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Research SummaryFeature

 The directional solidification of thin
alloy sheets in a Bridgman furnace has
been studied by x-radiography using
high-brilliance synchrotron x-radia-
tion in combination with a low-noise,
fast-readoutcamera.Spatial resolutions
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 Enhanced for the Web downto1.5 mandatemporalresolution
of about 0.15 s have permitted real-time
video microscopy of microstructural
evolution during columnar and equi-
axed dendrite growth and eutectic and
monotectic growth. The technique has
also allowed for direct observations of
importantsolidificationphenomenasuch
as dendrite fragmentation and poros-
ity formation, primarily in aluminium
alloys. As a result, insights have been
gained into mechanisms of dendrite
fragmentation, criteria for dendrite tip

kinetics and interface stability during
transient growth, and microstructure
formation mechanisms during mono-
tectic solidification. The results are
expected to be important for validation
of dendrite growth models. This paper
presentsareviewof the techniqueaswell
as examples of images obtained during
solidification of aluminum alloys.

INTRODUCTION

 The final microstructures and proper-
ties of castings depend to a large extent
on the thermodynamics and kinetics of
the solidification process. Accordingly,
there is strong industrial and academic
motivation for a better understanding of
andcontrolover the fundamentalaspects
of solidification.
 Overrecentdecades,advancedmodel-
ling has evolved to cover many aspects
of solidificationscience, frompredicting
the morphology of growing dendrites in
twoor threedimensions(2-Dor3-D)and
important phenomena such as porosity
and segregation to the numerical model-
lingof real castingprocesses—spanning
length scales from the atomic to the
macroscopic. While computer simula-
tions have been firmly established on all
levels, the provision of new experimen-
tal data to guide theory and modelling
and assist in their refinement has fallen
behind. In particular there is a gap to
bridge indevisingexperimentalmethods
for in-situ observations of metal and
alloy solidification microstructures and
phenomena allowing for proper assess-
ment of kinetics.
 Experimental methods that have
traditionally been used to investigate
how microstructures of metals develop
during solidification include metallo-
graphic investigations of alloys, either
ex-situafteracompletedsolidificationor
with alloys that have been quenched or

Figure 1. Columnar dendritic and planar eutectic growth in Al-30Cu. G = 27 
K/mm, v = –22.5 m/s. [See animation on-line.]WEBWEB
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decantedduringsolidification.Transpar-
ent organic materials with low melting
points and solidification entropies have
been used extensively as analog systems
that can be studied in-situ under the
microscope. All these methods have,
however, significant shortcomings in
providing information about the dynam-
ics of metal solidification.1

 Metal transparency and interaction
with x-rays constitute candidate prin-
ciples from which methods for in-situ
monitoring of solidification processes
could be constructed. However, source
brightness and detection efficiency has
limited the practical impact of x-rays as
diagnostic tools for studies at physically
relevant timeandlengthscales(i.e.,milli-
secondsandmicrometers).Thefirstx-ray
investigationswerebasedonradiography
with conventional sources and used for
in-situ studies of solute redistribution
and boundary layer propagation.2,3 The
geometrical resolutions obtained, r

g
>

50 m, prevented studies with curved
fronts, but the resolution by contrast was
adequate to verify proximity to Scheil
conditions. In their early work M.P.
Stephenson and J. Beech3 demonstrated
the influence of buoyancy convection on
thesoluteboundarylayerbycomparative
measurementsvarying thegrowthdirec-
tion relative to gravity. In the following
years, little progress was made. In the
mid-1990s, micro-focus sources were
introduced in solidification science by a
series of successive studies of striations,
droplet formations, and engulfment in
binary monotectics,4,5 reporting r

g
~

30 m. A similar setup was used at that
time to study convection and solidifica-
tion microstructures in Ga-In.6

