists which is capable of estimating quan-
titatively the microstructure of the fusion zone of low-alloy
steel welds, as a function of their chemical composition
and welding conditions.® The model does not, however,
reveal any information about nonmetallic inclusions which
are inevitably present in welds. Inclusions in welds origi-
nate 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. Inclu-
sions are known to initiate fracture in weld metals,”" 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,''*" a highly
desirable phase from the point of view of toughness. In
order to reach a compromise inclusion content with the
right size distribution, it is essential that a method is devel-
oped for quantitatively predicting the important character-
istics of inclusions in welds.

The present work is part of a program on the prediction
of the microstructure and properties of weld deposits. For
reasons which will become clear later, it attempts specifi-
cally to establish whether inclusions in low-alloy steel weld
deposits are distributed uniformly throughout the weld. It
has generally been assumed that the inclusions are randomly
distributed. A variety of evidence suggests that this ma
not be the case. Uhlmann et al.,"® Cissé and Bolling,”™
and others” have shown (using organic and other solid-
liquid-particle systems) that a moving interface can push
some particles ahead of it while others are trapped pas-
sively by the advancing interface. For cellular solidifica-
tion, 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 deco-
rating the cell boundaries.
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Since the distribution of inclusions in the weld micro-
structure is determined during solidification when the inclu-
sions are mobile in the melt, it seems possible that similar
behavior should occur during weld-metal solidification,
which might provoke a nonuniform distribution of inclu-
sions, perhaps to the columnar grain boundary sites where
they would do the most damage.

For a steel solidifying as 8-ferrite, the preferential loca-
tion of the inclusions at the columnar boundaries would
be advantageous since the subsequent austenite transfor-
mation would cause the inclusions to finish up in or near
the center of the columnar austenite grain boundaries (Fig-
ure I(a)). This is because the austenite grain boundaries
would not coincide with the & grain boundaries. Any inclu-
sions at 8 boundaries would not then be at the austenite
boundaries.

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 nonuniform
distribution of relatively large inclusions at the austenite
grain boundaries (Figure 1(b)). In such circumstances, not
only may the amount of acicular ferrite obtained in the final
microstructure be reduced, but there would also be a con-
centration of inclusions in the weakest phase, allotriomor-
phic 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.
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Fig. 1 —Schematic diagram showing the location of inclusions in the mi-
crostructure of a weld for solidification as (a) 8-ferrite and (b) austenite,
assuming that the inclusions locate themselves preferentially at the cell
boundaries during solidification. In (a) the prior &-ferrite boundaries and
austenite boundaries diverge, since in arc welding the heat source is not
stationary.”
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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 solidifica-
tion mode.

II. EXPERIMENTAL METHOD

To test for inclusion redistribution during solidification,
two low-alloy steel manual-metal-arc welds were fabricated.

For one of the welds (Weld 1) a low carbon electrode
was welded onto an 11 mm thick, Fe-0.68C-1.02Mn-
0.248i-0.03P-0.03S wt pct high carbon base plate using
the bead-on-plate technique. According to the Fe-C equi-
librium phase diagram, 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 ten-
dency to form austenite rather than §-ferrite. Furthermore,
since grain growth at the fusion boundary is epitaxial, 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 nu-
cleation occurring within the weld pool itself.

In order to study a weld which solidifies initially as &-
ferrite, a second weld (Weld 2) was deposited using an ex-
perimental medium carbon electrode. The electrode was
clad onto a Fe-0.12C-0.55Mn wt pct 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 mini-
mal. This procedure gave a medium carbon weld which
solidified as &-ferrite.

In both cases, direct current (electrode positive) was em-
ployed, using a high current-low voltage (180 A/23 V) elec-
tric arc. The welding speed was approximately 4 mm - s™".
Weld metal analyses are given in Table I.

The welds were sectioned, ground, and polished in oil
prior to etching in order to avoid specimen pitting. The
scanning electron micrograph (Figure 5) was taken using a
Cambridge Stereoscan scanning electron microscope.

