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This work studies the microstructural evolution of nanocrystalline (o1 mm) barium titanate (BaTiO3),
and presents high pressure in field-assisted sintering (FAST) as a robust methodology to obtain 4100 nm
BaTiO3 compacts. Using FAST, two commercial �50 nm powders were consolidated into compacts of
varying densities and grain sizes. Microstructural inhomogeneities were investigated for each case, and
an interpretation is developed using a modified Monte Carlo Potts (MCP) simulation. Two recurrent
microstructural inhomogeneities are highlighted, heterogeneous grain growth and low-density regions,
both ubiqutously present in all samples to varying degrees. In the worst cases, HGG presents an area
coverage of 52%. Because HGG is sporadic but homogenous throughout a sample, the catalyst (e.g., the
local segregation of species) must be, correspondingly, distributed in a homogenous manner. MCP de-
monstrates that in such a case, a large distance between nucleating abnormal grains is required—
otherwise abnormal grains prematurely impinge on each other, and their size is not distinguishable from
that of normal grains. Compacts sintered with a pressure of 300 MPa and temperatures of 900 °C, were
99.5% dense and had a grain size of 90724 nm. These are unprecedented results for commercial BaTiO3

powders or any starting powder of 50 nm particle size—other authors have used 16 nm lab-produced
powder to obtain similar results.

& 2016 Published by Elsevier Ltd.
1. Introduction

Barium titanate (BaTiO3) is a ferroelectric compound whose
properties render it well suited for its application in multi-layered
ceramic capacitors (MLCC) [1] and other microelectronic devices
[2]. This ceramic has a perovskite crystal structure, which assumes
a tetragonal symmetry at room temperature [3]. BaTiO3 then un-
dergoes a tetragonal-to-cubic phase transition when temperatures
exceed the Curie (transition) point. Subsequent phase transitions
are well documented at lower temperatures [4,5]. While these
phenomena have evoked multiple interpretations [6–8], the re-
sulting ferroelectric and dielectric properties have maintained this
material’s industrial relevance.

However, the ever-increasing demand for smaller electronic
components and more efficient designs require a reduction in the
grain size of any ceramics used therein. In recent years, this trend
has led to a need for nanocrystalline ceramics, which introduces a
number of new challenges. The first challenge, which has largely
).
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been solved, is the consolidation of nanocrystalline BaTiO3 pow-
ders. Various processing approaches have been studied, such as
hot isostatic pressing [9,10], conventional sintering [11,12], two-
step sintering [13], and field-assisted sintering techniques (FAST)
[13–18]. All these routes affirm powder sintering as a straightfor-
ward approach to generate fully dense materials from ceramic
powders.

Other challenges are intrinsic to nanocrystalline BaTiO3 cera-
mics. The first arises from the high volume fraction of grain
boundary atoms, which has repercussions in ionic materials—as
described by Joachim Maier [19]—leading to changes in the local
chemistry and electric behavior. In addition, these paraelectric
grain boundaries have a diluting effect on the dielectric behavior.
Finally, the similar size between the equilibrium ferroelectric do-
mains and the grains fixes the domain wall density (which con-
tributes to the dielectric properties), and induces strains into the
lattice. This strain is relaxed through a lattice distortion from the
tetragonal symmetry, to an observed pseudo-cubic symmetry
[20,21]. In nanocrystalline BaTiO3 materials the combined effects
of the aforementioned phenomena lead to a negative trend of
decreasing dielectric response with decreasing grain size [21–23].
In order to elucidate the onset and repercussions of these
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Table 1
Reported results from previous authors working on FAST-sintered BaTiO3
[13,14,16–18]. These include the initial powder size (PS), sintering temperature (T),
sintering pressure (P), resulting grain size (GS), and relative density (ρ).

Author PS (nm) T (°C) P (MPa) GS (nm) ρ (%)

Takeuchi (2001) 60 1100 30–50 o500 95
Deng (2009) 10–30 820–850 70 15–100 95–99
Yoon (2011) 10–15 950–1050 75 250–650 95–99

