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ABSTRACT: Nucleation is a fundamental part in most syntheses of ceramic
materials. Yet, few techniques enable control of this step, which would offer
possibilities to attain full-scale kinetic selectivity of the syntheses to reach
novel compounds with unique properties. Herein, we present a nucleation-
controlled crystallization pathway to synthesize coatings of aluminum titanate
(Al2TiO5)renowned for its low-to-negative thermal expansionat
significantly reduced temperatures than conventional solid-state techniques.
Based on a kinetic study using in situ X-ray diffraction, detailed mechanistic
insights into the crystallization process and phase evolutions within the Al−
Ti−O system are obtained. The lowest activation energies for crystallization
are given when the Al−Ti ratio is close-to-stoichiometric or Ti-enriched.
Along with these compositions’ similar kinetics at the earliest stages of the transformation, a joint nucleation behavior is discovered,
revealing the elemental role of titanium in nucleating the main Al2TiO5 phase. Based on classical nucleation theory, we deduce the
significant influence of the configurational entropy (Sconfig) when crystallization occurs in the nucleation-controlled domain. Finally,
peculiar transition features are observed in the Al-enriched regime during annealing at intermediate temperatures, whose causes are
ascribed to the presence of secondary nucleation events and possibilities of structural relaxations in the amorphous matrixes when
crystallizing.

■ INTRODUCTION

Developing novel materials with improved properties hinges
on finding more efficient and adaptive ways to make them. In
the syntheses of many inorganic materials, the reactions
involved are typically limited by diffusion,1−4 owing to
energetically stable reactants and low thermodynamically
driving forces to yield the desired products.5,6 To mitigate
these issues, elevated temperatures and prolonged reaction
times are frequently used to enhance the otherwise slow mass
transfer rates,7,8 strategies that have traditionally been9,10and
still remain11conventional routes for accessing many
ceramics materials.6 However, these approaches are insufficient
in pursuing novel multicomponent phases, carrying potentially
improved properties, as they tend to favor the most
thermodynamically stable ones and those having the simplest
(binary) stoichiometries.1,12 Moreover, although most of the
thermodynamic space of binary compounds has already been
explored or predicted, a vast and partially uncharted dimension
beyond these exists in the domain of metastability.12,13 Besides
the necessities of thermodynamic control,7,12 the capability to
isolate and discover such phases requires an additional
component not readily offered in many solid-state methods;14

namely, the kinetic selectivity of the synthesis.5,15 Syntheses
incorporating this selectivity have the potential to circumvent
common thermodynamic constraints and enable kinetical

routes to form compounds at reduced temperatures, shorter
timescales, and with higher phase purities.6,16 These
approaches also carry the prospective to encapsulate the
computational prediction,11 rational planning,1,17 and selective
design9 of novel compounds into a common synthesis
framework, a cornerstone thatunlike organic chemis-
try10,16is still lagging in the field of inorganic chemistry.7,18

Although many alternative synthesis routes have been
developed,15,18,19 few provide opportunities to adjust the
reaction coordinates and attain predictable phase selectivity by
coherent modifications of the involved reactants.1,17 Fewer
allow controlling the most initial and fundamental parts of any
phase evolution, which is typically ruled by nucleation, rather
than diffusion.11,20

Nonetheless, in the early nineties, Novet et al. demonstrated
a new approach to reach the domain of extended solids, using
thin amorphous layers as reaction intermediates.5 Following
the pioneering explorations of reaction kinetics in the 1970s
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and 1980s,21−29 Novet et al. illustrated how the stabilization
and subsequent crystallization of these layers yielded reaction
pathways that were controlled by nucleation, not diffusion.
Their synthesis route allowed them to bypass diffusion as the
rate-limiting step, forming ternary compounds without
developing binary ones, and the capability to predict and
control what phases were to be made in their studied Fe−Si
system. Novet et al.’s work was a breakthrough in developing
many synthetic and soft chemistry-based techniques seen in
modern application areas. Since then, their work has also been
followed by several other groups.1,2,4,6,15,16,30

Recently, we have shown a comparable synthesis route to
prepare amorphous coatings by the simultaneous depositions
of alkoxide-based precursors using an in-house-developed
chemical vapor deposition (CVD) process.31 Specifically, we
have demonstrated how amorphous layers of aluminum
titanate (Al2TiO5)renowned for displaying a low-to-negative
thermal expansion,32,33 good corrosion resistance,34,35 and self-
healing capabilities36,37can be synthesized at much lower
temperatures and shorter timescales than comparable solid-
state techniques. Upon annealing, our coatings undergo an
amorphous-to-crystalline transition without yielding significant
amounts of binary constituents, like Al2O3 and TiO2, which are
commonly found as residues from the solid-state route.
In addition, our developed method provides evidence of new

phenomena in the Al−Ti−O system. First, by altering the
concentrations of the reactants, we can tailor the composition
and corresponding Al−Ti ratio of the amorphous coatings,
even though Al2TiO5 is represented as a single-line phase in
the conventional Al2O3−TiO2 pseudo-binary phase dia-
gram.38−41 Second, our deposition method operates well
below the typical formation temperatures to obtain the
Al2TiO5 phase (i.e., above 1300 °C) and in a temperature
regime where the solid-state route predicts the phase’s thermal
decomposition, rather than its formation.42,43 Third, besides
the main Al2TiO5 phase, our explorations in the Al−Ti−O
system led us to discover unconventional and structurally
related phases, like Al6Ti2O13 and Al16Ti5O34, whose existences
have earlier been proposed by authors in the field.38,41,44,45

However, the mechanisms and reaction conditions governing
these phases’ formations and crystallization behaviors are still
unknown, likewise the possibilities of adapting the main
Al2TiO5 phase by the said synthesis route.
Therefore, in this study, we present a multivariate kinetic

study, wherein the compositional and temperature space
governing the crystallization of these phases is thoroughly
investigated. By utilizing in situ heating X-ray diffraction
(XRD), we obtain mechanistic insights into the phase
evolutions of the amorphous coatings with various Al−Ti
stoichiometries. Principally, information concerning the overall
crystallization rate, K, and dimensionality of the crystallization
process, n, is derived by using the Johnson46−Mehl47−
Avrami48−50−Kolmogorov51 (JMAK) equation, which is
expressed as

V Kt1 exp( )t
n= − − (1)

where Vt is the crystallized volume fraction and t is the time
required to reach a given volume fraction. From Arrhenius
relationships, we attain apparent activation energies represen-
tative of the entire crystallization process. Our main findings
emphasize the role of nucleation during crystallization. We also
reveal the elemental involvement of titanium and highlight the
significant contribution of the configurational entropy to the

displayed crystallization behaviors. Finally, peculiar transition
features are encountered in the Al-enriched regime, whose
causes are linked to our previous Raman spectroscopic
findings, showing that structural relaxations can occur in the
amorphous coatings during annealing.31 Accordingly, the
expositions made in this study build on our previous synthetic
investigations and help understand the role of nucleation and
growth in the synthesis and phase selections within the Al−
Ti−O system.

