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ABSTRACT

A novel reactive sintering method was developed to produce dense ceramics with nanoscale composite microstructures. This
method exploits the variable valence state of cerium ions. Compounds that contain cerium cations can undergo oxidation-
reduction (redox) reactions depending on the oxygen activity of the processing environment. The perovskite cerium(IIT) aluminate,
CeAlO;, undergoes a eutectoid transformation in oxidizing conditions to form nanoscale lamella of cerium(IV) dioxide, CeO,,
and Al,O;. Unlike a typical eutectoid reaction, the redox activity of cerium provides an additional lever of control (oxygen
partial pressure) over the onset and kinetics of the eutectoid transformation. Multiple processes that affect the final sintered
microstructure (densification, coarsening, and volume expansion) of a ceramic can negatively interact and result in porosity or
coarsening. By controlling the oxygen atmosphere during sintering, the rates of these competing processes can be optimized to yield
a fine-featured and dense product. Testing indicates that finer CeO,/Al,O; composite microstructures exhibit improved hardness,
and microscopy results indicate that these nano-features introduce crack deflection mechanisms. This reactive sintering method
provides a tool to produce bulk ceramics with near-theoretical densities and nanoscale microstructures, a method that may be
generalized to other oxide systems that undergo redox-activated eutectoid transformations.

[4-7]. However, the mass transport that is necessary for
sintering is frequently in direct competition with these
desirable outcomes [8]. Elimination of pores reduces the
overall dimensions of the ceramic body, while the thermal

1 | Introduction

Optimizing the sintering (densification) process is one of the
most impactful strategies to control the relationship between

the microstructure and properties of advanced ceramics [1-3].
An ideal sintering process produces a fully dense (pore-free)
structure, retains (or develops) the desired microstructure, and
minimizes dimensional changes, as processing routes that reduce
the amount of shrinkage during sintering provide improvements
to the dimensional tolerance and manufacturability of parts

energy applied during sintering promotes microstructural
coarsening or even phase transformations. As a result, densifying
nanoceramics (defined here as ceramic materials with grains,
phases, or inclusions with at least one dimension smaller than
100 nm), including those with composite microstructures, poses a
difficult challenge. Developing novel methods to produce dense,
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fine-featured microstructures is essential because properties and
functionalities can improve with decreasing feature size. For
example, increased hardness scales with a decrease in grain size,
following Hall-Petch behavior [9]. The benefits of engineering
finer grain sizes and composite microstructures have been
demonstrated for mechanical [10, 11], dielectric [12], optical [13],
thermal [14], and multifunctional properties [15].

Existing sintering techniques can address issues related to
shrinkage during densification or achieve nanoscale microstruc-
tural control, but typically not both [6, 16-22]. Methods that
simultaneously preserve nanoscale features, reduce porosity,
and mitigate shrinkage during sintering remain sparse [10]. We
explore utilizing a phase transformation during the sintering
process (an approach referred to as reactive sintering) to address
this challenge, where a chemical reaction and densification
occur during a singular heat treatment [4, 23-25]. A change in
molar volume between the product and reactants creates the
opportunity to address shrinkage and facilitate near-net part
fabrication. Furthermore, a phase transformation can generate a
final microstructure with feature sizes or morphologies distinctly
different from the parent. When the chemical reaction or phase
transformation is thermally activated, the kinetics of the reaction
or phase transformation and the sintering phenomena are then
intimately linked. This dynamic of both mechanisms being ther-
mally activated is frequently the case when two or more reactants
are mixed together, and it can be difficult to gain sufficient
kinetic control of the individual processes to achieve a desirable
combination of density and microstructure. For example, if the
phase transformation precedes densification, the continuation
of the heat treatment needed to eliminate the pores would
also facilitate microstructural coarsening [26]. The resulting
competition between densification and grain growth mirrors
the challenge in traditional sintering, where grain growth that
outpaces the kinetics of porosity removal can result in specimens
with poor densities. Therefore, for reactive sintering to produce
a dense ceramic with nanoscale grains, strict kinetic control
over both the phase transformation and sintering processes is
needed.

To gain additional control over the kinetics of the reactive
sintering process, we explore a phase transformation whose reac-
tion rate can be readily managed using a processing parameter
in addition to temperature, namely oxygen activity. Cerium-
based oxides are sensitive to oxygen partial pressure in the
temperature ranges where sintering is active. Cerium cations can
exist in the Ce(III) and Ce(IV) valence states, where the relative
stability of the Ce(III) and Ce(IV) valence states depends on the
chemical environment [27, 28]. This behavior is exemplified by
cerium dioxide, CeO,, a reducible oxide that can accommodate
oxygen lattice vacancies. Reduction/oxidation (redox) reactions
(Equations 1 and 2) describe the change in valence state of
cerium oxide, where & indicates the amount of oxygen non-
stoichiometry, of which the fluorite phase can accommodate a
significant amount of oxygen vacancy point defects. A § value
approaching 0.3 results in transformation of the structure from
fluorite to a series of defective phases, Ce(III, IV), and finally to a
sesquioxide Ce,0;-Ce(III) phase at § approaching 0.5 [29-31]:
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As expressed in Equations (1) and (2), the oxygen stoichiometry
can be controlled by equilibrating the sample in an oxygen-
rich or oxygen-poor environment. Moving beyond a binary oxide
(i.e., Ce0,) to a ternary oxide introduces additional possibili-
ties to tailor the type of phase transformation as well as the
resultant functional properties of the ceramic. It was recently
reported that composite microstructures of CeO, and Al,O; with
interphase spacing on the nanometer scale could be formed in
powders through the eutectoid transformation of the perovskite
CeAlO; [32, 33]. The perovskite CeAlO; forms from cerium and
aluminum oxide under reducing conditions and decomposes to
cerium and aluminum oxide under sufficiently oxidizing condi-
tions. This peritectoid/eutectoid couple is reversible, and because
Al,O; isunreducible with a stable valence state, the phase space is
constrained, limiting the potential for production of undesirable
phases [34, 35]. Furthermore, this eutectoid decomposition of
CeAlO; results in a significant volume expansion. Taking room-
temperature density values of 6.64, 7.13, and 3.99 g/cm?® for
CeAlOQ;, CeO,, and a-Al,O;, respectively, the theoretical volume
expansion is 18%. This large chemical expansion can mitigate
shrinkage during sintering.

