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In situ mapping of chemical segregation using synchrotron x-ray imaging
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Synchrotron X-rays are a powerful tool to probe real-time changes in the microstructure of
materials as they respond to an external stimulus, such as phase transformations that take place in
response to a change in temperature. X-ray imaging techniques include radiography and
tomography and have been steadily improved over the last decades and can now resolve micron-
scale or even finer structural changes in bulk specimens over timescales of a second or less.
Under certain conditions, these imaging approaches can also give spatially resolved chemical
information. In this brief overview of X-ray imaging, we focus on the liquid to solid
transformation of metallic alloys and the temporal and spatial resolution of the accompanying
segregation of alloying elements. The solidification of alloys provides an excellent case study for
X-ray imaging because it is usually accompanied by the progressive, preferential segregation of
one or more of the alloying elements to either the solid or the liquid, and gives rise to
surprisingly complex chemical segregation patterns. We describe chemical mapping
investigations of binary and quasi-binary alloys using radiography and tomography, and recent
developments in X-ray fluorescence imaging that offer the prospect of a more general, multi-
element mapping technique. Finally, the future developments for synchrotron-based chemical
mapping are considered.

Keywords: Alloy solidification; chemical segregation; X-ray transmission; X-ray fluorescence;
pixelated detector; synchrotron.
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1. Introduction

During the cooling and solidification of a liquid metal alloy in which the elements are initially
randomly mixed, the formation of the first solid crystals from the melt generally leads to
preferential segregation of one or more elements to either the new solid phase or the remaining
liquid. This segregation behavior is driven by minimization of the overall free energy of the
system as it transforms from liquid to a mixture of solid and liquid and finally to fully solid. The
behavior described schematically by the alloy equilibrium phase diagram, which is a cornerstone
of physical metallurgy. Because of this elemental redistribution, along with crystallographic
anisotropy of the solid/liquid energy, convection in the liquid, and thermal gradients or
perturbations, even simple two element (binary) alloys can have surprisingly complex 3D
elemental distributions during solidification. In the solid state, these “frozen in” chemical
segregation patterns can have a significant practical effect on alloy final properties — for example
by controlling the homogeneity, type and size of second phase precipitates that form and which
determine alloy ductility and toughness.

Once a few solid crystals have formed from the liquid, their morphological evolution and
associated chemical segregation behavior influences the likelihood of more crystals forming as
cooling continues, or that the existing crystals grow. Because the elements usually have different
densities, chemical segregation and the arising concentration gradients in the liquid or solid
(because diffusion is insufficiently fast to flatten these gradients) can cause buoyancy or
sedimentation of the solid, and induce convective flow in the liquid. These flows can lead to
macroscopic compositional inhomogeneity. For example, in Al alloys manufactured by direct
chill casting, chemical segregation leads to a significantly higher concentration of alloying
elements, and a different microstructure, near the outer surface of the casting [1]. Even at mild
cooling rates (0.01-5 Ks™), non-equilibrium effects may arise during solidification such as

composition gradients, super-saturation and the formation of metastable phases.

Before the advent of modern X-ray imaging, chemical segregation studies of high temperature
phase transformations such as solidification had to be performed “post-mortem”, typically by
destructive sample preparation and then electron microscopy (EM) combined with different
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types of energy dispersive analysis to map chemical segregation. Detailed 3D re-constructions
from sequences of 2D elemental maps obtained by sequential sectioning and EM are now
relatively routine. However, EM is not well-suited to the dynamic study of some phase
transformations (e.g. at high temperature) in real-time and where bulk phenomena rather than
surface phenomena are important. With the advent of high flux, high energy third generation
synchrotrons with highly penetrating X-rays, and the development of more efficient X-ray
detectors, X-ray imaging techniques have gradually become a complementary or even preferred

tool for the real-time study of many phase transformations.

2. Element mapping using synchrotron X-ray imaging

Extracting local element and concentration information from X-ray images is based on the
principles of X-ray absorption and involves either measuring the attenuation of transmitted X-
rays and/or the emitted fluorescence spectrum associated with a particular position (pixel/voxel)
within a 2D (radiography) or 3D (tomography) image dataset.