■ METHODOLOGY
Amorphous Al2TiO5-based coatings with various Al−Ti ratios
were deposited using an in-house-developed CVD reactor,
whose instrumental details are presented elsewhere.31 Depo-
sitions were carried out from simultaneous use of two metal−
organic alkoxide precursors, aluminum isopropoxide (AIP) and
titanium isopropoxide (TIP), at 450 °C for 1 h on Si P-type
(100) substrates. The Al−Ti ratio in the coatings was
controlled by altering the heating temperature (and corre-
sponding vapor pressure) of the more volatile TIP precursor.
Detailed experimental descriptions of the deposition process
can be found in ref 31. The compositions were cross-evaluated
for their Al−Ti ratios using energy-dispersive spectrometry
(EDS) and Rutherford backscattering spectrometry (RBS).
Four different Al−Ti batch compositions were synthesized,
corresponding to Al-enriched, ∼ideal (2:1), equimolar (1:1),
and Ti-enriched, whose evaluated stoichiometries are sum-
marized in Table 1.

In order to follow the dynamics of crystallization, in situ
heating XRD experiments were carried out in the 2θ range
32.5−36° using a monochromatized Cu Kα radiation source
(40 kV and 40 mA) in a D8 ADVANCE diffractometer
(Bruker). The narrow 2θ interval was chosen to maximize the
intensity output and time resolution of the most substantial
Bragg peaks appearing in the diffractogram. Additional ex situ
XRD measurements of the annealed samples using longer scan
ranges can be found in the Supporting Information, Figure
S18. The in situ instrument was equipped with a Lynx-eye XE
position-sensitive detector and a radial heater furnace cell
(Anton Paar) fitted with a thermocouple unit close to the
heated sample. All experiments were carried out in a Bragg−
Brentano configuration and a helium atmosphere to exclude
possible effects from the surrounding air environment.
Measurements were made by ramping up the temperature
from room temperature to different isothermal annealing
temperatures, using a heating rate of 6 °C/min and a step size
of 0.06°. The progress of crystallization was continuously
monitored by repeated θ/2θ scans, where each scan took about
20 min to complete. The data were then analyzed by fitting a
few (1−3) selected Bragg reflections, described in Table 2,
using software Topas 6 Academic running in a sequential
mode.52 All peaks were modeled using a Thompson−Cox−
Hastings’ pseudo-Voigt function and the background with a

Table 1. Al−Ti Ratios Corresponding to the Four Evaluated
Compositions Al-Enriched, ∼Ideal, Equimolar (1:1), and
Ti-Enriched

method Al-enriched ∼ideal 1:1 Ti-enriched

EDS 2.86 1.94 1.10 0.44
RBS 2.87 1.93 1.00 0.54
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sixth-order Chebyshev polynomial. In a typical refinement,
only the peak positions and areas were refined.
Assuming that the adsorption coefficient is negligible in the

coatingswhich usually is the case among thin films and
coatings29and that no significant change in texturing occurs
throughout the phase transformation,53 the diffracted Bragg
intensity I can, at any given time t, be treated according to53,54
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where Vt denotes the volume fraction transformed of the
crystalline phase in the analyzed sample. Because Vt is enclosed
in [0, 1], unity-based normalization of the obtained intensity
data must be made from the equation53

I
I I
I It

tnorm 0

0
=

−
−∞ (3)

where It
norm is the total gross counts at t, I0 is the background

intensity, and I∞ is the constant gross counts at the end of the
run period. By convention, I∞ is defined as the I0.99 level, that
is, where 99% of the crystallization has been completed. To
track the kinetics of transformation, Vt is plotted against t,
which typically displays a sigmoidal-shaped curve following the
JMAK equation (eq 1). The two kinetic parameters K and n
can then be obtained from the equation by rewriting it into a
double-logarithmic function

V K n tln( ln(1 )) ln lnt− − = + (4)

which allows ln K and n to be determined from linear

regression analysis by plotting ( )In ln
V

1
1 t− versus ln t within

the isokinetic regime, where nucleation and growth are
regarded as time-invariant parameters.48,49,55

Although K is a constant related to the overall crystallization
rate, it is essential to note that it is not a “true” rate constant in
the strictest sense because it simultaneously incorporates the
rates from nucleation and growth.56 In other words, K does not
truly represent any proper elementary step under the first-
order mechanism of crystallization,56 which the JMAK

Table 2. List of Analyzed Bragg Reflections and Their
Corresponding Data Values

phase 2θ d-value (Å) hkl refs

Al2TiO5 33.721 2.65578 (023) 42
Al6Ti2O13 34.367 2.60731 (024) 45
Al16Ti5O34 34.654 2.58633 (0221) 38

Figure 1. Transformation curves illustrating the influence of variations in isothermal annealing temperatures and changes in chemical composition
(Al−Ti ratios) of the amorphous matrixes. Each horizontal row represents the crystallization of the Al2TiO5, Al6Ti2O13, and Al16Ti5O34 phases.
“Not applicable” means that any emerging peak assignable to Al6Ti2O13 or Al16Ti5O34 has too low intensity development to allow extraction of
kinetic data in this region.
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equation and classical nucleation theory regularly assume.53,56

Indeed, in most crystallization processes, nucleation will
proceed so fast compared to the growth stage that the entire
process may practically be regarded as a (pseudo)-first-order
transformation limited primarily to diffusion.54,57 However,
during circumstances where the role of nucleation becomes
significant or even rate-determining, the lack of a saturated
nucleation rate, especially at the earliest stages of crystal-
lization, may strongly affect the physical meaning of K.53