Curecheriu (2012) 16 1000–1250 100 92 99
Kholodkova (2015) 37.6 1140 50 188 –
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phenomena, the homogeneity of sintered samples is paramount.
In an effort to limit grain growth and thereby obtain a homo-

geneous microstructure, research in (FAST) has been prompted by
the objective of decreasing the sintering times and temperatures
required for full consolidation. This objective can be achieved by,
for example, superimposing a thermal field with a pulsed current
and a uniaxial pressure. FAST has emerged as a viable alternative
to traditional sintering methods for a wide range of materials in-
cluding, metals (TiAl alloys) [24], ceramics (B4C [25] and BaTiO3
[13–18]) and composites (carbon-fiber reinforced Al [26] and car-
bon nanotube reinforced Ni [27]). FAST offers several advantages
relative to conventional sintering and other consolidation techni-
ques. These advantages include: [28–31] (a) high thermal effi-
ciency due to joule heating directly transforming an electric field
into thermal energy; (b) rapid heating rates, also enabled by joule
heating from a high pulse power source (up to 5000 A), which
allow scientists to rapidly reach the temperatures needed for
densification (minimizing surface diffusion); and (c) the uniaxial
pressure which enables the efficient packing of particles and leads
to denser samples. Several other effects of the electric field have
been observed in specific materials, which largely depend on their
intrinsic electrical and thermal properties [29]. As shown in Ta-
ble 1, various research groups around the world have been quite
successful using this technique to produce dense, nanocrystalline
BaTiO3 samples.

Takeuchi et al. reported one of the first FAST-sintered BaTiO3

samples with a grain size smaller than 600 nm [14]. By using
powder with high surface areas and high pressures, researchers
such as Deng et al. produced full density samples at lower tem-
peratures [20]. In turn, they achieved minimal grain growth and
higher densities by increasing the heating rate and lowering the
starting grain size and sintering temperature.[12] Subsequently,
several research groups utilized FAST to produce a variety of na-
nocrystalline samples with high density (495%). Despite the po-
sitive results, most of published studies do not describe micro-
structures in detail. Furthermore, some of the best results found in
the literature are undermined by inconsistencies in their report-
ing. One example is found in the 2009 publication by Deng et al.,
2009, which reported grain sizes of 20 nm in compacts 99% dense.
Not only was statistical information (such as standard deviations
or histograms) not provided, but—more importantly—the scan-
ning electron microscope (SEM) micrograph presented in their
publication shows an average grain size well above 20 nm (this
author estimates a 40–50 nm average using ImageJ). In addition,
the publication in question only reports relative densities; no ac-
tual density values are reported, and no mention of how the
theoretical densities are estimated. This second issue is also seen
in the work by Curecheriu et al., 2012, where they claim 90 nm
and 99% density. Relative density is not meaningful when a the-
oretical value is not discussed, particularly in BaTiO3, where (as
some of these same authors explain) there is a strong connection
between grain size and lattice parameter. A final, yet fundamental,
omission is any characterization of the homogeneity of the mi-
crostructure within the samples produced.

In fact, irregularities such as abnormal grain growth (AGG),
which are commonly found in sintered BaTiO3 systems [32–34],
are not mentioned the aforementioned publications. This phe-
nomenon, which broadly refers to the exaggerated growth of
certain grains at the expense of the surrounding normal grains
(NGs), leads to a wide grain size distribution in the final micro-
structure. In this work, heterogeneous grain growth (HGG) is the
term used to described the observed growth which yields regions
of small grains (matrix of normal grains) and discontinuously large
grains (abnormal grains). While similar to AGG in definition, the
onset of HGG is sufficiently different that a distinction needs to be
made to avoid confusion. On the other hand, the driving forces
Please cite this article as: M.B. Fraga, et al., High pressure FAST of nan
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hypothesized are similar as will be described in subsequent sec-
tions. An additional concern with the literature is that none of the
aforementioned investigations compare different commercial
powders with similar specifications, rendering it difficult to draw
conclusions as to the precise influence of starting powder char-
acteristics and the properties of fabricated materials.

In view of the above discussion, the objectives of this study are
threefold. First, to demonstrate the pervasiveness of irregularities
in the microstructure of FAST-sintered BaTiO3 ceramics. Second, to
provide insight into the mechanisms that govern the formation of
such irregularities. Third, to propose processing strategies that can
be implemented to mitigate them, while resulting in fully-dense
samples and minimal grain growth. To satisfy these goals, a series
of experiments were completed to observe the microstructural
evolution of this material under different, changing parameters.
The first set of experiments consisted of sintering four samples at
different temperatures—850 °C, 900 °C, 950 °C and 1000 °C—to
determine the ideal temperature to minimize grain growth, while
maximizing density and microstructural homogeneity. The sam-
ples were processed into compacts 2.5 mm in height and 19 mm in
diameter. The heating rate was set to 100 °C/min, and the uniaxial
pressure to 100 MPa. After sintering, all samples were annealed at
800 °C for five hours and characterized. In the second set of ex-
periments, a 900 °C heating profile was used to examine two
sintering pressures; 100 MPa and 300 MPa. In order to achieve
these pressures, a two-stage 9 mm mold (also referred to as “die”
in other publications) was utilized. Samples with a 1mm height
were sintered and characterized. Finally, a second commercial
BaTiO3 powder from a different manufacturer was compared at
300 MPa in order to gauge how much the starting powder can
affect the final microstructure. This final route is presented as an
equal or superior alternative methodology to that presented in the
work from previous authors [13,17].

