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ARTICLE INFO ABSTRACT

Keywords: Grain boundaries (GB) are critical in polycrystalline ceramics. They control the material’s properties as well as
Sintering the diffusional processes. While they received little attention from the ceramics processing scientists for decades,
Ceramics

the new developments in ultra-rapid sintering technologies (flash sintering, ultrafast high-temperature sintering,
fast firing, photonic sintering...) have dramatically changed the context. Recently, it has been shown that rapid
consolidation can be achieved in a timeframe shorter than that required for the interfaces to relax to their
equilibrium state. This provides a detectable reduction in the activation energy for diffusion and sintering (about
8% in alumina), resulting in exceptional densification. Besides sintering, this result is of broader interest, as it
provides a new approach to grain boundary engineering. In this short review, we discuss the current research
context and outline future perspectives related to rapid sintering with a focus on its impact on the grain
boundaries. New interpretations of non-conventional microstructures and scaling laws during rapid firing are
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also proposed based on the concept of grain boundary metastability.

1. Why grain boundary metastability matters?

Controlling processing conditions to tailor microstructures — and
therefore material properties — is the cornerstone of materials engi-
neering. Traditionally, property—processing-microstructure relations
are studied at the microscale, focusing on the bulk 3D microstructure
and often neglecting the effects of smaller-scale defects. Although point
defects and grain boundaries (GB) are widely acknowledged as critical
to polycrystal properties [1], systematic approaches to tailoring them
through processing remain limited. This has been mostly driven by the
idea that defects, excluding dislocations, are generally thought to be
bound just to the chemistry, thus falling outside the primary interests of
processing engineers.

Recently, a new concept related to grain boundary metastability in
rapid, non-conventional sintering has emerged, opening new opportu-
nities. These should be considered in a broad context that extends well
beyond the sintering community itself. While metastable grain bound-
aries clearly influence densification kinetics and sintering, they can also
significantly affect the final properties of the sintered polycrystal [2].
For example, the blocking effect of grain boundaries is a major challenge
in ionic conductors [3,4]; tailoring the GB structure could also influence
thermal transport properties [5] and, consequently, the thermoelectric
figure of merit [6]. On these bases, the use of ultra-rapid sintering tools
is expected to foster a shift in the “sintering optimization paradigm,”
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which has traditionally focused solely on the correlation between den-
sity and grain size and processing parameters. In other words, a new
optimization perspective can emerge, it including the use of advanced
sintering approaches to engineer interfaces and defects.

Besides being extremely attractive, some open questions remain
about the possibility of grain boundary engineering via rapid sintering.
The first issue is related to the temperature control in rapid sintering
technologies, where temperature gradients can develop, thus leading to
inhomogeneous microstructures and possibly inhomogeneous grain
boundary states. A second question is related to the stability of these out-
of-equilibrium features after sintering. Indeed, these will likely relax in
systems that find application at high temperatures, but we trust they will
remain in a large set of functional ceramics like thermoelectrics, di-
electrics, and ionic conductors. Note that even if ionic conductivity is
activated, this belongs to the movement of the fastest ion in the system,
while grain boundary relaxation would require the rearrangement of the
slowest species. Even in electrolytes operative at relatively high tem-
peratures, like YSZ, the grain boundary metastability could be preserved
for long times based on the high diffusion barrier for cations.

Nonetheless, some theoretical frameworks are still lacking, and the
concept so far relies on only a few fragmented experimental observa-
tions. However, these results appear relatively robust and general. If
supported by further experimental studies, we believe that the ability to
consolidate materials with out-of-equilibrium grain boundaries through
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Fig. 1. Schematic representation of the possible relaxation phenomena occurring at the grain boundaries: (i) chemical relaxation involving dopants diffusion from
the bulk of the grains (top left) or jus ton the GB vicinity (top right), these are governed by GB energy excess reduction induced by the Gibbs adsorption; (ii) shape
relaxation due to the development of faceted boundaries along different low-energy crystallographic directions (n; and ny); (iii) structural relaxation related to an

ordering of the GB core providing a 2D-unit cell repeated in the GB plane.

non-conventional sintering could represent a breakthrough in ceramics
processing science for the next decades. In this short manuscript, we aim
to outline some theoretical aspects of grain boundary metastability,
highlight the current context, and medium/long-term perspectives.