 The major challenge with conven-
tional sources was and still is to obtain
adequately high flux at the sample to
facilitate short acquisition times that
limit contrast blurring by the temporal
evolution of the system. Another prob-
lem is the substantially lower resolution
obtained with curved fronts (e.g., close
to or at dendrite tips, which due to their
3-D curvature fade as absorption con-
trast objects). Improvements in x-ray
detectors combined with the eminent
brightness and collimation offered by
third-generation synchrotron radiation
(SR) sources have enabled the use of
x-ray imaging-based techniques to
investigate the interface morphology

evolution, solute transport, and various
process phenomena at spatiotemporal
resolutions gradually approaching those
of video microscopy.
 In general, there are three differ-
ent viable imaging techniques for the
real-time investigation of solidification
microstructures inalloys:2-Dx-rayradi-
ography, 2-D white-beam x-ray topog-
raphy, and ultra-fast 3-D x-ray tomog-
raphy. Ultra-fast SR x-ray tomography
with approximately 10 s acquisition per
tomogram and a r

g
~ 3 m resolution

limithas recentlybeendemonstratedasa
promising tool in solidification science.7

However, a 10 s acquisition requires the
microstructure toremainsemi-stationary
within resolution limits during exposure
of theunderlyingradiographicsequence.
It is therefore most suited for studies of
late-stage phenomena occurring after
networkcoherency isestablished,andby
employing low cooling rates so that the
morphology evolution takes place over
timescalesofseveralseconds tominutes.
Ultra-fast tomography has been used to

obtaindetailed3-Dinformationondeep-
in mushy zone processes like ripening
and low-permeability melt feeding.7 In
general, tomography is less versatile
than the other methods as observations
are indirect, being available only after
a computer reconstruction of the 3-D
object.White-beamtopographyhasbeen
used quite extensively to study solidi-
fication microstructures,8–11 its main
advantage being supreme solid-liquid
(s-l) interfacecontrastbyphase-selective
diffraction from the solid. It also offers
unique capabilities for direct studies of
momentum transfer at the s-l interface.11

However, in-situ topography is limited
by the output signal strength; typically
obtainable spatiotemporal resolutions
are on the order of 15 m and 2 s.
 Themostflexible techniqueforspatio-
temporal imaging ofevolving solidifica-
tion microstructures is x-radiography,
provided that the alloy system under
investigation contains segregates that
canberesolvedbytransmissioncontrast.
With third-generationSRsources,partial

Figure 2. Equiaxed dendritic growth in Al-20Cu. G = 38 K/mm, v = 17.5 m/s. 
[See animation on-line.]WEBWEB
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beam coherence can be obtained at high
photon energies, facilitating the use of
x-ray phase contrast1,12 in addition to
the more conventional photoelectric
absorption contrast. In general, this
leads to contrast enhancement at the
s-l interface, and also enables studies
of s-l interfaces between aggregates
of similar atomic compositions. The
first demonstration of in-situ SR radi-
ography in solidification science was
carried out with various alloys from the
Sn-Pb system.13 Cellular, columnar, and
equiaxeddendriticmicrostructureswere
studied employing a high-resolution
fast readout detector14 equipped with
specially developed components for
high-resolution time-resolved imaging.

In successive applications of the setup,
solidification microstructures and phe-
nomena were studied in various alloys
fromtheAl-Cusystem,1,15–17 wherenomi-
nal resolutions combined to an optimum

r
g
~1.5 mat thes-l interface.Recently,

other groups have applied similar setups
to study solidification in Sn-Bi18–20 and
Al-Ni.21–23

 The new high-resolution in-situ
imaging techniques have provided new
quantitative morphological, solutal, and
kineticdataonsolidificationmicrostruc-
ture development. Another important
benefitof the technique is real-timevideo
microscopy of solidification sequences,
which can provide a conceptual under-
standingof thedynamicsofmetal solidi-

fication processes that no other method
has been able to.
 This article will review some recent
high-resolution x-ray imaging work on
aluminum alloys, with supplemental
video sequences available on-line.
 See the sidebar on page 24 for experi-
mental procedures.