Here, we present a method to produce nanoscale composite (CeO,
and Al,O;) ceramics by reactive sintering of CeAlO;. Expansion
of the mean material lattice constant due to the eutectoid phase
transformation counteracts the volume shrinkage caused by
sintering. Incorporating a redox-activated eutectoid also provides
a crucial extra degree of processing freedom that facilitates
the formation of high-density, nanoscale microstructures. A
sintering process that can achieve these multiple attributes (vol-
ume expansion, chemical reaction, low porosity, and nanoscale
microstructure) is rare in ceramics processing, and this strategy
may be generalized to other chemistries that exhibit similar
phase transformations, enabling the production of ceramics with
optimized properties and novel functionalities.

2 | Procedure

Samples were processed through a mixed-oxide solid-state reac-
tion route. CeO, (Inframat Advanced Materials*, 99.9%) and
Al O; (Sumitomo AA04, 99.99%) were weighed and mixed using
a planetary mill with stabilized zirconia media in ethanol. The
dried powders were separated into two batches: one batch was
a control to study CeO, and Al,O; sintering, and one batch was
processed further to produce CeAlO;, the precursor for reactive
sintering. The CeAlO; precursor was calcined at 1300°C for 18 h in
a horizontal tube furnace with flowing 95% N, and 5% H, forming
gas. X-ray diffraction confirmed the formation of CeAlO;, and
this powder was milled using the previously described milling
procedure. The same procedure to make pellets was followed for
both compositions. Pellets were formed by first mixing powder
with a 2% by mass solution of Acryloid B72 polymer and sieving
the binder-modified powder through a 100 mesh. Powders were
pressed uniaxially in a 10 mm steel die, followed by isostatic
pressing at 200 MPa. Smaller cross-section samples, 5 mm, were
also prepared for dilatometry experiments. The samples were pre-
fired to burn out the binder to a temperature of 600°C at a rate of
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0.5°C/min. These green pellets were weighed and measured to
record green density prior to sintering.

Dilatometry experiments were performed on samples that were
pre-fired to remove organics. Experiments were performed on
a Linseis DIL L75 dilatometer in air or under flowing argon
gas. Thermogravimetric analysis (TGA) of CeAlO; was carried
out by heating 30 + 3 mg of powder in a platinum crucible to
1075°C at a rate of 15°C/min under flowing argon. The mass of
these samples was then measured under isothermal conditions
in mixed air/argon environments using a Netzsch STA 449 F1
thermogravimetric analyzer. The mixed flow of air and argon
gases was controlled using the internal mass flow controllers of
the instrument, and the oxygen partial pressure of the outflow gas
was measured with a zirconia-based oxygen analyzer (Yokogawa
0X400).

Scanning transmission electron microscopy (STEM) samples
were prepared from bulk samples using a multisource plasma-
focused ion beam (PFIB) dual-beam microscope. A xenon ion
beam was used. Initial cuts and thinning were conducted using a
30 keV beam energy, while the final polishing steps used a 5 keV
beam energy. High-angle annular dark-field STEM (HAADF
STEM) images were acquired using a microscope operated at
300 kV. The convergence semi-angle was approximately 14 mrad,
and the detector collection semi-angles were approximately 70—
190 mrad. In some cases, a series of images was acquired, aligned
by cross correlation [36] and subsequently summed to improve
signal to noise and diminish the effect of scan distortions. Selected
area electron diffraction (SAED) patterns were acquired using a
microscope operated at 300 kV.