Therefore, one should be careful of using K as a parameter in
any further interpretation of, for example, activation energies.
Instead, an expression for the apparent activation energy

representative of the entire crystallization process, Ea
app, can be

derived by noting that the time tx required to reach a certain
crystalline volume fraction, for example, t0.05, t0.50, and t0.99,
frequently follows an Arrhenius-like relationship58−62

t t
E
RT

expx 0
a
app

= ·
(5)

where t0 is a pre-exponential constant, R is the universal gas
constant, and T is the temperature given in Kelvin. Hence, a
plot of ln tx versus 1/T typically gives a straight line whose
slope relates to the apparent activation energy given at specific
volume fractions. At the beginning of the transformation, tx is
governed by nucleation, so that Ea

app predominantly relates to
the barrier of nucleation.58,63 Similarly, during the last stages of
transformation, where nucleation typically has ceased, Ea

app

links more with the energetic barrier of growth.57 Accordingly,
this treatment of the apparent activation energy63 allows a
formalized decoupling of the two energetic contributions of
nucleation and growth during the initial and final stages of
crystallization.

■ RESULTS

Effect of Temperature. Figure 1 shows transformation
curves for various sample compositions and temperatures. A
strong temperature dependency on the transition rates is
evident in all graphs, indicating that an incremental increase in
isothermal heating yields drastically shorter times needed to
reach the final crystalline product. The effect is most
pronounced in cases where the composition deviates from
the ∼ideal stoichiometry and is particularly noticeable in the
domain with increased titanium content (i.e., 1:1 and Ti-
enriched). Notably, the strong temperature dependency on the
transformation rates is a signifying feature of a nucleation-
controlled crystallization process.20

Figure 2 illustrates contour maps of the relative phase
fractions for Al2TiO5, Al6Ti2O13, and Al16Ti5O34 as a function
of variable temperature and sample composition. The relative
phase fractions are derived by comparing each phase’s area
intensity at the end of every annealing period. In the equimolar
1:1 and Ti-enriched domains, besides the three phases
mentioned above, TiO2 (anatase) readily forms as well,
which agrees with our previous studies.31 Detailed phase
formation analyses depending on the samples’ Al−Ti ratios can
also be found in this study’s Supporting Information, Figure
S18.
Regarding the annealing temperatures, there is no obvious

impact on the preferential formation of either Al2TiO5,
Al6Ti2O13, or Al16Ti5O34. This is accentuated by the almost
vertical contour lines seen in Figure 2. In contrast, a clear

influence of the sample composition (Al−Ti ratio) is evident,
which is further described in the following section.

Effect of Composition. Analogous to the effect of
temperature, the composition of the amorphous (as-deposited)
samples significantly influences the observed transformation
rates. As seen in Figure 1, the crystallization is more sluggish
and takes longer times to complete in the Al-enriched domain,
particularly for intermediate and late transformation stages.
Additionally, transformations require higher temperatures to
both commence and finish when the aluminum content
increases, which shows a higher transformation resilience and a
more considerable thermal stability of the amorphous matrixes
in this compositional domain. Interestingly, the ∼ideal sample
did not display the lowest achieved crystallization temper-
atures. Instead, the crystallization temperatures continuously
decrease when the titanium content increases (and the Al−Ti
ratio decreases). In other words, there is a constant trend in
the lowest achieved crystallization temperature from Al-
enriched to Ti-enriched, suggesting that nucleation happens
more preferentially when the titanium content increases.
Contrary to the other compositions, the existence of the

Al16Ti5O34 phase is more extensive when the Al-enriched
regime is reached. Also, although the Al6Ti2O13 phase appears
even when the stoichiometry becomes equimolar or Ti-
enriched, Al16Ti5O34 does not readily develop when the
titanium content increases. Therefore, higher aluminum
content in the amorphous matrixes seems to correlate with
the formation of the Al16Ti5O34 phase, which conforms to
earlier examinations made by Hoffmann et al.38 Besides the
transformation curves seen in Figure 1, this notion is also
expressed by the contour maps in Figure 2, where a sharp
increase in relative phase fractions for Al16Ti5O34 occurs when
the Al-enriched domain is reached.
Noticeable in the Al-enriched domain, a peculiar growth

behavior appears for the Al16Ti5O34 phase when intermediate
annealing temperatures (660 °C) are used. As seen in Figure
1(I), the transformation curve initially follows a comparable
progression to the other examined compositions. However,
after completing around 40% of the volume fraction, the slope
of the transformation curve declines markedly and reaches a
linear region that does not cease its transformation even after a
prolonged annealing duration (65 h). This behavior deviates
from the conventional sigmoidal-shaped transformation curves
observed for the other annealing temperatures. Moreover, it
occurs only for the Al16Ti5O34 phase when the amorphous
sample is Al-enriched.

Figure 2. Contour maps showing the relative phase fractions
(colored) of the three phases Al2TiO5, Al6Ti2O13, and Al16Ti5O34
with variable isothermal annealing temperature and composition (Al−
Ti ratio).
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To explore the possible causes of this behavior, a plot of
measured 2θ-values versus time was made based on the XRD
data. As seen in Figure 3, the 2θ-values continuously shift to
lower values for the Al16Ti5O34 phase as the crystallization
progresses. Meanwhile, the same values increase for the
Al6Ti2O13 phase, whereas no apparent change occurs for the
Al2TiO5 phase. Hence, this indicates a continuous increase in
unit cell parameters for the Al16Ti5O34 phase while the same
values for the Al6Ti2O13 phase concurrently diminish.
Consequently, these combined observations suggest that an
intertwined relationship between the Al6Ti2O13 and Al16Ti5O34
phases exist. Also, Figure 3 indicates that Al16Ti5O34 is forming
at the expense of Al6Ti2O13.

