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Abstract

This work presents a comprehensive study on the synthesis and application of Al,O; fibers
derived from an ammonium aluminum carbonate hydroxide (AACH) precursor. Through
a hydrothermal route, the influence of critical synthesis parameters, including aluminum
nitrate and urea concentrations, reaction temperature and time, and stirring conditions,
on fiber morphology and aspect ratio was systematically investigated. The as-synthesized
AACH fibers were subsequently converted into thermodynamically stable x-alumina fibers
via controlled annealing. These high-aspect ratio alumina fibers were incorporated into
polydimethylsiloxane (PDMS) to produce electrically insulating, thermally conductive
composites. The thermal performance of fiber-filled composites was benchmarked against
that of particle-filled counterparts, with the former exhibiting significantly enhanced ther-
mal conductivity. Furthermore, the dielectrophoretic alignment of alumina fibers led to
an additional increase in thermal conductivity, underlining the importance of high-aspect
ratio fillers. This study uniquely combines the controlled synthesis of alumina fibers with
their incorporation and alignment in a polymer matrix, presenting a novel and effective
approach for engineering anisotropic, thermally conductive, and electrically insulating
composite materials. Dielectrophoretic alighment of x-Al,Oj3 fibers synthesized through
optimized hydrothermal conditions and incorporated into PDMS composites deliver over
95 % higher thermal conductivity than spherical fillers.

Keywords: x-Al,O3 microfibers; hydrothermal synthesis optimization; morphology and
aspect ratio control; thermally conductive composites

1. Introduction

The development of soft, thermally conductive, and electrically insulating materials
is a scientific challenge [1-3] that needs to be unraveled for industrial applications such
as integrated circuits, power electronics, computer chips, and other electronic component
packaging [4]. A classical route to obtaining thermally conductive soft materials involves
the hybridization of polymers with highly thermally conductive inorganic particles [5-7].
In most cases, inorganic particles present a low aspect ratio, requiring a high filler volume
content [8,9]. Consequently, these materials become dense, stiff, and brittle. In recent
years, numerous studies have explored the development of tailored synthesis routes to
produce architectured particles, such as nanowires and nano-cubes, in order to address
these issues [10-12].
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In this context, percolation [13] and connectivity theories [14] have demonstrated that
the use of high-aspect ratio particles allows for the reduction in the inorganic phase content
in hybrid composites [15,16]. For example, these high-aspect ratio particles have found
numerous applications in the fields of electrically [17] and thermally conductive materi-
als [18,19], as well as piezoelectric and pyroelectric materials [20-22]. Using high-aspect
ratio particles in thermally conductive composites reduces interparticle thermal resistance,
thus increasing the heat flux exchange across the material. As a bridge between electrically
conductive and thermally conductive materials, one way to reduce the filler content is
through percolation theory. In this theory, the filler aspect ratio is one of the most impor-
tant parameters, driving the optimal volume content to achieve the desired applicative
properties [13]. The filler aspect ratio represents a key element in determining the overall
performance of composite materials, particularly through its influence on the composite’s
structural connectivity [14,15], as it significantly affects the filler size to inter-filler ratio,
interfacial interactions, and heat transfer efficiency within the composite structure.

a-Al,Oj3 is one of the most promising thermally conductive ceramic materials due to
its combination of high thermal conductivity, large bandgap (5.97 eV), and low cost [23,24],
making it an ideal candidate for the development of electrically insulating thermal interface
materials. While various synthesis routes for a-Al,Os fibers have been reported [25-27],
hydrothermal synthesis offers a scalable and controllable method for producing fibers with
tunable morphology [28,29]. In this work, we investigate the hydrothermal synthesis of
ammonium aluminum carbonate hydroxide (AACH) fibers as a precursor to x-Al,Oj fibers,
with a focus on controlling aspect ratio through process parameters such as temperature,
reaction time, stirring, and precursor concentration. The resulting fibers are thermally an-
nealed to achieve the x-phase and then incorporated into PDMS-based composites. Finally,
we compare fiber-filled and particle-filled composites, both in unstructured and dielec-
trophoretically structured configurations, to evaluate the influence of filler morphology
and alignment on thermal conductivity. This study aims to establish a direct link between
synthesis-controlled fiber geometry and the thermal properties of structured polymer com-
posites. This work advances current understanding in three distinct directions. It first
explores the joint optimization of hydrothermal synthesis parameters—such as precursor
concentration, agitation, reaction time, and temperature—an approach seldom addressed
in a systematic manner. It then reveals the formation of a transient boehmite (AIOOH)
phase under hydrothermal treatment at 160 °C for 24 h, a phenomenon only rarely noted
in the literature. Finally, it demonstrates that incorporating «-Al,Os fibers, oriented by
dielectrophoresis, into PDMS matrices leads to a marked rise in thermal conductivity, with
values exceeding those of spherical fillers by more than 95%. These outcomes highlight
both the originality of the methodology and its potential technological impact.