2. The context

To fully appreciate why grain boundary metastability matters related
to sintering, we must first recall how heating rates impact the densifi-
cation process.

The recent development of various ultra-rapid sintering techniques
(fast firing-FF- [7], ultrafast high temperature sintering-UHS- [8,9],
flash sintering-FS-[10], spark plasma sintering-SPS-[11,12], hybrid
flash-SPS[13-16], microwave sintering -MWS-[17], photonic sintering
[18,19]...[20,21]) has dramatically increased the interest regarding the
interactions between heating rate, densification kinetics, and micro-
structural control. Beyond the analytical and numerical tools used to
model ultrafast densification [22], the experimental approaches to study
sintering in extreme conditions are quickly evolving with the develop-
ment of ultrafast optical-dilatometry up to 200°C min~*.[23].

There has been a long discussion about whether and how much the
heating rate can impact densification, with scattered conclusions
[24-30]. This is largely because many rapid sintering technologies
employ electric fields and currents; therefore, it is not easy to decouple
field/current-induced phenomena (electromigration[31,32], ponder-
omotive forces [33], electrochemical reductions [34-36]...) from effects
solely relying on the heating rate. Besides “field/current”-related phe-
nomena are still debated, it is well established that the rapid heating can,
to some extent, improve the consolidation.

The traditional theoretical framework modelling the heating rate
effect on densification is founded on the idea that coarsening and
densification possess different activation energies, the first being based

on surface-mediated phenomena, while the latter is mediated by bulk
diffusion (either lattice or grain boundary). As such, the relative ratio
between coarsening and densification rate decreases as the temperature
increases. In this context, fast heating is an effective tool to pass through
the low-temperature region where coarsening dominates.

Starting from 2010, another possible mechanism has been proposed
[37]. It is based on the concept that rapid consolidation does not leave
enough time for the newly formed grain boundaries to relax toward their
equilibrium state [38]. Such “more disordered” or “diffuse” grain
boundaries are thought to possess diffusion rates different than the
conventional ones, hence boosting the densification kinetics.

This concept is the “son” of the grain boundary complexion theory
[39]. Originally proposed by Hart in 1968 [40] to explain the embrit-
tlement of metals, the GB complexion theory was later found on a strong
theoretical thermodynamic framework and was extended to any class of
crystalline materials [40,41]. More recently, their statistical foundations
have been discussed by Han, Vitek, and Srolovitz [42] and computa-
tional models have been developed and trained to predict them [43].

The complexion represents this “stable grain boundary configura-
tion,” characterized by a local minimum in the free energy landscape
(indeed, the GB itself is a defect and is always associated with an excess
in free energy, not representing an absolute energy minimum).

When considering a grain boundary, it spontaneously tends to relax
towards an equilibrium configuration. Such relaxation can be declined
in three different aspects (Fig. 1): (i) a chemical relaxation due to the
adsorption of solutes at the grain boundaries to minimize the grain
boundary energy (Gibbs’ adsorption); (ii) shape relaxation, forming for
instance faceted structures to reduce the grain boundary energy; (ii) a
structural relaxation due to the formation of specific atomic arrange-
ment in the grain boundary core, forming “crystal-like base units”
repeated in the 2D-space. [39,41,44].

The stability of each complexion depends on the thermodynamic
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Fig. 2. (al,bl,c1) y-band for symmetric tilt grain boundaries (STGBs) on the [100] direction for Al, Si, and W as a function of the misorientation angle, 6. Gray points
identify the different states, the minimum of the band is represented in green, and the red curve represents the average value of y. Summation symbols denote
ensemble averaging over all metastable grain-boundary states at a given misorientation. The bandwidths (8) and their average value normalized over the minimum of
Y (8/Ymin) are reported at the bottom of the panel. (a2,b2,c2) The number of states (M) is reported in the central row of the panel; degenerate states are highlighted in
grey shadow, while the non-degenerate states are in blue. (a3,b3,c3) The density of state is reported on the bottom row of the panel as well as the average density of
state (p) over the different misorientations. Reprinted from [42], with permission from Elsevier. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

variables of the system (composition, temperature, and pressure), and
complexion transitions do happen at the grain boundary, changing such
variables [41]. Actually, TTT-like curves to model the transitions toward
the equilibrium GB states have been proposed and verified [45-47] in
analogy with the usual 3D phase transitions.

