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In Situ Studies of Precipitate Formation in Al-Pb Monotectic
Solidification by X-Ray Transmission Microscopy

WILLIAM F. KAUKLER, FRANZ ROSENBERGER, and PETER A. CURRERI

Al-1.5 wt pct Pb monotectic alloys were unidirectionally solidified. X-ray transmission microscope
(XTM) observations, both during and after solidification, revealed various new morphologi-
cal/compositional features in the melt and solid. In the melt, nonuniform lead-rich interfacial seg-
regation layers and droplets were observed to form well ahead of the interface. In the solid, periodic
striae formed at translation/solidification velocities as low as 6 3 1026 m/s. The striae shape does
not replicate that of the interface. The striae spacing decreases from 4 to 2 3 1024 m with an
increasing solidification rate between 6 and 16 3 1026 m/s. High resolution postsolidification XTM
examination reveals that these striae consist of Pb-rich particles of 2 to 3 3 1026 m diameter. At
translation/solidification velocities below 6 3 1026 m/s, Pb incorporation into the solid occurs in the
form of continuous fibers and strings of particles of about 5 3 1026 m diameter. Bands, parallel to
the interface, in which these fibers were aligned in the solidification direction, alternated with bands
of poor fiber alignment. The width of these bands is comparable to the striae spacings obtained at
the high solidification rates.

I. INTRODUCTION

DUE to their inherent complexity, monotectic reactions
have been investigated in less detail than the formation of
eutectics or solid solutions. In particular, when the density
of the second liquid, that forms on solidification, is higher
than that of the original melt, sedimentation in the Earth’s
gravity field complicates detailed studies of such systems.
Hence, there has been considerable interest in microgravity
solidification of monotectic alloys.[1–17]

Metals are optically opaque. However, some insight into
metallic solidification phenomena and their microstructural
evolution has been obtained from transparent organic model
systems.[14,18–20] But the details of the phase morphologies
of the optically transparent systems and their thermophys-
ical and transport properties differ significantly from me-
tallic systems. Thus, there is a need for experimental
techniques that allow real time determinations of the dy-
namics and morphology in metal systems.

X-ray transmission (or shadow) microscopy can image
concentration gradients in the solid and liquid through dif-
ferences in absorption. Traditional X-ray sources have been
used to examine the homogeneity of thick specimens (of
the order of millimeters),[21] to image shrinkage porosity
during aluminum solidification,[22] melt-solid interface
shape during Bridgman growth of germanium,[23] and con-
vection caused by dissolving gold and silver wires in liquid
sodium[24] with a resolution of 3 to 5 3 1024 m. However,
the imaging of microstructural features requires resolutions
of 1 to 100 3 1026 m.

Only recently have X-ray sources and detectors been ad-
vanced enough in resolution and contrast to allow system-
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atic studies of the relationship between melt dynamics and
resulting microstructure. During our development of an
X-ray transmission microscope (XTM) for solidification
studies, we examined a number of alloys with which we
had experience from prior microgravity research pro-
jects.[8,9] We have imaged the solidification of alloys in real
time with resolutions of up to 3 3 1025 m, employing a
state-of-the-art 10 to 100 keV source, featuring a submicron
focal spot.[1,2,3] Using solidifying aluminum alloys, we ob-
served, in real time, the formation of the interfacial solute
boundary layer in the liquid, interfacial morphologies, drop-
let coalescence, droplet incorporation, and particle/void en-
gulfment by the advancing interface.

Our preliminary studies of monotectic alloy solidification
with the XTM revealed various unexpected morphologies.
Kaukler and Rosenberger[3] and Curreri and Kaukler[1,2] first
demonstrated striation formation in such systems. In the
present work, using recent improvements in the image res-
olution and contrast, we have further quantified striation
formation in Al-Pb. The Al-1.5 wt pct Pb monotectic alloy
is particularly well suited for X-ray solidification studies
due to the good contrast provided by the large difference
in X-ray absorptance between the immiscible phases. At
lower solidification velocities, we found fine fibers and
strings of Pb precipitates. Bands, parallel to the interface,
in which these fibers were aligned in the solidification di-
rection, alternated with bands of poor fiber alignment. In
the following sections, after an outline of the experimental
approach used, we will describe these observations in
greater detail.