2. Materials and Methods

All chemical products used were of analytical grade and did not require any ad-
ditional purification. A standard synthesis procedure involves dissolving 20 mmol of
Al(NO3)3-9H,0, 0.36 mol of urea and 0.1 mmol of polyethylene glycol (6000 g/mol) in
65 mL of deionized water [25,30]. Although polyethylene glycol does not actively par-
ticipate in the chemical reactions, it plays the important role of being a template for the
growth of ammonium aluminum carbonate hydroxide (AACH) fibers according to the
surfactant-induced fiber formation (SIFF) mechanism [25]. The prepared solution is then
magnetically stirred for 1 h at 400 rpm. 40 mL of the obtained solution is poured into a
100 mL PTFE container and secured inside an autoclave. The autoclave is then heated
to 140 °C at 3 °C/min and maintained at 140 °C for 24 h while the solution is magneti-
cally stirred at 250 rpm. Subsequently, the autoclave is cooled down naturally to room
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temperature and the product of the reaction is collected and diluted in 500 mL of distilled
water then stirred for 12 h at 400 rpm. The obtained AACH fibers are then washed and
filtered twice in distilled water and once in ethanol to remove any remaining impurities.
Finally, the fibers are dried at 80 °C for 4 h. It is important to note that the parameters
of hydrothermal synthesis, such as temperature, time and reactant concentrations, play
an important role in the resulting fibers [28]. Such parameters were investigated in the
current study.

v-Al, O3 fibers are obtained by annealing the AACH fibers at 900 °C for 4 h with a
heating rate of 1 °C/min. Subsequently, x-Al,O3 fibers are obtained by annealing the
v-AlyOs fibers at 1200 °C for 6 h with a heating rate of 1 °C/min. Alternatively, x-Al,O3
can be obtained directly from the fibers by annealing them at 1200 °C for 8 h at a heating
rate of 1 °C/min [30]. Figure 1 shows a schematic representation of the synthesis and
annealing process.

Autoclave
Aluminum Nitrate NonaHydrate 140 °C — 24 hours
o

Stirring

1 hour — 400 rpm

Polyethyl Glycol Al(NO;3); + 4NH; + CO, + 3H,0
OREENG D - NH,[AI(OOH)HCO,] | + 3NH,NO,

o _H i
o i AACH AACH Fibers

Annealing Oven
1200 *C- 8 hours

i @

S S S Annealing

J J

NH,[AI(OOH)HCO4] » AIOOH + CO, + NH; + H,0

a-Al,0, Fibers 2AI00H - Al 03 + H;0

Figure 1. Schematic representation of the synthesis and annealing process.

For each condition, three independent syntheses were carried out. The analysis of
fiber length revealed a variance of +15%, while the yield exhibited a variance of +10%.
These values confirm the reproducibility and robustness of the synthesis procedure.

For the sake of completeness, the resulting x-Al,O3 fibers were used to fabricate both
structured and unstructured PDMS-based. PDMS-Al;O3 composites were prepared by dis-
persing the required amount of alumina fillers into Sylgard 184 base (part A, Dow Corning,
Midland, MI, USA). The mixture was mechanically stirred for 5 min and sonicated for 5 min
(UP400S, Hielscher Ultrasonics, Teltow, Germany) to prevent filler aggregation. Afterward,
the curing agent (part B) was added and the blend was stirred for an additional 5 min, fol-
lowed by vacuum degassing at room temperature for 5 min to eliminate trapped air bubbles.
The homogeneous blend was poured into the lower part of the molds and degassed again
before sealing with the upper part. To ensure uniform sample thickness, both molds were
subjected to identical compression. For the 1-3 structured composite, the mold was exposed
to a high-voltage AC electric field (Trek 20/20C amplifier, Advanced Energy, Denver, CO,
USA and 33210A generator, Keysight, Santa Rosa, CA, USA) for 1 h at room temperature,
while voltage and current were monitored (DSOX3054A oscilloscope, Keysight, Santa Rosa,
CA, USA). The temperature was then raised to 120 °C (5-10 °C/min) under the applied
field, and curing was performed at 120 °C for 1 h. For the 0-3 unstructured composite,
curing was carried out directly at 120 °C for 1 h without applying the electric field. After
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curing, all samples were cooled naturally to room temperature. For further details on
the development of PDMS-based structured composites shaped by dielectrophoresis, the
reader is referred to our previous publications arising from the work of our laboratory [22].

To evaluate the morphological and structural characteristics of the synthesized fibers,
scanning electron microscopy (SEM) and X-ray diffraction (XRD) were performed at various
stages of the process. SEM analyses were performed on a FlexSEM 1000 II manufactured
by Hitachi (Tokyo, Japan) while XRD analyses were performed on a X'Pert PRO MPD
diffractometer from Malvern PANalytical (Malvern, UK). SEM was used to assess the
morphology, size, and aspect ratio of the fibers obtained under different synthesis condi-
tions and after annealing. This information is crucial for understanding how synthesis
parameters influence filler geometry, which directly affects composite performance through
percolation and thermal transport mechanisms. Fiber length was quantified using Image]J
software (v1.53) by applying Otsu’s automatic thresholding method to SEM images, fol-
lowed by particle analysis, ensuring that at least 200 individual fibers were measured for
each experimental condition. XRD was employed to identify the crystalline phases formed
during synthesis and post-annealing treatments. It allows us to confirm the successful
formation of the desired AACH precursor and to track its phase transformation into «-
Al>O3, the thermodynamically stable phase with the highest thermal conductivity among
alumina polymorphs.

The thermal conductivity of the composites was evaluated using a thermal conductiv-
ity analyzer, and SEM was additionally used to confirm filler distribution and structuring.

3. Results and Discussion

The hydrothermal synthesis of AACH fiber precursor is an interesting route to the
elaboration of x-Al,Oj3 fibers that presents high thermal conductivity. The successful
synthesis of these fibers with adequate length is crucial to studying the influence of the
filler aspect ratio on the properties of polymer-Al,O3 composites. To achieve this goal,
we will comprehensively examine the impact of various synthesis parameters on the size
distribution of the synthesized fibers. Specifically, we will investigate the influence of
stirring, reaction time and temperature, and concentration of aluminum nitrate and urea
on the hydrothermal synthesis process. Each of these parameters can significantly affect
the morphology, size, and quality of the resulting fibers, making it essential to understand
their roles in the synthesis process to optimize the production of AACH fibers.