In both radiography and tomography, X-rays transmitted through a sample are recorded at a 2D
imaging detector, with the measured intensity (grey scale value) inversely proportional to the X-
ray intensity absorbed by the sample. Radiography experiments are generally carried out with a
monochromatic X-ray beam and relatively thin (< 350 um), constant thickness foil-like samples.
In the case of a two-element binary alloy, by following a series of standard calibrations and by
knowing the X-ray absorption behavior at the appropriate X-ray energy, the concentration of
both elements at each pixel can be obtained [2].

A typical synchrotron radiography arrangement is shown in Figure 1 comprising a
monochromatic X-ray source, a furnace to control the sample environment and a detection
system. The furnace typically has one or two hot zones for isothermal or directional cooling and
samples are often enclosed in a vacuum or controlled-atmosphere chamber to minimize
oxidation. The acquisition system is composed of a scintillator combined with an optical system

(mirror and lenses) to control the magnification and field of view, and a CCD or CMOS detector
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[3]. [4]. The mirror and lens arrangement is specific to each X-ray beamline. This relatively
simple arrangement provides a wide range of options for different X-ray energies,
magnifications, acquisition rates, and cooling rates (up to 30 K s™). High resolution 4k images at

kHz can be achieved when used at a high flux synchrotron [5], and sub-micron resolution is

possible [6].
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Figure 1: A schematic of a typical experimental configuration for synchrotron radiography.

However, for quantified chemical information at each pixel in the image, a key limitation is the
restriction to binary or quasi-binary alloy systems. If three elements are present and form
solutions with one another to some extent, unambiguous absorption contrast separation of each
element is not possible. Quasi-binary systems are those alloys where the X-ray absorption
coefficient of one element is significantly higher than the others (e.g. Cu in Al-Cu-Si [2]) at a
given beam energy, so that the alloy can be treated as a binary system, although quantified
distributions of each element individually are still not possible. In addition, there may also be
constraints on the combination of elements. For instance, in dilute alloys where the alloying

elements are next to each other in the periodic table and have similar absorption coefficients,
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such as Al and Si, gaining sufficient image contrast for segregation measurement may be
difficult.

X-ray tomography approaches are conceptually equivalent to radiography but the sample is
typically a cylinder that is rotated while 2D projections are recorded. More details on the
reconstruction of tomographs from 2D radiographic projections and the evaluation of the
absorption line integral can be found elsewhere [7]. For chemical measurements, care is needed
that the elemental distributions do not change significantly over the period of a single rotation.
This is normally not an issue for solid phases, but if, for example, short timescale convection
effects in the liquid are of interest, distributions may change significantly within a scan rotation,
even at tomography acquisition speeds of up to 10 Hz. At high acquisition rates, centripetal forces

might also affect or promote radial chemical segregation in liquid phases.

X-ray fluorescence microscopy (XFM) is an alternative to absorption contrast-based techniques
in which a sample surface is raster-scanned through a focused primary X-ray beam and the
induced fluorescence X-rays (XRF) at each x-y position are measured using an XRF
spectrometer [8], [9]. A composite image is formed by summing the counts at discrete XRF
energies for each element in the sample, for each position in the scan. At synchrotrons, XFM can
be performed with nano- (~10-500 nm) or micro- (1-10 um) focused beams and collection times
can be lower than 1 ms per point [10]. Figure 2(a) shows a typical XFM configuration with a
monochromatic X-ray source. A radiography transmission camera can also be used to aid
alignment and provide complimentary imaging information. To increase count rates, a relatively
large area, pixelated XRF detector array (e.g. comprising up to a 20x20 array of 1 mm?
individual detectors) is placed close to the sample to capture as much of the isotropic XRF

emission as is practical [11].

An alternative approach is full field of view (FoV) XRF that uses an unfocused X-ray white
beam source and collimates the fluorescence signal, for example by a pinhole as in Figure 2(b),
to project the signal onto a pixelated energy dispersive imaging detector (EDI) that captures a 2D
“image” in a single exposure. In principle, the significant advantage of XRF imaging over
radiography is that because each pixel of the detector records a spectrum of photon energies (i.e.
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(a)

(b)

Figure 2: schematic of typical XFM set-ups: (a) raster based set up. (b) EDI based method
(full FoV XRF).

the detector is a pixelated spectrometer), the concentration of many elements can be deduced at
each pixel simultaneously, allowing chemical segregation evolution in complex composition
alloys to be studied. Although various types of EDI detector are available, the technique is at an
earlier stage of development compared with radiography, tomography and XFM. The main

challenges include ensuring a sufficiently large, useful photon flux arriving at each pixel, self-
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absorption effects within the sample, and a spatial resolution currently limited to ~10 um or

more.

