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Grain boundaries and other interfaces can undergo complexion transitions from one thermodynamic
state to another, resulting in discontinuous changes in interface properties such as diffusivity, mobility,
and cohesive strength. The kinetics of such complexion transitions has been largely overlooked until
recently. Just as with bulk phase transformations, complexion transition kinetics can be represented
on time-temperature-transformation (TTT) diagrams. An experimental complexion TTT diagram is pre-
sented here for polycrystalline Eu-doped spinel annealed at 1400-1800 °C. This material developed a
microstructure with a bimodal grain size distribution, indicating that a complexion transition occurs
within this temperature range. The time and temperature dependence of this complexion transition
was analyzed and used to produce a grain-boundary complexion TTT diagram for this system.
Complexion TTT diagrams have the potential to be remarkably useful tools for manipulating the proper-
ties of internal interfaces in polycrystalline metals and ceramics. The development of experimental com-
plexion TTT diagrams is likely to have an important impact on the field of grain-boundary engineering,
and hence the development of these experimental diagrams should be an intense area of focus in the
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coming years.
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1. Introduction

Davenport and Bain made a pivotal breakthrough in our under-
standing of bulk phase kinetics when they introduced the first
experimental time-temperature-transformation (TTT) diagrams in
1930, which were based on a detailed and extensive study of steel
phase transformation kinetics [1]. These TTT diagrams were revo-
lutionary because they offered a simple and easily understood
visual representation of a complicated and often mysterious
process. The power and utility of TTT diagrams was immediately
recognized, and the subsequent widespread usage of these
diagrams enabled rapid progress in the processing and heat
treatment of steel and other alloys.

Interfaces such as grain boundaries can also exhibit phase-like
behavior [2], transforming from one equilibrium state to another
as a function of thermodynamic variables in a process known as
a complexion transition [3]. Complexion transitions are important
because they are often accompanied by discontinuous changes in
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grain-boundary properties such as mobility, diffusivity, and
cohesive strength, and hence these transitions can dramatically
influence the macroscopic properties of materials [3]. Although
the study of complexion transitions dates back decades, as summa-
rized in recent review articles [3,4], the kinetics of complexion
transitions has been largely overlooked by the materials commu-
nity until very recently. Just as with bulk phase transformations,
complexion transitions take time to occur, and therefore their
kinetics can be represented on TTT-style diagrams. The first exper-
imental complexion TTT diagrams were recently reported based on
grain growth studies of polycrystalline Y,05; and Al,O3 [5]. These
diagrams clearly show the combinations of time and temperature
at which grain-boundary complexion transitions occur, unifying
and displaying a large data set in a readily understood format.
Although grain-boundary complexion TTT diagrams are
analogous to bulk phase TTT diagrams in many ways, there are
important differences between them. For example, bulk phase
TTT diagrams typically only show the transformation curve for
the cooling transformation which, in its simplest form, is described
by a C-shaped transformation band (see Fig. 1(a)) that results
from a competition between nucleation and growth rates. This
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Fig. 1. Schematic bulk phase TTT diagrams for a hypothetical system that transitions between a single o phase and o + 8 phases as a function of temperature: (a) Isothermal

cooling and (b) isothermal heating.

competition produces a minimum transformation time at a partic-
ular sub-cooling temperature, often referred to as the nose of the
TTT curve. On the other hand, during the heating transition, the
nucleation and growth rates both increase as temperature
increases and hence augment each other, leading to a transforma-
tion that occurs ever more rapidly with increasing temperature. A
heating transition diagram therefore lacks the classic nose feature
of the cooling diagrams. An isothermal heating transformation is
shown schematically in Fig. 1(b). Although cooling TTT diagrams
are typically most useful for bulk phases due to their importance
in heat treatment operations, heating TTT diagrams are arguably
more important for the study of grain-boundary complexion tran-
sitions. If the heat treatment temperature exceeds the complexion
transition temperature, discontinuous jumps in the grain-
boundary diffusivity and mobility can lead to runaway grain
growth (e.g., during sintering), enhanced oxidation rates, and other
potentially undesirable effects. Thus, by understanding the tem-
perature and time limits within which grain-boundary complexion
transitions will not occur, enhanced protocols for materials pro-
cessing under various service conditions can be developed.