For microhardness testing, sintered pellet samples were prepared
by cutting each sample in half using a diamond wire saw to
produce two equal-sized semicircular cross sections. Samples
were first sintered at 1550°C for 12 h under flowing forming gas.
A fully CeO,/Al,0; transformed sample (based on observation
of the cross-sectioned microstructure and a recorded gain in
mass) was produced by annealing in flowing air at 1550°C
for 30 min, followed by quenching the sample by pulling it
in a platinum wire basket to a cold end of the tube furnace.
The temperature at the cold end of the furnace tube was not
monitored, but it was at an elevated temperature due to heat
transfer. The samples were then left at the cold end of the tube as
the furnace cooled at a programmed rate of 5°C/min. A partially
transformed sample (based on observation of the cross-sectioned
microstructure and a recorded gain in mass) was produced
by heating the sample to 1600°C under flowing forming gas,
annealing for 10 min in flowing air, followed by quenching the
sample. One sectioned half of each sample was mounted in
epoxy, and the cross-sectioned surfaces were polished to a 0.1 um
finish with a diamond slurry suspension. Microhardness testing
was performed using a Vickers indenter (NANOVEA CB500)
with parameters and analysis guided by ASTM C1327-15. For
each indentation, the indenter approached the sample surface
at 60 um/min until a 25 mN contact force was recorded. The
sample was then loaded at approximately 196 N/min and held
at a target load of 9.81 N (1 kgf) for 10 s before unloading at 100
N/min. A 12-indent by 29-indent map with 136 um horizontal
spacing and 250 pm vertical spacing was used to provide

comprehensive mechanical property characterization across the
specimen.

The dimensions and mass of sintered samples were measured to
calculate the geometric density, and the densities of samples with
closed porosity were measured using the Archimedes method.
Samples were prepared for scanning electron microscopy (SEM)
by polishing to a 1 ym final finish. A combination of diamond-
impregnated platens and diamond pastes was used. Prior to
sputter coating with carbon, the surfaces of these polished pellets
were also analyzed with x-ray diffraction using monochromated
Cu-Ka radiation on a PANalytical X’'Pert Pro. Polished cross
sections of samples were imaged using secondary electrons on a
JEOL 7800F FESEM. Effective interlamellar spacings were mea-
sured from a total of four SEM micrographs in the vicinity of each
microhardness indentation. The micrographs were segmented
using a WEKA trainable segmentation algorithm in Fiji [37].
The WEKA approach allows a user to manually paint single-
phase regions and use this data as a training classifier that can
then be applied to other image files [38]. Batch thresholding of
the images was completed in this manner. A modified “Abrams
Three-Circle Procedure” described in ASTM E 112-24 was used
to algorithmically measure effective interlamellar spacing values
(see S12-S14). This measurement was accomplished with a digital,
equally spaced, three-concentric-ring image superimposed on
each micrograph, where the arc lengths separating Al,O; phase
sections were measured for different regions of samples with
varying interlamellar spacings (see Supporting Information for
additional details).

3 | Results
3.1 | X-ray Diffraction

Select X-ray diffraction patterns of CeAlO; powder and pellets
sintered in oxidizing conditions are shown in Figure 1. The
Profex software [39] was used to perform a Rietveld refinement
of the powder diffraction profiles using reference patterns
PDF# 04-013-4067 (CeAlO;) and PDF# 00-048-0055 (CeAl,,Oy5).
The slightly lower calcining temperatures used in this study,
compared to previous studies where single-phase CeAlO; has
been synthesized [40], led to some secondary CeO, phase
peaks in the CeAlO; powder diffraction profile. This choice to
reduce the calcine temperature was made to avoid coarsening
of the powder to improve the CeAlO; sinterability. In oxidizing
conditions, at temperatures between 1350°C and 1450°C, the
CeAlO; fully decomposes into CeO, and a-Al,0;. While at
temperatures at or above 1550°C, a-Al,O; and CeO, continue to
react and form the CeAl,; 0,5 phase (see Figure S2) [41]. Cerium
hexaaluminate (CeAl;; O,5) has been described in previous studies
[35, 42-44]; however, this phase was reported to form under
different processing conditions (higher temperatures, lower
oxygen partial pressures) than those used in the present study.
This temperature at which CeAl;; O, forms places an upper limit
on the sintering temperature for the formation of nano-grained
Ce0,/Al,0; microstructures free from CeAl;0O,5 inclusions.
However, CeAl;;O,4 inclusions are not necessarily detrimental.
CeAl;; O inclusions have been investigated as a strengthening
mechanism because of their tendency to form elongated grains
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FIGURE 1 | X-ray diffraction (black) of CeAlO; samples processed
under conditions (from top to bottom): (a) annealed at 1350°C under
forming gas for 18 h, (b) the surface of a polished pellet sintered at 1200°C
in air for 10 min, (c) the surface of a sintered pellet sintered at 1350°C in air
for 10 min, and (d) the polished surface of a pellet sintered at 1650°C in air
for 20 h. The Rietveld refinements of each spectrum are provided with the
tick marks representing the phases (blue) CeAlOs, (yellow) CeO,, (red)
a-Al,03, and (purple) CeAl;; O .

[42], and CeAl,; 0,5 inclusions have been shown to improve the
toughness of zirconia/alumina ceramic composite materials [45].
Related Sr- and Ca-containing aluminum-rich oxide phases that
act as crack-deflecting inclusions [45-51] in toughened ceramics
[52] are used in the medical implant field [53, 54].

32 | TGA

Kinetics of the eutectoid decomposition, as a function of oxygen
concentration, were measured under isothermal conditions at
1075°C. The TGA curves (Figure S1) exhibit a sigmoid shape and
approach a value of approximately 3.72%, which is the theoretical
increase in mass for the eutectoid decomposition of CeAlO;.
Lower oxygen partial pressures significantly slow the reaction,
indicating that the kinetics of the eutectoid decomposition are
sensitive to oxygen activity. Previous studies demonstrate that
temperature also influences the eutectoid reaction rate [32].