3. X-ray radiography mapping of chemical segregation

In this section, we provide examples representative of chemical segregation studies during
solidification using radiography. The focus is on Al alloys, which have been the most studied
because (i) their melting points are relatively low (~660 °C), (ii) a number of binary systems
offer good X-ray adsorption contrast, and (iii) they form the basis of useful commercial alloys
e.g. Al-Cu forms the basis of the commercial 2000 alloy series alloy. The studies can be
categorized in three groups: morphological stability, growth of columnar dendritic grains, and
the formation and growth of equiaxed grains and intermetallic phases.

The transformation of a planar solid/liquid interface into more morphologically complex cells or
dendrites is initiated by thermal and/or concentration inhomogeneity along the solid-liquid front
during growth [12]-[16]. Buffet et al. studied Cu segregation generated by a planar solidification
front in a uni-directionally solidifying Al-4wt%Cu alloy [12]. Figures 3(a) and (b) show
radiographs of the solid/liquid planar front growing upwards under an imposed cooling rate of
0.008 Ks™. Because the a-Al solid phase has a Cu concentration lower than the liquid from
which it is forming (as determined by the equilibrium phase diagram), the “excess” Cu is
rejected into the liquid ahead of the front and forms a Cu-rich diffusion field. Figure 3(d) shows
the Cu concentration in the liquid was at a maximum at the solid/liquid interface, and decreased
with distance from the interface to the nominal alloy composition. Figure 3(c) shows that at
some point, the build-up of Cu at the interface caused the planar interface to become unstable
and to transition to a more complex dendritic morphology. It is worth noting that at true
thermodynamic equilibrium, neither solid nor liquid phase should show any chemical
segregation — whereas even at this modest cooling rate of 0.008 Ks*, chemical segregation was
distinct — because diffusion was insufficiently fast to flatten the chemical gradients as they

evolved.
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Figure 3: (a) and (b) Radiographs showing solid a-Al growing with a planar interface during
the early stages of the uni-directional solidification of Al-4Cu at 0.008 Ks™; to is the instant
when solidification started [12]. (c) A radiograph showing the development of a dendritic
microstructure due to increasing interfacial instability [12]. (d) Solute profiles along the white
arrow in (b) measured at different times during solidification [12]. (e) and (f) Radiographs
showing preferential growth induced by solute segregation during directional solidification of
Al-4Cu at 0.005 Ks™, at t = 17 min and t = 88 min respectively. The arrows in (f) indicate
liquid flow [14]. (g) Evolution of liquid compositions at the solid/liquid interface at x = 0.7
mm, X = 2.6 mm and x = 4 mm (as indicated in (e) and (f)) for times t; = 20 min and t> = 40
min and then to tio = 360 min at 40 min intervals [14].

Using the same alloy, Bogno et al. [14] investigated how concentration differences in the liquid
from chemical segregation at the solid/liquid interface can lead to convection; Figures 3(e) and

() show the resulting microstructural instability at a cooling rate of 0.005 Ks™. The slight
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preferential growth of solid on the left side of the radiograph in Figure 3(e) slightly increased the
lateral (x-direction) solute gradient, as shown in Figure 3(g). As growth continued and the
solid/liquid interface transitioned to a more cellular/dendritic form, continuing Cu rejection led
to macro-scale recirculation flows (Figure 3(f)) and a range of growth rates across the dendrite
front. Radiographic videos have also shown significant solute flow in the liquid ahead of a
growing dendrite array [17], because of spatially varying liquid density differences due to
chemical segregation. The imaged concentration fluctuations due to convection were correlated
to oscillations in the dendrite tip growth rate — an effect that is likely more pronounced in large

castings where significant long-range convection can occur.