It is apparent from Fig. 1 that the regions of bulk phase metasta-
bility are reversed for cooling and heating TTT diagrams. In the TTT
cooling diagram in Fig. 1(a), the o phase is metastable below T for
short times, whereas in the TTT heating diagram in Fig. 1(b), the o
+ B microstructure is metastable above Tc for short times. Complex-
ion TTT diagrams exhibit analogous regions of metastability [5],
suggesting that they undergo nucleation and growth processes
similar to those characteristic of bulk phases. One signature of a
grain-boundary complexion transition is the appearance of abnor-
mally large grains [3,6], and experiments have shown that the
number density of abnormal grains increases exponentially with
temperature [7], an observation that is consistent with a nucle-
ation and growth mechanism. Although no direct evidence exists
yet that grain-boundary complexion transitions occur via a nucle-
ation and growth process, it has been shown experimentally that
surface complexion transitions do involve nucleation and growth
processes [8]. It therefore seems reasonable that an analogous
nucleation and growth process occurs during grain-boundary com-
plexion transitions, although more research is needed in this area
to elucidate the true behavior.

Another fundamental difference between bulk phase TTT dia-
grams and grain-boundary complexion TTT diagrams is that grain
boundaries have five additional degrees of thermodynamic free-
dom as compared to bulk phases, i.e. the five macroscopic

parameters that describe grain misorientation and grain-
boundary inclination (three parameters for grain misorientation,
and two for grain-boundary plane inclination). Complexion transi-
tion kinetics can vary from one grain boundary to another because
grain boundaries of different character exist in different thermody-
namic states owing to difference in interfacial atomic geometry. It
has been shown that complexion transitions preferentially occur
on higher energy interfaces [9] at shorter annealing times than
transitions on lower energy interfaces [5]. Therefore, the grain-
boundary character distribution (GBCD) and the resultant grain-
boundary energy anisotropy present in a polycrystalline material
may lead to grain-boundary complexion transitions occurring at
a variety of different times and temperatures. For example, within
a given polycrystalline specimen, some high energy grain bound-
aries might undergo a complexion transition at relatively low tem-
peratures and short times, while other grain boundaries with lower
energies might not transition until higher temperatures and longer
times. Furthermore the lowest energy grain boundaries might not
undergo a complexion transition prior to melting. This variety of
kinetic behavior caused by the structural and energetic anisotropy
of grain boundaries means that a complexion TTT diagram should,
in principle, contain a different transformation band for each type
of grain boundary. This situation is shown schematically for two
grain boundaries of different character in the isothermal heating
complexion TTT diagram in Fig. 2.

Of course, a complexion TTT diagram that contains a transfor-
mation curve for each different type of grain boundary in a poly-
crystalline material would be incredibly complex and would
therefore have limited utility. In practical cases, a subset of grain
boundaries will undergo a complexion transition under similar
conditions [3]. Therefore, it will often be preferable to group
together subsets of grain boundaries with similar behavior when
plotting grain-boundary complexion TTT diagrams, such that each
subset has its own transformation curve.

Grain-boundary complexion TTT diagrams are advantageous for
depicting the kinetics of complexion transitions because they illus-
trate, in a readily understood format, the complex relationship
between annealing time, temperature, and properties that depend
on these transitions. Hence, one can imagine that complexion TTT
diagrams will be useful, for example, for controlling grain size dur-
ing annealing and sintering, and will have additional applications
in other situations in which complexion transitions play a key role.
The ability to understand and control the kinetics of complexion
transitions will be critical to advancing the state of the art in
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Fig. 2. Schematic isothermal heating complexion TTT diagram for two types of
grain boundaries with different grain-boundary character. The transition of the
high-energy grain boundary, depicted by the blue transition band, occurs at shorter
times and lower temperatures, while the slower transition of the low-energy grain
boundary is depicted by the green band. In the example depicted, there is a region
of overlap between the two bands but this need not be the case. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

polycrystalline metals and ceramics, since their behavior is so
often dominated by interface properties. We therefore believe that
the development of complexion TTT diagrams is an important area
for current and future research as it will have a positive impact on
the field of grain boundary engineering [10,11] in particular, and
on advancing the state of the art in the processing and performance
of polycrystalline materials in general.