The concept that “stable” GB states exist is directly linked with the
idea that metastability can be achieved if the processing conditions do
not allow the system to relax. Actually, each grain boundary can exist
within a set of different states in polycrystals [48-51], thus developing
the so-called y-band [42], where y is the GB energy (Fig. 2 al,b1,cl).
Within the y-band, different states of the same GB are present, producing
a distribution in the GB energy within a defined misorientation angle.
Indeed, the minimum of the y band represents the most stable state for a

specific GB.

A bandwidth and a density of states distribution primarily charac-
terize the y-band. The bandwidth () is defined as the difference between
the maximum and minimum grain-boundary energies (Yyax(9) —¥min(s))
and reflects how far the energy distribution extends from the lowest-
energy state. Additionally, the normalized bandwidth is the ratio be-
tween the average value for y,,4(9) —¥min(g) and the average of y ;) OVer
the different misorientation angles, 6. It represents a dimensionless size
of the relative energetic distribution of grain-boundary states, allowing
direct comparison of metastability across different materials systems.
The number of possible states (Mg, Fig. 2 a2,b2,c2) and density of
states (p(g), Fig. 2 a3,b3,e3) for each GB can be extremely large. It is
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Fig. 3. Activation energy for densification of alumina under conventional and
rapid (UHS) sintering conditions as a function of the temperature. Data taken
from Guo and Todd [57].

worth stressing that some states are degenerate, thus possessing the
same energy (the difference between degenerate and non-degenerate GB
states is highlighted in Fig. 2 by the grey and blue shadows). Given the
multiplicity of the existing states, it is possible to calculate the grain
boundary metastability as Shannon’s information entropy (S() con-
tained in the GB states' multiplicity [42]:

My
Swe) = ks sz())ln(plm)) (@]
i=1

where k;, is the Boltzmann constant and pl@ is the probability asso-

ciated with the i-th state in unbiased conditions.

Indeed, at the equilibrium, the system does not lie on a single GB
state but on an assembly of states that can be accessed with a probability
proportional to the thermal activation (exp(—7'Ac/kyT), being y' the
grain boundary energy of the i-th state and A¢ is the area in the GB plane
of the coincidence lattice site cell [42]). From this perspective, the
equilibrium complexion, rather than a single state, can be considered as
an equilibrium assembly of states that can be thermally-activated.
Obviously, the high-energy states are more accessible and more likely
at high temperatures. In the following, the term equilibrium complexion
will refer to such a states’ assembly rather than a single state.

The characteristic features of the y-band are material-dependent
(Fig. 2). In fact, it has been found that the bandwidth as well as the
density of states is substantially larger in covalent compounds than in
systems characterized by non-directional metal bonding [42]. See, for
instance, the differences between Si, W, and Al in Fig. 2. This has been
justified by Han and co-workers based on the idea that a larger number
of possible states can be achieved when the bonding is directional [42].
Obviously, a larger bandwidth and a larger number of states reflect a
stronger divergence of the GB properties and a larger posbability of
grain boundary metastability, enabling GB engineering. While studies in
oxide ceramics are still lacking, we can assume that oxides with a sub-
stantial covalent contribution to the atomic bonding behave more
closely to Si (SiOy, Aly0s...) while ionic oxides (MgO...) are possibly
closer to a directional metal bond.

The atomistic simulations by Bai et al. [52,53] provide supporting
evidence that extremely rapid thermal cycles can drive grain boundaries
far from equilibrium. During fast heating, the boundaries exhibit a sharp
increase in potential energy, indicating the formation of metastable
grain boundaries. Subsequent fast cooling causes this metastable state to
be “frozen in” because atomic mobility becomes insufficient for struc-
tural relaxation, resulting in the retention of non-equilibrium boundary
structures at low temperature. In contrast, slower heating and cooling
rates enable the boundaries to relax and recover their equilibrium
energies.

There has been poor evidence that the sintering process actually
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affects the GB complexion till recent days. The first proposal, back in
2010, was based on sole TEM observation of the GBs obtained in
alumina by rapid heating, which possessed out-of-equilibrium angles at
the triple points and anomalous curvatures [37]. More recently, rapid
sintered YSZ, either by flash sintering or flash-SPS, has shown anoma-
lous properties in terms of hardness and electrical response of the grain
boundary (specific conductivity/space charge thickness) [54,55].
Moreover, Murakami et al. have shown a substantial reduction of Y
segregation close to the grain boundaries of 3YSZ consolidated by UHS,
impacting also the phase distribution between tetragonal and cubic
zirconia [56]. Also, BaZrO3 consolidated by black light sintering (a type
of photonic sintering relying mostly on UV light) showed reduced and
more “diffuse” grain boundary segregation [18].