Kinetic Parameters. Figure 4 compiles the derived kinetic
parameters (ln K and n) based on the JMAK equation for
various Al−Ti ratios. Additional derivation of the parameters
by so-called “Avrami plots” (also known as “Sharp−Hancock”
plots) can be found in the Supporting Information Figures
S13−S16. On immediate inspection of Figure 4, an inverse
correlation between ln K and n is discovered. When the kinetic
parameter n diminishes, the corresponding value of ln K
increases (and vice versa). Accordingly, a lower dimensionality
in the crystallization behavior relates to a higher transformation
rate and a more heterogenous, confined character of the
transformation. Similar to the transformation rates, the value of
n changes strongly with both the annealing temperature and
the sample composition. In addition, n may also possibly
change with the progress of crystallization, as implied by the
behavior seen in the Al-enriched domain. Generally, the
dimensionality of crystallization (n) reaches its highest value at
low isothermal annealing temperatures, whereupon it decreases
as the annealing temperature successively increases. This is
especially noticeable for the ∼ideal and equimolar 1:1
stoichiometry. In terms of the ∼ideal case, the value of n is
the highest for the lowest annealing temperatures (around 4.5
for Al2TiO5) and remains relatively constant until about 645
°C, where a sudden drop in nand a corresponding increase
in ln Khappens. The Al-enriched case demonstrates slightly
lower n values on average, but unlike the ∼ideal case, there is
no similar sharp decline in the n value when the annealing
temperatures increases.

When Al-enriched samples were annealed at intermediate
temperatures, two linear regions with markedly different slopes
were found in the Avrami plot. This behavior corresponds to
the transformation behavior seen in Figure 1(I). The derived
kinetic parameters representing the first initial zone, marking a
transition up to approximately 40% volume fraction, appear to
occur at much slower rates (lower ln K) and with less
dimensional constraints (higher n) than the subsequent
process. In other words, the second regime marks a more
confined and faster transition process than the previous, initial
one. Therefore, different kinetic parameters before and after
40% volume fraction are obtained, indicating that the
transformation behavior changes during the crystallization. In
the discussion, we describe the origin of the second regime to
occurrences of secondary nucleation, which are triggered by
structural relaxations of the amorphous matrixes during their
crystallization.
The large values of n, seen particularly at lower annealing

temperatures, support an unconstrained three-dimensional
(isotropic) nucleation happening homogenously in the
amorphous matrix.64 Typically, n may adopt values between
1 and 4,65 and values outside this range are frequently
considered anomalous. Nevertheless, both higher and lower
values of n have been reported during the crystallization of
many amorphous materials,66−68 including those of metallic
glasses.64,69 For example, large values of n signify the presence
of a transient (time-dependent) and nucleation-assisted
crystallization process.64,65,68,70 In this regard, the ∼ideal and
Ti-enriched samples exhibit the largest values of n during their
crystallization, especially at the lowest annealing temperatures.
Although no clear trend in n could be observed for the Ti-
enriched case, its values remained large, regardless of the used
annealing temperatures. Contrariwise, the lowest values of n
are found in the 1:1 domain, whose samples also generally
displayed the highest ln K values, particularly when the
annealing temperature was increased.

T−T−T-Diagrams. Time−temperature−transformation
(T−T−T) diagrams were made based on the transformation
curves in Figure 1, which can be found in Figure 5. The three
border lines in each window represent the time required to
reach 5, 50, and 99% transformed volume fractions for each
sample composition and phase. The figure reveals that the
formation of Al2TiO5, Al6Ti2O13, and Al16Ti5O34 is highly
intertwined and there is no distinct separation between them.
The T−T−T diagrams detail the strong temperature

dependencies seen during the crystallization. In particular, a
significant temperature dependency on the initial 5% trans-
formation line is evident for all examined transformations. A
similar trend for the 50% transformation line is also observed
for the ∼ideal composition, suggesting a swift transition once
nucleation has started. In contrast, the time required to reach
the 99% level remained almost vertical for the ∼ideal
composition, implying that the mechanisms controlling the
later stages of transformation are virtually unaffected by the
increase in annealing temperature. Similar behaviors can also
be observed among the equimolar and Ti-enriched composi-
tions. Consequently, the strong temperature dependency of the
crystallization, initially seen in Figure 1 and further accentuated
in Figure 5, can thus be traced to events happening at the
earliest stages of the transformation, that is, to events relating
more to nucleation, rather than growth by diffusion.

Activation Energies. Figure 6 demonstrates the calculated
apparent activation energies (Ea

app) for the crystallization of

Figure 3. 2θ vs time plot illustrating a continuous shift in 2θ-values
between Al16Ti5O34 and Al6Ti2O13 for Al-enriched samples annealed
at 660 °C. The green line marks trends in data progression.
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Al2TiO5, Al6Ti2O13, and Al16Ti5O34 at various sample
compositions. As seen in this figure, there are significant
differences in calculated Ea

app values depending on the samples’
Al−Ti ratios. For instance, the Al-enriched and equimolar 1:1
sample environments consistently demonstrated the highest
Ea
app values throughout their transformations. With exemption

from the Al6Ti2O13 phase, the Ea
app values did not vary

markedly in the Al-enriched environment either and remained
relatively large throughout the crystallization. In comparison,
the activation energies for the 1:1 composition diminished
slowly but consistently to lower values as the transition (and
crystallized volume fraction) progressed. A similar lowering of
apparent activation energies with increasing crystallized
volume fraction is also observed for the ∼ideal case, which
demonstrated the lowest Ea

app values for its transformation. The
lowest value, 112 ± 9 kJ mol−1, is reached after about 75%
volume fraction has been completed. For comparison, this
value is less than half the magnitude of typical Ea

app values
relating to diffusion in amorphous alloys.59

The ∼ideal composition displayed an increased uncertainty
in determining apparent activation energies at the earliest
stages of crystallization. Expressed by the Arrhenius plots
found in the Supporting Information (Figure S17), this
uncertainty can be traced to the non-Arrhenius-like behavior
and reduced linearity of the regression analysis at the 5% level.
Typically, such a behavior can be associated with a time-
dependent nucleation rate,71 a temperature-dependent activa-
tion energy,72 or both. In either case, such a behavior marks a
crystallization process primarily driven by nucleation,71 a
theme that is further expounded in the discussion section.
An increased level of uncertainty in determining the

apparent activation energies is also noticeable for the Al-
enriched case at its late transition stages. Particularly, this is the

