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A multi-modal, multi-scale correlative tomography investigation of AI-TiC metal matrix composites pro-
cessed via flux-assisted reaction synthesis is reported. Synchrotron X-ray microradiography is utilized to
visualize the reaction and particle evolution in real-time. Changes in particle diameter and areal num-
ber density suggest that the process is nucleation- rather than growth-dominated. At 950 °C, the bulk of
the reaction takes place in a relatively short time span of less than 600 s. The microstructure is imaged
at higher resolution in 2D (scanning electron microscopy) and 3D (synchrotron X-ray nanotomography),
revealing the formation of carbide particles with a hexagonal platelet morphology. We propose that the
morphology arises due to the incorporation of Si impurities during the experiment. It is expected that
the correlative tomography workflow and analysis may guide future metal matrix composite (MMC) pro-
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To meet the ever-increasing demands for improved fuel econ-
omy in the automotive and aerospace industries, Al-alloys have
been used extensively owing to their high strength-to-weight ra-
tio. However, thermal stability of mechanical properties has limited
their usage in key components operating in elevated temperature
environments. Al-based metal matrix composites (MMCs) have
been shown to exhibit improved elevated temperature properties,
where careful tuning of the particulate reinforcement character-
istics (i.e., size, volume fraction, morphology) is tied to improved
mechanical performance [1,2]. MMCs are commonly manufactured
via ex situ methods, wherein pre-made particles are mixed into
the matrix. Although particle size and amount can easily be con-
trolled prior to melt addition using ex situ approaches, undesirable
particle-matrix interfacial reactions [3-5] and poor particle-matrix
wetting [6,7] have made incorporation of the particles in large-
scale processing difficult. Alternatively, in situ methods utilizing re-
active processes [1,8] can circumvent some of these difficulties via
direct particle creation in the melt. However, in situ particle forma-
tion is typically a complex process [9-11] involving intermediate
reaction steps, parallel reaction pathways leading to different mor-
phologies, and generation of undesirable secondary phases, all of
which may have an impact on the microstructure and correspond-
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ing mechanical properties. An understanding of the particle forma-
tion kinetics is critical for microstructural control of in situ MMCs.

One promising in situ approach for synthesis of Al-TiC MMCs in-
volves reacting a mixture of C powder and a molten salt-based flux
(dipotassium titanium hexafluoride, K;TiFg) in an Al melt [12,13].
The formation of TiC is hypothesized to occur via a reaction be-
tween free Ti atoms, released during flux reduction by the lig-
uid Al, and solid C particles; however, the underlying mechanisms
and kinetics are still an open question [13-16]. This is because the
conventional approach to understanding reactive MMC processing
methods has largely relied on empirical correlations of microstruc-
tural attributes in as-solidified specimens, with melt processing
parameters. This makes it challenging to reconstruct the dynamical
events that led to the formation of TiC particles. For example, it is
not clear if the anomalously large, um-sized TiC domains seen in
post mortem studies [16,17] are due to agglomeration of nm-sized
particles or sustained growth of a single particle. In situ monitoring
techniques such as synchrotron X-ray diffraction [18-21] and neu-
tron diffraction [22-24] offer a route to characterize the reaction
in real-time. While these approaches yield some valuable informa-
tion, they may fail to capture the full complexity and heterogene-
ity of the microstructure. By contrast, correlative X-ray tomography
offers a direct view of material processing across multiple length-
and time-scales by leveraging coordinated characterization tech-
niques [25-28]. Here, we combine observations from synchrotron
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Fig. 1. X-ray microradiographs showing microstructural evolution during flux-assisted processing of Al melts. (a) Upon insertion of an Al, C, K,TiFg powder compact into a
furnace at 950 °C, unreacted flux particles are visible immediately prior to Al melting (denoted as 0 s). (b) At 6 s, the Al has melted (as indicated by the bubbles) and flux
particles begin to dissolve, leaving behind presumably Ti-rich regions. (c-f) At later time steps (>50 s), dark carbide particles or particle clusters begin to appear from Ti-rich

regions and increase in density and diameter over time.

X-ray microradiography (XRR) [29-32] and nanotomography based
on the transmission X-ray microscope (TXM) [33-36] to provide
new insights on the kinetics of the flux-assisted reaction synthesis
process. We observe carbide particle formation to be nucleation-
rather than growth-dominated, with the reaction taking place in
<600 s at 950 °C. The implications of our observations on the
particle formation mechanisms are discussed. We also detect the
presence of Si and discuss its impact on particle morphology and
growth.