Finer-scale chemical segregation during columnar dendritic growth and its effect on
microstructural development has also been resolved by X-ray imaging [2], [17]-[19]. Mathiesen
et al. measured the solute concentration around dendrite tips and within the liquid channels
between dendrites in directionally solidified Al-30wt%Cu at 0.6 Ks™ [17]. Figure 4(a) is a
radiograph of three Al dendritic arms surrounded by Cu-enriched liquid, shown more clearly in
the corresponding false-color contour map of Cu concentration in Figure 4(b). There was
increased chemical segregation “deeper” into the mushy zone (decreasing liquid fraction).

By combining this type of micron-scale and > 1 Hz resolution, chemical segregation effects on
the fragmentation of growing dendrites has been studied because of its potential exploitation to
provide a beneficial grain refining effect in commercial alloys [3], [18], [20]-[22]. For example,
Ruvalcaba et al. studied a solidifying Al-20wt%Cu alloy at 1.2 Ks and the radiograph sequence
in Figure 4(c) shows the detachment of a tertiary dendrite arm (in the white circle) [18].
Corresponding time-resolved contour maps of Cu concentration in the fragmentation region
(Figure 4(d)) revealed fine-scale Cu enrichment around the fracturing root of the tertiary arm.
Liotti et al. [20] then used detailed solute gradient and fragmentation measurements deep in the
mushy zone of an Al-25wt%Cu alloy solidified at 1 Ks™ (Figure 4(e)) to show that the local
solute concentration gradient controlled the fragmentation rate (Figure 4(f)): steep chemical
gradients in the liquid created an environment in which any morphological perturbation to the
solid-liquid interface, for example due to convection, was more likely to lead to destabilization

and local re-melting of regions of relatively high curvature i.e. at the dendrite roots.
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Figure 4: (a) A radiograph of three a-Al columnar dendrites solidifying in an Al-30Cu alloy at
0.6 Ks™ [17]. (b) The corresponding Cu concentration contour map [17]. (c) A radiograph
sequence showing dendrite fragmentation (in the white circle) during the solidification of an
Al-20Cu alloy at 1.2 Ks™ [18]. (d) The corresponding Cu concentration contour map with the
x-y scale given in um. Time t = 0 s was set when detachment of the fragment was first
observed [18]. (e) Horizontal solute gradient contour map within the inter-dendritic channels
of a solidifying Al-25Cu alloy at 1 Ks™ [20]. (f) The local dendrite fragmentation rate as a
function of the maximum local inter-dendritic solute gradient in the liquid. The red dashed line
shows a linear best-fit [20].

The use of radiography-based chemical segregation mapping has also been applied to equiaxed
solidification [23]-[26], which occurs when the liquid is undercooled below the alloy
equilibrium freezing temperature before solidification starts, and the nucleation of solid that
forms a new crystal is facilitated by extrinsic, solid micron-scale motes or “grain refiners”,
deliberately added (inoculated) to the melt. Such conditions predominate in the casting of most
commercial Al alloys. Figure 5(a) shows radiographs of a solidifying Al-10wt%Cu alloy at 0.008
Ks, inoculated with TiB; particles, and Figures 5(b) and (c) provide zoomed-in views around

the newly-formed equiaxed, dendritic crystal labelled “D1” [25]. The chemical profile ahead of

10
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the tip of D1 at two instants is shown in Figure 5(d). The liquid Cu concentration between D1
and a neighboring crystal increased steadily with time (and as the temperature decreased and the
crystal grew), and eventually the two solute fields started to overlap, which caused a sharp

decrease in the growth velocity of the crystals and restricted their final size.

Liotti et al. studied the effect of cooling rate and solute concentration on the nucleation of
equiaxed a-Al crystals in a range of Al-Cu alloys inoculated with TiB> particles [23]. Combining
a “reverse time” approach with machine learning, they used instantaneous measurements of the
Cu concentration from a cluster of pixels just before a new o-Al crystal appeared at that position
to estimate automatically the formation undercooling of more than 14,000 separate crystal
formation events. With this comparatively large data-set they were able to analyze crystal
formation events not only spatially but also in the time domain, showing that new crystals did
not form more or less continuously as the temperature reduced and as commonly assumed, but
formed in distinct “waves” or bursts. Figures 5(e)-(g) show three formation waves (denoted as 1,
2 and 3) in a solidifying TiB,-inoculated Al-25wt%Cu alloy at 0.3 Ks™. For each wave, solute
rejected from a band of crystals created a solute-rich region in which further solid nucleation and
crystal formation was temporarily suppressed. As cooling proceeded, the additional undercooling
to overcome the solute-suppression was eventually achieved, at which point, since nucleation
rate is non-linearly related to undercooling [27], a burst of new crystals appeared almost
simultaneously across the field of view, with a time constant of repetition related to the

solidification conditions [23].