In 2025, a careful study of the densification kinetics during UHS by
the group of Richard Todd in Oxford showed a variation in the activation
energy for densification of alumina when subjected to rapid heating in
UHS. Specifically, they measure a decrease in the activation energy from
460 kJ mol ! for conventional sintering to 420 kJ mol ! for UHS at
1600°C (Fig. 3) [57]. This result was attributed to the formation of a
metastable grain boundary complexion characterized by accelerated
diffusion, which explains the exceptional densification kinetics. While
the change might seem modest (=~ —8.7%), this translates to an equiv-
alent reduction of the sintering temperature needed to keep the argu-
ment of the Arrhenius constant. For ceramics sintering like alumina at
~1900 K, such a reduction in the activation energy has the potential of
reducing the sintering temperature by more than 150°C. Remarkably,
this effect disappears when the samples were pre-sintered in conven-
tional conditions to densities between 70 and 80%, thus providing a
“seed” of equilibrated grain boundaries before the UHS experiment.

It might not be accidental that such results were obtained in alumina,
where the covalent character of the bond is close to 50%. Based on the
previous analysis, the y-band in covalent systems is wider and more
populated with different states, thus providing a larger spectrum of
different possible GB states. As such, an unrelaxed complexion can be
substantially different from the equilibrium one, thus enabling non-
conventional consolidation kinetics.

3. Open questions, scaling laws, and metastability conditions

While it is clear that rapid sintering in high-purity alumina can
induce the formation of metastable-high diffusivity GB, the generaliza-
tion of such a statement to other systems remains an open question. The
answer will, in fact, depend on the specific ratio between the relaxation
and densification kinetics as well as on the characteristic features of the
y-band, which are material-dependent. As said, the latter is highly
dependent on the type of bonding; therefore, it seems more likely that
GB metastability can be triggered in covalent/partially covalent ce-
ramics rather than in ionic systems or metals.

Furthermore, it is not clear what the origin of such high diffusivity in
alumina is:

- Are the grain boundaries unrelaxed in terms of chemistry? The
segregation of dopants at the grain boundary in even high-purity
systems might affect the local concentration of point defects and
their diffusivity.

- Are the GBs obtained by rapid consolidation more structurally

disordered, thus reducing the migration enthalpy of point defects?

Is the GB shape out of equilibrium, e.g., without the development of

faceted structures? Faceting usually occurs to form higher symmetry

and lower energy boundaries, thus possibly reducing the local dis-
order and interacting with the diffusion kinetics. While faceted
boundaries can often be observed in alumina [58,59], these are not
general phenomena occurring on all the different types of boundaries
and temperature ranges. As such, it is hard to think that the absence
of faceting is the major origin of the high diffusivity observed in
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Fig. 4. Top panel: Schematic representation of the sintering (blue) and complexion relaxation (red) kinetics. The sintering rate (the slope of the blue curves) is
maximum at the beginning and progressively decreases, while the complexion relaxation rate starts from zero (nucleation is needed). The dark blue (high T) sintering
curves allow densification without relaxation, while in the light blue case, the GB relaxes during sintering, causing a change in the densification kinetics. Bottom left:
relative values evolution of the activation energy for sintering in UO, and alumina in the early-intermediate sintering stage (data taken from [63,64]), the increase
possibly signals a relaxation of the GB structure. Bottom right: qualitative evolution of the GB energy excess with temperature for a “high entropy” metastable and a
“low entropy” stable complexion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rapid sintering, as densification involves mass transport through all
or, at least, the vast majority of the GB.

Unfortunately, clear microstructural evidence of such a non-
equilibrated GB structure is still lacking. The major challenge is
related to the fact that real grain boundaries in polycrystalline aggre-
gates are much more complex than the ideal high-symmetry £ bound-
aries generally used in HR-TEM studies in bicrystals. Indeed, the
presence of ¥ GB in polycrystals is possible, but is generally limited.
Also, a relatively simple analysis, like the measurement of GB segrega-
tions, might be slippery if not supported by a large statistics. Indeed, the
GBs can be defined in a vast space with 5 degrees of freedom [60], and
each boundary possesses its own chemical structural properties.