3.3 | Dilatometry

3.3.1 | Single-Step Dilatometry

Samples were either sintered using a process that included a
single isothermal dwell (sintering temperature) in which the

] a— 0.5 °C/min
= 2°C/min
=5 °C/min
-8~ 10 °C/min
=20 °C/min
= 50 °C/min
| CeO,/AlO,
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FIGURE 2 | Percent linear strain of samples (both CeO,/Al,05 and
CeAlOj; precursors) heated at constant rates (solid lines) to 1550°C and
then held for 1 h (shaded yellow region) followed by cooling (dotted
lines). Samples were heated in air. The density of CeAlO; precursor
samples were between 70% and 75% theoretical density while CeO,/Al, 05
precursor samples were approximately 95% theoretical density.

heating step and dwell step were conducted under the same
oxygen atmosphere conditions, or samples were sintered using
a process that included multiple isothermal dwells and/or were
subjected to multiple oxygen atmosphere conditions. To simplify
the description of these sintering strategies, heat treatments will
be described as single-step or multi-step, going forward. For
single-step processing, samples were heated at constant heating
rates in air. In Figure 2, linear expansion curves are shown
for samples heated at varying rates to 1550°C and held for 1 h
before cooling to room temperature at a rate of 20°C/min. The
onset of the nonlinear expansion of the sample during heating
corresponds to the beginning of the eutectoid decomposition
reaction. As discussed in a previous study focused on the kinetics
of the decomposition reaction in powdered samples [32], the
a-Al,O; phase does not initially form. Rather, the thermodynam-
ically stable corundum phase is preceded by metastable, lower
density y-, 6-, and 6-Al, 0, phases before the a-Al,O, phase forms
at higher temperatures or longer annealing times (Figure 1),
coinciding with observable coarsening of the microstructure
from lamellar CeO,/Al,O; nano-regions to micron-scale equiaxed
grains. After the eutectoid reaction results in a maximum expan-
sion of the sample upon heating (Figure 2), the sample exhibits
a multi-step contraction. The first contraction that occurs prior
to sintering coincides with the temperature range where alumina
polymorphs begin to transform to a-Al,O; [32]. This process of
transforming lower density polymorphs to a-Al,O; would result
in complex mass transport during this portion of the thermal heat
treatment [55]. Additional measurements were performed using
a mixed CeO,/Al,0; powder, which does not undergo eutectoid
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FIGURE 3 | Percent linear strain of CeAlO; precursor samples
heated at a constant rate of 20°C/min to 1150°C, 1250°C, 1350°C, and
1450°C in flowing argon. Once the temperature was reached for the
isothermal dwell, the furnace environment was switched from argon
(shaded region) to air. The temperature profiles (bottom) correspond
to the strain vs. time profile (top) and are color coded to match. Final
theoretical densities of the samples were recorded by geometrical method
to be 55.8% (red), 64.9% (purple), 66.3% (yellow), and 73.8% (blue).
These samples correspond to sample numbers 120624_38, 120624_44,
120624_39, and 120624_48, respectively (see Supporting Information for
more details).

decomposition and therefore shows no evidence of nonlinear
expansion associated with reaction during sintering. The second
contraction step occurs at higher temperatures and is indicative
of a sintering/pore-removal process. The measurements on the
Ce0,/Al,0; powder compacts reveal that shrinkage associated
with sintering begins around 1250°C, indicating that sintering
mechanisms are simultaneously present in the CeAlO; compacts
as they undergo eutectoid decomposition. Multi-step dilatometry
in a controlled atmosphere was essential in decoupling these
simultaneous processes.

3.3.2 | Multi-Step Dilatometry

Two types of multi-step heating profiles were used to study
the effect of atmosphere on the sintering kinetics of CeAlO,
samples while undergoing a eutectoid decomposition. In one
case, samples were heated at a constant heating rate under
flowing argon gas to a dwell temperature. Once the dwell
temperature was reached, the argon flow was immediately cut
off and the sample was exposed to air. The dimensional changes
in samples measured using this multi-step process are shown
in Figure 3. Samples that were held at temperatures of 1250°C
or below upon transitioning from a reducing to an oxidiz-
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FIGURE 4 | Percent linear strain of CeAlO; precursor samples
heated to 1550°C and held for 2 h under flowing argon. Samples were then
cooled under flowing argon to a second isothermal dwell temperature.
Upon reaching the second isothermal dwell temperature, the furnace
environment was switched from an argon (shaded region) to air atmo-
sphere. The temperature profiles (bottom) correspond to the strain vs.
time profile (top) and are color coded to match. Final theoretical densities
of the samples were recorded by the Archimedes method to be 98.6%
(purple), 98.9% (blue), 98.1% (red), and 94.4% (yellow). These samples
correspond to sample numbers 120624_84, 120624_82, 120624_85, and
120624 _86, respectively (see Supporting Information for more details).

ing environment displayed expansion, while samples heated to
temperatures above 1250°C after transitioning from a reducing
to an oxidizing atmosphere only registered shrinkage. These
datasets show that the kinetics of the volume expansion of the
eutectoid decomposition relative to sintering processes that cause
shrinkage can be controlled by the oxygen partial pressure as well
as the reaction temperature. The samples in Figure 3, measured
after the experiment, gained in mass a total of 3.51%, 3.43%, 3.50%,
and 3.50% compared to the mass of the starting CeAlO; sample.
This gain in mass is consistent with previous measurements made
on fully reacted CeAlO; material in oxidizing conditions to drive
a complete reaction to a CeO,/Al,O; microstructure [32].