II. EXPERIMENT APPARATUS AND SAMPLE
PREPARATION

The apparatus and details of exposure (X-ray energy and
flux) employed for this study have been described in detail
elsewhere.[1,2,3] Here, we will only outline the basic concept
and essential features. In the projection radiography used,
the specimen (in a furnace) is placed between the X-ray
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Fig. 1—X-ray transmission microscope: schematic diagram of
components.

Fig. 2—Interface position vs time determined from in situ real-time
radiomicrographs.

source and the X-ray image converter (Figure 1). In such
an arrangement, the resolution and contrast are limited by
the focal-spot size of the X-ray source, as well as the ef-
ficiency and spatial resolution of the image converter.[1,2]

For maximum magnification, the distance between the
source and sample should be minimized. Our current fur-
nace design limits the magnification during solidification
experiments to magnification 30 times. Solidified samples,
removed from the furnace, can be brought close enough to
the source to obtain magnifications of over 800 times.

With the current combination of X-ray image intensifier
(Thompson CSF) and cooled CCD camera (Photometrics
C200), differences in transmitted intensity as low as 2 pct
can be detected. With the ,1 3 1026 m spot size used and
the preceding magnification of 30 times, this allows for the
resolution of 3 3 1025 m diameter lead particles in 1-
mm-thick Al samples during solidification. In postsolidifi-
cation examination with magnification 500 times, lead

particles as small as 5 3 1026 m can be resolved. This
nonlinear interdependence of resolution and magnification
is due to the feature-size-dependent degradation of the de-
tector resolution.[1,2]

The furnace is designed for horizontal directional solid-
ification. The sample is 5 3 1022 3 2 3 1022 m and 1 3
1023 m in transmission direction. It is completely enclosed
in a flat boron nitride crucible to retain its shape during
melting. The thin furnace housing is water cooled. Alumi-
num foil windows prevent excessive heat losses from the
sample with a small attenuation of the X-ray flux. This
design puts the specimen at least 1.1 3 1022 m from the
focal spot of the X-ray source. Using a single-zone heater
arrangement, the temperature was stabilized to 50.1 K, and
the temperature gradient in the vicinity of the interface was
typically between 4.4 and 5.2 3 103 K/m. The interface
was straight within 1 3 1024 m across the sample; devia-
tions from planarity in the vertical direction were even less.

A motor-driven screw pushes/pulls the specimen with its
crucible at rates of 1 to 20 3 1026 m/s normal to the X-
ray beam. Due to the finite sample length, combined with
actual interface displacements of up to 3.4 3 1022 m, the
heat transfer between the furnace and sample depends on
the sample position. These end effects can cause the actual
solidification velocities to exceed the translation rate from
30 to 45 pct. As a consequence, the interface location grad-
ually drifts within the furnace window. For one sample, we
determined the actual solidification rates and corresponding
translation rates from video-recorded sequences of trans-
mission images. The measured translation rate of 6.78 3
1026 m/s was constant within better than 1 pct over 4 3
1023 m. Figure 2 shows the measured interface position as
a function of time. Note that by starting from a standstill,
an initial transient is formed. From the fitted slope shown,
an interface velocity of 11.4 3 1026 m/s was obtained and
found to be constant within 1.5 pct. In another set of ex-
periments, an interface velocity of 12.8 3 1026 m/s was
obtained with a translation rate of 9.12 3 1026 m/s.

Starting materials were 5/9 pure Al and Pb. Monotectic
Al-1.5 wt pct Pb samples were prepared by melting in a
graphite crucible, then rapidly solidifying in quartz tubes,
followed by machining to the preceding dimensions. In
spite of operation in air, oxidation of the molten samples
was minimal in the tightly dimensioned BN crucibles.