In parallel, we acknowledge the importance of polyethylene glycol (PEG) which plays
an important structure-directing role. PEG molecules act as templates by facilitating the
transportation of aluminum ions to crystal nuclei and promoting the formation of specific
morphologies through surfactant-induced fiber formation (SIFF) mechanisms [25,31-33].
The polymer chains adsorb onto aluminum hydroxide precursor particles through hydro-
gen bonding and electrostatic interactions, controlling the nucleation and growth processes
that ultimately determine the final fiber architecture [31,32,34]. While extensive research
has investigated the influence of PEG molecular weight on alumina morphology [25,31,35],
very few studies have systematically explored PEG concentration effects. This research gap
exists primarily because molecular weight fundamentally determines the polymer’s ability
to form micelles and control crystal growth kinetics, making it a more critical parameter
than concentration for achieving desired morphologies [25,35]. The templating mechanism
of PEG operates through the formation of micellar structures that establish controlled mi-
croenvironments for aluminum hydroxide precursor nucleation and growth. Our selection
of PEG6000 reflects a balanced approach that optimizes both processing characteristics
and templating performance for our specific synthesis conditions. The influence of PEG
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molecular weight, although recognized as a key parameter, lies beyond the scope of the
present study and will be investigated in future work.

In line with the objectives of this study, which focuses on the morphology of the fibers,
the yield of Al,Oj3 fibers under different synthesis conditions is not addressed in this study.
The primary focus is placed on understanding the influence of synthesis parameters on the
main characteristics that most directly govern the fibers’ thermal performance in composite
applications. A detailed investigation of yield variations will be considered in future work
aimed at optimizing process scalability.

In addition to the synthesis process, the annealing procedure will be studied, which
is vital for the transformation of fibers into the desired and stable «-phase alumina. This
step is necessary to ensure optimal intrinsic properties of the fibers, and thus, the resulting
performance of fiber-filled composites in subsequent investigations. We will discuss the
annealing conditions and their impact on the phase transformation, crystallinity, and
microstructure of the Al,Oj3 fibers.

Table 1 summarizes the different hydrothermal syntheses carried out and details the
related parameters considered.

Table 1. Summary of the hydrothermal synthesis parameters. Parameters shown in bold were those
specifically varied in each synthesis series.

Time Temperature [Al(NO3);] [urea] [PEG] Stirring Parameter Studied
Synthesis1  24h 140 °C 0.6 M 55M 15mM OFF
Solubility Kinetics

Synthesis2  24h 140 °C 0.6 M 56M 15mM 250 rpm

Synthesis A 24 h 140 °C 0.08 M 56M 15mM 250 rpm

Synthesis B 24 h 140 °C 0.15M 55M 1.5mM 250 rpm

- Influence of AI(NO3);3

Synthesis C 24 h 140 °C 0.3 M 55M 1.5mM 250 rpm

SynthesisD 24 h 140 °C 0.6 M 55M 15mM 250 rpm

SynthesisE 24 h 140 °C 03M 27M  15mM 250 rpm

Synthesis F 24 h 140 °C 03M 5M 15mM 250 rpm

. Influence of urea

Synthesis G 24 h 140 °C 03M 1M 15mM 250 rpm

Synthesis H 24 h 140 °C 0.3M 22M 15mM 250 rpm

Synthesis 1 3h 140 °C 03M 55M 15mM 250 rpm

Synthesis ] 6h 140 °C 03M 55M 15mM 250 rpm

Synthesis K 12h 140 °C 03M 56M 15mM 250 rpm

Influence of reaction time

SynthesisL 24 h 140 °C 03M 556M 15mM 250 rpm

SynthesisM 48 h 140 °C 03M 55M 1.5mM 250 rpm

SynthesisN 72 h 140 °C 03M 55M 15mM 250 rpm

Synthesis O 24 h 120 °C 03M 55M 15mM 250 rpm

SynthesisP 24 h 140 °C 03M  55M 15mM 250 rpm Influence of reaction

Temperature

SynthesisQ  24h 160 °C 03M 56M 15mM 250 rpm

3.1. Improving Solubility Kinetics in the Synthesis Process

AACH fibers can be synthesized through a hydrothermal reaction between alu-
minum nitrate nonahydrate (AI(NO3)3-9H,0) and urea (CO(NH;)) in an aqueous medium.
Polyethylene glycol (PEG) is typically added, as it plays the role of a template for the growth
of fibers [36]. To investigate the role of solubility kinetics on the chemical reaction leading
to the formation of these fibers, two identical synthesis processes were conducted; the
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first was in the presence of magnetic stirring during the whole process, and the second in
its absence.

Figure 2A,B display SEM micrographs of the obtained fibers from synthesis A and B,
respectively, both at a magnification of 1800.
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140
120

oy
€100

]
Z 80

L 60

40

20

.. ,, Ll
1.5 20 25 3.0 2 4 6 8 10 12 14 16 18 20 22 24 26
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Figure 2. SEM micrograph of the synthesized AACH fibers: (A) Without stirring, (B) 250 rpm stirring
and length distribution calculated for AACH fibers synthesized, (C) Without stirring, and (D) under
250 rpm stirring.