case if the 660 °C transition is included when calculating the
apparent activation energies of crystallization for Al16Ti5O34.
This scenario is represented by the gray extension line found in
Figure 6. However, such interpretation confounds the
otherwise reasonable linear slope of the Arrhenius plot as the
duration required to reach the 75 and 99% transformed levels
then takes exceedingly long to make. Alternatively, if the
transition seen at 660 °C is treated as a separate and
subsequent event, hence excluding it from the primary process’
data set, an improved linearity and reduced statistical error
from the Arrhenius plot is obtained. This outcome is
represented by the blue line in Figure 6. Accordingly, this
treatment of outlying values signifies that several possible
mechanisms may be involved in forming the Al16Ti5O34 phase,
especially when the amorphous stoichiometry is Al-enriched.
These mechanisms include possibilities of secondary nuclea-
tion and Ostwald ripening, which we explain in the second part
of the discussion section.
Concerning the Ti-enriched regime, relatively constant and

low Ea
app values are obtained during crystallization. The average

Ea
app value, representative of the Al2TiO5 phase, was calculated

to be 425 ± 75 kJ mol−1. To better compare this value with the
other compositions and phases, a bar diagram was constructed,
which can be viewed in Figure 7. In essence, the chart
emphasizes that the lowest Ea

app values are obtained when the
stoichiometry is either ∼ideal or Ti-enriched.

■ DISCUSSION
Nucleation-Controlled Crystallization. The present

study illustrates how nucleation has a decisive role in
crystallizing Al2TiO5 and its co-forming phases at low
temperatures. Principally, this is realized from viewing the
combined results concerning the ∼ideal stoichiometry. Not

Figure 4. Derived kinetic parameters (ln K and n) for various Al−Ti ratios. Black, red, and blue lines denote values belonging to the Al2TiO5,
Al6Ti2O13, and Al16Ti5O34 phases, respectively. The purple color illustrates kinetic parameters derived from the secondary regime when Al-enriched
samples are annealed at 660 °C. Values of ln K are expressed with a boxed (■) symbol and n is expressed with a circular (○) ditto. Certain error
bars are found in the plot symbols. For derivations of kinetic parameters from the corresponding Avrami plots, the reader is referred to the
Supporting Information.
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only did the ∼ideal stoichiometry demonstrate a strong
temperature dependency on its initial transformation rates but
also among the largest Avrami parameter n and lowest average
Ea
app values during crystallization. Moreover, all compositions

generally displayed their largest Ea
app values at the earliest

crystallization stages, indicating that nucleation is the rate-
determining event.1,73 These combined observations support a
nucleation-controlled crystallization process,1,20,74 whose im-
plications are discussed in this section.
According to classical nucleation theory, nucleation control

can mainly be achieved by increasing the supersaturation,
supercooling, or doing both simultaneously.20,74,75 The effect
of varying the supersaturation (expressed from the variable
Al−Ti ratios) and the supercooling (annealing temperature)
are both reflected in this study’s results. First, in terms of
supercooling, all samples crystallized below half the melting
points of their corresponding crystalline states. At such low
temperatures, the level of supercooling is extensive; therefore,
the total driving force for nucleation (ΔGn) becomes the
dominating parameter influencing the entire crystallization
process from a thermodynamic point of view.59,76,77 This can
be accentuated from an expression of the steady-state
nucleation rate Ist, which follows76,78
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k T

expst 0
D

B
= · −

* + Δ
(6)

where I0 is a pre-exponential factor, kB is Boltzmann’s constant,
and T is the annealing temperature. Also, W* represents the
energetic barrier of nucleation, whereas ΔGD represents the
kinetic ditto. By assuming the formation of a spherical nucleus
having a critical radius r*, W* can be written into76,78,79
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G

16
3

3

n
2

πγ* =
Δ (7)

where γ denotes the crystal amorphous interfacial energy. In
this equation, ΔGn represents the sum of all Gibbs free energy
changes involved during nucleation. In the cases of amorphous
thin films and coatings, the three main contributions to ΔGn
can arithmetically be combined according to the following
equation

G G G Gn v sΔ = Δ + Δ + Δ ε (8)

where ΔGv is the volume free energy of the crystalline phase,
ΔGs the surface free energy, and ΔGε denotes the strain energy
caused mainly by variations in densities between the
amorphous and crystalline states.80 The latter term may also

Figure 5. T−T−T diagrams showing the formation of Al2TiO5 (black), Al6Ti2O13 (red), and Al16Ti5O34 (blue) for various Al−Ti stoichiometries.
“Not applicable” means that any emerging peak assignable to Al6Ti2O13 or Al16Ti5O34 has too low intensity development to allow any extraction of
kinetic data in this region.

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.2c00615
Chem. Mater. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00615?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00615?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00615?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c00615?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c00615?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


incorporate any elastic strains found among thin films and
coatings.77

In eq 8, ΔGv is negative81−83 due to the favorable
exothermic nature of crystallization, whereas both ΔGs and
ΔGε are typically positive,81−83 thus acting unfavorably to
nucleation’s overall thermodynamic driving force. If the
crystallization process is nucleation-controlled, then any factors
influencing either ΔGn or γ will profoundly affect W* and the
general crystallization behavior. This will be expressed from
variations in both activation energies and crystallization
mechanisms with increasing temperature, especially at the
earliest stages of crystallization. Such observations are noticed
in Figures 4 and 6 and can also be seen in the T−T−T
diagrams in Figure 5.
Second, the chemical composition may also strongly affect

the crystallization process if it is nucleation-controlled.1,2,20

This is illustrated by the various kinetic parameters and Ea
app

values depending on the amorphous samples’ Al−Ti ratio. To
understand this behavior and provide a conceptual explanation
of the effect of supersaturation, we recall that

G H T Sn cryst crystΔ = Δ − Δ (9)

where ΔHcryst denotes the total enthalpy of crystallization and
ΔScryst the change in entropy between the amorphous and
crystalline states. As we explain in the following paragraphs,
when nucleation governs the overall crystallization process, the
entropy term will become the dominating term influencing the
thermodynamic driving force of nucleation.
Formally, entropy can be defined from the Boltzmann−

Planck equation, which treats entropy S as the sum of the
available microstates Ω with a certain probability of being
occupied p as

S k p ln
i

i iB∑= − Ω
Φ

(10)

where Φ marks the maximum possible configurations in the
system. For nucleation to occur, a cooperative set of
configurations in the amorphous state must start to match
those found in the crystalline one,71 thereby creating an
ordered cluster of elements comprising the nucleus.2,15,74 In
this regard, two main contributions to S can be found in
crystallization:84 vibrational entropy (Svib), representing the
vibrations atoms may undergo due to any temperature
changes, and configurational entropy (Sconfig), representing
the discrete number of places where the atoms can be spatially
positioned.84,85 Because Svib is frequently positive and tends to
increase with temperature,84,86 we can presume that ∂Svib/∂T >
0, so that the term beneficially affects nucleation’s overall
thermodynamic driving force, especially at increasing temper-
atures. Thus, this leaves us to focus on the change in

Figure 6. Apparent activation energies (Ea
app) derived at different transformation stages and various Al−Ti ratios.