Solidified, polished (but not etched) samples were ana-
lyzed for composition variation (a) with an electron micro-
probe by stepping along the specimen centerline in 1.5 3
1025 m increments, counting for 3 seconds per step, and
(b) by backscattered electron imaging in a scanning electron
microscope (SEM).

III. RESULTS AND DISCUSSION

An XTM micrograph of solidifying Al-Pb is shown in
Figure 3, with the melt on the left and solid on the right.
As indicated, the translation rate was changed twice during
solidification. Figure 3 clearly shows accumulation of the
segregating Pb at the interface. However, this segregation,
which is apparent at all translation rates above 6 3 1026

m/s, is rather nonuniform along the interface. At 1.4 3 1025

m/s, we estimate, from the local X-ray absorption, an in-
crease in interfacial Pb concentration to at least 3 times the
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Fig. 3—X-ray radiomicrograph of Al-Pb monotectic during solidification
showing solid-liquid interface (I). The solid formed at three different rates
as indicated. Note the striae in the 9 and 14 3 1026 m/s translation rate
sections and the nonuniform Pb segregation along the interface in the melt.

Fig. 4—Radiomicrograph obtained under same conditions as Fig. 3 at a
later time. Note the coalescence of the rejected Pb into relatively large
(.35 3 1026 m diameter) droplets, which eventually become engulfed.

Fig. 5—Postsolidification low-magnification radiomicrograph. Growth
direction from left to right; translation rate 9.1 3 1026 m/s. Striations with
'2.5 3 1024 m spacing and quenched interface at right.

bulk concentration. Interestingly, in spite of this high in-
terfacial solute concentration, no morphological instabilities
were observed. In contrast, with dilute Al-Cu and Al-Ag
alloys, we found cellular or dendritic interfacial morphol-
ogies under similar solidification conditions at solidification
rates above 2 3 1026 m/s. On the other hand, at 1.4 3 1025

m/s and above, it appears that relatively large drops of
Pb-rich liquid (3 to 8 3 1025 m diameter) form in the melt
ahead of the interface. As indicated by Figure 4, the ma-
jority of these drops becomes incorporated into the solid
which, in turn, results in a local decrease of the Pb con-
centration in the interfacial melt layer.

In the solid, Figure 3 reveals pronounced compositional
striae with typical spacing of the order of 1 3 1024 m. The
maximum striae contrast is obtained at the sample location
at which the X-ray propagation direction coincides with the
striae ‘‘plane,’’ i.e., when a stria lies in the middle of the
beam.[3] Note that the shape of the striae does not replicate
that of the interface. The striae show local curvatures that
largely exceed that of the interface at any time during the
experiment. In addition, as can be seen particularly well in
Figure 5, some of the striae actually intersect the interface.

From these observations, we can conclude that these striae
are not simply the result of unsteadiness in the solidification
rate that could result from unsteady sample temperature,
translation rates, and convective transport.[25] One might
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Fig. 6—Striation spacing vs translation rate obtained from all samples
investigated. No striae were found below 6 3 1026 m/s.

Fig. 7—Average pixel brightness vs position obtained from Fig. 5 in
solidification direction (normal to the average striation length). Minima
represent high Pb concentration.

Fig. 8—Electron microprobe profile of Pb counts across four striae of
sample in Fig. 5. This profile was obtained from a 9.11 3 1026 m/s
segment of a unidirectionally grown specimen that was sectioned and
mechanically polished.

speculate that the striae undulations seen in Figures 3
through 5 are somehow associated with the nonuniformity
of Pb segregation along the interface, as previously dis-
cussed. At this point, however, our data are too sparse to
support this mechanism over, say, a postsolidification pre-
cipitation scenario.