In parallel with the experiments described above, Monte Carlo
Potts (MCP) simulations were used in an effort to provide funda-
mental insight into the microstructural evolution of hetero-
geneous growth (HGG) in this material. MCP captures the inter-
action of different states in a lattice through the application of
statistical methods that predict the most probable outcome for a
particular event [35–37]. Using methods described in detail in
other publications [36,37], curvature-driven grain growth can be
simulated by assessing the probability of a change in orientation at
a selected site based on the resulting energy change. Normal grain
growth has been modeled in two and three dimensions [38,39].
The success of this technique (and its application in this paper) lies
in its ability of resolving meso-scale problems with reasonable
computational complexity and effort. However, there are two main
caveats hindering MCP. The first problem lies in the indeterminate
nature of sites, and the inability of resolving information below
their length-scale; such as local concentration inhomogeneities.
The second problem is the lack of an energetic and temporal scale,
which makes the calculation of certain relevant parameters (such
as grain boundary mobility) very challenging. This issue is parti-
cularly limiting for sintering, where frequently the resolve is to
ocrystalline barium titanate, Ceramics International (2016), http:
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connect the microstructure evolution with respect to time. How-
ever, the goal of the simulations as applied in this paper is to as-
sess hypotheses stemming from the experimental observations
rather than providing quantitative predictions.
Table 3
BaTiO3 samples FAST-sintered at four different temperatures.

Property 850 °C 900 °C 950 °C 1000 °C

# Samples 3 4 3 3
Heating Rate (°C/min) 97.5 92.5 87.5 82.5
2. Methods

The present work studied two types of commercially available
BaTiO3 powder. Table 2 shows the properties of both, as claimed
by the respective manufacturers. In addition, both manufacturers
claim that the powders are clustered into soft agglomerates. The
first one was purchased from TPL, Inc. (Albuquerque, New Mexico).
The second powder was obtained from Sakai Chemical Industry
co., ltd. (Osaka, Japan). The particle size and Ba/Ti ratio of these
powders were corroborated with SEM and inductively coupled
plasma mass spectrometry (ICPMS) respectively.

Field assisted sintering (FAST) was carried out in a Sumitomo
SPS-825S system. Graphite molds were packed with the BaTiO3

powder in a nitrogen glovebox, and graphite foils used as interface
between the powder and the plungers. The DC pulse pattern was
set to twelve 3ms electric pulses and 8 ms of no current [28], and
the vacuum held at 2 Pa. A three-step heating profile was used,
starting with a ten minute ramp up to the target temperature,
which resulted in heating rates between 85–95 °C/min. During this
step—specifically at 350 °C—a pressure of 100 MPa (for the first
experiments) was applied. This pressure was used to prevent the
fracture of the graphite mold [40], and because it had previously
led other authors to favorable results [17,41]. The second step
consisted of holding the temperature and the pressure constant for
six minutes. At the end of this step, pressure was released im-
mediately. In the final step, the mold was left to cool in vacuum
through the contact with the water-cooled arms of the FAST
system.

An annealing step is required after sintering in order to restore
the stoichiometry of the resulting compacts, which are reduced by
the low-oxygen atmosphere in the FAST system. In order to de-
termine the adequate annealing, samples were annealed at 800 °C
for 4, 8 and 12 h, and characterized. XRD and SEM grain size
analysis were utilized to ascertain good stoichiometry and mini-
mal grain growth during annealing.

Density measurements were obtained by the Archimedes
method using a Mettler Toledo XS104 balance. X-ray Diffraction
(XRD) spectra were collected on a Scintag XDS2000 powder dif-
fractometer equipped with a graphite monochromator using Cu Ka
radiation. Raman spectroscopy analysis was performed using a
Reinshaw System 1000 Laser Raman Microscope with a Spectra-
Physics Ar-ion 514.5 nm laser. Samples for XRD and Raman were
ground in order to remove any surfaces affected by the annealing,
and polished down to 3 mm (diamond suspension). All the mi-
crostructure investigation was conducted on a FEI 430 NanoSEM
system under a working voltage of 5–10 kV and a spot size of 2–3.
Grain analysis data was gathered from SEM micrographs of frac-
tured surface, using a minimum of 200 grains.

Monte Carlo Potts simulations were used to provide insight
into some of the conclusions drawn from experimental evidence.
These simulations were performed with the SPPARKS simulation
Table 2
Manufacture details on the commercial powders used.

