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A melt fluxing technique has been used to undercool Ag-Cu eutectic alloy by 10-70K and the
subsequent recalescence has been studied using high speed imaging. Spasmodic growth of the
solidification front was observed, in which the growth front would make a series of quasi-periodic
jumps separated by extended periods during which time growth appeared to arrest. Evidence of this
previously unreported mode of growth is presented. The high speed images and microstructural
evidence support the theory that anomalous eutectics form by the growth and subsequent remelting
of eutectic dendrites. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4775670]

With increasing departures from equilibrium, a number
of morphological changes are observed during the growth of
eutectic alloys. In particular, as the liquid is progressively
undercooled a number of systems, including Ni-Sn,'™®
Ni-Si,” Co-Sb,” Co-Sn,*'™!'" Co-Al,” Co-Mo,'* Co-Si,"”
and Ag-Cu,'*"” have been reported to display a transition
from a regular lamellar to an anomalous eutectic structure.
In most cases, this is a progressive transition, with increasing
volume fractions of the anomalous eutectic being formed as
the undercooling is increased. For such materials with a
mixed lamellar/anomalous eutectic structure, such as Ag-Cu
at low undercooling, it has been suggested that the anoma-
lous structure is a direct product of rapid solidification, form-
ing first, with the eutectic lamellae growing slowly after the
initial recalescence event.'’

The anomalous structure occurring in undercooled
eutectic Ag-Cu alloy has been found to grow in “zones” in
the direction of solidification.'®!” At low undercoolings,
Zhao et al. observed two or three zones which developed in
concentric bands from the nucleation point. In the first zone,
a purely anomalous structure was formed, however, further
from the nucleation point, there was a shift to a cellular
structure that took the form of columnar, then equiaxed,
grains or just columnar grains depending on level of under-
cooling. These grains consisted of lamellar eutectic with
anomalous eutectic at the grain boundaries. It was inferred
from these evolved microstructures that non-steady state sol-
idification occurred and the growth velocity gradually
decreased across the samples. However, the progression of
the growth front across the sample was not recorded and
direct measurements of the growth velocity were not made.

There has been much debate on the formation mechanism
of anomalous eutectics. Suggestions for the mechanism have
included the decomposition of a dendritic supersaturated
single-phase solid-solution,” decoupled growth of the lamellar
eutectic,”®'%?° fragmentation or remelting of primary lamel-
lar eutectics,™”"'"'*!? and remelting of eutectic dendrites.'”'®
The issue has been clarified somewhat by the recent work of
Yang et al.® who observed that, within the same alloy, the
anomalous eutectic may have a dual origin. At relatively low
undercoolings (~40K), a fine grained anomalous eutectic was
formed which they concluded was due to the remelting of
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eutectic dendrites, while at high undercooling (~202K), a
coarse grained anomalous eutectic was formed by partial
remelting of single phase dendrites. However, there are rela-
tively few systems in which eutectic growth is reported to
occur at such high undercoolings. Li and Zhou?' suggested
that such growth is probably restricted to systems in which at
least one of the solidifying phases is an intermetallic, which
would be the case for Ni-Sn, where the eutectic is formed
between o-Ni and Ni;Sn intermetallic. Consequently, the most
likely origin for anomalous eutectic formation at low under-
coolings, and certainly in alloys in which both eutectic phases
are solid solutions, would seem to be partial remelting of
eutectic dendrites.

In single phase alloys, instability of a planar growth
front can occur as a solute-rich boundary layer builds up in
front of the interface. This leads to perturbations of the inter-
face that do not melt back as the temperature of the liquid
ahead of the interface is below the liquidus temperature,
causing the formation of cells or dendrites. In contrast, in a
pure binary eutectic, a planar growth front is stable against
the growth of such perturbations. However, the presence of a
third, or impurity, element can destabilize the front as the
tertiary solute can accumulate ahead of the growth front,
leading to eutectic cells or dendrites. Similarly, in an under-
cooled eutectic melt, the negative temperature gradient
ahead of the growth front can also destabilize it, again giving
rise to eutectic cells or dendrites.

