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Evolution of dendrite morphology of a binary alloy under an applied electric current:
An in situ observation
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Synchrotron radiation imaging technique was used to in situ observe the dendrite growth of a solidifying
Sn-Bi binary alloy under a direct current (dc) electric field. By applying a dc (7-32 A/cm?), the dendrite
branching was suppressed, the dendrite tip was modified to be round or flat, and no tertiary dendrite was found.
With increasing dc density, the dendrite morphology was changed from columnar dendritic to equiaxed cel-
lular to equiaxed dendritic. In particular, the primary dendrite branched following a tip-split manner in a higher
intensity dc. The influence of dc on the evolution of dendrite morphology was discussed.
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The application of electric current during metal solidifica-
tion process has been tried since 1960s, and it was found that
the electric current can modify the process of nucleation and
evolution of microstructure. Primary goal of those studies
was for the grain refinement by applying dc [1-3], alternat-
ing current (ac) [4], electric current pulse (ECP) [5-7]. Sig-
nificant refinement efficiency on eutectic or noneutectic mi-
crostructure has been achieved by an applied electric current
for low melting Sn-Pb (Bi) alloy, middle melting Al-Cu al-
loy, even for high melting steel and iron. It is well known
that an electric current usually impacts on a solidifying melt
through a series of effects: electromigration, electricity-to-
heat, electromagnetic force, etc. Based on these effects, a
number of various refining mechanisms have been estab-
lished: for example, the improvement of interface stability
and the specialty of current crowding [2], the change of sol-
ute diffusion and the selectivity of electric current [4], the
breaking off dendrite arm [5], the enhancement of nucleation
rate [6,7], etc. Nevertheless, each of them is hard to be fully
confirmed. Sometimes, confliction occurs to each other
among them for explaining a same phenomenon. Influence
mechanism of electric current on solidifying alloy is still
controversial.

A confirmed fact is, however, all the studies mentioned
above were done by analyzing microstructure/macrostructure
after complete solidification or interrupting solidification by
quenching. As a result, the evolution of grain morphology
during solidification cannot be in sifu observed. To better
understand the behavior of grain growth under dc, an in situ
imaging technique with intense, coherent and monochro-
matic synchrotron x ray was used in this work. Although this
technique has been applied for the real-time study on grow-
ing dendrites of metallic alloys [8—12], no study on the effect
of electric current was reported.

In this paper, we focused on observing the evolution of
dendrite morphology of a solidifying Sn-Bi alloy under an
applied dc field, and finding the interesting dynamic phe-
nomena which have not been revealed by the traditional ap-
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proaches. On the basis of real-time observations, we try to
understand how dc works on the dendrite growth in a solidi-
fying melt.

A binary alloy with a composition of Sn-12 wt %Bi was
prepared. The behavior of dendrite growth can be directly
observed due to the x-ray absorption difference between Sn
and Bi. The high temporal and spatial resolutions enough for
clear and fast imaging can be achieved by using a
synchrotron x ray. A well polished thin alloy sample with a
thickness of 100 wm was cut into a rectangular slice of
1.0X2.0 cm?, and then sandwiched between two 1-mm-
thick quartz glass plates. A 60 wm thick polytetrafluoroeth-
ylene (PTFE) sheet was also placed between the two quartz
glass plates, and used to fix the alloy sample. Clips pinched
the two glass plates to keep the alloy sample still during
solidification. Figure 1 shows the schematic diagram of ex-
perimental setup. As shown in Fig. 1, the dc was imposed to
the alloy by connecting the sample to a dc generator. Two
pieces aluminum foils acted as the positive electrode (up-
side) and negative one (downside), respectively. A special
electric furnace was designed for melting the alloy sample
during the synchrotron microradiography experiment. A
cooling rate can be controlled by thyristor temperature con-
troller. There is a window in the middle of furnace for x ray
passing through the sample. A charge-coupled device (CCD)
camera is set behind the furnace to dynamically acquire the
time-sequenced images.

