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This article outlines how projection x-ray microscopy can be used to
view the structures that develop within solidifying metals during the freezing
process (in real-time and in situ), A description of x-ray microscopy methods
will be given. The specialized furnace design and techniques required to
permit observation of solidification phenomena will also be described. This
forms the outline of the salient features of our X-ray Transmission Micro-
scope (XTM) for solidification studies. This instrument is being developed for
microgravity materials research at NASA's Space Science Laborataory in the
Marshall Space Flight Center, Alabama. Finally, a sampling of radiomicro-
graphs taken during alloy solidification will be presented. By understanding
how the microstructures in alloys form, we can improve the properties of
materials (e.g., strength and corrosion resistance] or to design better materi-
als.

Introduction
We can directly view, for the first time, metal solidification phenomena

by (projection) x-ray microscopy. Only with penetrating hard x-rays (>10 kV)
can we watch the evolution of microstructures in metals. Application of this
innovative x-ray characterization now affords us the much needed opportu-
nity to perform experiments with optically opaque metal alloys. This provides
an unambiguous record of the three-dimensional dynamics of solidification,
and thus, permits quantitative characterization of the prevailing transport
conditions (convection, diffusion, phase separation and coalescence, particle
pushing, etc.). The microstructure of a given metallic casting strongly
determines its physical properties and. ultimately, its utility.

Past observations of this kind have been restricted to conventional
optical microscopy of transparent, organic materials that behave like metals
during solidification. However, unambiguous extrapolation of these results to
metallic systems was impaired since mterfacial and transport properties of
the organic model materials greatly differ from those of metais and semicon-
ductors.

It should be made clear that this capability is right on the edge of
feasibility We are working at the intersection of the bounds of several
technologies. The cliche 'pushing the envelope' comes to mind. The images
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we have obtained to date may look unclear or fuzzy compared to the high
definition images from an optical microscope or an SEM or AFM. All images
require extensive processing since frequently, features have 3% or less contrast.
Small, fleeting features on the monitor may never be recovered on a hard copy.
Fortunately, careful alloy selection and preparation can produce some high
contrast features so that even a layman can clearly see what was occurring.

Microscopy by Projection Radiography
A series of limitations reduce the number of methods available to perform

microscopy on metals during solidification. One is the requirement for hard x-rays
that can penetrate metals Another is caused by the high temperatures needed to
melt metal alloys. Yet another is the need to obtain high resolutions to begin to
even see the features (size range 1-1 DO micrometers) commonly found in
solidifying alloys Recently, the STM, AFM or related microscopies have been
developed and offer atomic resolutions.... but only on a solid surface near room
temperature. Solidification induced morphologies are three dimensional. If
observations of exposed surfaces are made (e.g., with SEM or even polarized
reflected light), the viewed microstructures will not be representative of those
forming within the bulk.

The most frequent discussion of x-ray microscopy in the literature involves
' the diversity of soft x-ray microscopies, often using synchrotron sources or lately,
pulsed laser plasmas. With these, the cesire is more to break the visible light
resolution barrier of conventional optics by employing the shorter wavelength of
x-rays. Most of these methods employ scanning techniques which can only be
used with stationary subjects However the hard x-rays needed to see inside
metals cannot be refracted to a focus by 3 lens. So. how does one magnify
images made with hard x-rays? A simple approach is to pass a coliimated
(usually synchrotron) beam through the specimen onto photographic film which
can later be optically magnified (or a photo resist that can be viewed on a SEM).
Little magnification is possible and the method is not real-time. The film and
specimen need to be close together (contact radiography) to keep resolutions
high.

Scanning methods cannot capture the motion that solidification entails.
(The interface between solid and liquid delineates the position of the conversion
process from molten to crystalline metal which must travel the length of the
casting.) X-ray fluorescence methods using scanned electron beams only offer
near-surface feature information and usually require a vacuum that would voltal-
ize molten metal Grazing incidence optics, only recently being developed, have
been shown to work only in the sofi x-ray regime although some work is underway
to operate at higher photon energies like 5-10 keV. So. we are left with an old
technique, little known among regular microscopists, but more familiar to NDT
inspection people: projection x-ray radiography using a micro-focus x-ray source.

Micro-focused x-ray tubes for projection radiography use high-voltage-
accelerated electrons focused through a high vacuum to a small spot onto a
tungsten (usually) target (to be considered micro-focused, the spot diameter is
less than 100 micrometers). Refer to Fig 1. Bremstrahlung x-rays radiate from
that spot in all directions. Their energy covers a spectrum (non-monochromatic),
bu; peaks at about half the acceleration voltage. By intercepting the radiated
'beam' with a specimen, ii is differentially absorbed more or less depending on
local density and passes through to casi an x-ray shadow By placing a screen
made with a phosphor or scintillator material down-stream the shadow image is
converted to visible light. The converted x-ray image can be transformed to an
electronic image by coupling the scintillaiion screen to a camera and recording
the events on video tape or as digital images in a computer. One might also use
film to convert the image if real-time information or specimen motion are not
issues.