Note that the preceding striae formation has not been
reported by others. Postsolidification examination of the
previous samples by optical microscopy of metallographi-
cally prepared surfaces reveals only random spatial distri-
butions of particles. As we will see later, these particles
represent precipitates of the Pb-rich phase. Thus, the band-
ing is only revealed by probing to a depth equal to or larger
than the particle size. Similarly, faint indium-rich striae in
Al-In monotectics were only revealed by high magnifica-

tion XTM postsolidification analysis.[1,2] From this, we pro-
pose that such striae (in monotectic alloys) may be a rather
widespread phenomenon.

The dependence of striae spacing on translation rate was
studied by in situ observation of six Al-Pb monotectic spec-
imens solidifying at various rates. Figure 5 shows a post-
solidification transmission radiograph of a section of one
sample solidified at 9.1 3 1026 m/s. The dark zone on the
right is the result of sample quenching. Striation spacings
were determined by averaging over 10 to 20 striae at var-
ious locations across the width of the specimen. In Figure
6, the measured spacings are plotted vs translation rate. The
scatter in the data at a given translation rate is due to the
thermal end effects in different samples, as discussed pre-
viously. One sees that the average spacings decrease
roughly linearly from 4 to 2 3 1024 m on increasing the
translation rate from 6 to 17 3 1026 m/s. Note that below
about 6 to 7 3 1026 m/s, no striae are observed.

The solute bulk distribution across striae was determined
through optical density profiles of radiomicrographs parallel
to the translation direction. Scan widths of 70 pixels re-
sulted in relatively smooth contours. Narrower width scans
produced considerably greater scatter. Such a scan corre-
sponding to 1 mm on the sample of Figure 5 is reproduced
in Figure 7. The peaks in the profile (maxima in X-ray
transmission) represent regions of minimum Pb content.
This image shows that the Pb-rich bands constitute about
25 pct of the striae spacing.

To determine the sample thickness required to discern
the striae, which, as mentioned previously, were not re-
vealed by optical surface inspection, we have investigated
the composition of the top 2 to 3 3 1026 m by high energy
(30 to 35 kV) electron microprobe and backscattered elec-
tron imaging. Figure 8 shows the Pb signature obtained in
a 1 3 1023 m long electron microprobe scan (30 keV, scan-
ning width 3 3 1025 m, and 1.5 3 1025 m steps) across
four striae of the sample of Figure 5. No lead was detected
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Fig. 9—Backscattered electron image of polished (unetched) longitudinal
section of Al-Pb monotectic unidirectionally solidified from left to right
at 9.11 3 1026 m/s in 4.7 3 103 K/m gradient. Dark spots represent Pb-
rich particles. Right edge of image shows quenched interface.

Fig. 10—High-magnification postsolidification radiograph of sample
solidified at 2.9 3 1026 m/s. Growth direction from right to left. Note the
well-aligned Pb fibers and strings (left side) and their poor alignment on
the right.

Fig. 11—In situ optical micrograph of succinonitrile-benzene monotectic,
34 mol pct benzene, solidifying in upward direction at 2 3 1026 m/s in a
1.5 3 1024 m thick cell with a temperature gradient of about 6 3 103

K/m. Droplets of L2 are forming at the tips of the tubular stalks, which
are the result of the solidification reaction. The melt, at the top, is the L1

phase from which these two monotectic phases form. Note the worm
morphology of the stalks.

between the striae. The 2.5 3 1024 m peak-to-peak spacing
of the Pb counts agrees well with the striation spacing ob-
tained for this solidification rate from the radiographs. Note
that standard examination with low-energy SEM, due to the
low penetration depth, would not have revealed these fea-
tures.

The backscattered electron image presented in Figure 9
shows that the striae consist of randomly positioned Pb par-
ticles. Again, striation spacings obtained with this technique
agree well with values determined from low magnification
radiographs. Particle diameters deduced from magnification
1000 times backscattered electron images show a rather
monodisperse distribution of spherical particles centering
around 2.5 to 3 3 1026 m. At this point, it is not clear

whether these particles represent solidified Pb droplets that
were engulfed by the advancing interface or formed after
solidification through diffusion/precipitation. The region at
the right edge of Figure 9 is the quenched liquid zone,
which corresponds to the quenched region in Figure 5. Its
higher particle concentration is consistent with the strong
rejection of solute at the solid-melt interface. Most particles
in the quench zone, with the exception of a few larger ones,
are of the same size as those in the striae. This fact supports
the precipitation mechanism for particle formation.