A second heating/oxidation profile was used in which samples
were heated at constant heating rates in flowing argon, followed
by an isothermal dwell at 1550°C for 2 h. This heating pro-
file promoted densification of the CeAlO; phase prior to the
oxidation-driven reaction. A second isothermal dwell was then
conducted at a lower temperature under oxidizing conditions
to promote the eutectoid reaction. The dimensional changes of
samples measured using this type of multi-step heating/oxidation
profile are shown in Figure 4. This sintering profile was developed
after observing that samples sintered to near-full density in
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FIGURE 5 | Change in volume vs. percent theoretical (based on
a value of 6.08 g/cm?) density (Archimedes) following sintering of
Ce0,/Al,03 precursors (black squares) and CeAlO; precursors with
single-step sintering procedures (filled pink circles) and multi-step sin-
tering procedures (open blue circles). The ordinate, AV/V,, is calculated
as (V,-Vy)/V,, where Vj, is the initial volume after debinding and Vyis the
final sintered volume (see Supporting Information for additional details).

the CeAlO; phase cracked and broke apart after reheating in
oxidizing conditions due to the large volume expansion of the
eutectoid reaction (see Figure S4). Cracking of the samples
could be avoided by bypassing the temperature range where
catastrophic expansion occurs. This process was accomplished
by introducing dense samples to oxidizing conditions at tempera-
tures above a critical threshold. The critical threshold determined
from the data in Figure 3 was between 1250°C and 1350°C.
Dense CeAlO; samples oxidized above 1350°C fully transformed
to CeO,/Al,0; microstructures, maintained high theoretical den-
sities, and showed no signs of producing macro- or micro-sized
cracks. Whereas dense CeAlO; samples oxidized at or below
1250°C shattered into many pieces during the reoxidation process
or developed large visible macro-sized cracks.

3.4 | Microstructure
3.4.1 | Single-Step Reactive Sintering Microstructures

Samples were sintered under a variety of heat treatments
and processing atmospheres in an effort to optimize densities
and preserve fine microstructures. The resultant densities of
sintered samples and corresponding processing conditions are
documented in Supporting Information.

As shown from the dilatometry data in Figure 2, the onset tem-
perature for sintering of the CeO,/Al,O; samples is much lower
than the onset for sintering of the CeAlO; precursor samples. As
a result, the densities of the CeO,/Al,O; samples are higher than
the CeAlO; precursor samples for similar sintering conditions.
When comparing the CeO,/Al,O; precursor samples to CeAlO,
precursor samples sintered to comparable densities (Archimedes)
in Figure 5, the CeAlO; precursor samples undergo a smaller
change in volume during sintering. These results show that high
densities with improved reduction in sintering shrinkage can be

achieved by using a CeAlO; precursor. The theoretical density of
CeO, + 1/2A1,0; compositions is 6.08 g/cm?, and it is possible
to achieve greater than 95% of the theoretical density using both
Ce0,/Al,0; and CeAlO; precursors (Figure 5).

It should be noted that the green densities of the CeAlO; samples
were lower than those of the CeO,/Al,O; precursor samples
(57.2% + 0.6 vs. 62.3% + 0.4, respectively). This difference can be
partially attributed to the fact that the calcined and milled CeAlO,
precursor powder was significantly coarser than the starting CeO,
and AlL,O; powders (see Figure S3). In general, higher green
densities (lower porosity in a pre-sintered sample) result in higher
sintered densities. Better powder packing efficiency can improve
green densities by decreasing the average initial pore size, and
smaller pores are easier to remove during sintering. Better
control of the starting particle size of the CeAlO; powder could
promote higher green density packing and further exaggerate the
difference between the volume contraction curves of the CeAlO,
versus CeO,/Al,O; precursors.

The microstructures of CeAlO; and CeO,/Al,O; precursor sam-
ples sintered using a single-step process are shown in Figure 6.
The samples sintered using the CeAlO; starting powder contain
more visible porosity than the CeO,/Al,O; samples. Unlike
Ce0,/Al,0;, the CeAlO, samples undergo a large volume expan-
sion prior to sintering, as shown in the dilatometry data in
Figure 2, resulting in the creation of larger pores prior to
densification, and this porosity is more difficult to remove during
the sintering stage, resulting in lower relative densities. Sintering
at or above 1550°C resulted in exaggerated growth of the lath-
like aluminum-rich phases, consistent with the identification of
CeAl;; Oy in the X-ray diffraction data.