Figure 7. Bar diagrams showing the averaged apparent activation
energies for various Al−Ti ratios and the phases Al2TiO5, Al6Ti2O13,
and Al16Ti5O34.
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configurational entropy during crystallization, ΔSconfig, which
marks the difference in possible configurations between the
crystalline and amorphous states.81,87 Unlike Svib, the change in
configurational entropy must always be a negative value
because the total entropy of the amorphous state can never be
less than that of the crystalline one (which inevitably would
lead to the so-called Kauzmann’s paradox).71 Accordingly, for a
nucleation-controlled process, ΔSconfig represents a significant
contributor to any excess entropy found in the amorphous
system.84 Typically, large values of ΔSconfig signify that
substantial differences between the amorphous and crystalline
states exist,71,81 meaning that extensive structural rearrange-
mentslike bond redistributions and diffusionare required
to initialize any nucleation events. In contrast, small values of
ΔSconfig demonstrate that considerable structural resemblances
instead exist between the amorphous and crystalline states,71

hence favoring the thermodynamic driving force of nucleation.
Knowing that the number of configurations represented in S
relates to the chemical potential μi of the system according to
the following expression88
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∂ (11)

it becomes feasible, in theory, to modify the entropy term by
varying the composition, which is represented by the number
of particles Ni in eq 11. Consequently, for a nucleation-
controlled crystallization process, ΔSconfig designates a
fundamental parameter determining the overall driving force
of nucleation, implying that W* can be tailored by altering the
chemical composition of the amorphous matrixes. In turn, this
opens up new routes to achieve phase selectivity by
nucleation2,79,89 because the phase(s) most likely to be formed
are those having the lowest values of their W* and not
necessarily those being the most thermodynamically stable
ones.1,5,90

To emphasize the role of configurational entropy, we invoke
from our previous studies that a short-range order of Al2TiO5,
Al6Ti2O13, and Al16Ti5O34 exists in the amorphous samples.31

Moreover, all of these phases display cationic mixing in their
crystalline states, meaning that their cations can interchange-
ably reside in the available interstices.33,38,42,45,91,92 Supported
by the elemental homogeneity of the samples31 and in light of
previous reasonings, we can thus deduce that substantial
structural similarities exist between the amorphous and
crystalline states. Hence, low ΔSconfig values are expected for
Al2TiO5 and its co-forming Al6Ti2O13 and Al16Ti5O34 phases
during their crystallization. In terms of crystallizing the main
Al2TiO5 phase, the lowest possible value of ΔSconfig is given
when the stoichiometry of the amorphous matrix is nearest to
the ideal one. For this particular case, Sconfig

crystal and Sconfig
amorph become

the most alike, so that their corresponding ΔSconfig becomes
closest toalthough not equal tozero. Essentially, this
extremum represents a theoretical maximum in thermody-
namic driving force of nucleation because most of the residual
ΔSconfig then diminishes and ΔGn becomes predominantly
governed by the enthalpy term (ΔHcryst), as per eq 9.
Noticeably, because ΔHcryst relates with the energies associated
with breaking and redistributing chemical bonds during
nucleation,5,71 this condition implies that only minor readjust-
ments of the local short range should be needed to initialize,
and potentially finalize, the overall crystallization process.2

Presumably, such readjustments would mainly involve changes

in oxygen’s bonding characteristics because a short-range order
of Al−O−Ti bonds already exists31 and there is no apparent
preference in either titanium’s or aluminum’s site preferences.
Accordingly, by noting the aforementioned entropic condition
and assuming that the crystal amorphous surface energy γ
remains reasonably unaffected by temperature,76,78,82 we can
deduce using eq 7 that the lowest barrier of nucleation W* is
reached when the stoichiometry is closest to the ideal case.
Indeed, this agrees well with our results in Figures 6 and 7,
where the lowest Ea

app values are observed for the ∼ideal
stoichiometry.
Interestingly, similar reasoning makes it also possible to

predict when the lowest thermodynamic force of nucleation is
obtained, resulting in the highest nucleation barrier. As seen in
Figure 6, the highest initial Ea

app values are obtained when the
Al−Ti ratio is equimolar (1:1). Structurally, this stoichiometry
represents the closest scenario when there is no permutational
preference in the placement of the individual cations, that is, all
available interstices for the cations are treated as symmetrically
equivalent.85 For this case, the maximum randomness in
possible configurations85,93,94 is achieved so that the configura-
tional entropy of the amorphous state reaches its uppermost
value. Accordingly, ΔSconfig converts into its most positive value
in eq 9, yielding the lowest net thermodynamic driving force of
nucleation. In turn, this leads to a corresponding increase of
the nucleation barrier W*, as per eq 7.
Although it is argued that ΔSconfig has a crucial role in

determining nucleation’s overall thermodynamic driving force,
particularly if the crystallization process is nucleation-
controlled, it cannot entirely describe its link to the chemical
composition. If that were the case, the ∼ideal composition
would have been the sole stoichiometry displaying the lowest
barrier of nucleation, which is not reflected in our results.
Instead, the lowest values ofW* are shared between the ∼ideal
and the Ti-enriched samples, whose initial Ea

app values are
strikingly similar to each other. Essentially, this implies that
these stoichiometries can have a joint nucleation behavior.
Besides the similarities between these compositions’ Ea

app values
at the beginning of crystallization, the shared nucleation
behavior is also reflected from their similar kinetics, particularly
at the lowest annealing temperatures. Furthermore, while
ΔSconfig incorporates the total effect of composition in the
thermodynamic driving force by any excess in chemical
potential, the term cannot unambiguously separate the
individual contributions from the elements involved during
crystallization. Therefore, it becomes clear that the apparent
link in Ea