Samples for synchrotron XRR experiments were prepared from
K,TiFg flux (=100 wm) and C (~10 pum, 99.95% purity) powders,
targeting stoichiometric TiC, and mixed with 2 x Al (~30 wm,
99.5% purity) powder by weight. Powders were consolidated into
chips (~200-250 um thickness) via cold pressing at ~200 MPa and
sandwiched between 100 um quartz (SiO,) coverslips (See Supple-
mentary Information (SI) for more details). Synchrotron XRR ex-
periments were conducted at Sector 2-BM at the Advanced Pho-
ton Source (APS) at Argonne National Laboratory (Lemont, IL, USA).
A monochromatic X-ray beam operating at 20 keV was focused
onto the samples and X-rays were converted to visible light us-
ing a 25 um thick LuAG:Ce scintillator. Images were collected

using a FLIR Oryx CCD with a 5 x magnifying objective lens,
yielding pixel sizes of 0.692 pm? within a field-of-view (FOV) of
1689 x 1413 um?2. Real-time XRR experiments of the flux-assisted
reaction were carried out in a resistance furnace. The furnace was
equilibrated at a chamber temperature of 950 °C and rapidly low-
ered onto the sample where melting and reaction were observed.
Radiographs were collected for approximately 30 min with an ex-
posure of 200 ms. The furnace was subsequently raised, and the
reacted samples solidified quickly in air. The generalized radio-
graph processing workflow consisted of normalization using dark-
and white-field images, de-striping of horizontal line artifacts [37],
phase segmentation via Zeiss Zen Intellesis deep learning analy-
sis software, and drift correction via the StackReg and TurboReg
[38] Image] registration plugins. Individual particle identification
and quantification were carried out using the Image Processing
toolbox available in MATLAB 2020a, namely morphological filtering
and further watershed transformation-based segmentation (See SI
for additional details).

To examine the as-solidified microstructure corresponding to
the XRR field-of-view (FOV), characterization was performed us-
ing a Tescan MIRA3 field emission gun (FEG) SEM operating in
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backscatter electron (BSE) mode at 15 kV and a beam inten-
sity of 12-15, while an integrated EDAX energy dispersive spec-
troscopy (EDS) system was utilized for chemical identification. To
ensure consistency between the surface and bulk microstructures
at nanometer length-scales, the same material was also visual-
ized using TXM. Samples were prepared by sectioning an approxi-
mately 0.52 mm? piece (from the sample edge, away from the XRR
FOV) with a razor blade and bonding to the end of a steel nee-
dle with conductive Ag paint. TXM micropillar specimens approxi-
mately 40 um in diameter and 100 um in height were fabricated
from the mounted samples via plasma Xe* ion milling with an FEI
Helios G4 P-FIB operating at 30 kV and 2.5 pA. To ensure visualiza-
tion of the bulk, samples were mounted and milled such that the
long axis of the micropillar corresponds to the through-thickness
direction of the XRR sample. Nano-scale tomography characteriza-
tion was conducted with the TXM at the Full-field X-ray Imaging
beamline 18-ID at the National Synchrotron Light Source II (Up-
ton, NY, USA). The tomography scans were conducted at 7 keV. A
zone plate with outmost zone width of 30 nm was used as the
X-ray objective lens to magnify the X-ray absorption images of
the sample. The X-ray images were collected with a lens-couple
X-ray detector with Cel scintillator. The overall magnification was
329 x. Pixel size on the detector was 19.82 nm? and FOV mea-
sured 50.62 pm2. A more detailed description of the TXM setup is
available elsewhere [39]. In the TXM experiment, the sample was
rotated at 1°/s from 0 to 180°, with an exposure of 0.1 s. Attenua-
tion contrast between the TiC platelets and Al matrix allowed them
to be readily distinguished. TXM projection data was reconstructed
via the Gridrec algorithm with Parzen filtering [40,41] within To-
moPy [42] and subsequently segmented and visualized using the
Image Processing Toolbox in MATLAB 2020b (See SI for additional
details).

The results of our in situ XRR visualization are shown in
Fig. 1 as a sequence of flat-field corrected and de-striped X-ray
radiographs. In Fig. 1(a), the sample has not yet melted follow-
ing insertion into the furnace; dark K,TiFg flux particles are vis-
ible against the lighter matrix owing to the attenuation contrast
of elemental Ti. This particular frame is taken to be the 0 s mark.
Within approximately 4-6 s, the Al melts and apparently begins to
react with K,TiFg; at this stage, bubbles as well as shrinkage and
interface-motion-induced blurring of flux particles becomes appar-
ent (Fig. 1(b)). At 50 s (Fig. 1(c)), dark regions remain near the
initial flux-particle sites and correspond to Ti solute-rich areas fol-
lowing reaction of K;TiFg. Subsequently (Fig. 1(d-f), 299-800 s),
small dark spots, confirmed later to be carbide particles, appear in
and around the Ti-rich regions and gradually increase in density
and size over time.