The findings reveal a marked distinction between synthesis (1) and (2), where the
presence of stirring substantially enhances fiber length. This improvement could be at-
tributed to accelerated solubility kinetics of the various reactants in the presence of stirring.
Mechanistically, stirring promotes rapid mass transport of reactant species throughout the
solution, reducing local concentration gradients and ensuring more uniform supersatura-
tion conditions necessary for controlled nucleation and growth. It prevents the formation
of localized regions with depleted reactant concentrations, which would otherwise lead to
irregular nucleation patterns and shorter fiber lengths. Additionally, stirring facilitates the
removal of reaction byproducts from the crystal-solution interface, maintaining the driving
force for continued crystal growth along the preferred crystallographic directions. In the
considered application of thermally conductive composites, increased fiber lengths lead to
more effective thermally conductive pathways, reduced percolation threshold, diminished
thermal resistance interfaces, and ultimately, higher effective thermal conductivities. To
quantify the differences between both syntheses, fiber length measurements were carried
out using the Image] software. The resulting values were used to plot the fiber length
distribution (inserts of Figure 2C,D).

The results reveal a narrower length distribution for synthesis A, characterized by
a median fiber length of 1.2 pm. In contrast, synthesis 1, employing a 250-rpm stirring,
reveals a wider distribution with a considerably higher median length of 8.5 um, more
than 5 times longer than synthesis 2. In view of these results, further investigation into
parameter optimization will be conducted using a 250-rpm stirring.

The crystallographic structures were established from XRD analysis performed at room
temperature on both synthesis A and B fibers (Figure 3). An identical sharp diffraction peak
for both considered syntheses demonstrates the high crystallinity of the fibers. Moreover,
this observation suggests that stirring does not alter significantly the outcome from a
crystallographic perspective. All peaks can be indexed to the crystalline AACH component,
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with a composition of NH4[AI(OOH)HCO3], in agreement with the diffraction patterns
found in the literature [25,36].
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Figure 3. XRD patterns of the synthesized fibers with and without stirring.

3.2. Influence of the Hydrothermal Synthesis Reagents

Aluminum nitrate nonahydrate is one of the most important components in the
considered chemical synthesis, as it reacts with NH3z and CO,, supplied by urea, to form
the AACH fibers in accordance with the following reaction [36]:

AI(NO,)3 + 4NHj + CO, + 3H,0 — NH,[AI(OOH)HCO3] | +3NH,NO; (1)

Thus, its concentration is a key parameter in the optimization of the chemical synthesis
of fibers. To investigate the influence of aluminum nitrate on the length distribution of
microfibers, 4 syntheses were conducted with 4 various AI(NOs3); concentrations ranging
from 0.08 M to 0.6 M. Table 1 summarizes the key parameters of the 4 considered syntheses.

The resulting fibers were characterized through SEM observations. Figure 4A-D show
the corresponding SEM micrographs of fibers from the various considered reactions, at
a magnification of 2000x. A slight improvement in fiber length is pointed out as the
concentration of AI(NOj3)3 increases. To quantify the differences between the resulting
fibers, length measurements were conducted using Image]J. The resulting values were used
to plot the length distribution, displayed in Figure 5. It is important to highlight that XRD
analysis on the resulting fibers of these syntheses confirmed the crystallographic structure
of AACH.

The results reveal a progressive increase in average fiber length with the increasing
concentration, yielding median values of 4.7 um, 6.3 um, 7.4 um, and 8.5 um, respectively.
Nevertheless, synthesis C, corresponding to 0.3 M, results in a wider distribution. Con-
sequently, while it contains a greater number of smaller fibers, it also displays the largest
fibers measured, reaching lengths up to 20 pm. Bai et al. investigated the influence of
aluminum nitrate concentration on the resulting fibers. They observed that an increase
in the aluminum salt concentration led to higher fiber width [37]. This effect was related,
in their study, to the ion strength of the synthesis system. Quantitatively, Bai et al. re-
ported fiber lengths ranging from 8 to 10 pm with an aluminum concentration of 0.6 M, in
good agreement with the value reported in this study. The mechanism proposed by Bai
et al. focuses primarily on ionic strength effects, which is consistent with our electrical
double-layer compression model.
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(A)

Figure 4. SEM micrographs of AACH fibers resulting from different syntheses with different AI(NO3)3
concentrations: (A) 0.08 M, (B) 0.15 M, (C) 0.3 M, and (D) 0.6 M.
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Figure 5. Fiber length distribution as a function of synthesis parameters (A) Al(NOj3)3 concentration

(B) urea concentration.

A higher concentration of aluminum salt results in the presence of more ions, thus

increasing the ion strength of the solution. As the reaction between aluminum nitrate and

urea starts, primary particles of AACH are initially formed. These primary particles carry

charges on their surface that attract oppositely charged ions, creating an electrical double

layer. As the aluminum salt concentration increases, the electrical double layer is com-

pressed due to the electrical interaction between opposite charge ions. This compression

promotes rapid growth into larger precipitates, thus leading to longer and thicker fibers [37].

The electrical double layer compression follows the Debye-Hiickel theory, where increased
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ionic strength reduces the thickness of the diffuse layer [38]. This reduction in electrostatic
repulsion facilitates the oriented attachment of primary AACH particles along their crys-
tallographic axes, promoting one-dimensional growth into fibrous morphologies [29,39].
Furthermore, the higher aluminum concentration provides increased driving force for nu-
cleation through elevated supersaturation, leading to the formation of more primary nuclei
that subsequently undergo oriented attachment and Ostwald ripening processes to form
longer, more uniform fibers [40,41]. Another study, reported by Lin et al. [42], investigated
extensively the kinetics of the hydrothermal synthesis of AACH microfibers. Their findings
revealed an increase in fiber dimensions with the increasing concentration of aluminum
nitrate. This observation was attributed to the supersaturation of Al ions, resulting in a
stronger driving force of axial growth and the dissolution of radial substances [42].