III. RESULTS
A. Weld 1: Primary Austenite Solidification

In Weld 1 the first phase to solidify was found to be aus-
tenite. This was indicated by the large amount of pearlite
within the grains and the epitaxial growth at the fusion
boundary, from a high carbon base plate whose structure at
its melting point is austenite (Figure 2).

The microstructure of the weld metal showed irregular
grains of acicular ferrite (,) and pearlite (dark etch),
bounded by thin layers of allotriomorphic ferrite («). Close
to the fusion boundary, a substantial amount of Widman-
stitten ferrite (ay) was also evident. The heat-affected base
metal contained a large amount of retained austenite, (y,).

Table I. Weld Metal Analyses
Solidification _ Composition/Wt Pct
Weld Mode C Mn Si p 5
1 austenitic 029 0.76 0.20 0.16 0.15

2 ferritic 0.19 1.40 0.69 0.012 0.07
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Fig. 2— Weld 1: Microstructure at the fusion boundary for a weld solidi-
fying as primary austenite. Note the curvature of the columnar grains due
to the transient nature of the heat flow in the solidifying weld.

It is known that during solidification the weld metal com-
prises a series of columnar grains growing inward from the
fusion boundary, each grain consisting of a bundle of fine
regular hexagonal cells all having apyroximately the same
crystallographic orientation in space.” This behavior leads
to regions of microphases aligned along the cell boundaries,
indicating a local difference in chemical composition within
the columnar grains, and Figure 3 shows this segregation
pattern. The cells within the grains change orientation only
at the columnar boundaries, confirming that the weld solidi-
fied as austenite.

Fig. 3— Weld 1: Epitaxial growth at the fusion boundary. The austenite
solidification structure may be seen within the columnar grains.
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On etching Weld 1 with picral, large inclusions were ob-
served at the columnar grain boundaries (Figure 4).

Figure 5 is a scanning electron micrograph of the same
weld etched in bromine in methanol, which attacks the
metal, but not inclusions.” It can be seen that there is a pre-
dominance of inclusions at the prior austenite grain bound-
aries. Note that this technique is used simply to confirm
the presence of inclusions at the boundaries, and is not gen-
erally applicable since some inclusions may be washed away.

B. Weld 2: Primary Ferrite Solidification

The microstructure of Weld 2 (Figure 6) was typical
of that of a low-carbon manganese steel weldment, and
showed a columnar structure with layers of allotriomorphic
ferrite at the prior austenite grain boundaries and fine
plates of acicular ferrite within the grains. Clusters of
Widmanstitten ferrite plates can be seen at the prior aus-
tenite grain boundaries.

Weld 2 solidified as 8-ferrite and subsequently trans-
formed to columnar austenite grains. The nature of the
original 8-ferrite solidification structure was not obvious,
because the transformation to austenite during cooling de-
stroys any microstructural evidence of the position of the

Fig. 4—Weld I: Large inclusions are located predominantly at the grain
boundaries of the solidifying phase (austenite).

Fig. 5—Weld 1: Secondary electron image of deep-etched weld metal,
showing inclusions (arrowed) at the columnar grain boundaries.
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8-8 grain boundaries. It could, however, be revealed by
solute sensitive etching using Klemm I reagent (Figure 7),
which maps the distribution of impurities in the micro-
structure; since these impurities segregate during solidifi-
cation to regions between the 8 grains, the etch indirectly
delineates the positions of the prior 8 boundaries. Inclu-
sions were seen aligned along the prior 8-boundaries.

It should be emphasized, however, that the inclusions
were not aligned with the prior austenite grain boundaries.
Recent work™ indicates that the 8/8 and y/y boundaries
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.

IV. DISCUSSION

The size of the inclusions which locate themselves pref-
erentially at the boundaries of the primary phase to solidify
identifies them as primary indigenous inclusions —that is,
the deoxidation products of nonexternal origin which are
present in the liquid during the freezing of the weld. They

o 2 ” . L &

Fig. 7— Weld 2: Inclusions (arrowed) delineate the prior & grain
boundaries.