Fig. 2 shows the time-evolution of average diameter and areal
density of the particles. It is important to note that an individ-
ual particle is identified as a connected component (i.e., a group
of adjoining pixels are considered connected if any of their edges
or corners touch along the horizontal, vertical, or diagonal direc-
tion) via the image processing techniques described in the SI. In
Fig. 2(a), the particle diameter is observed to increase exponen-
tially, reaching an asymptote of ~10 wm in 600 s. Similarly, the
areal number density increases exponentially, reaching an asymp-
tote of ~2 x 103 mm~2 in 200 s (Fig. 2(b)). Assuming a simple ex-
ponential fit for reaction-controlled nucleation, the time constants
(denoted here as 7) for the increase in areal density and diameter
are calculated as 241 s and 49 s respectively.

To link the radiographic features (e.g., dark spots) to chemi-
cal phases, we inspect the post-reacted sample in the same FOV
that was visualized by XRR. Fig. 3(a) shows an SEM micrograph of
the Al-TiC MMC after reaction, where both surface oxides (dark-
est gray areas) and a large number of faceted TiC-based parti-
cles or platelets (light gray clusters) are observed. A representa-
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Fig. 2. Kinetics of particle formation. Change in (a) average connected component
(particle) diameter and (b) areal number density of connected components (parti-
cles) over time, as calculated from the X-ray microradiographs. A connected com-
ponent is defined as a group of adjoining pixels with any of their edges or corners
touching along the horizontal, vertical, or diagonal direction. The baseline (dark col-
ored) curve for both plots was calculated by using a morphological filter with ker-
nel diameter of 2.76 pm, slightly smaller than the average particle diameter deter-
mined from SEM, cf. Fig. 3). Error bands represent the same calculations but with
other choices of kernel diameter, ranging from 1.38 to 4.14 ;m. The black solid lines
in both (a) and (b) represent exponential decay fits to the baseline curves and 7 de-
notes the corresponding time constants from fitting. The apparent increase in areal
number density and decrease in particle diameter at the later time steps (>1400s)
are likely an artifact of increased background noise at the longest experiment times.

tive higher magnification micrograph of the particles is shown in
Fig. 3(b), with the corresponding point EDS spectra identifying Ti,
C, and Si shown in the inset. The particles exhibit six-fold faceting,
or a hexagonal plate morphology, with an average, equivalent par-
ticle diameter of 3.65 + 144 um and an average facet length of
1.82 £+ 0.72 pum (in the plane of the plate). It is worth noting the
discrepancy in particle diameter measured from XRR at the long-
time limit (Fig. 2(a)) and that retrieved from SEM (Fig. 3). This may
be due to the projection geometry of XRR, wherein slightly over-
lapping or shadowing particles cannot be easily separated through
image processing; such overlaps may arise through particle ag-
glomeration or clustering. Probing the bulk microstructure in 3D
via TXM also reveals faceted particles, suggesting that the platelets
are not isolated to the surface (see Fig. 3(c)). 3D TXM visualization
shows the appearance of stepped particles, presumably similar to
the “clusters” seen in Fig. 3(b) (one of which is identified at the
red dot). The steps are the distinguishing features of the connected
components or particles, giving way to a non-convex morphology
(see inset in Fig. 3(c)).
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Fig. 3. Microstructural observations of the AI-TiC MMC reacted in the XRR experiments. (a) BSE SEM micrograph of the sample surface in the region corresponding to the
XRR FOV. (b) Representative higher magnification BSE SEM image of the sample surface (corresponding to the boxed region in (a)) showing carbide particles/platelets. A
spot EDS spectrum taken from the red dot in (b) is shown as an inset. (c) 3D volume rendering of reconstructed TXM data showing a cylindrical field-of-view with TiC
particles/platelets (red) in an aluminum matrix (blue). A higher magnification rendering of a stepped, faceted particle is shown as an inset (c, right) (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.).

For flux-assisted reaction synthesis in the Ti-C system, previ-
ous studies have largely reported particles with a more rounded
morphology [12,13] as contrasted with the hexagonal platelets in
our study. Faceting of TiC particles has been shown to corre-
spond to the degree of particle off-stoichiometry (ie., TiCx), ow-
ing to changes in the (100) and (111) relative surface energies with
changing ratios of C/Ti [43,44]. However, TiC platelets specifically
have been attributed to the incorporation of impurities such as
Si [45-47] or B [48], and platelets forming during flux-assisted
synthesis in Si-containing base alloys have recently been reported
elsewhere [10]. The platelets are hypothesized to be hexagonal in
shape resulting from growth along the {110} facets and suppressed
growth on the {111} basal planes [44], which is presumably due
to an increased density of stacking faults induced by Si-impurities
[46,49,50]. Si has also been reported to induce internal defects
within TiC, either in the form of microtwins [46] or the precipi-
tation of MAX phases [51-54] (e.g., Ti3SiC, [55]) depending on the
local degree of Ti/C off-stoichiometry [49]. Both types of defects
have been observed to lead to stacked or stepped platelet mor-