2. Proof of concept

As a proof of concept, a complexion TTT diagram has been con-
structed based on experimental data from a Eu-doped spinel sys-
tem. This system was chosen for this purpose because it exhibits
a strong propensity for abnormal grain growth that is attributed
to a grain-boundary complexion transition associated with Eu
boundary segregation, and because it was observed to possess sig-
nificant anisotropy in grain-boundary energy and grain-boundary
character. In this system, the onset of abnormal grain growth and
changes in grain boundary anisotropy were identified for a range
of annealing temperatures. The appearance of an abnormally large
grain in the microstructure was taken as a signature of a complex-
ion transition, indicating that the grain boundary surrounding the
abnormally large grain had undergone a change in structure and
chemistry that resulted in a dramatic increase in grain-boundary
mobility. This interpretation of abnormal grain growth has been
supported by many previous experimental studies, e.g. [3,6,7]. As
shown in Fig. 3(a), a sample annealed at 1400 °C exhibits normal
grain growth with a nearly isotropic grain-boundary plane distri-
bution, whereas a sample annealed at 1600 °C exhibits abnormal
grain growth that has a significant preference for {111} grain-
boundary planes. Changes in the grain-boundary plane distribution
have previously been linked to complexion transitions [12,13].

2.1. Experimental procedure

Dense polycrystalline Eu-doped (500 wt-ppm) spinel samples
were fabricated by spark-plasma sintering at 1200 °C for one hour
with 40 MPa applied pressure. A cylindrical sample of ~20 mm
diameter with near theoretical density was obtained, and smaller
pieces (~5mm3) were sectioned and cleaned thoroughly to
remove any contamination. The smaller pieces were annealed at
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Fig. 3. EBSD micrographs (top) and the distributions of grain-boundary planes in
the crystal reference frame (bottom) of polycrystalline Eu-doped spinel annealed at
temperatures of (a) 1400 °C and (b) 1600 °C. The specimen annealed at 1400 °C has
a unimodal grain size distribution while the specimen annealed at 1600 °C has a
bimodal grain size distribution, indicating that grain-boundary complexion tran-
sitions have occurred.

various temperatures between 1400 °C and 1800 °C for different
periods of time between 0 and 20 h in a 5% hydrogen balanced
nitrogen reducing atmosphere. In this study, a 0 h annealing time
refers to the scenario in which the samples were heated to the
annealing temperature and subsequently cooled without dwelling
at the annealing temperature. Following annealing, all samples
were polished utilizing various diamond suspensions and cleaned
thoroughly to remove residual materials from polishing. An elec-
tron backscattered diffraction (EBSD) technique was utilized to
monitor the microstructure evolution of the doped spinel as a func-
tion of time and temperature. An EDAX Hikari EBSD camera that
was attached to a Hitachi 4300N scanning electron microscope
(SEM) was utilized for this purpose. The relative areas of different
grain-boundary planes in the crystal reference frame (see Fig. 3)
were calculated stereographically [14]. The change in the distribu-
tion of grain-boundary planes, together with the presence of
abnormal grains, are indicators of a complexion transition.