The imaging experiments were carried out at the beam-
line BL13W1 of Shanghai Synchrotron Radiation Facility
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FIG. 1. Schematic of synchrotron radiation imaging
experiment.
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(a) Without DC. Columnar dendritic grains; thin primary, secondary and tertiary dendrite arms with sharp tips

(denoted by arrows).

tips (denoted by arrows); no tertiary dendrite branching.

(b) DC density: 7 A/em®. Equiaxed cellular grains; thick primary arms, degenerate secondary arms with round

(¢) DC density: 19 A/em’. Equiaxed dendritic grains; some primary dendrite tips split for branching (denoted by

arrows); no tertiary dendrite branching.

300 pm

(d) DC density: 32 A/em®. Equiaxed dendritic grains; some primary dendrite tips split for branching (denoted by

arrows); no tertiary dendrite branching.

FIG. 2. In situ observations on the dendritic growth of a solidifying Sn-12 wt %Bi alloy under dc field. Cooling rate is 1.5 k/min.

(SSRF), a third generation synchrotron radiation facility in
China. The details of the imaging experiments without con-
sidering the effect of electric current has been reported in our
previous papers [13,14]. Only a brief introduction is pre-
sented here. The CCD camera has a circle view of 750 pixels
in diameter. The pixel size is down to 2.25 wum and the
exposure time of per frame is 2—4 s, which are sufficient for
clearly catching the evolution of dendrite morphology. In
present experiments, the energy of monochromatic beam was
20 keV. The sample-to-detector distance was 15 cm. The
alloy was melted completely with a superheat of 8 K, and
then cooled at a cooling rate of 1.5 K/min. A little gradient
might exist in the vertical direction of sample due to the
internal construction of furnace, but it is hard to be measured
quantitatively. Four experiments were made: one case is the
solidification without dc; others are with various electric cur-
rent densities of 7, 19, and 32 A/cm?, respectively. dc was
applied to the entire solidification process.

Figure 2 shows the evolutions of grains’ morphology of
different experiments. Without dc, the grains grew in a co-
lumnar manner due to a little temperature gradient in the
vertical direction, as shown in Fig. 2(a). Very thin primary,
secondary, tertiary dendrite arms and sharp dendrite tips
were also found. The columnar dendritic grains grew fast
and finally reached a large size of around 2 mm.

Once a dc density of 7 A/cm? was imposed, the dendrite
branching and arm growth were significantly restrained as
shown in Fig. 2(b). The primary arms grew to be thick, and
the secondary arms were suppressed to be degenerate. Both
the primary and secondary arm tips tended to be round or
even flat. The sharp tips and tertiary dendrites were hardly
found. The grains tended to be an equiaxed cellular morphol-
ogy.

With increasing dc density (~19 A/cm?, ~32 A/cm?),
as shown in Figs. 2(c) and 2(d), some primary arm tips
tended to split and form concave pits. Several secondary

042601-2



BRIEF REPORTS

1800
1600 -
1400
’§1zoo-
§ 1000+
800
600 i
400 . .

200

5 0 5 10

Grain si

15 20 25 30 35
DC density (A/cmz)

FIG. 3. Variation in mean grain size with dc density (error bar
represents standard deviation).

dendrites started to branch obliquely, whose directions are no
longer perpendicular to their parent-primary arms as normal.
Eventually a nearly equiaxed dendritic morphology was
formed.

Figure 3 shows the mean grain size together with standard
deviation varying with dc density. Each grain within a circle
view of Figs. 2(a)-2(d) was measured, respectively. The
mean grain size was obtained by averaging all the grains
within the circle view. The grain size turned a sudden decre-
ment when a dc density of 7 A/cm? was imposed. It is due
to the significant suppression of dc on dendritic growth. With
increasing dc density from 19 to 32 A/cm?, the grain size
was first decreased and then increased slightly. It might be a
result of the tip-split of primary dendrite arm, or a fluctuation
of solute, free energy and chemical potential, or something
else due to dc field? Since the superthin alloy sample (
~100 wm) in our experiments was pinched by two quartz
glass plates tightly, any flow driven by thermosolutal field or
dc field could be dragged to some extent by the viscosity
forces of quartz glass walls. Therefore, the flow effect might
be considered as less importance. The in situ observations
give a proof that grain size is not always decreased with
increasing current density but limited in the range below a
critical current density.

