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Time Resolved X-Ray Imaging of Dendritic Growth in Binary Alloys
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Direct beam x-ray imaging, with intense coherent monochromatic synchrotron radiation and a fast
readout low noise detector has been used for in situ studies of cellular and dendritic solidification of
Sn-Pb alloys. Temporal and spatial resolutions down to �0.7 s and �2.5 mm, respectively, with a
field of view up to 1 mm2 were obtained. The collected images display features from both phase and
amplitude contrast which, combined with the attainable temporal resolution, provide a method with the
potential to uncover dynamic processes in nonequilibrium solidification.

PACS numbers: 68.45.–v, 68.70.+w, 81.05.Bx, 81.30.Fb
In several types of nonequilibrium systems, propagating
fronts between two phases appear as spatiotemporal struc-
tures at a macroscopic level. A common problem for such
phenomena is to establish a consistent theory predicting
the morphology of the interface as a function of its ve-
locity field. The progress of a solid-liquid front during
nonequilibrium crystal growth falls into this type of in-
completely explained phenomena [1], of which traces can
be observed in solidified alloys as dendritic microstruc-
tures. The microstructure has a strong influence on the
mechanical properties of a solid [2,3], and therefore, a
better understanding of growth processes and their depen-
dence on various physicochemical parameters is of major
importance in materials science as well. Self–consistent
dendritic growth models exist which describe the prop-
agation and curvature of an energetically anisotropic
solid-liquid interface in the presence of capillarity effects
[4]. Other effects, like interactions between adjacent in-
terfacial features or solute diffusion, may give rise to
more physical self-consistent models. Accordingly, ex-
periments are required to evaluate the merits of such
models and clarify the validity of underlying parametric
assumptions [1].

In the last decade various numerical approaches [5]
have been used to solve the nonlinear integro-differential
equations satisfying the solvability condition [4]. Simu-
lated patterns have been used to investigate the effects
of thermal and chemical undercooling, gravity and fluid
convection, and also to promote further insight into the
generation of pattern characteristics like tip splitting or
sidebranching. Most of the numerical simulations have
been initiated from or controlled against experimental
observations made with one of the few methods available.
Most likely, new experimental techniques can contribute
to further qualitative but also quantitative knowledge on
dendritic growth.

In metals, equilibrium processes like planar and cellular
growth have been investigated by sealed-tube x-ray radi-
ography [6], and later by synchrotron x-ray topography
[7], but neither the spatiotemporal resolutions nor the tech-
0031-9007�99�83(24)�5062(4)$15.00
niques or equipment employed, are adequate for studies
of dendritic growth. Sealed-tube x-ray radioscopy has
been employed successfully to study stationary segregation
phenomena occurring in the liquid phase under alloy so-
lidification in the presence of conductive and convective
flows [8].

Information on dendritic growth in metals has been ob-
tained from interrupted processes, either by quenching of
the microstructure [9], or by decanting of the melt [10]
during the growth. Subsequent metallographic investiga-
tions of the microstructures give information on the frozen
solid-liquid interface, but the methods are of limited value
in analyzing the dynamics of the solidification processes.
Certain transparent organic compounds have been used to
simulate the solidification of metals [2,11]. These organic
materials have low entropies of fusion and therefore solid-
ify like metals in a nonfaceted way, often in hexagonal or
cubic crystal systems. The growing crystals of transparent
analogs can be studied under a light microscope utilizing
the phase contrast at the solid-liquid interface, but none of
these analog systems include an opaque alloying element
that could display compositional gradients in either of the
phases from light absorption differences. In summary,
experimental methods that were used in the past are all
severely limited with respect to their abilities to evaluate
different theoretical models for dendritic growth. This pa-
per reports on a new experimental method where intense
and coherent synchrotron x-radiation has been used for
in situ studies of interfacial and phase-specific spatio-
temporal structures which appear during nonequilibrium
growth in binary alloys.