3.4.2 | Multi-Step Reactive Sintering Microstructures

Analysis was conducted on samples that were sintered below and
above the critical temperature of 1550°C. Samples were densified
using two multi-step approaches: (1) samples were heated under
reducing conditions and oxidized at isothermal dwell (Figure 3),
and (2) samples were first densified under reducing conditions
at a high sintering temperature and then oxidized at a lower
isothermal dwell (Figure 4). An improvement in the densities of
CeAlO; precursor samples was achieved by this second strategy.
This multi-step method (Figures 4 and 5 open circles) achieves
high densities and fine lamellar microstructures at the expense
of a larger transient shrinkage (densification and phase transfor-
mation occur sequentially), with sintering shrinkage preceding
the expansion driven by the phase transformation (Figure 4),
as opposed to the concurrent approach in which sintering
shrinkage and transformation-driven expansion partially offset
one another, reducing the magnitude of the transient dimensional
strain (Figure 3). The maximum density (Archimedes) achieved
(Figure 5) for the single-step approach (1) was 97.0% of theoretical
density (this sample was sintered at 1650°C in air for 2 h) while the
maximum density achieved for the multi-step approach (2) was
99.0% of theoretical density (this sample was sintered at 1550°C
for 2 h under argon, followed by a second step at 1450°C for
1 h in air). While comparable densities were nearly achievable
for the single-step compared to multi-step processing routes,
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FIGURE 6 | Secondary electron images of polished cross sections of CeO,/Al,O5 precursor samples sintered with a single-step process at (a) 1500°C
for 16 h, (b) 1550°C for 2 h, and (c) 1650°C for 2 h, and CeAlO; precursor samples sintered with a single-step process at (d) 1500°C for 60 h, (e) 1550°C

for 2 h, and (f) 1650°C for 20 h. Scale bars (red) are 10 pm.

there are significant differences in the resulting microstructures
(see Figures 6f and 7c for examples of high-density single-step
microstructure vs. Figures 7a and 8 for examples of high-density
multi-step microstructure, as well as Supporting Information for
additional examples).

As shown in Figure 7, samples with fine microstructural features
sintered at or below 1550°C contain lamella of CeO, alternat-
ing mostly with a-Al,0;. Large-grained samples sintered above
1550°C exhibit equiaxed a-Al,O5 grains and large CeAl,;O,4 laths.
For longer sintering times at higher temperatures, the CeAl,;O4
platelet-like grains would continue to grow while the a-Al,O,
equiaxed grains would be consumed (see Figures S6-S8). A multi-
step sintering procedure was adopted in an attempt to solve two
issues that were evident form a single-step procedure; those issues
being: (1) using a CeAlO; precursor, porosity was generated by
the volume expansion of the eutectoid reaction compromising
the final sintering densities, and (2) the time required to sinter
samples to high density using a single-step procedure was long
enough to produce significant coarsening of the microstructure.
A multi-step processing route fixes both issues by allowing the
sample to sinter to full density in the CeAlO; phase, followed
by annealing in an oxidizing atmosphere only long enough to
drive the eutectoid reaction to completion, resulting in minimal
microstructural coarsening.

A wide range of reducing conditions was found to be sufficient
for maintaining the CeAlO, phase to high temperatures. Unlike
the calcination step where forming gas conditions were necessary
to drive the eutectoid reaction, once formed, the CeAlO; phase
could be stabilized in moderately reducing conditions maintained
by flowing argon gas through the furnace. Using this multi-step
process, the eutectoid decomposition proceeds quickly during
the high temperature oxidation process, and the microstructure
could be controlled by tuning the time/temperature conditions
the sample was oxidized under. If samples were quenched during
this step of the process, a fine, less than 100 nm lamellar
microstructure could be preserved (Figure 8) similar to the

microstructure produced in powder specimens in previously
published results [32]. The resulting microstructural features are
approximately an order of magnitude smaller than the initial
particle size of precursor powders and smaller than the grain
size of the CeAlO; sintered microstructure. These results suggest
that the starting particle size or method for achieving high
density of the initial CeAlO; sample has little effect on the final
microstructure following the eutectoid decomposition, because
the coarse-grained parent CeAlO; microstructure is replaced with
Ce0,/Al,0; lamella whose dimensions do not have a direct
dependence on the parent microstructure.

3.5 | Hardness

Vickers microhardness measurements were made on cross sec-
tions of Ce0,/Al,0; precursor samples densified using a multi-
step sintering process (these samples, for clarity, will be referred
to as partially and fully reacted samples going forward). The
partially reacted sample was sintered at 1550°C for 12 h in forming
gas (this step transforms the precursors to CeAlO; and densifies
the powder in the perovskite phase), followed by oxidation at
1600°C for 10 min with subsequent quenching of the sample.
This sample was mostly reoxidized to form CeO,/Al,O; lamellar
microstructure with a small unreacted CeAlO; core. The surface
of the sample oxidized first, and this reaction front moves inward,
resulting in more pronounced coarsening of the microstructure
toward the surface of the sample. The fully reacted sample was
sintered at 1550°C for 12 h in forming gas, followed by oxidation at
1550°C for 30 min with subsequent quenching of the sample. An
evenly spaced grid of 348 indentations was made on each sample,
and the lamellar spacings in the vicinity of these microhardness
indentations were measured from SEM images. The variability of
the lamellar coarsening from the sample surface to the inner core
of these two samples can be observed in Figure 8. Representative
measurements of the lamellar spacing distributions around these
indentations are shown in Figure 9a. As shown in Figure 9b, the
partially reacted sample exhibits a hardness gradient increasing in
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FIGURE 7 | A region from the approximate center of an oxidized
CeAlO; precursor pellet (a). It was sintered with a multi-step process
at 1550°C for 12 h prior to oxidizing the sample for 10 min at 1550°C in
air followed by quenching. While some coarsening is evident, lamella of
alternating layers of a-Al,03 and CeO, are present (a). In addition to a-
Al, 03, CeAl;; O;5 was also identified using atomic resolution imaging (b)
and electron diffraction (not shown). These CeAl;; 0,4 features tended to
be smaller than the a-Al, 03 and examples are illustrated with red arrows
in (a). In a CeAlOj; precursor pellet sintered with a single-step process
at 1600°C for 2 h, the microstructure consisted of platelet and spherical
grains interspersed with the cerium dioxide grains (c). Atomic resolution
imaging and selected area diffraction indicates the platelets are CeAl;; O;g
while the spherical grains are a-Al,05. Examples of the CeAl;;O5 (I, II)
and a-Al,O3 (II1, IV) are indicated. Scale bars are equal to 1 um (a, ¢) and
2nm (b, I, III).