In one study of Ag-Cu eutectic alloy,'® it was suggested
that the formation of a cellular structure was possibly due to
the large thermal diffusivity of the alloy melt and the large
difference in the composition of the two phases, rather than
due to the presence of an impurity element. This was further
investigated in a study looking at the effect of the inclusion
of small amounts of Sb in Ag-Cu alloys."” It was found that
the addition of a third component caused a transition from
cellular to dendritic structure at low undercoolings.

High speed video imaging is a useful technique that may
be employed to monitor the progression of the solid-liquid
interface during undercooling experiments. This type of imag-
ing has been used to measure the growth velocities for a num-
ber of undercooled pure elements and alloys, including pure
Si and Ge,** Ni-AL> Ni-Ge,** Ni-Si,” and Ni-Sn'~* alloys.

© 2013 American Institute of Physics
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In this letter, the results of high speed imaging of fluxing
experiments on Ag-Cu eutectic alloy samples are presented.
The types of microstructure formed are explained in terms of
the new evidence gained from the high speed images, which
show that, rather than propagating across the sample in a
continuous manner, the progress of the recalescence front is
characterized by a series of jumps and pauses, a phenomenon
that we describe here as spasmodic growth.

A high purity Ag-Cu ingot of eutectic composition was
produced using silver and copper shot, each of 99.9999%
purity (metals basis). The metal shot was sealed under argon
in quartz tube, heated, and agitated whilst molten to promote
mixing before being quenched into water. Small samples of
alloy, of approximately 0.8 g, were cut from the ingot and
used in the undercooling experiments.

Melt fluxing was selected as a suitable processing tech-
nique as undercooled samples can be produced and high speed
video capture of solidification is possible with this method. A
10 x 20mm fused quartz crucible containing a sample and
ground flux was placed on a stand in a stainless steel vacuum
chamber, shielded by a graphite susceptor and an alumina
shield, within an induction coil. The flux comprised a 50:50
mixture of ground soda lime glass and boron oxide to provide
molten glass of the correct viscosity in order to encapsulate
the sample in the desired temperature range. The sealed cham-
ber was evacuated to approximately 107> Pa before being
backfilled to 5 x 10* Pa with dried nitrogen gas. The glass flux
was dewatered in situ and each sample was then subjected to
a heating regime using rf induction heating of the susceptor.
The temperature of the sample was monitored during the
experiment using a k-type thermocouple, which was posi-
tioned at the base of the crucible. Full details of the experi-
mental arrangement have been published previously.?

A superheat of 250-290K above the liquidus tempera-
ture was imposed on each sample and held for 12 min before
allowing the sample to cool to below the melting point. The
heating cycle was repeated seven times for each alloy melt.
This allowed the molten flux, which isolated the molten sam-
ple from the solid crucible, to purify the sample by drawing
away any impurities from the metal, further inhibiting nucle-
ation. The samples were then allowed to cool to below the
liquidus temperature and nucleate spontaneously. A Photron
Fastcam SAS5 high speed camera equipped with a Micro
Nikkor 70-180 mm zoom lens was used to record the solidifi-
cation front at frame rates of either 250 or 500 fps.

The fluxed samples were mounted in Bakelite, cut in the
plane parallel to the direction of growth, ground using SiC
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papers, and polished with a series of increasingly fine dia-
mond compounds. All samples were then imaged using a
Philips XL30 ESEM.

Eutectic Ag-Cu alloy samples undercooled by 10—70 K,
in approximately 10K steps, were obtained, which exhibited
both lamellar and anomalous eutectic microstructures. High
speed imaging of the solidification of the undercooled sam-
ples meant that the nucleation site could be located in most
cases and that the direction, nature and progression of growth
front could be followed. Fig. 1 shows the structure of a sam-
ple undercooled by 40K prior to nucleation. The microstruc-
ture is cellular, with a typical “cell” consisting of lamellar
eutectic in the body of the cells with anomalous eutectic
occurring at the cell boundaries. Zones of microstructures
were also observed with an initial radial zone of anomalous
structure followed by a cellular region of both lamellar and
anomalous eutectic. It appears that the development of the
anomalous structure from the initial zone into the cellular
zone was aligned with the growth direction, as determined
by the high speed imaging, and took the form of branched
“fingers.” These fingers propagated from the initial zone
through the entire sample, with the volume fraction of this
growth mode gradually reducing in favor of lamellar eutectic
growth.