Switching from primary a-Al crystal formation to secondary phases, Feng et al. investigated the
formation of AlisFes, one of the most commonly formed Fe-rich intermetallic compounds
(IMCs) in commercial Al alloys [28]. Figure 5(h) shows a radiograph of primary AlisFes crystals
forming as the first phase in an Al-3wt%Fe alloy at 0.5 Ks™. Figure 5(i) is a plot of the Fe
concentration in front of the IMC labelled “A”, along the red arrow labelled in Figure 5(h). In
this case, rather than solute enrichment in the liquid, there was solute (Fe) depletion in the local
liquid to feed the growing Fe-rich IMC crystals (Figure 5(i)). These measurements were used to

understand the relationship between solidification parameters and the formation rate of the

11
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Figure 5: (a) A radiograph of equiaxed a-Al dendrites growing in an Al-10Cu alloy inoculated
with TiB; particles at 0.008 Ks™ [25]. (b) and (c) Zoomed-in images around crystal D1 at time
t=1545sand t = 1643 s [25]. (d) Cu concentration measured as a function of distance ahead

of the dendrite tip of D1 along the direction indicated by the white dashed arrow in (b) and (c).

C, denotes the bulk alloy composition [25]. (e)-(g) A radiograph sequence showing formation
of equiaxed a-Al crystals in an Al-25Cu alloy inoculated with TiB; particles at 0.3 Ks™, at
timest=16s, 29s and 38 s respectively (t = 0 was set to the frame when the first crystal
appeared in the field of view) [23]. (h) A radiograph of primary AlisFes crystals in a
solidifying Al-3Fe alloy at 0.5 Ks™ [28]. (i) The solute profile with a best-fit to theory in [29],
along the direction indicated by the red arrow in (h) [28].

12
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IMCs, which in turn controlled the final number and therefore size of the IMCs, a key parameter

in controlling alloy properties such as ductility.

4. Solute mapping using synchrotron tomography

Figure 6: Time-resolved vertical 2D slices from 3D tomographs showing the Cu concentration
during (a)-(d) upward solidification and (f)-(i) downward solidification of an Al-15Cu alloy at
0.05 Ks™. (e) Transverse slice at t = 346 s for upward solidification. (j) Transverse slice at t =
346 s for downward solidification [31].

Radiography is limited to thin, foil-like specimens that may limit the applicability of insights to
real problems. In contrast, X-ray tomography in principle allows the dynamics of solidification
and other phase transformations to be resolved in 3D. However the analysis of the data is more
complicated and cumbersome and while qualitative imaging by tomography can be highly
instructive, there are relatively few reports of quantified chemical segregation studies by X-ray
tomography [30], [31]. Nelson et al. developed a method to extract 3D solute distributions from
X-ray tomographs of a solidifying Al-15wt%Cu alloy during directional solidification at 0.05 Ks
! both parallel and anti-parallel to gravity [31]. A sequence of 2D slices of the 3D Cu
distribution is shown in Figure 6. When solidified upwards (Figures 6(a)-(d)), Cu segregated
radially towards the right side of the field of view; when solidified downwards (Figures 6(f)-(i))

13
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there was practically no radial Cu macro-segregation because rejected Cu drained downwards,
out of inter-dendritic regions and was able to be mixed with the remaining liquid (compare
Figures 6(e) and (j)).

5. Multi-element mapping combining radiography and fluorescence spectroscopy

X-ray fluorescence spectroscopy techniques have only recently been applied to investigate
chemical segregation phenomena during solidification, exploiting the potential — unlike
radiography and tomography — to map multiple elements simultaneously. For example,
Kobayashi et al. used a simultaneous radiography-fluorescence to obtain the partition coefficient
of each element at a planar solid/liquid interface during the high temperature solidification of a
complex Fe-Cr-Ni-Mo-Cu alloy — data that was otherwise unobtainable by theory or experiment
[32].