value from the surface toward the unreacted core. The eutectoid
reaction requires oxygen to progress, and a diffusion gradient
is evident with the surface reacting first and having more time
to coarsen. The unreacted CeAlO; core is much softer than the
Ce0,/Al,0; composite microstructure shell, and a sharp drop-
off in hardness is measured in this region. The fully reacted
sample has a more homogeneous microstructure at the expense
of lamella coarsening to dimensions greater than the sub-100 nm
features present in the partially reacted sample. The sizes of
the lamellar spacings show good correlation with hardness and
follow a Hall-Petch trend (Figure 9c).

Ideally, the thermal/oxidation processing cycles would be tuned
for a particular sample according to its geometric dimensions to
form a microstructure optimized for a particular application, and
the kinetics of the eutectoid reaction and resulting coarsening
may be further improved by manipulating the oxygen partial
pressure during reoxidation (see Figure S1). However, samples
with distributions of microstructural features do not necessarily
provide a detriment to improving combinations of strength and
toughness, because strength improvements and crack growth

modifications can occur at different length scales [56]. In
fact, hierarchical composite materials with broad microstruc-
tural length scales often exhibit enhanced toughness [57], and
microstructures with layered or high-aspect ratio inclusions
can lead to enhanced mechanical properties [58]. While the
transformation of Al,O; to CeAl,; O 4 coincides with coarsening of
the microstructure, examples of similar coarse-grained hexaalu-
minate phases leading to improved toughness have been reported
[49, 50, 53, 59, 60]. Composites with hierarchical microstructural
features can combine weak and strong interfaces with compliant
and hard phases that act together to deflect cracks through a
multitude of energy-dissipative mechanisms [61]. As shown in
Figure 8, there is evidence from the structure of the cracks
emanating from the microhardness indentations that possible
toughening mechanisms are active in these samples. Example
SEM micrographs highlight crack branching (multiple cracks
being formed and branching out from a parent crack), crack
bridging (discontinuities in the crack), and crack deflection
(instances where the crack will migrate around the perimeter
of an alumina lamellar inclusion rather than pass through it—
see Figure S11 for additional examples). Future work will be
required to confirm the relationship between these nano-lamellar
microstructures and improved mechanical properties, and should
focus on measurements of quantitative toughness values like K.

4 | Discussion

Successful consolidation of CeO,/Al,O; phases into a dense, low-
porosity sintered body using a reactive sintering route could
potentially solve multiple ceramic engineering challenges. These
challenges include reducing the amount of net shrinkage from
green-body to dense part, preservation of nanostructure in the
sintered part, and a reduction of heating cycles/processing steps.
For materials in critical applications like medical implants or
structural components, combining small grain or microstruc-
tural feature sizes with additional toughening mechanisms is
essential. Nanoceramics offer promise for these industries by
providing high densities of crack-impeding features that improve
mechanical properties compared to ceramics with non-nano-
sized microstructural features [62, 63].

When sintered to near theoretical density in the perovskite
CeAlO; phase, reoxidation is diffusion controlled from the sur-
face of the sample to the inner core, and partially reacted samples
containing oxidized CeO,/Al,O; shells with unreacted CeAlO,
cores were prone to form large cracks through the CeAlO; phase
(see Figure S4). For samples that were processed under nearly
identical conditions (for example, samples were sintered to nearly
full density under reducing conditions in the CeAlO; phase then
oxidized to form CeO,/Al,O; at temperatures of 1550°C followed
by quenching), crack formation was only present in samples
with residual unreacted CeAlO; phase (see Figure S9). These
observations suggest that this type of cracking was formed during
cooling by differences in thermal expansion coefficient between
the perovskite and CeO,/Al,O; composite phases; otherwise, if
cracks were formed during the rapid volume expansion of the
eutectoid oxidation step, observation of cracks would be expected
in both partially and fully reacted samples. It should be noted
that crack formation, when observed, was always catastrophic
and penetrated through the surface of the pellet, making it

8 of 13

Journal of the American Ceramic Society, 2026

95UBD17 SUOLLILLOD dA1IE1D) 3|qied ! ddke au) Ag peuienoB aJe Sapile WO 8sN 0 Sa|NJ o} Afeiq1auljuO 8|1 U0 (SUONIPLOD-PUB-SWLLIBY/W0D" A8 1M ATeiq) 1 Bul UO//:SdnL) SUONIPLOD pue SLue 1 8y} 885 *[9202/50/92] Uo Afeiqiauluo A8|im ‘ABojouLos L pue spIS JO ainiisu| feuoiieN Aq 2620, 99 /TTTT 0T/I0p/wod A8 i Afeiq | puIUO'SD ILIBD//SANY WOJ) papeojumod ‘v ‘9202 ‘9T62TSST