Source Specific Surface Area
(m2/g)

Particle Size
(nm)

Purity (%
BaTiO3)

Ba/Ti ratio

TPL 15–18 50 99.5 0.995–1.01
Sakai 22.2 47 99.98 1.00

Please cite this article as: M.B. Fraga, et al., High pressure FAST of nan
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package [42] on a System76 computer equipped with an Intel i7–
3930K CPU clocked at 3.20 GHz. Due to the need for large abnor-
mal grains, two dimensional lattices were used with 2500�2500
lattice units (LUs). The pinned growth algorithmwas adapted from
the module included in the SPPARKS libraries with a few minor
modifications. The corresponding algorithm and Hamiltonian are
outlined in the dissertation by Guebels et al. [37]. Following their
work, a simulation temperature of 1.0 was selected to prevent
lattice faceting from lower temperatures, and to prevent artificial
unpinning at higher temperatures. In order to maintain a con-
sistent starting point, all cases were initialized by growing the
matrix to a nominal average grain size of 20 units (using the exact
parameters for all runs). Pins were then laid out on the matrix at
the grain boundaries. A pin volume fraction of 7.5% was selected
because, in preliminary runs, it resulted in a high density of grains
per area, while maintaining a grain size large enough to overcome
artifacts from temperature fluctuations. Abnormal grain nuclei
(described in detail in the discussion), AGN, were dispersed on the
matrix in a hexagonal distribution with the desired average dis-
tance. In order to generate AGNs, a new parameter (kinetic state,
or k-state) was added to each site. This k-state parameter relates to
the boundary kinetics of the grain and can take two values, 0
(normal grain) or 1 (abnormal grain). When a spin flip event oc-
curs, the code checks the k-state, and if the grain is abnormal the
temperature is increased by 0.1. Upon a successful flip, the target
site takes the orientation (as with classical MCP) and the k-state of
the origin site. Preliminary results determined this value to be
sufficient for the unpinning of the abnormal grains from the ma-
trix, without overwhelming the stochastic nature of these events.
Once the AGNs were laid out, the simulation was left to run until a
fully-pinned microstructure, dominated by abnormal grains, was
achieved. Due to the nature of MCP, grain growth will occur in-
definitely if pinning can be overcome. It is therefore important to
determine a reasonable number of Monte Carlo steps (MCS). The
criterion used was that the doubling the total number of MCS
should lead to an average growth in abnormal grains of less than
10%. Running 300,000 MCS demonstrated that, for all random
seeds, the criterion was met at 150,000 MCS. The reproducibility of
all results was ascertained by running three simulations of the
same case with a different random seed value.
3. Results

In the first set of experiments, desirable densities (495%) were
achieved at temperatures above 900 °C. The nominal grain size
average increased with sintering temperature, as shown in Table 3.
There is a considerable step between the standard deviations of
samples below and above 900 °C due to increasing inhomogeneous
growth of grains. In addition, the color of the as-sintered samples
Avg. Grain Size (nm)a 137750 306796 2927448 4627618
Density (g/cm3) 4.7770.2 5.4670.3b 5.7970.02 5.8070.06
Density (%) 79.273 90.675b 96.0970.3 96.3171
As-sintered Color White White-blue Blue-green Dark blue-green

a Average grain size is calculated over entire histogram. Due to abnormal grain
growth, average can be much larger than the mode).

b Samples sintered near 900 °C seem to undergo a transformation (see dis-
cussion section). Two types of samples were observed, with significantly different
densities; hence the large standard deviation in density.
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Fig. 1. XRD patterns of BaTiO3 compacts FAST-sintered at four temperatures, and
annealed at 800 °C for 5 h. Indexed peak positions for cubic BaTiO3 are displayed at
the top of the Figs. . The intensity range is from 0 to 1400 counts per second.

Fig. 3. SEM micrographs of a fractured surface of a BaTiO3 sample, sintered at
950 °C, where (a) shows a region with the nominal grain size average, (b) a region
of abnormally large grains, and (c) a porous region.

M.B. Fraga et al. / Ceramics International ∎ (∎∎∎∎) ∎∎∎–∎∎∎4
corresponds with their density; low density (o90%) samples are
white, and high density (490%) samples are increasingly dark blue.
This blue color is due to the reduction of BaTiO3 in the FAST
environment.

The XRD patterns of FAST-sintered BaTiO3 samples in Fig. 1
show all the peaks corresponding to cubic BaTiO3, with some
barium carbonate impurity peaks. Mild peak splitting is observed
in some of the {2 0 0} peaks, but the broadening caused by the
small grain size and the strain make deconvolution difficult. From
the observable splitting, samples above 900 °C present tetragonal
symmetry. On the other hand, the evident lack of splitting in all
peaks below this sintering temperature implies cubic symmetry
[41,43].