In addition to aluminum nitrate, urea (CO(NH;),) is a major reactant in AACH
synthesis, as its dissolution provides the HCO; and NH; ions necessary for the formation
of this component [42]. To investigate the influence of urea concentration, four syntheses
were conducted with varying urea concentrations. Table 1 summarizes the key parameters
of the syntheses considered.

The resulting fibers were characterized through SEM observations. Figure 6A-D
display the corresponding SEM micrographs of fibers from the various investigated reac-
tions, at a magnification of 2000 x. The results demonstrate significant differences between
various urea concentrations. Figure 6A shows very small and agglomerated fibers due to
the minimal presence of urea. As the concentration increases beyond 5.5 M, the resulting
fibers exhibit decreasing length, illustrated by Figure 6C,D. The qualitative assessment
suggests that the optimal urea concentration is 5.5 M. To quantify these differences, length
measurements were carried out to plot the length distribution, represented in Figure 5B.
The findings suggest that a low concentration of urea (i.e., 2.7 M) results in extremely small
fibers, with a median length of 0.9 um. Indeed, an insufficient concentration of urea fails
to provide enough HCO; and NH; ions to support the one-dimensional self-assembly
growth of AACH fibers [37,42]. This limitation occurs because the kinetics of urea decompo-
sition at hydrothermal temperatures determines the rate of ion release, and insufficient urea
concentration results in ion-starved conditions that favor the formation of thermodynam-
ically stable but morphologically unfavorable AIOOH phases rather than the kinetically
favored one-dimensional AACH structures [28]. The optimal urea concentration ensures a
balance between nucleation and growth rates, where controlled supersaturation promotes
oriented attachment mechanisms that drive preferential growth along the crystallographic
c-axis of AACH [29,39]. The results also show a narrower distribution and a decrease in
the median size as urea concentration surpasses 5.5 M.

Consequently, average values experience a reduction from the optimal 7.4 pm to 4.5 pm
and 3.1 pm, respectively. While many studies have reported an optimal urea concentration
neighboring 6 M [25,37,42], few studies have investigated concentrations beyond 20 M. As
urea is responsible for providing HCO; and NH; ions, which regulate the nucleation and
condensation rates by controlling system pH [25,37], an excessive concentration of urea
may result in a disproportionate increase in nucleation rates, lacking sufficient Al ions to
complete appropriate growth, ultimately yielding shorter and more numerous fibers.
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Figure 6. SEM micrographs of AACH fibers resulting from different syntheses with different urea
concentrations: (A) 2.7 M, (B) 5.5 M, (C) 11 M, and (D) 22 M.

3.3. Time-Temperature Dependence of the Hydrothermal Reaction

The reaction time plays a crucial role in controlling the morphology, size, and quality
of the resulting AACH fibers. However, there is a close relationship between time and
temperature, as is the case with most chemical reactions. This concept, called “time—
temperature equivalence” or “time—temperature superposition”, is based on the idea that
the effect of varying temperature on the rate of a chemical reaction can be compensated for,
to a certain degree, by the time scale of the reaction, and vice versa [43].

Numerous scientific papers have reported successful AACH fiber synthesis at various
reaction times, ranging from 7 h to 24 h [28,35,44], while many others have specifically in-
vestigated the influence of time on the morphology and size of the resulting fibers [25,42,45].
However, few studies have investigated reaction times longer than 24 h. In the current
study, reaction times ranging from 3 h to 72 h will be investigated. Table 1 summarizes the
key parameters of the considered reaction syntheses. The resulting fibers were character-
ized through SEM observations. Figure 7A-F show the corresponding SEM micrographs of
AACH fibers from the aforementioned syntheses, at a magnification of 1500 x.

The results show that a reaction time of 12 h and below is insufficient to yield adequate
fiber growth, whereas a 24 h reaction time and above leads to similar fiber lengths from a
qualitative perspective. It is worth mentioning that increasing the reaction temperature
would reduce the minimum time required to obtain fully grown AACH fibers, in line
with the time-temperature equivalence. In fact, Lin et al. have reported a similar study
conducted at 180 °C, wherein a 4 h reaction time was sufficient to obtain microfibers [42].
The difference between Lin et al.’s synthesis conditions (4 h at 180 °C) and ours (24 h at
140 °C) clearly illustrates the time-temperature equivalence principle in AACH synthesis,
as further supported by the comparable microfiber lengths obtained: 7 um for Lin et al.
and 8 um in this study.

To establish their chemical and crystallographic structure, XRD analysis was conducted
at room temperature on the resulting samples of the aforementioned syntheses.



Ceramics 2025, 8, 127

11 of 21

Figure 7. SEM micrographs of AACH fibers resulting from different syntheses with different reaction
times: (A)3h, (B)6h, (C)12h, (D) 24h, (E)48h, (F) 72 h.