FIGURE 8 | (a—c)Secondary electron images of fully reacted CeAlO; precursor sample microstructures sintered with a multi-step process moving

from hardness tested regions closest to the sample surface (top row) toward the core (bottom row), (d-f) segmented images of partially reacted sample

microstructures moving from hardness tested regions closest to the sample surface (top row) toward the core (bottom row), and (g-i) selected images of
cracking emanating from the indentation with highlighted critical points (arrows) for g) crack branching and (h, i) crack bridging, The scale bar (red)

for all images is 500 nm.

easily identifiable. Crack formation was observed in samples with
residual CeAlO; mixed with CeO,/Al,O; phases, and more work
is needed to determine the responsible mechanisms (displacive
phase transitions occur in the CeAlO; phases around 1100°C) and
any possible relationship between them and thermal expansion
mismatch. Cracking of samples also occurred if samples of dense
CeAlO; were heated slowly in oxidizing conditions from room
temperature to eutectoid phase transition onset temperatures.

Fast heating or fast oxidation (heating the sample in reducing
conditions above the eutectoid onset temperature followed by
oxidation) consistently created conditions that avoided crack for-
mation. The optimized quenching rate and quench temperature
were not identified in this study, as the purpose of quenching the
samples was to arrest the coarsening mechanisms and preserve
the finest CeO,/Al,O; microstructure possible. Additional work
will be required to elucidate the relationship between cooling
rate, lamellar size distribution, and the formation of cracks. It
is presumed that the kinetics of the eutectoid phase transfor-
mation depend heavily on the oxygen transport kinetics in the
reactant and product phases, and doping strategies should be
employed to adjust the rate of oxidation to optimize the resulting
microstructure and minimize processing-related defects.

At high temperatures, multiple thermally activated mass trans-
port mechanisms related to surface, bulk, and grain boundary
diffusion are competing for dominance [64] over point defect

formation, densification, and coarsening mechanisms [65]. At
sufficient temperatures, ceramics can undergo a transition that
promotes metallic-like creep (superplasticity) at high strain and
strain rates while avoiding the formation of defects or critical
necking [66]. For superplasticity in ceramics, two conditions must
be met: small grain size and a processing temperature greater
than half the melting temperature (0.5T,,) [67]. In the CeO,/Al, 0,
composite system, the melting points of the oxides are 1973°C and
2072°C, respectively. By utilizing a multi-step reaction process
and initiating the eutectoid decomposition at temperatures above
0.5 T,, it could be speculated that the large strains induced
by the eutectoid volume expansion are accommodated by a
grain-boundary sliding mechanism typical of superplasticity or
high-temperature creep, allowing for the production of crack-free
samples. Superplasticity has been attributed to the accommo-
dation of large strains in ceramic composite materials [68] as
well as the mechanism for facilitating fast densification rates
in novel sintering methods [69]. These novel sintering methods
rely on ultra-fast heating and cooling and include spark plasma
[70], black-light [71], and ultrafast high-temperature sintering
[72]. The nanoceramic CeO,/Al,0, composite exhibits improved
densities with finer microstructural features, leading to improved
strength when processed with fast eutectoid reaction kinetics
at elevated temperatures, and refinement of the microstructure
could be further achieved with more control over rapid heating
and cooling rates. Additionally, the degree of volume expansion
during the eutectoid reaction can be significantly reduced with
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FIGURE 9 | Hardness results with (a) histogram plots of lamellar
spacings for different regions (see Figure S10-S14 for additional details) of
partially reacted samples for regions: near-surface (yellow), near-reaction
front (red), and the area in between these two locations (blue), (b) the
mean hardness values of a partially (pink squares) and fully reacted (black
circles) sample cross section (error bars are a single standard deviation
from the mean of 29 hardness values), and (c) the hardness values vs.
interlamellar spacing for both a partially reacted (pink squares) and fully
reacted (black circles) sample plotted on an inverse square root scale
abscissa to allow for a visual inspection of a Hall-Petch trend.

different choices of chemical substitution or alloying on the Ce3*
or AI** sites. The perovskite phase is compliant to chemical
substitution, and this feature opens the phase diagram to a wide
variety of potential compositions.

5 | Conclusions

A novel route to producing dense CeO,/Al,O; ceramic/ceramic
composite microstructures was developed. A reduction in shrink-
age during sintering can be achieved by performing a reactive
sintering procedure, transforming CeAlO; to a larger molar
volume CeO,/Al,O; composite microstructure. The production
of dense Ce0O,/Al,0O; microstructures using a CeAlO; reactant
is beneficial in that the eutectoid decomposition is driven by
a redox reaction. This additional tunable processing parameter,
oxygen activity, adds another lever of control over the microstruc-
tural development and kinetics. A multi-step heating/oxidation
method, exploiting this additional degree of processing control,
facilitates the formation of microstructures with sub-100 nm
scale features in dense, relatively pore-free samples. The hardness
of these composite microstructures was inversely proportional
to lamellar spacing and qualitative improvements in crack
deflection were inferred from microstructural images in samples
with fine lamellar features. Therefore, judicious control of the
thermal history of the samples is important to stymy thermally
induced microstructural coarsening and control the final feature
size.
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