phologies [46,52]. The Si peak observed in the spot EDS (Fig. 2(b))
supports this idea of an impurity-modified microstructure, al-
though we reserve detailed analysis for future work. Furthermore,
the non-convex morphology observed in the TXM (Fig. 2(c)) would
also be consistent with a defect (e.g., stacking fault) induced crystal
shape. Indeed, the stepped growth seen here is reminiscent of the
spiral terraces that are responsible for growth of SiC in the form of
nanobelts [56]. Although no Si was used in the initial powder sam-
ple preparation, presumably a small amount of contamination may
have occurred owing to a reaction between the melt and quartz
coverslips used to protect the sample during XRR. Reaction be-
tween molten Al and SiO, has been reported at temperatures as
low as 700 °C [57]. Breakdown of SiO, (quartz) by the K,TiFg flux
is another possibility and previous studies have reported SiO, dis-
solution in the presence of other fluoride-based salts (e.g., K,SiFg)
[58]. Furthermore, at 950 °C it is also expected that Si impurities
would diffuse relatively quickly [59] through the thin, molten sam-
ple (characteristic diffusion time of <10 s in a sample of thickness
250 pm, relative to the 30 min duration of the experiment).
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Referring to Fig. 2, it is apparent that the bulk of the reaction
takes place in approximately the first 200-600 s. This may be
particularly relevant for informing future bulk MMC processing,
both for tuning particle properties (e.g., size and volume fraction),
as well as mitigating detrimental time-dependent phenomenon
such as grain refinement fading. It is worth noting that the
particle diameter evolution (i.e., growth) curve in particular is
not likely driven by agglomeration (the interparticle centroid
spacings remain unchanged in time, see SI), nor driven by particle
redistribution owing to convective flow (given the thin sample di-
mensions). Thus, comparison of the time constants associated with
the evolution of particle number density and diameter (ie., 49 s
and 241 s, respectively) suggests that the reaction is dominated
by nucleation rather than growth (i.e., the smaller number density
time constant implies particles are nucleating faster than they
grow). If we accept that particle growth is nucleation dominated,
the hypothesized formation mechanism supposes that C particles
will act as nucleation sites for reaction with Ti solute atoms. While
the C particles cannot be directly observed, owing to the relatively
low X-ray attenuation of elemental C [60], the X-ray radiographs
do suggest that particle nucleation is associated with the Ti-rich
regions following K,TiFg reaction with Al (see Fig. 1). Given the
negligible solubility of C in Al [61] and the poor wettability be-
tween C and Al [62] under these experimental conditions, it stands
to reason then that TiC nucleation occurs between C particles and
Ti solutes inside the reacted molten salt regions. Particles can
subsequently incorporate into the melt after the formation of
some initial TiC layer, which aids in wetting with Al [13,15]. It is
also interesting to note that none of the acicular, micrometer-scale
AlsTi intermetallics, as observed in previous post mortem studies
[12-16,16], are observed near the flux. This may suggest that the
AlsTi phases precipitate during solidification [63,64], rather than
as an intermediate state during the reaction as previously hypoth-
esized [12,14,16,65]. However, given the relatively low solubility of
Ti in Al [66], the unknown size of the AlsTi upon nucleation, and
the additional complications due to Si, it is difficult to describe the
role of the intermetallic conclusively. Nevertheless, the association
between particle nucleation locations and Ti-rich regions may
suggest that the flux plays a more direct role as the Ti source,
although further confirmation of the relationship between the flux
and Al3Ti nucleation-dissolution is underway.

In summary, we have conducted a multi-modal, multi-scale cor-
relative tomography investigation, combining real-time XRR and
2D (SEM) and 3D (TXM) observations, to identify the kinetics and
formation mechanisms of flux-assisted reaction synthesis of Al-TiC
MMCs. From XRR, we find that the carbide particle formation takes
place in <600 s at 950 °C and appears to be nucleation- rather
than growth dominated. We note also the absence of possible in-
termediary phases, e.g., Al3Ti, and also the proximity of the parti-
cles to the Ti-rich regions following flux reaction. From SEM and
TXM, we discover that the particles form in a hexagonal platelet
morphology with stepped interfaces. The presence of Si impurities
may be responsible for this unexpected growth form. Despite the
Si contamination, our work illustrates a promising first step to-
wards real-time diagnostics and control of in situ MMC produc-
tion. It is expected that our observations will inform the refine-
ment of future correlative tomography campaigns and serve as a
benchmark for future bulk processing experiments.
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