Growth was observed to proceed by means of the propa-
gation of a single, directional front in all cases. However, the
progress of the front was spasmodic in that the progress of
the interface was not steady, but appeared to start and stop
with lengthy time intervals between cessation of the growth
front and its continuation. The size of these “jumps” varied
over the solidification time, as did the intervening time
between jumps. Fig. 2 shows three images taken during the
solidification of an Ag-Cu alloy melt undercooled by 40K,
at (a) 1.368s, (b) 1.584s, and (c¢) 1.612s after nucleation,
with the nucleation site and growth direction being indicated
in (a). The position of the growth front at t = 1.368 s is indi-
cated in (b) and (c), from which it is evident that the front is
stationary in the 0.216s between the capture of the frames
shown in (a) and (b) but jumps forward significantly in the
0.028 s between the capture of the frames shown in (b) and
(c).

Analysis of the high speed images from the undercool-
ing experiments has been undertaken by measuring the time-
dependent average brightness (pixel grey level) along a line
projected across the sample from the nucleation point in the
direction of growth. The resulting time series has been scaled
to 0-1 by subtracting the grey level prior to recalescence and

FIG. 1. Micrograph (left) showing the structure of an
Ag-Cu alloy undercooled to 40K prior to solidifica-
tion. The structure is cellular with regular eutectic in
the cell center and anomalous eutectic at the cell
boundaries. Magnified region (right) from cell center
(delineated by white square).



031906-3

Clopet, Cochrane, and Mullis

Appl. Phys. Lett. 102, 031906 (2013)

FIG. 2. High speed video images of the solidification interface of an Ag-Cu alloy undercooled by 40 K prior to nucleation. Frames are taken at (a) t=1.368s,
(b) t=1.584s, and (c) t=1.612s after nucleation. The nucleation point and growth direction are shown in (a). The boundary line in (b) and (c) denotes the
location of the solid-liquid interface at t = 1.368 s (enhanced online) [URL: http://dx.doi.org/10.1063/1.4775670.1].

dividing by the average increase in grey level at the end of
recalescence. For a sample recalescing to the melting tem-
perature in which the solid remains isothermal after recales-
cence, this measure can be used as a proxy for the relative
distance the front has travelled along the sample as a func-
tion of time, although the data have not been corrected for
the viewing geometry and hence show distance in the 2D
viewing plane. A composite brightness-time plot for the sam-
ples undercooled by 27, 40, and 51 K is shown in Fig. 3. In
order to plot all three curves on the same axes, the time is
shown relative to a characteristic time, 7, for solidification
of the sample. The values of 7y are 12s, 55, and 4 s for 27 K,
40K, and 51 K, respectively.

In each case, the first half of the solidification process
can clearly be seen to compose of quasi-periodic intervals in
which there is little movement of the front, followed by a
rapid jump forward in the position of the front. Immediately
after a jump forward, the newly formed solid has a maximum
brightness. The new solid then appears to cool (decrease in
brightness) prior to the next solidification “jump” being initi-
ated. This is seen in Fig. 3 as a decrease in the average
brightness between consecutive forward jumps of the solidi-
fication front. During this period, the solidification front
remains stationary, the decrease in average brightness does
not indicate that the solidification front retreats.

The magnitude of this effect has been estimated at one
point, indicated by the blue square in Fig. 2(c), a 7 x 7 pixel
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FIG. 3. Plot of the scaled average grey level along a line from the nucleation
point and in the growth direction for the recalescence front in an Ag-Cu
alloy sample undercooled by 27K (grey), 40K (black, solid), and 51K
(black, dashed). The characteristic time, 7g, is 12s at 27K, 5s at 40K, and
4sat51K.

sample window. Prior to recalescence the grey level inside
the sample window was 37 = 2 (mean * standard deviation).
Immediately following recalescence, the grey level was
152 = 12, while immediately prior to the next recalescence
this had dropped to 116 £ 5.