app values and shared kinetic behaviors between the
∼ideal and Ti-enriched stoichiometries can only be explained
by solely considering one element’s effect on the nucleation,
namely, the role of titanium.
First, the Ti-enriched samples consistently demonstrated the

lowest annealing temperatures to initiate any crystallization,
implying the lowest value on W* when the titanium content
increases. Second, the calculated Ea

app values vary significantly
depending on the Al−Ti ratio, and the derived values are
consistently lower in the Ti-enriched regime than in the Al-
enriched one. Third, in terms of their kinetic parameters, the
∼ideal and Ti-enriched stoichiometries displayed the largest
dimensionalities (n) on their crystallization, particularly at the
lowest annealing temperatures. These values, being above
four,83 signify a transient nucleation behavior70 where
crystallization progresses from very small nuclei,65 that is, the
critical radius r* becomes negligible as the total driving force
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for nucleation increases immensely.30,59 All things considered,
we can thus conclude that titanium, as an element, plays an
essential part in any nucleation events, especially for the main
Al2TiO5 phase.
Secondary Nucleation and the Role of Diffusion. If

the overall crystallization is governed by nucleation, what
influence does diffusion have? Although “nucleation control”
does not necessarily imply “diffusion less”,74 several factors
speak about its diminished role during crystallization,
especially for the ∼ideal stoichiometric case. Markedly, for a
homogenous amorphous composition being close to a
stoichiometric phase, where a short-range order exists along
with few crystallographic constraints on the individual
placements of cations, the requirements for diffusion during
crystallization should, in theory, become minimal. However,
when the stoichiometry of the amorphous matrix starts
becoming non-stoichiometric and deviates from the emerging
nuclei, the effect of diffusion should increasingly become more
pronounced,30 particularly in the short-to-medium range. Such
compositional discrepancies can create peculiar transition
features due to competing or synergetic interactions between
nucleation and growth.20,74,78,79 Noticeably, such behaviors are
observed in the Al-enriched regime where a continuous
crystallization of Al16Ti5O34 happens at the 660 °C annealing
temperature. In most crystallizations, termination effects ensue
at the later transition stages due to an exhaustion of the
amorphous matrix and increasing impingements between the
domain boundaries of the formed nuclei,66,95 thus yielding the
typical sigmoidal-shaped transformation curves. Consequently,
the lack of such appearance in the aforementioned situation
shows that these termination effects are either being absent or,
more likely, lagging. In our case, this permits crystallization to
proceed through new mechanisms that are fundamentally
linked toalbeit considerably different the previous ones.
These mechanisms include secondary nucleation, which

arises due to energetically favorable interactions between
pregrown parent crystals and the amorphous matrix.96

Specifically, secondary nucleation is favored under conditions
of high supersaturations and limited diffusion, where the
presence of parent crystals enables nucleation to proceed
heterogeneously with reduced energies and lower saturation
levels than the original primary process does.96 Strikingly, these
conditions are reached in the Al-enriched regime during
annealing at intermediate temperatures. Therefore, in this
section, we describe the origin of the continuous crystallization
behavior to several possible and concurrent nucleation
mechanisms during crystallization. In particular, structural
relaxationswhich we have shown to exist with Raman
spectroscopy31may induce secondary nucleation events
where new, structurally related phases, like Al6Ti2O13 and
Al16Ti5O34, are preferentially nucleated by slight readjustments
of the cationic coordination. The largest Al16Ti5O34 phase may
then grow through interactions between pregrown Al2TiO5
grains and any heterogeneously emerging Al6Ti2O13 nuclei.
This process, accentuated by the features seen in Figure 3,
resembles that of Ostwald ripening, which we also explicate in
this section.
As expressed in the previous section, titanium is likely to

have an essential role in nucleating the main Al2TiO5 phase.
Therefore, when the stoichiometry of the amorphous matrix is
Al-enriched, the deficiency of titanium will slowly deplete the
element as it becomes incorporated into any emerging crystals
by the process of primary nucleation. Likewise, the excess of

aluminum will then start to accumulate in the surrounding,
untransformed amorphous matrix, especially within the short-
to-intermediate range. As a result, the crystals’ growth will
gradually become impeded due to increasing steric constraints
and the requirements of progressively longer diffusion
distances. As seen in Figure 1 and the Al-enriched 660 °C
transformation, this process seemingly culminates after about
40% of the volume fraction has finished. Mechanistically, the
hampering of diffusion in amorphous solids relates to an
increased viscosity of the matrix,20,61,72,78 which can be
expressed from the Stokes−Einstein relation97

D
k T

6
B=
πλη (12)

where D is an effective diffusion constant, λ is the radius of the
diffusing element, and η is the viscosity. Although the above
expression is derived for amorphous bulk materials,87 it is
regularly assumed that the viscosity behavior is similar among
thin films and coatings.76,98

At intermediate annealing temperatures, where the un-
transformed amorphous state is left in an exorbitant energetic
state (and the diffusion barrier is likewise), it becomes
increasingly more viable for the transformation to continue
through other possible, less-energy demanding routes. Such
routes include, for instance, viscosity-driven structural
relaxations. Generally, it is well-known that amorphous
materials can relieve some of their excess energies through
such relaxations,71,79,81,99,100 wherein bond angles and
distances are shifted and altered to adapt to new and exposed
energy landscapes. The presence of structural relaxations
within our amorphous samples can be linked to our previous
Raman spectroscopic evaluations, showing that extensive
structural rearrangements and coordination changes occur
during annealing.31 In addition, because there are few
constraints on the individual placements of cations in
Al2TiO5, owing to cationic mixing,33,42,91,92 these reorganiza-
tions may also induce secondary nucleation events where
structurally related phases are formed besides the main
Al2TiO5 phase. Such phases include Al6Ti2O13 and
Al16Ti5O34, whose crystallographic differences compared to
Al2TiO5 are very subtle, and can primarily be traced to
different stacking sequences along the phases’ respective c-axes,
leading to elongations of ditto.38,41,44,45 In turn, these
elongations are caused by lower coordinating domains,
especially for Al6Ti2O13 and Al16Ti5O34.