As mentioned previously, no striae were obtained at
translation rates below 6 to 7 3 1026 m/s. However, mag-
nification 400 times postsolidification XTM radiography of
a specimen solidified at 2.9 3 1026 m/s resolved delicate
fibers and strings of particles (‘‘necklaces’’) with rather
uniform diameters of about 5 3 1026 m (Figure 10). Inter-
estingly, without apparent changes in the solidification
parameters, there is a succession of bands in which the
fibers/necklaces are relatively well aligned (left region in
Figure 10) and bands in which they rather randomly me-
ander in three dimensions (right region in Figure 10). The
distance between regions of fiber misalignment was com-
parable to the striae spacing of 2 3 1024 m. Stereo XTM
imaging shows that the fibers/necklaces remain approxi-
mately equidistant inspite of the three-dimensional mean-
dering.

It should be emphasized that during the preceding real-
time XTM observations, the interfaces remained planar
within the resolution limit of several 1025 m. One could be
tempted to view the necklace morphologies as a sign of a
ripening mechanism and solid-state diffusion.[26,27] But the
fact that neighboring fibers remain intact does not support
this. Obviously, more work is required to resolve this issue.

It should be pointed out that the meandering fiber mor-
phology observed in the Al-Pb system closely resembles
the ‘‘worms’’ obtained in six succinonitrile-based mono-
tectics;[14,20] e.g., the morphology obtained in succinonitrile-
benzene depicted in Figure 11. These worms initially form
as tubes of succinonitrile (the solid phase forming in this
system) filled with benzene (L2) through continuous solid-
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ification from larger benzene droplets (Figure 11). As the
interface advances, the spaces between the solid tubes be-
come filled with the remainder of the solidifying matrix.
The close resemblance of morphologies obtained in these
organic monotectics and the findings for the Al-Pb system
presented here suggest a similar mechanism for the phase
separation. However, unambiguous evidence for this anal-
ogy through direct observation of worm formation in
opaque metallic monotectic alloys must await further im-
provements in the resolution of the XTM system.

IV. SUMMARY AND CONCLUSIONS

Real-time and postsolidification X-ray transmission mi-
croscopy reveals various three-dimensional compositional
inhomogeneities in Al-Pb monotectics that cannot be de-
tected by traditional metallurgical inspection.

We found that the nucleation of the second liquid phase
does not necessarily occur at the solid-liquid interface.
Lead-rich droplets of up to 8 3 1025 m were observed to
form several 1 3 104 m ahead of the solid phase at trans-
lation/solidification rates in excess of about 1 3 1025 m/s.
The droplets were engulfed by the solid.

Segregation features in the solid included bands and
strings of Pb-rich particles, as well as continuous Pb-rich
fibers. The bands or striae, which formed at transla-
tion/solidification rates exceeding 6 3 1026 m/s, typically
did not replicate the shape of the respective interface and
consisted of monodisperse particles 2.5 to 3 3 1026 m in
diameter. Fibers and strings, which formed at lower solid-
ification rates, were, on average, oriented normal to the in-
terface, which remained planar during solidification.
However, the morphology of both features alternates from
good alignment in the solidification direction to strong local
curvature in periodic bands parallel to the interface. The
width of these bands is comparable to the striae spacings
obtained at the high solidification rates. Fibers and strings
appeared in close proximity and possessed the same di-
ameter of about 5 3 1026 m. This renders a simple post-
solidification ripening mechanism for the formation of
strings from fibers unlikely. Furthermore, bands, parallel to
the interface, in which the fibers were aligned in the solid-
ification direction, alternated with bands of poor fiber align-
ment.
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