For more clarity, only the products of syntheses with reaction times of 24 h or less
will be presented. Figure 8A displays the diffraction patterns of the samples considered
(i.e.,3h, 6 h, 12 h, and 24 h reaction times). The results outline the emergence of a distinct
crystallographic phase for reaction times below 12 h. All diffraction peaks can be indexed
to aluminum oxyhydroxide (AIOOH), commonly referred to as boehmite [46]. The XRD
pattern for a 12 h reaction time synthesis indicates a minor presence of AACH diffraction
peaks, signifying a mixture with boehmite. Reaction times of 24 h or higher result in a pure
AACH crystallographic structure. A similar result has been observed in the comprehen-
sive study reported by Lin et al., wherein both AACH and boehmite were identified in
reaction times below 2 h at 180 °C [42]. This phenomenon is associated with the AACH
growth mechanism during hydrothermal synthesis. In the initial stages of the reaction,
AIOOH aggregates are formed due to the low adsorption capacity of HCO; and NH,
ions originating from the hydrolysis of urea. As the reaction progresses, the spherically
aggregated particles transform into flakes, which exhibit lower Gibbs free energy, thus
enhancing the likelihood of oriented attachment. Smaller AIOOH spheres are preferentially
adsorbed along the axis of AACH microfibers [42]. This transformation involves Ostwald
ripening, where smaller AIOOH particles dissolve and their constituent ions recrystallize as
AACH nuclei in the presence of sufficient HCO3~ and NHy4* concentrations. Consequently,
when the reaction time is shortened, the synthesis does not reach the stage where AACH
formation occurs, resulting in the presence of AIOOH in the final reaction product. The
critical time scale for this phase transformation is determined by the kinetic competition
between AIOOH dissolution and AACH nucleation rates, which are governed by temper-
ature, urea decomposition kinetics, and the local supersaturation of aluminum species.
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Length measurements were also conducted on the SEM micrographs for reaction times
of 24 h and higher, to plot the length distribution of the resulting fibers, represented in
Figure 8B. The results reveal that all three reaction times yield an almost similar fiber length
distribution, with a median length approximating 7.5 pm. Consequently, this observation
suggests that beyond the adequate threshold of 24 h, at the considered temperature of
140 °C, additional reaction time does not appear to considerably improve the outcome of

the synthesis.
(A) (B)
T T T T
- 110 ——3h 1 —— 24h reaction time
- ——6h ] 10 ——— 48h reaction time 7
12h e — T72h reaction time
200 24h | 2081 .
L 1§
_ | 12
221
- e | 311 1 posr J
| f 2 h o =]
L | | 240 |1 p 1 B
Pt Nt \ed \ L/ __/‘J‘J \/\.A/ ‘\J ] -‘g 04 7
L o 051 -
L Ao 200 120 031 1 E
‘ﬁ‘ 220 221 n 151 ‘5 02[ ]
2 S
i 0.0 - 4
1 1 " 1 i L i ] i i i 1 i i i
10 20 30 40 50 60 (] 5 10 15 20 25 30
Angle (20°) Length (um)

Figure 8. (A) XRD pattern of the products of various syntheses with a reaction time ranging from
3 h to 24 h and (B) Fiber length distribution resulting from the various syntheses investigating the
influence of the reaction time.

Reaction temperature plays a crucial role in the synthesis, as it regulates the kinetics
of urea hydrolysis, releasing HCO; and NH, ions that support the one-dimensional self-
assembly growth of AACH. To investigate the influence of temperature on the resulting
fibers, three syntheses were carried out with temperatures ranging from 120 °C to 160 °C.
The resulting fibers were characterized through SEM observations. Figure 9A-C show
the corresponding SEM micrographs of fibers from the various considered reactions, at a
magnification of 1500. The results reveal substantial differences in AACH fiber formation
as a function of temperature, where 120 °C leads to shorter fibers with a narrower length
distribution, while 160 °C results in a wider distribution with a higher presence of smaller
fibers. Qualitatively, a 140 °C reaction temperature appears to be the optimal temperature
out of the considered range.

Quantitatively, the findings confirm that 140 °C is the optimal temperature, as it
results in larger fibers, with a median length of 7.4 um compared to the average 4.1 um and
6 um for 120 °C and 160 °C, respectively. It is essential to note that these results are only
applicable to the considered reaction time of 24 h, in accordance with the time-temperature
equivalence. Thus, a shorter or longer reaction time may change the optimal temperature
value. Indeed, Lin et al. reported an optimal temperature of 180 °C for a reaction time of
8 h[42].
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Figure 9. SEM micrographs of AACH fibers resulting from different syntheses with varying reaction
temperatures: (A) 120 °C, (B) 140 °C, and (C) 160 °C and Fiber length distribution resulting from
AACH syntheses with varying reaction temperature.

At low temperatures, small fibers are observed due to slow urea hydrolysis, providing
insufficient HCO; and NHJ ions, whereas sustained and ordered one-dimensional growth
occurs in mid-range temperatures [42]. The temperature dependence of fiber growth fol-
lows Arrhenius kinetics for both urea decomposition and crystal growth processes. At
temperatures below 120 °C, the activation energy barrier for urea hydrolysis limits the rate
of ion release, creating ion-starved conditions that favor the formation of short, irregular
particles rather than extended fibers. The optimal temperature range (140-160 °C) provides
sufficient thermal energy to accelerate urea decomposition while maintaining controlled
supersaturation conditions that promote oriented attachment and one-dimensional growth.
High temperatures induce chaotic growth as well as decomposition of AACH back into
AlOOH (boehmite) [42]. At excessive temperatures (>160 °C), several competing mecha-
nisms occur simultaneously: (1) rapid urea decomposition creates high supersaturation
leading to burst nucleation and irregular growth, (2) thermal instability of AACH causes its
decomposition back to the more thermodynamically stable AIOOH phase, and (3) enhanced
molecular motion disrupts the oriented attachment process necessary for fiber formation.
The presence of boehmite in the 160 °C synthesis was confirmed through XRD analysis,
presented in Figure 10. This phase transformation demonstrates the narrow kinetic window
for AACH fiber formation, where optimal conditions require precise control over tempera-
ture, reaction time, and precursor concentrations to maintain the delicate balance between
nucleation, growth, and phase stability. Similar findings have been reported by Lin et al.
in their parametric study, where they observed the presence of boehmite at 220 °C for a
reaction time of 8 h, which further confirms the time—temperature equivalence [42]. Li et al.
also reported the presence of boehmite at 150 °C for a 24 h synthesis time [47].
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3.4. From AACH to a-AlyOj3 Fibers