Liotti et al. developed a synchrotron-based radiography-fluorescence technique for elemental
imaging in which EDI detectors were used to map simultaneously multi-element segregation
during the solidification of an Al-Cu-Ag-Zr-Mo alloy [33]. In order to assess the potential of this
approach further, the authors have recently applied it to a model Al-23Pt-20Er (wt%) alloy
designed to produce chemical segregation behavior that would best match the characteristics of
the HEXITEC EDI detector [34]. Figure 7(a) is a sequence of radiographs and separate X-ray
fluorescence Pt and Er maps showing the formation of Al24PtoErs (APE) and AlzEr (AE)
intermetallic phases from the liquid during solidification of the Al-23Pt-20Er alloy at 0.1 Ks™.
Figures 7(b) and (c) provide examples of how this type of XRF image data can be used, plotting
the row-wise (x-direction in the XRF images) summation of pixel fluorescence intensity as a
function of y-position and temperature. On the initial formation of the Pt-rich APE phase, the
surrounding liquid was depleted in Pt while the Er distribution was largely unchanged; when the
Er-rich AE phase formed later at lower temperature, the Er in the surrounding liquid was then
similarly depleted. This example confirms the potential to map chemical segregation of multiple

elements in situ simultaneously using EDI detectors.

14



MRS Bulletin Article Template Author Name/Issue Date

Distance-y (um) Toke” Distance-y (um) R C

Figure 7: (a) Radiographs and corresponding Pt and Er XRF maps as a function of temperature
during the solidification of an Al-23Pt-20Er alloy at 0.1 Ks™. (b) Er and (c) Pt integrated
fluorescence intensity as a function of temperature along the y-direction. Integration involved
a row-wise (x-direction) summation of the pixel fluorescence intensity for each element in
each image, every reducing temperature step.

6. Challenges and Opportunities

Synchrotron-based X-ray radiography and tomography are now capable of mapping elements at
the micron-scale and with sufficient temporal resolution to resolve the dynamics of chemical

segregation during metallic alloy solidification — in some cases at cooling rates typical of

15



MRS Bulletin Article Template Author Name/Issue Date

industrial processes. The insights gained are helping to understand commercial processes and can
also be used to estimate parameters and variables otherwise difficult to obtain, such as partition
coefficients and diffusion coefficients. However, increased temporal resolution — towards kHz
frequencies — is needed to map chemical segregation in important processes that operate further
from equilibrium and where radiographic images are revealing new insights, for example in laser
welding [35], [36] and additive manufacturing [37]-[39]. Synchrotrons around the world
undergo periodic upgrade programmes and current upgrade activities offer the prospect of
increasing X-ray fluxes at the sample by 10 — 1,000 times. These upgrades offer the prospect of
resolving the dynamics of chemical segregation in further from equilibrium processes [40], [41].
However, the increased X-ray flux will also require faster detectors and data handling, and
different furnace rig and sample designs e.g. to avoid uncontrolled sample heating effects. In
addition, stronger departures from equilibrium induced, for example by faster heating and/or
cooling effects, imply diffusion distances over which chemical segregation can occur will be
restricted and therefore the spatial resolution provided by the optical set-up will also need to be

increased.

For multi-element mapping by XFM, increases in X-ray flux will enable better sensitivity and
reduced scan times, which may then become simply limited by sample raster speeds and detector
count rates [42]. For full FoV XRF imaging with EDI detectors, detection integration times may
be reduced to 1-10ms, and by tiling the EDI detectors, it will be possible to image larger areas
without losing temporal resolution [43]. Although full FoV XRF imaging is unlikely to achieve
the spatial resolution of conventional XFM, the ability to investigate large areas relatively
quickly — without moving the sample — ensures the further development of EDI detectors and

new applications.

Across all X-ray imaging techniques, ever increasing spatio-temporal resolution will continue to
increase data volumes that must be stored and analyzed: even relatively short synchrotron-based
experimental campaigns already generate more data than can be analyzed by a large team of
researchers. Where systematic, quantified data is to be extracted from terra-bytes of qualitative
images, automated analysis and extraction techniques based on machine learning and artificial

intelligent are increasingly important [23].
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