Fig. 2 presents the Raman spectra for samples sintered at the
four target temperatures after being annealed for 5 h at 800 °C. All
samples present first-order vibrational peaks at 252 cm�1,
306 cm�1, 515 cm�1 and 715 cm�1. These peaks correspond to the
Raman events A1(TO), B1; E(TO-LO), E(TO); A1(TO), and E(LO); A1
(LO), respectively. The events at 306 cm�1 and 715 cm�1 are as-
sociated with tetragonal symmetries, and should become sup-
pressed after a tetragonal-to-cubic transition [44,45]. According to
Raman, all samples present tetragonal character. These crystal-
lographic results from Raman and XRD agree with observations
made by previous authors [22,41,44,46].

Fig. 3 includes three SEM micrographs which identify the three
distinct regions observed in all samples; the matrix, abnormal
regions, and porous regions. The matrix, (a), is comprised of ul-
trafine grains and underwent full densification. Within this normal
matrix, sporadic subsets of grains grow into abnormally large
grains; ranging from a few, to tens of microns (b). These
Fig. 2. Raman spectra of FAST-sintered BaTiO3 compacts at four temperatures, and
annealed at 800 °C for 5 h. Main Raman events for BaTiO3 systems are marked by
dashed lines.

Please cite this article as: M.B. Fraga, et al., High pressure FAST of nan
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formations caused by HGG did not present any evident patterns
that could be linked to the initial powder. On the other hand, the
third type of region (c in Fig. 4) was composed of grains finer than
the matrix, and consistently had ellipsoidal shapes. These regions
were highly porous, with a notable lack of densification.

The first occurrence of HGG was observed at 900 °C, covering
approximately 8% of the area fraction. Small “islands’ of these
abnormal grains were randomly distributed throughout the ma-
trix, as illustrated in Fig. 4. With increasing temperatures, these
islands coalesced to form networks of abnormal regions, covering
48% at 950 °C and 52% at 1000 °C.

The second set of experiments addressed the effect of pressure
on the resulting compact, and whether the qualities of the powder
might play a role; the results are outlined in Table 4. Only the
maximum density values included for the low-pressure samples
because there was significant variability in their density, as seen in
Table 3. This variability was also observed in the smaller sample
sintered with the same parameters. On the other hand, higher
pressures eliminated this variability. This consideration is suffi-
cient for the purpose of this paper, which is not meant to sys-
tematically assess the effects of pressure.

The small sizes of the grains in the high pressure samples
hinder a good resolution under the SEM, making them estimates.
As such, corresponding micrographs are presented in Fig. 5 for the
reader’s benefit. This figure also includes micrograph (c), which
shows an instance of heterogenous grain size in the compacts
prepared with Sakai powder. This region is almost ellipsoidal,
around 11 mm in width and 21 mm in height, an insignificant
fraction of what was observed in low-pressure samples.
4. Discussion

4.1. Grain size, density and crystallography

This section addresses issues related to the grain size and
density of sintered compacts. As expected from classical sintering
theories, lower sintering temperatures yield samples with smaller
grains and reduced densities. The pronounced density variability
in samples sintered at 900 °C highlights this as a critical tem-
perature in the densification process. Li et al., in their work with
FAST-sintering of BaTiO3, also observed a pronounced sintering
trend around this temperature with density leveling off above
900 °C [46]. In addition, the microstructure of the samples sintered
at temperatures below 850–900 °C indicate that, with all other
parameters unchanged, high density (495%) is only achievable
with a minimum grain size above 450 nm. As such, using these
parameters, a maximum sintering temperature between 900 °C
and 950 °C optimize density and grain size.

The abrupt color and density differences between the 850 °C
and 900 °C, and the 950 °C and 1000 °C samples seem to indicate
an abrupt transformation. The increased propensity to sponta-
neous fracturing observed in samples sintered above 950 °C lends
some evidence to the transition. This fracturing occurred
ocrystalline barium titanate, Ceramics International (2016), http:
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Fig. 4. SEM micrographs of fractured surfaces of BaTiO3 samples at different temperatures. Matrix and abnormal regions separated with white demarcations and marked by
arrows.

Table 4
Samples FAST-sintered at 900 °C with varying conditions. Resulting densities (ρ)
and average grain sizes (GS) are shown. For each sample, the maximum (not the
average) density is presented.