Alumina (Al,O3) can be obtained from the thermal decomposition of AACH at high
temperatures, by releasing HyO, NH3, and CO,, according to the following reactions [48,49]:

NH,[Al(OOH)HCO3] — AIOOH + CO, + NHj + H,O )

2AI00H — ALO; + H,O 3)

The resulting alumina phase is dependent on the annealing temperature. The fibers
derived from the previously described synthesis were subjected to an initial annealing
process at 900 °C for 4 h at a heating rate of 3 °C/min. Figure 11 shows the XRD analysis of
the consequent structure following the annealing procedure.
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Figure 11. (Left) XRD pattern of 7 -Al,O3 (annealed AACH at 900 °C for 4 h) and (Right) x-Al,O3
annealed at 1200 °C for 8 h.
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XRD patterns of annealed fibers highlight the presence of a crystallographic phase,
different from that of AACH. All diffraction peaks can be indexed to y-Al,O3 [50], confirm-
ing a successful conversion of AACH into Al,O3 through the annealing process. However,
the current y-phase is undesired from a thermal conductivity standpoint, as it is not as
crystalline and well-performing as other alumina phases, namely, the thermodynamically
stable a-Al,O3 [51]. To obtain a higher-performing crystallographic phase of alumina, the
resulting y-Al,O3 was subjected to a second annealing process at 1200 °C for 8 h with a heat-
ing rate of 3 °C/min. XRD analysis of the consequent structure (Figure 11) reveals a highly
crystalline structure. All diffraction peaks can be indexed to a-Al,O3 [52], also referred
to as “corundum”. Numerous studies have undertaken similar calcination and annealing
processes of AACH and have reported identical crystallographic structures [53-57].

To establish the impact of the annealing process on their size and shape, the obtained
a-Al, O3 fibers were characterized through microscopic observations and fiber size distribu-
tion analysis. SEM micrograph (Figure 12) of the «-Al,O5 fibers at a magnification of 1500.
The SEM picture highlights the presence of fibers with adequate length and aspect ratio.
Their size distribution appears to be more homogeneous, which represents an improvement.
These findings indicate that the annealing process that yields a-Al,O3 does not significantly
alter the shape of the fibers.

—— u-Al,0; fibers |
—— AACH fibers

e o a -
S o ) =
T T

Normalized Frequency
o
i

10 TR
Length (um)

Figure 12. SEM picture of a-Al,Oj fibers resulting from the annealing process and (insert) Length
distribution of both AACH and «-Al,Oj fibers.

The annealing process yields highly crystalline x-Al,Os fibers, as confirmed by XRD
analysis, and results in densification and reduced porosity as observed by SEM. These
microstructural changes are essential for optimizing the thermal conductivity of fiber-filled
composites, as the «-phase provides superior intrinsic thermal properties and the reduced
porosity minimizes thermal barriers.

Size distribution study (Figure 12-insert) shows a narrower distribution of fiber length
for a-Al, O3 fibers compared to their AACH predecessors. It also highlights a decrease
in fiber length, with a median value of 4.7 um compared to the initial 7.4 pm, a 36%
decrease due to the annealing process and the changes in the crystallographic structure.
The observed reduction in size is not atypical after a structural change from AACH to
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7-Al, O3 or x-Al,O3 and has been reported in the literature [25,37]. The resulting «-Al,O3
will allow an insightful investigation of the influence of the aspect ratio on the properties
of polymer-Al,O3 composites, both in their structured and unstructured configurations.

3.5. Development of Hybrid PDMS-Based Composites from a-AlyO3 Fibers

The significance of studying the effect of filler aspect ratio lies in its potential to pave
the way for new possibilities of optimizing composite properties, such as filler shape hy-
bridization. By understanding how fillers” aspect ratio impacts a composite’s performance,
it becomes possible to tailor the material’s properties to specific applications and operating
conditions. This subchapter aims to investigate the impact of filler aspect ratio on the
properties of PDMS-Al,O3 composites by comparing the use of Al;Oj3 fibers and Al,Os3
spherical particles.

Two composite types will be considered: PDMS-Al, O3 fiber composites, which incor-
porate the Al,Oj3 fibers, and PDMS-Al, O3 particle composites, which use Al,O3 spherical
particles with a 2 um diameter. The investigation will include a study of dielectrophoretic
structuring to highlight the effect of the structure on both filler types and the resulting
composite properties. Given the limited scale of production of the Al,Os fibers, a low
volume fraction ¢ = 5% of fibers inside the SPDMS matrix has been considered. Compos-
ite elaboration and structuring optimization will be carried out according to the optimal
conditions previously described in [6] (i.e., 4 kV/mm amplitude and 1 Hz frequency).

In order to establish successful fiber structuring under the considered electric field,
SEM observations were conducted on cured films made from volume fraction ¢ = 5% of
fiber-filled PDMS-Al,O3 composites, both structured and unstructured. Figure 13A,B show
the SEM images of both composites, respectively. The results reveal significant structural
differences between the structured and unstructured composites.

Figure 13. SEM micrographs of fiber-filled PDMS-Al,O3 composites with a volume fraction ¢ = 5%
of fiber-filled PDMS-Al,O3 composites: (A) Structured, (B) Unstructured.