RESULTS AND DISCUSSION

Columnar Growth in Al-Cu

 Figure1showscolumnardendriticand
eutecticgrowthinAl-30Cu(allcomposi-
tionsare inweight percent) directionally
solidified with the temperature gradient
parallel to gravity. The composition is
close to the Al-Cu eutectic at 33 wt.%
and the eutectic front appears as a near-
horizontal lineacross the images,mainly
visible due to phase contrast. At the
dendritic s-l interface both phase shift
and absorption contributes to the con-
trast. The absorption contrast available
also allows for a direct visualization of
the solute field in the liquid ahead of the
dendrites. The mesoscopic variations in
this solute field are due to settling melt
flows pluming out of the interdendritic
columns into the liquid region ahead of
the columnar front. The melt flow pro-
motes localdestabilizations of the solute
boundary layer forming ahead of the s-l
interface, causing the different dendrite
tips to grow with velocities that alternate
in a sinusoidal manner about an approxi-
mately constant eutectic front velocity.
The images illustrate the difficulties of
achieving steady-state growth, mainly
due to thepresenceof thermosolutalflow
in a manner that is in good agreement
with results from 2-D phase-field simu-
lations of a similar case.24 There is also
most likely a small contribution to the
unstable growth conditions from a long-
term sample position dependent drift in
the furnace-to-sample heat transfer.15

 Image processing allows the extrac-
tion  ofquantitativeandspatiotemporally
resolved data from the image sequence
on the solute concentration field in the
liquid and on the morphology of the
s-l interface.15 The morphological data
extracted from the sequence of Figure
1 has also been used for qualitative
comparison with dendritic tip stability
calculations.25 Also, S. Boden and co-
workers demonstrated that liquid flow
velocity fields can be made available

Figure 3. Fragmentation in Al-20Cu. G = 48 K/mm, v = 25 m/s. [See animation 
on-line.]WEBWEB
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fromprocessing this typeofradiographic
image sequence.26

Equiaxed Growth in Al-Cu

 Figure 2 shows equiaxed growth in an
Al-20Cu alloy that has been inoculated
by the addition of a grain-refining Al-
Ti-B master alloy corresponding to 25
ppm titanium and 5 ppm boron. New
aluminum grains nucleate more or less
continuously in the melt. A fraction of
the crystals also nucleates from seeds
that stick to the oxide skin formed on the
exterior of the sample metal sheet. The
crystals that form on the walls are easily
distinguished from those that nucle-

ate freely in the melt due to the strong
buoyancy exerted on the latter category,
from the parent melt which at C

0
has a

density that is ~1.4 times that of the -Al
crystals. Since solidification is parallel
to gravity, the upward motion of the
crystals is stopped as a coherent network
is established. Complex thermosolutal
flow is present also in this sequence,
visible as horizontal components in the
trajectories of the individual dendrites.

Dendrite Fragmentation and 
Columnar-to-Equiaxed Transition

 The solidification direction in Fig-
ures 1 and 2 was parallel to gravity. In

experiments where columnar crystals
grew upward, antiparallel to gravity,
the dendrites often fragmented and
sometimes these fragments survived.
Figure 3 shows dendrite fragmentation
in an Al-20Cu alloy.27,28 The fragmenta-
tion in this material can be attributed to
the heavier solute that is rejected from
the tip and flows into the mush, causing
ternary arms to melt at their root. Since
this occurs close to the front, the frag-
ments can be transported by buoyancy
forces out of the highly permeable

Figure 4. Fragmentation and initiation of CET in Al-20Cu. G = 48 K/mm,
v = 25 m/s. [See animation on-line.]

Figure 5. Dendrite fragmen-
tation during recalescence 
from solidifying eutectic in an 
Al-30Cu alloy. G = 15 K/mm, 
v = 5 m/s. [See animation 
on-line.]
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EXPERIMENTAL PROCEDURES
 The solidification experiment as well as the imaging technique have been described
extensively elsewhere1,15 and only a short review will be given here. A Bridgman-type
solidification furnace has been utilized in all experiments. In this experiment, a thin (0.1–
0.2 mm) alloy sample is placed in the gap between two furnaces, one at a temperature
above the liquidus and the other below the solidus. The furnace temperatures and gap and
thus the temperature gradient can be regulated independently. The sample is translated
by a stepping motor. The solidification allows for experiments parallel (downward) or
antiparallel (upward) to gravity. The sample is contained in a quartz glass envelope
and protected from reaction with the glass by a thin layer of boron nitride spray. All
experiments have been carried out at the European Synchrotron Radiation Facility at
beam lines ID22 and BM5, using monochromatic radiation in the range 15–17 KeV. With
the experimental configuration selected, the x-ray camera used for the experiments1,14

provides a field of view of about 1.4 1.4 mm2, and nominal temporal and spatial
resolutions down to about 0.15 s and 1.5 m, respectively.