2.2. Results and discussion

A typical bimodal EBSD map and grain-size histogram are pre-
sented in Fig. 4. At least 1000 grains were measured from several
EBSD maps to produce the histogram. As seen in the histogram,
the maximum occurs for grains that were less than 3 pm in diam-
eter. More than half of the grains fall into this category. At the rel-
atively low magnification of Fig. 4(a), the small granular regions
are noisy because of the choice of step size utilized for collecting
the EBSD data. The bimodality of this microstructure, as with every
other bimodal microstructure considered here, is hypothesized to
be an indication that a complexion transition has occurred. The
premise is that at an earlier stage of annealing (i.e. a time prior
to the recorded EBSD map), complexion transitions occurred along
some grain boundaries and thereby enhanced the mobility of those
boundaries. Thus, the grains encompassed by the transitioned
complexions grew at a faster rate than the rest of the matrix. Given
this hypothesis, and assuming complexion transitions are first-
order in nature, increasing the annealing time or temperature will
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Fig. 4. (a) A representative EBSD map, and (b) grain size histogram of bimodal Eu-doped spinel.

increase the number of abnormally large grains at the cost of the
smaller grain population.

To investigate the temperature dependence of the nucleation
rate, several Eu-doped spinel samples were annealed at various
temperatures and times. For each resulting microstructure, the
grains were partitioned into “small” and “large” groups with diam-
eters less than or greater than 3 pm. This cut-off value was chosen
based on the estimated maximum size of the small grain popula-
tion observed in the majority of microstructures. The partitioned
EBSD data are shown in Fig. 5, with abnormally large grains dis-
played in color and small (i.e., normal) grains in black. From the
partitioned EBSD maps, the relative fractions of the small and large
grain populations were calculated. In the samples annealed for O h,
no abnormally large grains were observed in the 1500 °C and
1600 °C samples, whereas abnormal grains covered 4% of the
image area in the 1700 °C sample. As the dwell time was prolonged
at 1500 °C, the area fraction of abnormal grains increased progres-
sively, and impingement between abnormal grains was not signif-
icant. In contrast, at 1600°C and 1700 °C, impingement of
abnormal grains was observed after 2 h of annealing. The area frac-
tions for larger grain population were 44% and 64%, respectively, at
1600 °C and 1700 °C. Furthermore, and as expected, the area frac-
tions increased with annealing time at 1600 °C and 1700 °C.

While the area fraction of abnormally large grains is not a per-
fect measure of the fraction of grain boundaries that have under-
gone a complexion transition, the two quantities are strongly
correlated. Therefore, the evolving area fraction of abnormal grains
is a useful approximation for highlighting the kinetics of complex-
ion transitions, and the area fraction of the abnormally large grains
was extracted from samples treated at three different annealing
temperatures (1500 °C, 1600 °C and 1700 °C) for various periods
of time for this purpose. The kinetics of nucleation and growth in
bulk systems can be quantified using the Johnson-Mehl-Avrami
equation [15], and we will also employ this description here. In this
approach, the transformed area fraction, A,, for grains after a time t
is given by

1—A; = exp(—kt") (1)

where k is a reaction constant and n is the Avrami exponent. Eq. (1)
may be rewritten in a form that is convenient for analysis and is
given by

1
In {ln] —AJ = Ink + nint (2)
Fig. 6 shows the fitted Avrami curves of the 1500 °C, 1600 °C and
1700 °C sample sets. The Avrami parameters n and k were deter-

mined by fitting Eq. (2) to the data; the results are summarized in
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Fig. 5. A time-temperature matrix of partitioned EBSD maps. Small grain regions
are shown in black and the scale bars represent 70 pm.
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Fig. 6. Avrami plots representing the percentage of grain boundaries that have
undergone a complexion transition as a function of time at temperatures of 1500,
1600, and 1700 °C. Avrami curves are overlaid on the experimental data points to
better illustrate the transition kinetics.
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Table 1
Avrami parameters k and n determined by fitting Eq. (2) to the experimental data.
k n
1500 °C 0.00005 min~1-3° 139
1600 °C 0.00180 min~'1° 1.10
1700 °C 0.00517 min 13 1.03

Table 1. We note that the Avrami analysis as employed here
pertains strictly to bulk systems. Nevertheless, its application to
complexion transitions may reveal some relevant characteristics
of the nucleation and growth process. In particular, there are several
possible scenarios that would lead to n~ 1, including nucleation
site saturation and nucleation/growth in a reduced spatial
dimensionality. However, given the limited data available as to
the temporal dependence of the number of boundaries trans-
formed (see Fig. 6), a more definitive interpretation must await
additional time-transformation data and, in some circumstances,
may require a more general analysis of nucleation and growth
kinetics [16,17].