The structured composite displays Al,O3 fibers oriented and aligned along the z-
direction (i.e., the electric field’s direction). Because of their shape, the orientation of
spherical particles is irrelevant; only their alignment influences the composite properties.
In contrast, in the case of fibers, both alignment (i.e., the formation of continuous pathways)
and orientation play a role in the resulting composite performance. This constitutes an
additional advantage of coupling both dielectrophoretic structuring and enhanced filler
aspect ratio. The orientation angle of particles related to the electric field direction was
calculated from Image] software and plotted in Figure 14. Composites with random
structure (unstructured) present a dominant transversal fiber orientation (i.e., perpendicular
to 3_7)) This may be related to the effect of gravity, where, under the gravitational force, the
fibers adopt their vertical position of stability. Composites fabricated by dielectrophoretic
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alignment of the fibers display a highly anisotropic microstructure, with the fiber orientation
strongly concentrated along the direction of the applied electric field.

e Unstructured Composite
Structured Composite 100 80 -

_ E field
120 60

Normalized Count
o
(0]
|

180
Fibers orientation (°)

Figure 14. Polar plot of orientation angle of fibers with reference direction perpendicular to electric
field direction. The data were extracted from SEM images for unstructured and structured composites
and analyzed using Image]J software.

The Herman'’s orientation factor is a widely used parameter to quantify the degree of
particle alignment within polymer matrices [58]. It is determined from the angle formed
between each fiber and the electric field applied during the dielectrophoretic orientation
process. In this study, Herman'’s factor was evaluated according to Equation (4), based
on SEM image analysis using Image]J (Figure 14). The electric field direction (shown in
Figure 13A), which corresponds to the thickness of the composite film, was also taken as
the reference axis for the calculation of the Herman'’s factor in the non-oriented sample.

2 —
f:3<cos§9)> 1 4

where 6 denotes the angle between the longitudinal axis of a fiber and the reference axis
(electric field direction). The analysis of this parameter provides a quantitative measure
of the orientation state induced by dielectrophoresis. The mean fiber orientation angle
decreased from 0 = 72° &+ 23° in the non-oriented structure to 6 = 0.7° & 16° in the oriented
structure. Unstructured composite exhibits a Herman’s factor of f = —0.36, indicative of
a low degree of alignment, with fibers predominantly oriented perpendicular to the film
thickness while structured composites’ Herman'’s factor is f = 0.97, corresponding to an
almost perfectly aligned structure along the electric field direction.

To assess the influence of filler aspect ratio on the thermal properties of PDMS-Al,O3
composites, thermal conductivity measurements were conducted at room temperature on
particle-filled and fiber-filled composites with volume fraction ¢ = 5%, both structured and
unstructured. Figure 15 displays the thermal conductivity of the considered composites.
The experimental procedure was fully detailed by Zahhaf et al. [9].

The results indicate an increase in thermal conductivity in fiber-filled composites
compared to their particle-filled counterparts, regardless of the considered structure. In
fact, the unstructured fiber-filled composite exhibits a 32% increase over its particle-filled
counterpart, while in the structured configuration, this increase is as high as 95%. The re-
sults also highlight the expected increase in thermal conductivity for structured composites
over their unstructured equivalents, regardless of the filler type.



Ceramics 2025, 8, 127

18 of 21

05 T T T

B Unstructured composite
B Structured composite

o
»
1

o ©
(N} w
1 1

Thermal conductivity (W/mK)
o
1

0.0 -

Particle Fillers Fiber Fillers

Figure 15. Thermal conductivity of structured and unstructured PDMS-Al,O3 composites with a
volume fraction ¢ = 5% as a function of their filler’s aspect ratio.

The reason behind the enhanced thermal behavior of fiber-filled composites lies in
the fillers” high-aspect ratio that influences various important factors in the composite’s
heat transfer capabilities. Indeed, a high filler aspect ratio results in a lower percolation
threshold, leading to a significant increase in thermal conductivity at low filler content [59],
particularly in the case of structured composites. Furthermore, the thermal resistance within
the composite (i.e., polymer interfaces) decreases as the aspect ratio increases, leading to
enhanced thermal performance [60].

4. Conclusions

This study demonstrates a systematic approach for the synthesis of x-Al,Oj3 fibers via
hydrothermal processing of ammonium aluminum carbonate hydroxide (AACH) precur-
sors, with a focus on controlling fiber morphology through key process parameters such as
reactant concentration, reaction temperature and time, and stirring. The optimized synthe-
sis yielded high-aspect ratio alumina fibers with a refined length distribution, showing a
36% reduction in median length after calcination, resulting in x-Al,O3 fibers with a median
length of 4.7 um. These results open perspectives for further optimization, in particular
through a systematic investigation of PEG concentration, which may play a role in tailoring
the synthesis of alumina fibers. These fibers were successfully integrated into PDMS-based
composites, structured through dielectrophoresis and evaluated for thermal conductivity.
The results showed that the isotropic fiber-filled composite exhibits a 32% increase over its
particle-filled counterpart, while in the structured anisotropic configuration, this increase is
as high as 95%.

The experimental results clearly demonstrate the critical role of filler morphology and
alignment on thermal conductivity. Fiber-filled composites outperformed particle-filled
systems, and dielectrophoretic alignment of the fibers resulted in a significant enhancement
of thermal conductivity (i.e., 60% increase) over unstructured counterparts (i.e., 9% increase).
This underscores the importance of aspect ratio in optimizing heat transport in polymer-
based composites.

Importantly, this work introduces an interesting route to produce ceramic fibers
and validates their efficacy in thermally conductive yet electrically insulating composites.
These findings provide a framework for the design of next-generation hybrid composites,
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where filler geometry and spatial organization can be tailored to meet demanding thermal
management requirements in electronic, energy, and advanced packaging applications.
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