3.1. Complexion nucleation

Why do GB not relax within the timeframe of the sintering process?

The answer is not trivial, as sintering involves transport over the
interpore distance (~the grain size) of a large portion of the mass of the
system, while GB reconstruction is a much more localized phenomenon.
A possible explanation could involve the difference in driving forces
(y;AAs>AycpAcg). While it is certainly true that changes in the GB en-
ergy are minor when compared with the overall energy involved in
sintering, still, they are on the same order of magnitude. More impor-
tantly, the formation of a new grain boundary core structure typically

requires a nucleation phenomenon [47,61] that might actually be
kinetically-limiting and is crucial for our analysis.

During sintering, the powder system will evolve from surfaces being
converted into grain boundaries. In other words, the first interface seed
on which the first GB forms falls within a domain substantially different
from the one predicted by the equilibrated y-band. The need for nucle-
ation implies that the equilibrium complexion growth rate (C‘(t_T)) at the
beginning of the sintering process is equal to zero:

t
Cen = GenNer :G(m/ Ngpdt 2)
0

with the Ny the number of nuclei at the time t of the stable

complexion and G(m their growth rate. As the complexion equilibration
rate always starts from zero (if no nuclei of the equilibrated complexion
are present), then a rapid sintering process might be completed within a
timeframe shorter than the relaxation time. Shortening the sintering
time is therefore crucial to obtain metastable grain boundaries. This can
be achieved by increasing the heating rate, thus quickly reaching high
temperatures (see the qualitative sketch in Fig. 4a). Indeed, based on the
thermal activation of the sintering process, a temperature increase will
always result in shortening of the sintering time (t a exp(+ Q/kT), Q
being the activation energy for the diffusion of the slowest species
through the fastest path). Note that the process appears to be “self-cat-
alytic™: the growth of metastable boundaries with high diffusivity
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accelerates sintering, thus facilitating the conclusion of the densification
before a relaxation of the GB.

It is worth stressing that in an ideal case, where the time needed to
reach the sintering temperature approaches zero, the linear strain fol-
lows:

el =K, (T) t (3)

with ¢ being an exponent (usually 2.5-3), depending on the mass
transport mechanism[62]. The strain rate has a singularity for t—0;
therefore, at least in the very early sintering stage, the first grain
boundaries are always expected to form out of equilibrium. Hence, it
follows that a progressive decrease in the sintering ability is expected as
densification proceeds due to the GB relaxation (see the qualitative
sketch in Fig. 4a).

Whether or not such a phenomenon could be detected depends on
the relaxation kinetics. One can observe that if the GB relaxes quickly at
a relatively low temperature where only surface diffusion is activated,
then this effect cannot be observed in the strain curve. In other words,
when the material starts to shrink, the grain boundaries would already
be relaxed. This would result in a constant activation energy for sin-
tering (assuming that it is mediated by GB diffusion) during the entire
densification process. However, it is not unusual to find reports in the
literature suggesting that the activation energy increases while sintering
[63-65]. Often, such variations are modest (a few %, see, for instance,
Fig. 4b) in a wide range of densities. Such small variations appear un-
likely to be related to the activation of a new diffusion path (e.g., a
transition from GB to lattice-mediated densification). The progressive
equilibration of the GB toward its equilibrium complexion provides a
different perspective on those results that might originate from a change
in the GB states. In other words, if the GB relaxes during sintering, one
could expect an increase in the activation energy for densification as
schetched in Fig. 4b.

We finally remark that while temperature has a monotonic effect in
increasing the sintering rate, the same may not occur for the relaxation
rate. When the energy excess associated with GB is plotted against
temperature, the slope of the curve is the entropy excess at the GB [41].
Intuitively, the unrelaxed boundaries are characterized by a higher en-
tropy excess associated with a more disordered and diffuse structure. As
such, the energy difference between the relaxed and unrelaxed
complexion decreases when increasing the temperature (see the sche-
matic in Fig. 4c). It is therefore expected that temperature does not have
a monotonic effect on the complexion relaxation, including two factors
with an opposite effect: the thermal activation (increasing with tem-
perature) and the driving force (decreasing with temperature). Such
observation corroborates the idea that increasing the heating rate and
the sintering temperature has a positive effect in keeping the system out
of equilibrium, higher temperature certainly reducing the sintering time
and possibly increasing the relaxation one.