Two binary alloys were prepared, with compositions
Sn–10 wt % Pb and Sn–52 wt % Pb, respectively. The
alloys were melted and filled into flat rectangular glass
containers (cuvettes) made from welding together two
100 mm thick 15 3 25 mm2 borosilicate plates, inter-
nally spaced by either 0.100(5) or 0.150(5) mm. The cu-
vette was mounted with its thinnest dimension parallel to
the x-ray beam in a sliding device and placed between
two furnaces independently adjustable in temperature and
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position, enabling control of the temperature gradient,
≠T�≠z, over the sample. A stepper motor was connected
to the slider with its axis of translation directed vertically
along the spacing between the furnaces.

The experiments were carried out on beam lines ID22
[12] and ID18 [12] at the European Synchrotron Radiation
Facility (ESRF). Incident 23.88 or 25 keV monochro-
matic (DE�E � 1024) beams, obtained from filtering un-
dulator harmonics through a vertical double crystal Si111
monochromator, were slitted down to a size �1.0 3

1.0 mm2 about 5 m upstream from the sample. The trans-
verse coherence length at the sample position was typi-
cally �30 80 mm with a monochromatic flux of the
order of 1012 photons��s ? mm2�. A fast readout-low
noise (FReLoN) CCD camera [13] with a 1024 3 1024
pixel array, ��19 mm�2 pixel size and a 14 bit dynami-
cal range, was used to collect the images. The camera
was mounted on an optical microscope head equipped
with a 23 magnifying eyepiece, and in addition 103 and
203 magnifying objectives mounted on a motorized sup-
port that allowed fine tuning of their focal planes onto
a transparent luminescent screen [14]. The screen was a
3.5 mm thick europium-doped lutetium aluminum garnet
(LAG:Eu) deposited on a 170 mm yttrium aluminum gar-
net (YAG) substrate. Including screen and optical aber-
rations, the maximum resolution of this setup is about
1 mm. An external fast shutter was coupled to the cam-
era triggering. A one-channel readout with storage to disk
gave readout�storage-times, trs, of 0.5 and 0.9 s for 2 3 2
binned frames and full frames, respectively. A four-
channel readout and storage of images directly in com-
puter memory can be used to bring trs down to �50 ms
for a full frame, but this combination was not employed
due to technical problems. The software application of
the detector also offers online image display.

From a melted sample in thermal contact only with
the upper hot furnace, solidification was initiated by low-
ering the sample cuvette at a constant velocity, ycuv [
�4.8, 1000� mm�s, with nucleation occurring as the cu-
vette came in thermal contact with the lower furnace
operated at temperatures below the alloy solidus. The
growth process could now be monitored, collecting con-
secutive frames at a fixed camera position as the sample
was moved further down into the less hot compartment.
During the experiments ≠T�≠z was varied in the range
16.7–150 K�mm by adjusting the temperatures and the
spacing of the furnaces. Exposure times were in the range
0.2–1.0 s, that together with trs added up to the total time
elapse between consecutive frames. The spatial resolu-
tion obtained, in the range 2.5 5 mm, was determined by
the particular combination of readout mode and magni-
fication. In all, 84 separate time series of solidification
were collected.

In the solidification studies of Sn–10 wt % Pb we ob-
served columnar dendrites and cellular structures cover-
ing a growth velocity of the solid-liquid interface, ysl [
�10, 600� mm�s controlled by varying ycuv and ≠T�≠z.
Figure 1 shows a sequence of images of columnar Sn den-
drites growing at ysl � 40 mm�s in a temperature gradi-
ent of 19 K�mm. Microsegregation between the dendrite
arms can easily be seen as well as a dark, Pb-enriched
liquid boundary layer preceding the growing crystal front
in a shape presumably determined from liquid diffusion at
the interface. The effective spatial resolution in these im-
ages was reduced to �5 mm, in order to get sufficiently
reliable intensity statistics over the image at 1.0 s expo-
sures. A dark, Pb-rich area can be seen in the lower
left section of the images. The extent and shape of this
macrosegregated area changes surprisingly fast. The ori-
gin of this segregation phenomenon is not known; it may

FIG. 1. Columnar dendritic growth of Sn crystals in an Sn–
10 wt % Pb alloy. ≠T�≠z � 19 K�mm, ycuv � 9.6 mm�s,
exposure time � 1.0 s, 2 3 2 binned image, �1 3 1 mm2

field of view. Sample-detector distance 10 cm. (a) t0,
(b) t0 1 1.5 s, (c) t0 1 3.0 s.
5063



VOLUME 83, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 13 DECEMBER 1999
be a consequence of the confined space in which the crys-
tals grow.