Sample ρ (g/cm3) Rel. ρ (%) GS (nm)

900 °C, TPL, ø19�3mm, 100 MPa 5.72 95.0 306796
900 °C, TPL, ø9�1mm, 100 MPa 5.80 96.4 260757
900 °C, TPL, ø9�1mm, 300 MPa 5.96 99.0 120736
900 °C, Sakai ø9�1mm, 300 MPa 5.99 99.5 90724

Fig. 5. SEM micrograph of fractured surfaces of FAST-sintered compact produced
from: a) TPL powder and b) Sakai powder. Micrograph c) shows the occurrence of
HGG in Sakai compacts. These compacts were sintered at 900 °C for 10 min under
300 MPa of pressure.
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sporadically in certain samples, after sintering and before an-
nealing. Minimal pressure was required, and it occurred only along
certain planes (presumably weak interfaces).

In addition, The XRD and Raman results are in good agreement
with the results of previous authors, who observe a gradual
change from a tetragonal symmetry to pseudo-cubic symmetry. It
is hypothesized here that the strains produced by this change
could contribute to the onset of HGG that will be discussed in the
next section.

4.2. Heterogeneous grain growth and agglomerate effects

This section discusses the inhomogeneities that marred the
microstructure of the samples, and could affect their electrical
properties. In every sample that reached a density higher that 90%,
HGG was observed to varying degrees. Temperature and pressure
were not sufficient to completely eliminate this phenomenon. The
evident pervasiveness of HGG in these FAST-sintered BaTiO3

samples requires further examination. At a first glance agglom-
eration in the powder might be a prime suspect for this phe-
nomenon. As mentioned in the methods section, both manu-
facturers claim soft agglomerates. To corroborate this, both pow-
ders were dispersed with a sonication wand and observed under
Please cite this article as: M.B. Fraga, et al., High pressure FAST of nan
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the SEM. A fisher sonic dismembrator model 300 was used set at
50% intensity. Each powder was placed into a small eppendorf
tube and sonicated four times for thirty seconds. As seen in Fig. 6
the TPL powder was only partially dispersed, while the Sakai
powder dispersed completely. This positive co-relation indicates
that harder agglomerates may play a role, but the Sakai powder
still presented HGG; therefore, the degree to which agglomerates
might have an effect is not clear.

The growth of HGG regions in the TPL powder suggests that
agglomerates might not play the major role. If agglomerates were
the cause, HGG would occur in agglomerates that meet certain
conditions, and that abnormal regions would expand to the rest of
the matrix. However, experimentally the expansion of HGG re-
gions, seen in Fig. 5, occurs not through the overwhelming growth
of few grains, but rather by the activation of HGG in adjacent
grains within an area. Agglomerate-induced abnormal growth was
also eliminated as a possibility in their samples by authors work-
ing in Titania (TiO2) [39]. One possible process examined by sev-
eral authors have linked AGG in BaTiO3 to faceted grain bound-
aries [32,47,48]. They claim that faceted boundaries do not act as
perfect sinks or sources of atoms and vacancies, but rather create a
barrier that hinder grain growth and densification mechanisms
below a critical energy [48]. On the other hand, Baurer et al. re-
ported contrary evidence, with matrix grains adjacent to abnor-
mally-grown grains growing with no apparent effect from such
potentials [34]. They connect AGG with solute drag effects in Ti-
rich materials as generally described in the phase-field simulations
by Kim and Park [49]. This could be the driving force for HGG.

The possibility that sites of solute segregation or secondary
particles are the cause of the observed HGG was investigated with
Monte Carlo Potts simulations. Using well established particle
pinning methods [37,39,50], the first step was to achieve a com-
plete pinning of the microstructure. Increasing the volume fraction
of pins will decrease the equilibrium grain size of the lattice,
which would allow more grains per simulation. On the other hand,
too many pins will increase the time needed for grain unpinning
and may deviate too far from the pinning expected to occur in
such a ceramic. In these simulations, pins are meant to represent a
drag force to grain growth and therefore their volume fraction
does not necessarily need to correspond to that of impurities ob-
served experimentally. After deciding on a volume fraction based
on the work by Guebels et al. [37], HGG was forced on certain
grains by modifying their local simulation temperatures. Higher
simulation temperatures allows for higher fluctuations that enable
the unpinning of boundaries. These initial, selected grains are
henceforth defined “abnormal growth nuclei” (AGN). This forced
HGG is artificial, but suffices to show how abnormal grains may
interact and lead to the experimental observations. For this pur-
pose, AGNs were laid out throughout the lattice in a hexagonal
ocrystalline barium titanate, Ceramics International (2016), http:
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Fig. 6. Micrographs of TPL and Sakai Powders. a) and b) Correspond to the as-
received and de-agglomerated TPL powders respectively, and c) and d) correspond
to the Sakai as-received and de-agglomerated powders, respectively.