3.2. Particle size effect

Considering the chemistry of the material fixed, the formation of
metastable GB structure can be considered particle-size dependent. In
other words, the same systems with different particle sizes might
respond differently to rapid consolidation. This last statement finds
some partial experimental confirmation in rapidly sintered YSZ, where
fast heating seems less effective in promoting consolidation in coarser
systems [25,66,67].

In fact, the sintering rate scales with the particle size (a) with a strong
power law. Typically, the strain rate is proportional to a”> or a’*, for
lattice or grain boundary diffusion, respectively. Therefore, considering
the temperature constant (isothermal sintering), the time required for
sintering substantially decreases with the particle size.

On the other hand, the grain boundary relaxation time should not
substantially depend on the particle size in the case of (i) structural
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Fig. 5. GB relaxation time compared with the sintering time as a function of the
particle size, a. Note that in the blue-shadowed area, sintering is complete in a
time shorter than that required to relax the GB. The GB relaxation might follow
a different trend (slope = 2) in the case that dopant diffusion from the bulk of

the particles is needed. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

relaxation (e.g., some ordering of the GB core); (ii) chemical relaxation
involving the diffusion of atoms in the vicinity of the grain boundary;
(iii) development of faceted structures. Even in the case that the
“chemical relaxation” might require atom diffusion from the bulk of the
particle (especially in high-surface area systems or high-purity com-
pounds), then the relaxation time will be proportional only to a2, half of
the particle size a being the diffusion distance.

Then, unrelaxed grain boundaries are possible when the sintering
time is shorter than the relaxation time, thus leading to:

kyna" < kgma™ “4)

Where kyr) and k¢ a temperature and material-dependent con-
stants modelling the sintering process and complexion relaxation,
respectively; n and m are characteristic exponents, the former ranging
between 3-4, the latter 0-2.

Hence, the sintering without relaxation criterion is:

a ™ < ke [ky(r) )

With n-m > 0. Therefore, metastability is possible only when the
particle size falls below a characteristic temperature and material-
dependent threshold (Fig. 5).

There have been extensive studies on the complexion transition
during sintering in doped alumina [2] and yttria [45]. The data showed
the existence of a complexion transition for Y-doped alumina around
1500°C [2], while Er/Yb-doped yttria showed a transition around
1400°C [45]. Indeed, one can stress that whether or not sintering can be
completed below or above this transition can substantially impact the
densification/grain growth kinetics by changing the GB properties. On
one hand, the change in the complexion can modify the densification
rate, on the other, it could also trigger abnormal grain growth [45]. In
this regard, any factor changing the consolidation rate and the final
sintering temperature (particle size, external pressure...) is crucial for
controlling the ceramics' microstructure and properties.

3.3. Microstructures

A final question that deserves to be addressed is “How does the grain
boundary metastability affect the final microstructure?”. There is no clear
answer to this question. However, it is worth noting that the usual claim
that “rapid sintering promotes densification over coarsening” might find a
new interpretation in the GB metastability context.

Firstly, we notice that the statement refers to surface-mediated



M. Biesuz and L. Karacasulu

@3 -

5 mestab_GB/ ko

InD

Qstab_GB/ ke

\
Fig. 6. Qualitative representation of the diffusivities, D, associated with stable
and metastable GB and surface diffusion. The slopes correlate with the activa-
tion energies. Note that the formation of metastable boundaries increases the

relative ratio between densification (GB diffusion) and coarsening (surface
diffusion) kinetics, thus facilitating the formation of finer microstructures.

coarsening phenomena active in the early stages and not directly to
grain growth in the final sintering stage. The latter is mediated by
disconnection slip [68] and has an activation energy substantially larger
than the low-T coarsening phenomena [69].

Our traditional understanding of the microstructural evolution is
based on the competition between different kinetic phenomena, namely
surface diffusion (coarsening) and bulk diffusion (either GB or lattice,
causing densification). Fast heating is thought to promote bulk diffusion
due to its larger activation energy. The literature is certainly rich in
examples of systems where fast heating leads to finer microstructures
[24,67,70-73].