Placing the screen farther away expands the image since the 'beam'
diverges. This produces magnification that gives rise to x-ray microscopy.
Clearly, there is a limit to the magnification and resolution. One limit is set by the
spot size which establishes the uncertainty in (he edges of the shadows Another
is the brightness of the image at the scintillator and the resolution of the
scintillator screen established by the particle size in the coating. One tries the
best one can to use the latest technologies to maximize sensitivity and resolution
(note: this means expensive). Our workhorse imaging system is based on a 9"
diameter demagnifying electrostaticly focused x-:ay intensifier often seen in
real-time systems for NDT or medical applications.

The two x-ray source types are determined by Ihe target geometry, solid
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tungsten anodes or thin tungsten films deposited (usually}
on a beryllium wafer to form a transmissive window for the
x-rays (Fig. 1). Most convenlional x-ray tubes are the
former, while the best, highest resolution devices are the
latter. Since the spot size is all-important, the thin (3-10
micrometer thick) tungsten layer of the transmission-window
tube will maintain the desired spot size. A thinner film
reduces self-absorption to provide more flux The state of
the art for spot size is sub-micron, and concomitanlly, the
resolution of the x-ray shadow is limited to this value. A big
advantage of the transmission window design is to permit
the specimen lo be placed close to the target window, li is
not unreasonable to regularly achieve 500 X or more true
magnification Note that whatever positions the specimen
and screen have, the image will be in focus because this
technique offers an infinite depth of field-(i.e., no focusing
over the whole magnification range).

Microscopy During Solidification
X-ray sources and image conversion hardware to per-

form the microscopy are commercially available This hard-
ware is commonly found in the field of NDT inspection or for
medical radiography. What is uncommon, is a furnace thai
permits unidirectional solidification of a metal alloy while
exposing the molten material to the x-ray source from a
distance less than 5 mm without impairment of the x-ray
source. It's difficult to retain hot metal for long periods of
time within millimeters of a surface one can safely touch.
But, this renders the greatest magnification and maximizes
detectabthty of the smaller features. Thus, the third main
part of the XTM apparatus is the special furnace Our
furnace has a water-cooled outer jacket for safety. Two
opposing aluminum foil windows allow the x-rays to pass
through. The long, thin, specimen is enclosed in a boron
nitride crucible which is quite transparent to hard x-rays. The
aluminum alloys to be solidified are 1 mm thick. The crucible
is slowly driven lengthwise through the furnace along a
heated tunnel. A slightly spaced pair of resistance heating
elements mainlam a temperature gradient along the tunnel
such that the metal is liquid on one. end and solid on the
other The solid-fiquid interface is established near the
midpoint of the furnace (where the windows and heater gap
are) so one can view the interface and the cross-section of
the specimen through the sides of the furnace Pulling the
crucible through the furnace causes freezing of the liquid at
the interface while viewing is performed normal to the
growth direction. By maintaining the alloy's freezing temper-
ature in the middle of the furnace, the interface will appear
stationary even though the specimen is being translated
One would like to form the largest features possible. Gener-
ally, to do this, very low growth rates (-5 micrometers/sec)
are used. We use a slow moving, 50.000 step/rev stepper
motor lied to a fine-pitch {50 tpi) screw so ;hat a nut on the
screw tied to the crucible drives the specimen through the
furnace. The majority of the metals we have studied to date
were based on aluminum. There are many reasons for
choosing it

1. aluminum alloys are of commercial interest
2. aluminum has a small x-ray attenuation coefficient
3. aluminum alloys have a conveniently low melting point
(between 600 and 650' O)
4. the density of the crystalline form is over 5% greater than
the melt
5. the oxtde on aluminum is strong and once formed grows
slowly in air

Continued on Page 28
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Figure 3a (left): Real-time radiomicrograph of Al-Bi monotectic alloy showing formation of
arrayed droplets. Growth rate is 5 (jm/sec. Liquid is on the left and solid aluminum matrix is
on the right with the s/l interface plane seen edge-on running up the center. The specimen is
1mm thick and the interface is seen from a slight angle.
Figure 3b (right): Post solidification radiomicrograph of three dimensional array of Bi particles
in Al-Bi monotectic. The particle spacing in the growth direction is 28.5 (jm.
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Using Projection X-ray Microscopy....
Continued from Page 27

6. the metallurgical properties are well known and microstructures well docu-
mented

After considerable effort, it was possible to see the solid-liquid (s/lj interface
of pure Al. The x-ray contrast was in the 2% range (depending on acceleration
voltage). Our state-of-the-art imaging system could barely display the interface in
real-time except when il was of sufficient thickness. Specimen thickness since
that time has been kept at 1 mm. Long exposures with film would easily show the
imerface if it was stationary (no motor translation). To extract the best image
possible, a high resolution cooled CCD digital camera was lens-coupled to the
intensifier X-ray flux from a micro-focus tube is not as high as the industrial NDT
x-ray sources offer, lest the target bum up. That is why an intensifier is needed
for real-tinie work, and why a cooled camera is needed for its dynamic range
(ours is 4,000 gray levels). If the specimen has sufficient contrast, a low-noise
video camera is used to view ihe action from the intensifier. A VCR or
frame-grabber can then be used to store the sequences of images.