Fig. 7. Cropped images of simulated microstructures. Normal grains are colored
white, abnormal grains dark gray, and boundaries and pins black. Figures (a) and
(b) show cases with hexagonally-distributed, 75 LUs apart, abnormal grain nuclei
and their growth after 150,000 MCS respectively. Figures (c) and (d) correspond to
the case where AGNs are distributed 225 LUs apart.

Table 5
Information on the growth of abnormal grains (AG) in a 2500�2500 lattice with a
temperature of 1.0 and a local AGG temperature of 1.1. AGN distance corresponds to
the average spacing between abnormal grain nuclei. In addition the table shows the
starting and final (after 150,000 Monte Carlo steps) number of abnormal grains, the
average and standard deviation of abnormal grain size, and a calculated radius
assuming perfect tiling of spherical particles (i.e., volume/number of grains) The
subsequent, k and n, parameters are the growth constants determined by fitting
the growth curves to the equation D¼k(MCS)n.

AGN dis-
tance

Starting
# of AGs

Final
# of
AGs

Radius
Average

Radius
Std.
Dev.

Calculated
Radius

k n

50 2850 1578 30.7 13 26.4 13.9 0.136
75 1287 796 41.9 19.6 39.3 10.7 0.191

150 301 184 85.7 44.5 81.3 4.46 0.310
225 110 84 118 57.6 134.5 4.06 0.338
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array). The distance between nuclei can be controlled easily by
selecting the hexagon's edge length; this hexagonal dispersion of
AGNs can be seen on Fig. 7(a) and (c) for two cases with different
inter-AGN distances. Subsequent growth leads to an equilibrium
grain size of the abnormal grains, which depends on the average
distance between AGNs. The final growth for 150,000 MCS is
shown in Fig. 7 for cases with a nuclei distance of 50 (b) and 225
(d). The effect of nuclei distance (ranging from 50 to 225 lattice
units) on the growth behavior of abnormal grains was compared
to the experimental observations. The deviation in the size of
grains grows considerably (and linearly) with increasing nuclei
distances. Experimentally, regions with HGG tend to have rela-
tively uniform grain size distributions. This implies that there is a
Please cite this article as: M.B. Fraga, et al., High pressure FAST of nan
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uniform distribution in the grains that have the conditions to grow
abnormally. On the other hand, to reach the observed size ratio
between normal and abnormal grains, large AGN distances are
required.

As expected, the growth of individual AGNs was found to de-
pend on the local environment. As seen on Table 5, all AGN dis-
tances used resulted in at least a hundred AGNs. Some AGs dis-
appeared due to extremely constrained environments, or at the
expense of other AGs. The average radius and standard deviation
grow linearly with AGN distance, as Fig. 7 also shows. To corro-
borate that AGs strongly impinge on each other, a calculated radius
was defined by dividing the area by the final number of AGs. A
good co-relation was found with the actual measured values. As an
additional measurement, growth constants were fitted to a power-
law growth equation D¼k(MCS)n. These values are only meant to
show the general trends of growth, not physical properties. At
small AGN distances, the AGs quickly meet and impinge on each
other, leading to a sharp growth (large k) with a quick leveling off
(low n). With increasing distance, the AGs have more freedom to
grow uninhibited, which lead smaller k values and more reason-
able n values (closer to those seen in normal growth (0.5).

The results reveal good self-consistency, with the standard
deviations showing insignificant data overlap. With the assump-
tion that only certain grains will meet the requirements for HGG,
the simulations show that the experimental observations could be
attributed to the proposed mechanism. Heavy pinning of the mi-
crostructure will restrict grain growth, a situation that could ex-
plain the limited growth of matrix grains between 900 °C and
950 °C. Assuming that the conditions for abnormal kinetics are not
uncommon (an assumption supported by the experimental re-
sults), then the microstructure must have sporadic regions that
meet the requirements for the activation of HGG. As shown in the
simulations, if the distance between these sites is small, then the
abnormal growth will occur rapidly, and the AGs will impinge on
each other early on. In this case, the standard deviation is small
and the grain size may not be noticeably larger than the matrix. In
fact, this situation could be impossible to recognize with ex-situ
observations. With increasing distance between AGNs, abnormal
grains have increasing room and time to grow (as shown by the
growth coefficients) as long as conditions are favorable. This leads
to larger standard deviations. In addition, this case allows for large
AG/NG ratios to occur, leading to noticeable differences between
regions of normal and abnormal growth. Such an abrupt change in
the activation of HGG could account for the similar abrupt jump in
grain size observed in the 1000 °C samples. The experimental case
at 950 °C shown in Fig. 4 has an AG/NG ratio around 4, which is
close to that found in the simulation case with an AGN distance of
225 lattice units (which has a ratio of 3.4). However, the high
ocrystalline barium titanate, Ceramics International (2016), http:
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variability in grain size is not observed to the same degree ex-
perimentally. Such a discrepancy can be ascribed to the simplicity
of the proposed model, but it may also simply be due to an over-
pinning of the simulation matrix. Regardless, these results require
homogeneous distributions of solute segregation (or some other
pin-inducing lattice artifact) within regions of HGG. AGG is usually
described as a rare and stochastic process, but the experimental
results show that, in contrast, HGG can be consistently obtained.
While undeniably stochastic, the pervasiveness of this phenom-
enon highlights the notion that simple rules are in play, which all
are adequately described by MCP. Replacing the forced HGG seed
with a more accurate interpretation could turn this tool into a
viable method of predicting and preventing HGG (and possibly
AGG). In fact, MCP used in combination with anisotropic models,
as described in other studies [51,52], could lead to more accurate
description of the growth that occurs in BaTiO3 materials.