The fitted Avrami curves were then extrapolated to establish
the complexion transition start (1%) and finish (99%) times for each
temperature.

An alternative and perhaps more practical representation of
complexion kinetics is a complexion TIT diagram. In this
representation, the temperature (T) is plotted as a function of time
(t) at fixed transformation fraction. The complexion TTT diagram
for 500 wt-ppm europium-doped spinel is presented in Fig. 7.
As is evident from the figure, the diagram has three distinct
time-temperature regimes:

e Regime [: Grains are <3 pm in diameter. This microstructure is
represented by black squares.

e Regime II: Grain size is bimodal. This microstructure is repre-
sented by red circles.

e Regime III: Grains are >>3 pm in diameter. This microstructure
is represented by blue triangles.

Regimes I and III are characterized by a unimodal grain size
microstructure, with the main observable microstructure differ-
ence being the average grain size. At a given temperature in the
complexion TTT diagram in Fig. 7, the dashed red line (1% line)
between regime I and regime II represents the time after which
grain-boundary complexion transitions have just begun to occur,
while the dashed blue line (99%) line separating regimes II and III
represents the time at which nearly all grain boundaries have tran-
sitioned (or the non-transitioned boundaries have been eliminated
by the growth of grains surrounded by transformed boundaries).
To illustrate the combinations of time and temperature that sepa-
rate these three regimes, curves were drawn through points in
time calculated based on the curves in Fig. 6, i.e. the times at which
1% and 99% of the boundaries have transformed at temperatures of
1500, 1600, and 1700 °C.

As pointed out in the following discussion of future prospects,
because the complexion TTT diagram in Fig. 7 was produced by
using AGG as a proxy for complexion transitions, it cannot fully
isolate the kinetics of complexion transitions from the kinetics of
abnormal grain growth. The net effect is that the complexion tran-
sition times depicted in Fig. 7 are somewhat longer than the actual
time required for the complexion transitions themselves to occur.
This time disparity is caused by the additional time it takes for
grains affected by the complexion transitions to grow large enough
to be recognized as being abnormally large. Developing experi-
mental techniques that more accurately measure the time required
for complexions to nucleate and grow is a critical challenge that
must be addressed to advance the field.
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Fig. 7. Grain-boundary complexion time-temperature-transformation (TTT) dia-
gram of Eu-doped spinel derived from experimental data.
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crystals, bimodal microstructures, and coarsening-limited (e.g., nanocrystalline)
materials.

3. Future prospects
3.1. Opportunities

Complexion TTT diagrams summarize the kinetics of complex-
ion transitions and can therefore be used to design optimized heat
treatments. These complexion TTT diagrams can be used to engi-
neer new classes of materials using a complexion-informed
approach to accomplish any number of use-inspired objectives.
In materials systems in which grain-boundary complexion transi-
tions result in abnormal grain growth, as in the Eu-doped spinel
proof-of-concept system above, it is theoretically possible to create
single crystals, bimodal microstructures, and coarsening-limited
(e.g., nanocrystalline) microstructures by selecting an appropriate
heat treatment strategy. Most importantly, all of these microstruc-
tures can be produced from the same starting microstructure. Fig. 8
schematically illustrates the heat treatments required to produce
each of the aforementioned final microstructures, and Fig. 9 shows
three example microstructures from the previously discussed spi-
nel experiments. For clarity, only the start and 1% transformation
lines are shown to highlight the significance of the starting trans-
formation curve. Each optimization process is also described
briefly below.
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Fig. 9. Three proof-of-concept microstructures illustrating (a) sub-micron grains, (b) a bimodal microstructure, and (c) a near single crystal growing in the microstructure.