In the latter part of the recalescence, the time intervals
between jumps become significantly shorter with the pro-
gress of the front eventually approaching continuous. This
change in propagation characteristics was reflected in the
microstructure, as there was an observed shift to an increas-
ingly lamellar structure towards the end of the solidification.

The post recalescence drop in the grey level (cooling) of
the solid during spasmodic growth is in contrast to the case
where the growth front is observed to propagate in a steady,
continuous manner, wherein we observe the brightness after
recalescence to be approximately constant. For instance, in
the latter stages of solidification of a sample undercooled by
59K, wherein continuous growth is observed, we measure
the grey level at the recalescence front as 108 = 2, while the
grey level at the same location 0.75 s after recalescence was
106 = 2. Moreover, where both spasmodic and continuous
growth is observed in the same sample, the recalescence
events during the jumps are brighter than the recalescence
during the continuous growth phase. Assuming that during
continuous growth recalescence is to the eutectic tempera-
ture this would suggest that the recalescence events during
spasmodic growth are to a temperature above the equilibrium
eutectic temperature. If so, this may account for the remelt-
ing that gives rise to anomalous eutectics. However, the
non-linearity of the CCD response means that any attempt at
estimating either the recalescence temperature or the temper-
ature of the solid after recalescence will be subject to large
uncertainties.

From the results of the high speed imaging experiments,
it is clear that the spasmodic growth, and hence the forma-
tion of the resulting anomalous eutectic, is not due to copious
nucleation. In all cases, growth proceeds by the propagation
of a front that originates from a single point and we consider
that the most likely origin for the anomalous eutectic is the
growth, and subsequent remelting, of eutectic dendrites, as
suggested by Zhao er al.'”'® The observed spasmodic propa-
gation of the growth front would therefore be related to the
growth mechanism of such eutectic dendrites. This type of
non-steady behavior is highly unusual in crystal growth and
would seem to indicate that the system may not be able to
find a single, stable operating point, and is therefore oscillat-
ing between two growth modes. In this regard, there may be
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parallels with other solidification phenomena, such as the os-
cillatory two-phase structures found in some peritectic
systems.27

The basic theory of eutectic growth is described in the
classic paper by Jackson and Hunt®™ and subsequently
extended to include rapid solidification effects by Trivedi
et al.*® and Kurz and Trivedi,30 although in both cases under
the assumption of a positive temperature gradient ahead of
the growing eutectic front. A partial model of eutectic
growth into undercooled melts has been given by Li and
Zhou,?" although their model suggests, contrary to the obser-
vations presented here, that once established eutectic den-
drites propagate in a steady-state fashion at uniform velocity.
However, as the authors themselves point out, much of the
important physics of dendritic growth (e.g., the role of ani-
sotropy) is missing from the model of Li and Zhou and
indeed it is far from clear how one could include the anisot-
ropy of a two-phase system into an analytical model of
eutectic dendrite growth. Phase-field modeling may in prin-
ciple be able to offer an explanation for the observed phe-
nomenon, although currently multi-phase models capable of
simulating eutectic growth only work in the isothermal limit,
wherein the destabilizing negative temperature gradient
ahead of the solid-liquid interface is absent, while coupled
thermo-solute models are currently only capable of simulat-
ing a single solid phase (e.g., Ref. 31).

In summary, anomalous and cellular zones have been
observed in undercooled Ag-Cu eutectic melts, with regions
of anomalous eutectic structure closest to the nucleation
point and a distinct change to a cellular structure as radial
distance from the site of nucleation increases. High speed
imaging of the undercooled alloy melts monitored the
growth of the solidification fronts, from which brightness-
time plots were determined. This high speed imaging shows
that the growth of the solid-liquid interface is spasmodic,
that is, it consists of a series of quasi-periodic jumps, which
are separated by extended periods during which time growth

Appl. Phys. Lett. 102, 031906 (2013)

appears to arrest. No current models of eutectic growth
appear capable of explaining the observed growth mode.
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