mush. When the fragments reach into
the constitutionally undercooled region
close to and ahead of the columnar front,
they grow by consumption of the local
solvent.Consequently, evenmoresolute
isaccumulatedalong the trajectoryof the
initial fragment, which settles into the
interdendritic column causing a cascade
of secondary fragments detaching in
the wake of the initial one. It is worth
noting that while the initial fragment
clearly grew dendritically during flow,
the secondary fragments do not show
similar growth. This can be taken as
evidence that the local undercooling has
been swept away by the growth of the
first fragment. When the first fragment
reaches into the liquid region ahead of
the columnar front, it grows sufficiently
large to cause solute accumulation
ahead of the front that settles into the
neighboring interdendritic regions and
causes detachment to occur here as well.
Eventually this cascade of secondary
fragmentation spreads laterally across
the field-of-view and the columnar
front is completely blocked from further
growth,bothmechanicallyandsolutally,
since the liquid undercooling ahead
of the columnar front is swept away.
In Figure 4 the same sample has been
solidified once more with exactly the
same parameter setting, except that the
field of view is shifted slightly upward.27

Once again fragmentation is initiated
by solute pile-up, eventually leading to
a blocking of the columnar front, and
as seen toward the end of this sequence
where a new columnar front is hindered
from stabilizing by a second cycle of
detachments. The initial blocking of
the columnar front and the irregular
microstructures that form afterward are
believedtorepresent the initial stagesofa

columnar-to-equiaxed transition (CET),
found to occur in many castings.
 Figure 5 shows another mechanism
fordendritedetachment, recalescence in
Al-30Cu. As a eutectic front approaches
the dendrites,  the latent heat of fusion
releasedbytheeutectic frontcauses local
remelting and detachment of dendrite
arms.Thiswouldnormallyhappen in the
region close to secondary solidification
fronts, like the eutectic, and therefore,
in systems with a lower alloying would
occur too deep into the mush to allow
for transport of the fragments out of the
mush and initiate a CET.27

Eutectic Solidification

 Figure6showsplanareutecticgrowth
in Al-30Cu. This is the same alloy as in
Figure 1, but the temperature gradient
has been increased and the growth rate
decreased so that the front is no longer
constitutionally undercooled.1 Steady-
state conditions seem to prevail since
the position of the front is stationary and
growth occurs at a constant temperature.
Figure 7 shows the same alloy, but here
the growth rate has been increased from
7 m/s to 32 m/s (a high temperature
gradient has been retained) which has
destabilized the front into eutectic cells
and dendrites.

Hydrogen Porosity

 Some aluminum samples were found
tocontainsufficienthydrogentopromote
bubble formation during solidification.
Figure 8 shows how such bubbles form
porosity in Al-30Cu.1 Solidification in
thissampleisparallelwithgravityandthe
solidification front prevents the bubbles
from escaping by flotation. The forma-
tion of the bubbles can not be seen in the
sequence; they probably nucleate well

ahead of the solidification front outside
the field of view, but the incorporation
into the eutectic front can be seen and
results in elongated pores.

Phase Separation during 
Monotectic Solidification

 Figure 9 shows droplet formation,
motion, and coagulation and monotectic
solidification inhypermonotecticAl-6Bi
(the monotectic composition is at about
4 wt.% Bi).29 In the hypermonotectic
systems a liquid-liquid phase separa-
tion into an aluminum-rich primary
melt engulfing droplets of a secondary
bismuth-rich liquid phase is expected
ahead of the monotectic reaction, with
a slight increase of the element segrega-
tion between the two liquid phases as the
temperature approaches the monotectic
reaction where -Al solidifies. When
thesecondaryphasedropletsorembryos
are adequately small they exert Brown-
ian motion, but as their size increases
they will be set in collective motion by
a combination of external forces.
 First, gravity acts as an external force
since the bismuth droplets are about
3.5 times denser than the primary melt.
Second, Marangoni forces arise due to
the thermaland/or solutaldependenceof
the liquid-liquidsurface tension,promot-
ingprimarymeltflowaroundthedroplets
toward the region of the highest surface
tension. Thus, in a temperature gradient,
theMarangoniflowof thedropletswould
be parallel to the gradient. Finally, for
viscous flow a Stokes drag is exerted on
the moving droplets by the surrounding
liquid.
 In the case shown here, with solidifi-
cation antiparallel togravity, the thermal
Marangoni force and gravity will be
directedoppositely, andsince the former
scales with the surface of the droplet
while the latter scales with its volume,