1. To achieve coarsening-limited materials, first dwell at a tempera-
ture just below the transformation start line to maximize early
stage densification and avoid transitions to higher mobility
grain-boundary complexions. Next, drop the temperature to
below the equilibrium complexion transition temperature, Tc,
to complete the densification process while avoiding any unde-
sired complexion transitions that would cause accelerated grain
growth. Fig. 9a shows a unimodal microstructure processed in
this manner consisting of sub-micron grains.

2. To achieve a bimodal microstructure, transform a desired portion
of the grain boundaries at an elevated temperature and then
drop below the equilibrium temperature to inhibit additional
nucleation events. Fig. 9b shows a bi-modal microstructure pro-
cessed in this manner containing “small” and “large” grain pop-
ulations with average grain sizes of 0.5um and 10 pm,
respectively.

3. To achieve a single crystal, first apply a heat treatment that nar-
rowly crosses the transformation line in order to nucleate a sin-
gle large grain. Next, immediately cool to just above the
equilibrium transformation temperature and then anneal to
allow a large monopolizing grain to consume the smaller matrix
grains of the microstructure. Fig. 9c illustrates a large-grain
island cluster indicating the potential for single crystal seed
nucleation.

The final microstructure strongly depends on whether the
transformation line is crossed and, if so, the length of time that
the sample is held in the transformation region. For instance,
merely crossing the transformation line before holding at a tem-
perature lower than T¢ could flip the microstructure from
nanocrystalline to a single crystal. The ability to engineer three sig-
nificantly different microstructures from the same starting mate-
rial is also technologically very advantageous. Each
microstructure class provides useful properties: single crystal sap-
phire can be used for high strength armor windows [18] or sub-
strates for LED applications [19], a bimodal microstructure in
many materials can enhance toughness as compared to a
microstructure with a unimodal grain size distribution [20], and
ultra-fine grain alumina can have higher strength and ductility as
compared to coarse-grained alumina [21].

These novel complexion-informed heat treatments also demon-
strate new mechanism-informed approaches to producing bulk
sub-micron grain materials and large-scale single crystals. For
example, Chen and Wang proposed a two-step sintering method
to fabricate nanocrystalline ceramics that is similar to the pro-
posed heat treatment above (i.e., the green' line in Fig. 8), but did
not attribute the associated mechanism to the careful avoidance of

! For interpretation of color in Fig. 8, the reader is referred to the web version of
this article.

a complexion transition at the higher annealing temperature; rather,
triple-junction drag was proposed as the dominant mechanism at
low temperatures [22]. With regard to single-crystal conversion,
other solid-state conversion techniques require either a seed crystal
[23] or extreme processing conditions to grow large single crystals
akin to the Czochralski process [24]. By contrast, our proposed con-
version mechanism involves the nucleation of a “seed” crystal in-situ
and then exploits controlled abnormal grain growth to eradicate the
smaller grains.

3.2. Challenges and recommendations

The field of complexion kinetics is still in its infancy and many
challenges must be overcome to construct, understand, and fully
utilize complexion TTT diagrams. First and foremost, the protocols
to construct complexion TTT diagrams are not yet developed. Thus,
the first challenge is to explore and exploit modern techniques to
study the nucleation and growth of complexion transitions. We
note that techniques that measure bulk properties may not neces-
sarily be useful in this context. Furthermore, the materials systems
that will be most amenable to the development of complexion TTT
diagrams are those that, during coarsening, exhibit readily measur-
able changes in grain-boundary structure, chemistry, and proper-
ties. Ultimately, the newly developed experimental methods for
generating reliable complexion TTT diagrams must answer several
open questions:

1. What are the nucleation sites for complexion transitions (e.g.
surfaces, grain boundaries, or triple lines)?

Recommendation: In order to answer this question it is
imperative to develop methods capable of revealing the
nucleation sites (grain boundaries, triple lines, second phase
particles, pores, etc.) in real microstructures. Small volumes
of material that contain individual grain boundaries or grain
boundaries connected to a single triple line could be sepa-
rated from a bulk polycrystal with the aid of focused-ion
beam (FIB) milling techniques. These small volumes could
be studied to determine whether the triple lines or grain
boundaries are preferential nucleation sites. Transitions at
these individual boundaries could also be studied with the
aid of EBSD, capturing the important dependence of com-
plexion transitions upon grain-boundary character.