4.3. Porous regions

Ellipsoidal, porous regions with grains smaller than those in the
matrix are equally prevalent in all of the TPL-prepared samples.
The ellipsoidal shape of these regions could correspond to a dis-
torted cross-section of the spherical agglomerates. By using a
sintering pressure of 300 MPa (explained in the next section),
these regions were densified successfully, but the grains were still
considerably smaller than those in the matrix. This success could
be attributed to the strain affecting the interfacial potentials as
described in the previous section [29]. Compacts sintered from the
Sakai powder show similar ellipsoidal regions, but with larger
grains rather than porosity. This inconsistency between powders
could be evidence that these regions can take either route, de-
pending on their geometry and their chemical nature. In the Sakai
material, these regions cover a smaller area fraction than in the
TPL counterparts, providing further evidence for the weaker nat-
ure of the agglomerates in the Sakai powder.

4.4. High pressure samples

HGG, like AGG, requires an abrupt jump in driving force for the
mobility of certain grain boundaries, and requires grain growth. As
such decreasing sintering temperature, and increasing heating rate
and pressure affect the boundary kinetics and minimize grain
growth—therefore they also hinder HGG. Decreasing sintering
temperature was clearly insufficient from our results. Full density
was never achieved this way, and HGG was never fully mitigated.
Preliminary results from increasing heating rate were not en-
couraging. Achieving stable heating of the die was problematic,
and the resulting compacts were not significant improvement. In
addition, the temperature controller does not allow for precise
control over the heating rate. This discrepancy with the literature
may be due to the starting powder, which is larger than those used
by other groups [17,44]. As such, high pressure was the only
parameter left. Using 300 MPa yielded full density, and minimal
grain growth allowed a grain size of 120 nm in the TPL powder and
90 nm in the Sakai powder. This difference is due to the initial
particle size and to the purity of the powder—a factor that also
explains the difference in the extent of HGG. On the other hand,
the extent of HGG and porous regions was small enough to be
unmeasurable using the same technique as for the previous
compacts.
5. Conclusions

In conclusion, this study examined the microstructural evolu-
tion of inhomogeneities in FAST-sintered, BaTiO3 at varying
Please cite this article as: M.B. Fraga, et al., High pressure FAST of nan
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temperatures, and mitigated their occurrence by using high
pressures. HGG and low-density regions were ubiquitously found
throughout the microstructures of our low pressure samples, the
former reaching coverage of up to 52% in the 1000 °C samples.
While reducing the sintering temperature was successful in hin-
dering HGG, no samples produced in this study were entirely
devoid of such inhomogeneities. HGG is proposed to be caused by
solute drag, and the modified MCP simulations show that a large
distance between AGN is needed to achieve the expected normal-
to-abnormal grain size ratio found experimentally. Smaller dis-
tances lead to early impinging between abnormal grains, which
result in grains marginally larger than those expected from normal
growth. In addition, large distances also lead to a large variability
in the size of abnormal grains. These results provide a connection
between the distribution of the source of HGG, and the final mi-
crostructural observations. Using a more realistic description of
the difference in kinetics between normal and abnormal grains
could result in better alignment with the experimental observa-
tions. Further work would be required to imbue this model with
predictability qualities.

In trying to eliminate HGG and porous regions with high
pressure, fully dense nanocrystalline compacts were produced.
Using TPL powder, the compacts had a density of 90.0% and a grain
size of 120736 nm. Using Sakai powder, the compacts had a
density of 99.5% and a grain size of 90724 nm. These results are
comparable to some of the best results in the literature, yet the
starting powder is commercial and more than five times larger. In
both cases, inhomogeneities are successfully hindered and mostly
eliminated. In this regard as well, the Sakai powder fared much
better, with minimal HGG regions and no observed porosity.
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