Figure 6. Planar eutectic 
solidification in Al-30Cu. G = 
46 K/mm, v = 6.4 m/s. [See
animation on-line.]
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there will, dependant upon the strength
of the thermocapillarity, / T, be a
certain droplet size regime where the
Marangoni force supersedes the combi-
nation of gravity and Stokes friction.
Thus, if the temperature gradient is
adequately high, the bismuth droplets
will be set in motion anitiparallel to g,
and as they move toward higher tem-
perature they may grow in size by
coagulation or by accumulation of
smaller, slower, or non-rising droplets.
At the same time, the archetype shape
of binodal lines in monotectic phase
diagrams tells us that in equilibrium a
gradualdissolutionof thedropletswould
occur toward higher temperatures. Alto-
gether there are now two possible out-
comes for the droplet motion: coagula-
tion and dissolution. Either the droplets
growlargeenoughforgravity settlement
to become dominant or they remain
within a size regime where Marangoni
motion is dominating.

In the first case there will be a co-
existence of two flow regimes—Maran-
goni-driven upward flow of smaller
dropletsadjacent tosettlingflowinitiated
by gravity settlement of the larger drop-
lets. In the shear between such flow
regimes further flow-assisted coagula-
tion will be promoted. For the droplets
that remain within the Marangoni-
dominated size regime, the droplets will
normally move too fast to be completely
dissolvedat thebinodal line,but transport
into the miscible region where they
finally dissolve and cause an unstable
liquiddensity layeringbybismuthsuper-
saturation. Mesoscopic natural convec-
tion rolls arise with a diameter roughly
similar to the length of the two-phase
liquid region, here about 4 mm or 3.2
times the field of view.
 In the presence of the mesoscopic

convection, there will be settling trans-
portofabismuth-rich liquid thatwithout
new precipitation of bismuth droplets in
the immiscibility gap can lead to a solu-
tal undercooling of the monotectic reac-
tion, for which cellular perturbations are

amplified at the interface accompanied
by a classical sinusoidal bismuth con-
centration profile. It can be seen from
the video that Marangoni motion of
droplets forming at the interface gives
rise tomicroscopic convection rollswith
roughly the sameperiodicityas thecells,
and thatdropletcoagulation isprominent
in the shear flow between the rolls.
Furthermore the sequence reveals many
intriguing details on short-scale droplet-
droplet interaction and coagulation
mechanisms, which can be compared
with results from microscopic phase-
field modeling,30 showing the dominant
rolehydrodynamicshaveoncoagulation
in immiscible systems.
 It should be noted that from the
sequence shown in Figure 9 and more
than 50 other sequences collected with

Figure 7. Cellular eutectic growth in Al-30Cu. G = 37.5 K/mm, v = 32 m/s. [See
animation on-line.]

Figure 8. The formation of pores in Al-30Cu. Hydrogen gas bubbles are 
incorporated into the eutectic. G = 27 mm/s, v = 22.4 m/s. [See animation 
on-line.]
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different hypermonotectic Al-Bi consti-
tutions, over a series of many samples,
and for a large range of temperature
gradients and pulling velocities, no
observations could confirm nucleation
of droplets in the immiscibility gap. In
all sequences visible droplets appeared
in thevicinityof themonotectic reaction,
which potentially could be ascribed to a
nucleation problem.

CONCLUSIONS

 New techniques based on high inten-
sity x-ray sources in combination with
fast-read-out low-noise cameras have
allowed in-situ imaging of alloy solidi-
fication with high spatial and temporal
resolution. High-resolution images of

solidification can provide quantitative
data on solidification morphologies,
solute distributions, and kinetics that
will serve as benchmark data for mod-
eling and for a better comprehension of
solidification phenomena.
 Video sequences of these techniques
can be used in teaching to illustrate a
wide range of alloy solidification phe-
nomena.
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Figure 9. The liquid phase separation and monotectic reaction in an Al-6Bi 
alloy. G = 15 mm/s and v = 7.2 m/s. [See animation on-line.]
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