2. What is the relative degree of influence of thermodynamic
parameters (e.g. temperature and pressure) and grain-
boundary character (i.e., the five macroscopic degrees of free-
dom) in nucleating a complexion transition?

e Recommendation: To expand the utility of the experiment
suggested above, the chemistry and crystallographic texture
of the bulk sample can be changed to study the influence of
additives and the relative amount of specific grain boundary
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types. Additional solute can be added to induce the precipi-
tation of secondary particles that act as atomic reservoirs or
sinks, and the most common grain boundaries (e.g. 3) can be
isolated and studied as a function of these parameters.

3. Does the starting microstructure influence the onset of a com-

plexion transition (i.e. does average grain size dictate the ratio
between grain boundaries and triple lines)?

Recommendation: If triple lines are the predominant nucle-
ation sites for complexion transitions, one can imagine that
the grain size of the starting microstructure will influence
the kinetics of complexion transitions, because microstruc-
tures with different grain sizes will have different ratios of
grain boundary area to triple line density. For example, an
experiment could be developed in which the starting grain
size is tailored; the smaller the grain size, the more relevant
will be the triple lines in catalyzing nucleation. If the triple
lines are the preferred nucleation sites for complexion tran-
sitions, then the complexion TTT curves should shift to the
left with decreasing grain size since there is a higher concen-
tration of nucleation sites, i.e. complexion transitions should
propagate more rapidly.

4. Besides the observation of abnormal grain growth, what other

methods can be used to study the kinetics of grain-boundary
complexion transitions in real polycrystals, and how can this
information be used to generate complexion TTT diagrams?

Recommendation: The overarching challenge to advance our
understanding of complexion transformation kinetics is to
gain the ability to detect complexion transitions, via abrupt
grain-boundary property changes, in real time at elevated
temperatures. Abnormal grain growth is most often used
as a proxy of a complexion transition, but it is a delayed indi-
cator. The very nature of abnormal grain growth requires
time for a grain to grow abnormally larger than the sur-
rounding grains, thus blurring the true start of the complex-
ion transformation. A few potential methods to detect a
complexion transition include: grain-boundary impedance
measurements to measure alterations in resistivity [25],
Raman spectroscopy to measure differences in vibrational
frequency of a grain boundary [26], and calorimetry experi-
ments to detect heat given off during a transformation since
complexion transitions reduce the free energy of the system
(i.e. complexion transitions are exothermic) [27].

5. What is the best method to compare grain-boundary structures

before and after a complexion transition?

Recommendation: Perhaps the most useful method to study
the structural differences associated with grain-boundary
complexions is transmission electron microscopy (TEM).
Significant progress has been made with regard to studying
grain-boundary structure and chemistry with the develop-
ment of aberration-corrected electron microscopy. Aberra-
tion correction has been accessible for the past 15 years
and, as a result, internal interfaces are now observed on
the atomic scale [28]. Furthermore, with recent improve-
ments in in-situ capabilities [29] it is now possible to observe
grain-boundary phenomena (e.g. grain growth) in real time
at elevated temperatures. Therefore, in-situ electron micro-
scopy should be utilized to observe complexion transitions
as they occur in real time. Assuming complexion transitions
are reversible, it may even be possible to determine quanti-
tatively the nucleation rates if the TEM specimen is cycled
several times above and below the transition temperature.
It may also be possible to deduce differences in structure
between grain boundary segments near a triple line and seg-
ments farther away. If triple points are nucleation sites for
complexion transitions, in-situ experiments may be the most
effective methods to identify the sites and characterize the

time dependence of the nucleation process. Amongst elec-
tron microscopy methods, there are several potentially
advantageous techniques that have been recently reviewed
by Robertson et al. [30]. They summarized a state-of-the-
art integrated materials characterization toolbox that
includes electron microcopy, atom probe tomography, and
diffraction-based analysis techniques to study materials in
both the spatial and temporal domains. We suggest that this
toolbox and similar techniques be used to study complexion
transitions in real time.