Let’s consider now that due to a rapid consolidation process, meta-
stable GB with high diffusivity forms. In such a case, we expect a sub-
stantial increase in the GB diffusion rate relative to the relaxed
complexion (see the schematic in Fig. 6). On the other hand, the
coarsening kinetics are unrelated to the densification kinetics and
heating rates as the surface of the powder is, in many cases, already
equilibrated (e.g., during the calcination process involved in many
powder synthesis routes). As such, GB metastability causes an increase
in the relative ratio between densification and coarsening, facilitating
the formation of finer microstructures [45]. Remarkably, the process
appears again “self-catalytic” as reduced coarsening accelerates the
consolidation process, thus facilitating a complete densification before

BS
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complexion relaxation.

In such a context, the microstructures obtained by fast firing, flash
sintering, and UHS can be re-evaluated considering the “microstructural
refinement” induced by the GB metastability. We stress that these con-
siderations apply to the competition between surface and bulk diffusion,
while no conclusive comments can be made on the grain growth. As a
matter of fact, whether and how metastable GB possesses a different
growth rate (i.e., different disconnection nucleation and slip) is still
unknown, though reasonable.

Scherer et al. reported many pores trapped inside the grains in
blacklight-sintered (BS) and UHS-sintered BaTiOs3, a feature not present
after conventional firing (Fig. 7) [74]. While the UHS atmosphere and
temperature might differ from conventional processing, it is worth
stressing that the BS occurred in conditions similar to the conventional
ones, if one just excludes the heating rate. It is therefore remarkable to
observe a very substantial difference in the final microstructures [74].
The origin of the pore-grain boundary separation is the mismatch be-
tween the GB mobility and the pore mobility (generally mediated by
surface diffusion). Such a result suggests that fast heating enhances the
grain boundary migration kinetics over surface diffusion. When grain
boundaries move faster than the pores, the pores detach and become
enclosed within the grains. At the same time, the reduced pore drag
increases grain boundary mobility, promoting further grain growth.
Additionally, under rapid heating conditions, pore spheroidization
during the early stages of sintering is expected to be largely suppressed
due to kinetic constraints.

In summary, these preliminary observations suggest a strong
heating-rate-induced acceleration of both densification and grain
growth through the formation of metastable GB structures. This argu-
ment supports the two-step sintering approach, where a first rapid
heating at high temperature (density up to ~80%) is followed by a
temperature decrease to slowly complete the densification without grain
growth [65,75-78]. In fact, if our argument is correct, the GB meta-
stability under fast heating can promote GB migration and facilitate pore
breakaway. When this phenomenon happens, then the presence of high
diffusivity boundaries does not facilitate the densification anymore, as
the pores trapped within the grains can be solely closed by lattice
diffusion. Indeed, the pore-GB separation occurs in the final sintering
stages, when the porosity transitions by the Rayleigh instability from
interconnected (cylinder-like) to isolated (sphere-like). This generally
happens at relative densities of about 80-90%. As such, the presence of
metastable GB is expected to facilitate densification until this relative
density threshold, above which it could even be detrimental. A reduc-
tion in the sample temperature, therefore, once a density of about 80% is
achieved, can be beneficial.

UHS

mm«

Fig. 7. Micrographs illustrating the influence of different sintering techniques on the resulting microstructures. The three rows correspond to distinct processing
routes: (a) Blacklight sintering (BS), (b) Ultra-fast high temperature sintering (UHS), and (c) Conventional sintering (CS). Each column represents samples with
comparable relative densities of 90%, respectively, obtained from the center of the samples. The sintering temperatures (shown in yellow) are indicated on each
micrograph, and the same scale bar applies to all images. Reproduced from [74], with permission from John Wiley and Sons, Copyright 2025. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

Ultrafast sintering tools are reshaping the processing science for ce-
ramics. While substantial attention has been focused throughout the last
decades on the “microstructural optimization”, the latest scientific re-
sults are opening a new, broad perspective. This started from the first
experimental observation that the diffusion coefficients at the grain
boundaries during rapid sintering are substantially lower than in con-
ventional conditions. The phenomenon has been attributed to the for-
mation, under fast heating, of metastable complexions that can
eventually tailor the materials' properties. In this regard, rapid firing
offers a new tool for grain boundary engineering via metastability.

The kinetics of the grain boundary relaxation phenomena and
densification are discussed, showing that the particle size could play a
crucial role in activating metastability. Furthermore, this new perspec-
tive allowed us to reassess (i) some general microstructural features
occurring in rapid sintering (like grain refinement), (ii) the benefits of
two-stage sintering, (iii) the sintering activation energy evolution during
densification.
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