38,41 Thus, any
structural reorganization where the bond angles and distances
are shifted would likely suffice to crystallize either one of these
three phases, that is, either by the process of primary
nucleation or that of possible secondary nucleation.
However, secondary nucleation does not wholly explain the

continuous development of the Al16Ti5O34 phase in the Al-
enriched domain, suggesting that an additional component is
entangled in this phase’s formation. Principally, this idea is
supported by the observations made in Figure 3, where the
Al16Ti5O34 phase progressively becomes larger while Al6Ti2O13
simultaneously diminishes. Given the occurrence of secondary
nucleation, this observation can then be explained by the
process of Ostwald ripening. This phenomenon has previously
been invoked to explain comparable transition features in the
synthesis of barium titanates,101 zeolites,102 and metal-selenide
thin films.16 For our particular case, Ostwald ripening explains
how small nuclei of Al6Ti2O13formed by possibilities of
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secondary nucleationmay dissolve and become incorporated
into surrounding, pre-existing grains of Al2TiO5, allowing
continuous growth and formation of the Al16Ti5O34 phase.
Markedly, this explanation complies with the structural
descriptions of Al16Ti5O34, which are given as a combined
(intergrowth) phase between Al2TiO5 and Al6Ti2O13.

38

Accordingly, we can apply two possible mechanisms to
describe the formation of Al16Ti5O34. One, where the phase
nucleates directly in the amorphous matrix by primary
nucleation and two, where the phase forms through
interactions between Al2TiO5 and Al6Ti2O13 by secondary
nucleation and subsequent Ostwald ripening. Both of these
processes are schematically explained in Figure 8.

Because secondary nucleation can be initiated by only slight
readjustments in bond angles and distances, it will not require
any exaggerated diffusion to occur; thus, it can happen even in
situations where diffusion is significantly impeded or reduced.
For this reason, we expect the mechanisms controlling this
feature to happen not only very locally but also very rapidly
because structural relaxations should be a much faster process
than any potential diffusion.71 Interestingly, this is supported
by the derived kinetic parameters found in Figure 4 describing
this process (second regime), where the fastest crystallization
rate (ln K) and most constrained (n) nucleation behavior is
observed. Typically, low values of n indicate that the
crystallization is surface-mediated,63 which is expected for
secondary nucleation and agrees with observations made in
other studies.1,16,67,96 Also, the derived kinetic values of the
second regime are highly deviant from the rest in the Al-
enriched domain, emphasizing that they must represent a
separate kinetic process during the crystallization.
Nonetheless, as explained in the method section, the kinetic

parameters cannot entirely separate nucleation from growth
because these processes are highly intertwined and intrinsic to
the ln K parameter.56 For that reason, even if we have
illustrated that nucleation is thermodynamically advantaged, it
remains challenging to determine the extent of any diffusion
involved in the continuous crystallization of the Al16Ti5O34
phase. This particularly concerns the process of Ostwald
ripening because it seemingly happens during intermediate-to-
late transition stages.

Irrespectively, the findings from this study provide a
conceptual understanding of why the Al6Ti2O13 and
Al16Ti5O34 phases have not been commonly observed using
conventional solid-state synthesis methods. Crystallization
from amorphous intermediatescompared to solid-state
methodsmay readily operate in two different kinetic regimes.
Although the former can be nucleation-controlled, the latter
techniques essentially remain diffusion-controlled. In this
respect, it is interesting to note that Hoffmann et al. used
non-equilibrium conditions such as rapid heating and
quenching when first synthesizing Al16Ti5O34 by the solid-
state route.38 Accordingly, combined with the findings of this
study, this tells us that nucleationrather than diffusion
should be the key mechanism to control the formation of
Al6Ti2O13 and Al16Ti5O34, particularly by the crystallization of
amorphous intermediates.

■ CONCLUSIONS
A multivariate kinetic study has been made to elucidate the
effect of the composition (Al−Ti ratio) and isothermal
annealing temperature when crystallizing amorphous
Al2TiO5-based coatings. The combined results reveal a strong
temperature dependency on the transformations, particularly at
the earliest transition stages where nucleation is the main
governing process. The co-crystallization of structurally related
phases to Al2TiO5, like Al6Ti2O13 and Al16Ti5O34, readily
occurs when the composition is Al-enriched or ∼ideal but not
when the composition reaches into the equimolar or Ti-
enriched domains where anatase starts to appear instead. The
Al-enriched samples demonstrated the strongest reluctance to
transform and the largest thermal stability of its amorphous
phase. Moreover, peculiar transition behaviors were noticed in
this compositional domain when intermediate annealing
temperatures (660 °C) were used. A shift into a continuous,
linear transformation regime occurred for the Al16Ti5O34
phase, which did not terminate even after prolonged annealing
durations. This behavior is ascribed to several possible
nucleation mechanisms during the crystallization, including
secondary nucleation caused by structural relaxations of the
amorphous matrixes. In turn, the interactions between
emerging Al6Ti2O13 nuclei and pre-existing Al2TiO5 grains
can lead to the continuous growth of the Al16Ti5O34 phase
through Ostwald ripening.
Detailed insights into the crystallization process were

obtained from kinetic analyses using the JMAK equation. A
reverse relationship between the overall crystallization rate
(expressed from ln K) and the dimensionality of the
crystallization (described from the parameter n) was revealed.
This implies that a more heterogeneous transition character
leads to faster transition rates. Moreover, the ∼ideal and Ti-
enriched sample compositions displayed the largest dimension-
alities on their crystallization and transient nucleation
behaviors, suggesting that nucleation is highly favored and
occurs homogenously in the amorphous matrixes. By linking
the displayed results between the ∼ideal stoichiometry and the
Ti-enriched, we show that titanium is crucial in nucleating the
Al2TiO5 phase. Combined with the apparent activation
energies for crystallization, where the ∼ideal and Ti-enriched
cases exhibited the lowest values, we also show that the overall
amorphous-to-crystalline transition is nucleation-controlled. In
this specific kinetic regime, the role of the configurational
entropy becomes essential as it governs most of the
thermodynamic driving force of crystallization.

Figure 8. Schematic description of the multiple nucleation pathways
to form Al2TiO5 (black), Al6Ti2O13 (red), and Al16Ti5O34 (blue)
during crystallization.
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The configurational entropy of Al2TiO5 has previously been
attributed to be responsible for the phase’s entropy
stabilization at higher temperatures. Herein, we also demon-
strate that it plays a central part in the nucleation behavior
from the amorphous state. This finding may open up novel
synthesis routes to make oxide compounds in general and
achieve better phase selectivity in particular.
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