6. In principle, each type of grain boundary should have its own
curve on a complexion TTT diagram, but in practice some sim-
plification is necessary. What are the best ways to represent the
wide variety of grain-boundary complexion transition behavior
on a single complexion TTT diagram?

Recommendation: In real polycrystals, each grain boundary
behaves at least somewhat differently from the others, and
no two grain boundaries are exactly alike. Complexion tran-
sitions will occur at different times and temperatures on dif-
ferent grain boundaries depending upon their grain-
boundary character (i.e., the five macroscopic degrees of
freedom). However, plotting a set of transition curves on a
complexion TTT diagram for each type of grain boundary
would be impractical and unnecessarily complex. In some
cases, all of the grain boundaries behave similarly enough
that a single set of TTT curves can represent the overall
behavior, as shown in Fig. 7. In other cases, such as in highly
anisotropic systems that easily adopt bimodal microstruc-
tures, subsets of grain boundaries with similar behavior
can be lumped together to produce sets of curves that repre-
sent each general type of grain-boundary behavior. This type
of complexion TTT diagram is shown schematically in Fig. 2.

7. What are the most efficient means to study the kinetics of com-
plexion transitions and catalogue a large number of transitions
for various materials systems?

Recommendation: Experimental approaches like those pre-
sented above are extremely valuable, but limited by time
and sample volume constraints. On the other hand, com-
puter simulations have the capability to survey more mate-
rials systems and are constantly proving to be equal
counterparts to investigate complexion transitions. With
the advent of high-performance computing, it is now possi-
ble to simulate larger microstructures that more accurately
represent real materials. Therefore, computational efforts
can be used to determine complexion nucleation rates, build
Avrami curves, and construct associated TTT diagrams. For
instance, large-scale molecular dynamics (MD) simulations
of a generated microstructure may be employed to study
complexion nucleation via the manipulation of temperature
and composition. The results of these simulations can then
inform mesoscale simulations that model the evolution of
a complexion transition at longer time scales [31]. In addi-
tion, MD simulations complement electron microscopy
experiments as both can be used to study the atomic struc-
ture of complexions, and both can therefore be used to val-
idate each other. Lastly, Potts model simulations can also be
employed to examine possible complexion propagation
(growth) scenarios and the resulting microstructures.

4. Summary

Until recently, complexion transition kinetics have been largely
overlooked by the materials community, despite their strong influ-
ence on the behavior of bulk polycrystalline materials. We have
presented an experimental study in polycrystalline Eu-doped spi-
nel that demonstrates that grain-boundary complexion transition
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kinetics can be represented on a complexion TTT diagram. In many
ways, complexion TTT diagrams are analogous to bulk phase TTT
diagrams, and they promise to be similarly useful tools for optimiz-
ing the performance of polycrystalline materials via carefully cho-
sen heat treatment protocols. We have pointed out several
challenges that are typically encountered while generating exper-
imental complexion TTT diagrams and made recommendations
for overcoming these challenges. In particular, theoretical model-
ing and computer simulation will be helpful in the development
of experimental complexion TTT diagrams. It is anticipated that
complexion TTT diagrams will be remarkably useful tools for tai-
loring the microstructure and, hence, the performance of bulk
polycrystalline metals and ceramics. The field of complexion TTT
diagrams is just beginning, and the compilation of many more
complexion TTT diagrams for various materials systems will be
required before the full potential of these diagrams can be realized.
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