672— VOLUME 19A, MARCH 1988

typically have dimensions ranging from 1 to 3 um for arc
welding of the type considered here.”

The nucleation, growth, and flotation of deoxidation
products in liquid steel has been modeled by Turkdogan,*
when the rate of nucleation in a weld is estimated by equat-
ing 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
107 mm >, the inclusions should grow to almost their ulti-
mate 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 is

2 —pi)
9

where r is the radius of the sphere,
p, is the density of the steel,
p; 1s the density of the inclusion, and
7 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 traveled
by, for example, a 1 um inclusion will be only 1.7 wm.
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 up-
ward flow of small inclusions during solidification can be
neglected. These conclusions concur with those of Grong
et al.,” who studied the silicon-manganese deoxidation of
mild and low-alloy steel weld metals. Weld pool condi-
tions are extremely turbulent with temperatures 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.”® However, this
turbulence ceases as the heat source recedes and the tem-
perature in the melt is reduced.”” Grong et al. modeled
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

~1,*® whereas the small inclusions float at just

v = 2gr [1]

2mm-*s ,
0.5 um - s™' 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 (MnAl) silicates and oxides, are assumed
to exhibit fully incoherent (high energy) interfaces.with
the liquid. Interfacial tension is highly sensitive to solute
concentration, and the adsorption of surface active ele-
ments, such as oxygen or sulfur, reduces the interfacial
tension in slag-metal systems. Thus, a gradient of concen-
tration of surface active elements along an interface can
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result in a gradient of interfacial tension, and a concomi-
tant interfacial flow. Such interfacial convection is usually
called the “Marangoni effect”.”” This phenomenon, or
some other force, perhaps surface tension, could explain
the observed nonuniform distribution. Surface tension
would tend to pull inclusions into the line of intersection
among three grains. The solute-rich cell boundaries so-
lidify 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 mecha-
nisms by which inclusions may end up preferentially at cusps
in the solid-liquid interface, particularly if the interface can
“push” inclusions in its direction of motion. Such an effect
has been observed previously; Cissé and Bolling'® and
Uhlmann et al. ' explained the observed pushing of particles
by a solid-liquid interface in terms of a short range repul-
sive force between the particle and solid. However, work
carried out by Weinberg,” in which the interaction of iron
particles with a dendritic interface in a microgravity envi-
ronment was studied, indicates that particles in a metal
melt are not repelled by an advancing solid-liquid inter-
face. Similarly, Schvezov and Weinberg carried out a series
of modeling experiments, but found no evidence of particle
interface repulsion.’ They considered that the Lifshitz-Van
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 the cell bound-
aries 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 nonuniform dis-
tribution of inclusions, it is evident that if austenite is the
first phase to solidify, then numerous relatively large inclu-
sions will be found at the austenite grain boundaries. This
should have a very detrimental 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 favor aus-
tenite growth relative to that of §-ferrite. The latter circum-
stance may arise with electron beam or laser beam welding
and is to be investigated in future work.

V. CONCLUSIONS

For the welding conditions used in the present work, the
deposition of a low-carbon electrode on a high-carbon sub-
strate causes the weld pool to solidify as austenite, whereas
solidification proceeds with 8-ferrite as the primary phase
when a medium carbon electrode is deposited on a low-
carbon substrate. This follows from the fact that weld pool
solidification occurs by the epitaxial growth of grains at
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the fusion boundary, and it is the crystallographic structure
of these which determines the solidification mode.

It is found that inclusions in low-alloy steel welds de-
posited by a manual-metal-arc technique are not uniformly
distributed; they tend to locate themselves preferentially at
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. For solidification as §-ferrite, the
subsequent transformation 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 toward the intragranular nucleation of acicular
ferrite. This behavior dictates that welds which solidify as
austenite (either because of a high-carbon substrate or be-
cause the welding process leads to a high cooling rate dur-
ing solidification) should have relatively poor toughness.

The reason for the observed nonuniform 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.
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