An explanation to the influence mechanism of dc on the
evolution of dendrite morphology was schematically illus-
trated in Fig. 4 based on our in situ observations and the
previous work by other researchers [2,4]. Since the electrical
conductivity of solid Sn-12 wt %Bi alloy is much bigger
than that of liquid alloy, the electric streamlines prefer pass-
ing through solid to liquid. They easily gather in a sharp tip
of dendrite to generate much more heat there due to both the
Joule heating effect and the current crowding effect. The heat
causes a rising temperature around the sharp dendrite tip by
which the tip growth can be significantly suppressed. Ac-
cordingly, the sharp tip tends to be round or even flat in a
self-adaptive way to scatter the electric streamlines for re-
ducing Joule heat in order to keep growing. Since dc brings
Joule heat into the solidifying melt, the solidification time
was found to be increased with increasing dc density, that is,
the solidification velocity was decreased with increasing dc
density.
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FIG. 4. Schematic explanation to the influence of dc on the
evolution of dendrite morphology.

Very thin tertiary dendrite can hardly be initiated under dc
due to aforementioned reason. Only a few secondary den-
drites can survive due to some fluctuations in solidification.
The survived secondary dendrites are still restrained for fur-
ther growing by dc. Eventually a degenerate morphology is
formed. The phenomena can also be explained from a view-
point of interface energy and stability [2,4,15,16]. The influ-
ence of dc on solid-liquid interface energy can be described
by the equation [2]: o,_,=0+w-I?, where o, and o are
specific interface energies with and without current effect,
and w is a coefficient related to the solute concentration and
electric parameters of solid and liquid phases. It is clear that
the interface energy is increased with increasing current den-
sity. Higher interface energy enhances the stability of the
solid/liquid interface. Hence any fluctuation of interface
(e.g., planar to cellular or cellular to dendritic. i.e., dendrite
branching) will be suppressed.

However, with increasing electric current density, a spe-
cial tip-split scenario occurred to the primary arm resulting
in a “branching” of the primary dendrite. As illustrated in
Fig. 4, the solute is rejected gradually to the front of a grow-
ing dendrite tip during solidification. It is more difficult for
the rejected solute to transversely diffuse from the tip center
toward its lateral sides in case of a round or flat (higher dc
density case) tip rather than a sharp one. The pileup solute
becomes an obstacle opposite to the tip growing by changing
the constitutional undercooling, thus a concave pit is formed.
The pit is expended with the continuous growing of tip and
the segregation of solute. Meanwhile, a tip is split into two
tips. The two new tips will attract the electric streamlines
again due to the current crowding effect. The Joule heat pro-
duced by electric current will slow down the growing rate of
tips. Therefore, the evolution of tip split is actually deter-
mined by both the pileup solute and the Joule heat. The tip
split will be formed if the former brings stronger effect than
the latter or disappeared on the contrary.

In summary, in situ observation results of the dendrite
growth of a solidifying Sn-12 wt %Bi alloy under dc field
were reported and tried for being understood. In our discus-
sion, the effects of Joule heat, current crowding, interface
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energy and constitutional undercooling have been taken into
account. Actually, other effects such as Peltier heat, elec-
tromigration, nucleation rate change, etc. might also play a
not negligible role. Further studies including in situ investi-
gation together with necessary modeling work are desired to
quantitatively verify the proposed explanations. Neverthe-
less, this study opens a new window to in situ investigate the
microstructure evolution of an optically opaque alloy during
solidification under imposed external fields, such as electric
field, magnetic field and supersonic field, etc.
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