Figure 2 shows cellular growth. The temperature gra-
dient has been drastically increased to 150 K�mm as
determined from the temperatures and spacing between
the furnaces. It can be seen from the series of pictures
that the thermal stability is higher; the solidification front
growing steadily at a rate ysl � 16 mm�s. At this high
≠T�≠z the growth temperature is depressed and crystals
with a low alloy composition can survive ahead of the
front. A crystal fragment that has been detached from
the front can be seen to the right in the images. It at-
taches to the front and continues to grow as a new crys-

FIG. 2. Cellular growth of Sn crystals in an Sn–10 wt % Pb
alloy. ≠T�≠z � 150 K�mm, ycuv � 9.6 mm�s, exposure
time � 0.5 s, 2 3 2 binned image, �0.5 3 0.5 mm2 field of
view. Sample-detector distance 75 cm. (a) t0, (b) t0 1 31 s,
(c) t0 1 62 s.
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tal. This detachment�crystal multiplication phenomenon
is assumed to occur in metals, but has not been observed
previously in situ.

The other alloy composition, Sn–52 wt % Pb, is well
suited for studies of equiaxed growth processes. The
eutectic point of the Sn-Pb system is at 38 wt % Pb,
thus, in this case, the primary crystals will be Pb. From
Figure 3 it can be seen that continuous nucleation takes
place in the undercooled melt ahead of the solidification
front, but it is not clear whether the nucleation sites
occur on the glass or in the liquid. The crystals grow
in an equiaxed manner, dendrite arms parallel to the
heat flow growing to substantial lengths. A directional

FIG. 3. Equiaxed dendritic growth of Pb crystals in an Sn–
52 wt % Pb alloy. ≠T�≠z � 29.5 K�mm, ycuv � 9.6 mm�s,
exposure time � 1.0 s, 2 3 2 binned image, �1 3 1 mm2

field of view. Sample-detector distance 75 cm. (a) t0, (b)
t0 1 4.5 s, (c) t0 1 9.0 s.
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front cannot develop since new nuclei are formed in the
volume preceding the interface—a directional front of
pure Pb would also require a strong Sn diffusion since the
melt is almost a 50%�50% mixture of the two elements.
Equiaxed growth of alloys has not been observed in situ
with other experimental methods.

The SnPb alloys were selected for these primary studies
because of their rather low solidus�liquidus temperatures,
and because the system has a well-known phase diagram
making SnPb alloys suited for exploratory work. A
practical problem with this system is the strong absorption
of x rays by Sn and especially by Pb in the energy range
(,20 keV) where the scintillator has its highest quantum
efficiency. The luminescent screen is made as thin as
possible to make x-ray to light conversion most likely to
occur within the area associated with the focal depth
of the objectives, hence optimizing spatial resolution at
the expense of quantum efficiency. Photons at 25 keV
have less than 25% transmission through the 100 mm
Sn–10 wt % Pb alloy which prevents full advantage to
be taken of the temporal resolution attainable with the
camera and making it necessary also to compromise on
spatial resolution.

Experiments with more transparent alloys (e.g., AlCu)
with a higher transmission at an energy more optimized for
the screen will produce results with the full camera resolu-
tions. Thermocouples introduced into the sample cuvette
can be used to map out ≠T�≠z locally in the area surround-
ing the progressing interface. With these improvements,
results from the method presented here will have spa-
tiotemporal resolutions close to the ones obtainable with
transparent analogs, and will in addition contain phase-
specific information on solute diffusion and macrosegre-
gation in the solid. We believe this type of experimental
output could open for new efforts in numerical simula-
tions and theoretical modeling, and eventually provide new
knowledge on dendritic growth in metals.
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