The interesting observations come about when studying alloys. Selection
of alloying elements involves elements with higher Z than Al to produce contrast
and to produce interesting morphological features. We also studied metal matrix
composites by adding insoluble zirconium oxide particles (high attenuation
coefficient) to aluminum and some of its alloys. Often, when an alloying element
is added to another, the tendency is for the solvent to reject the solute during
solidification. This phenomenon may be desirable or not for the properties of the
solid alloy, bu; il is very handy to increase the contrast al the s/l interface.
Accumulation of the solute in the liquid next to the solid lends to darken it and
thereby delineate the interface structure. Fig. 2 shows a sequence of images in
real-time of a 2% solution of silver in aluminum The silver accumulates in Ihe
liquid [left side) and renders it darker. This accumulation, known as the boundary
layer is the focus of solidification siudies. Although printing quality may make ii
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difficult to see, the boundary layer is found in this figure and is visibly about 75
micrometers deep, seen as a slightly darker band against the solid. As far as we
know, this is [he first instance of the real-time observation of this layer. Using the
XTM, we hope to perform quantitative analysis on the composition, concentration
and extent of this layer. This sequence also shows the importance of the
microstructure formed at the s/l interface.

The left image in the sequence shows a planar interface growing at a
rate of 1 |jm/sec While boring to look at, this interface type is important to
maintain during growth of single crystals such as silicon used to make electronic
devices. Of significance is the resulting uniformity of the solute distribution
throughout the crystal. The grain boundary shows that this is in fact two crystals
side-by-side. This would be a major imperfection if a single crystal was desired.
The second and third parts of (he figure show the transition to (1.5 pm/sec rate)
and steady-slate growth of cells at 2 mm/sec. Cells were induced by increasing
the translation rate. Cells are lingers of solid that form due to the solute build-up
which alters the freezing temperatures over the scale of the cell diameter The
segregation of the solute into long strips (between the cells) leads to sharp
variations in the composition within the solidified casting. This alters many of the
properties of the material and needs to be managed in serviceable alloys.
Features such as ;"ese or the related dendnte structure {not shown here) are
called interfacia! instabilities and either need to be suppressed, as for crystal
growth, or controlled when formed in castings.

A large variety of micros true lures form in the diversity of metal alloys. Many
people are unaware of the patterns that particles of one material create in
another. An example of such a distribution pattern, shown in Fig. 3b, is clearly
rendered by the XTM. Here we see one morphology that is the product of a
monoteclic reaction- a liquid solution of bismuth in aluminum separates (un-
mixes) into droplets (about 4 micrometers radius) of bismuth surrounded by a
matrix of solid aluminum during solidification. Conventional metallographic
sectioning and polishing would reveal a regular array of bismuth particles but
could not show that indeed the array is of an arrangement of particles that has
periodicity in all 3 dimensions Fig. 3a shows the real-time radiomicrograph
during solidification, in this case, the droplets form at (i.e.. in) the s/l interface,
while our experiments with other monotectic alloys have shown the droplets can
form in ihe liquid ahead of the s/l interface (Al-ln) or in the form of continuous
fibers (Al-Pb and Al-Bi). Before the XTM. we could only speculate how the 3
dimensional array developed. The XTM showed (hat the fla; s/l interface
develops a periodic array of droplets all over its 'face' and that this array forms
periodically, in time, as the interface advances by solidification. The distance
between rows of particles in the growth direction is about 28 micrometers. By
looking at the specimen from different angles in the XTM, one finds the spacing
between the particles is about the same order of magnitude in the other directions
as well. The features in Fig. 3 have an inherently high x-ray contrast due to their
high density. This fact, coupled with the inherent resolution of the XTM makes
such small particles easy to see this way. In comparison, had the particles been
made with SiC. a reinforcement material for aluminum, even 100 micrometer
particles would difficult to resolve. This illustrates that sometimes desirable
features might not be visible with Ihe XTM and alloy selection is an important
component of these investigations. •

For more information on this project, and journal references, see the web
pages al: http://www.ssl.msfc.nasa.gov/ssl/msad/xray/
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