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B oannom uccneoosanuu cucmemamuyecku uzyuaiomcs Kop peasyun Mexcoy ycio8uamu
00padomku, MUKpOCMPYKmMypoi U OUINeKmpudecKuMu C80luCmeamu KOMnO3umoe Uz 2eKxcaoo-
puoa anwomunus u kanvuus (Al-CaBg), nonyuennvix memooom meepoogaznozo cnexanus. Kom-
nozumol ¢ pazauunvim cooeprcanuem CaBg(10-50 mac. %) oviru cneuenst, umo npueseno K oopa-
306aHUI0 MeNKO3ePHUCMOU MUKpocmpykmypul. bolno noomeeparcoeno coxpanenue kpumuuecku
saxcnvix okmalopuieckux eounuy B; 6 CaBg, a makaice odpazosanue KopyHoa u Opyzux oKcuo-
Huix ¢pas. Knioueevim 6v16000m aenaemcesa mo, umo yeeauuenue cooeprycanus CaB s 3nauumensho
Yayuuwiaem ouneKmpuuecKue XapaKkmepucmuKu, 0 Yem ceuoemenbcmaeyem donee ebicoOKasn Ou-
IIeKMPUYECKAA NOCHOAHHAA U NP OBOOUMOCHb HA NEPEMEHHOM MOKe, A MAKIHce CHUMCEeHUe No-
mepb InepzuL HA 6bICOKUX Uacmomax. Imo yayuuieHue 00vacHAemca 06yMa MUKDOCHPYKHYp-
Homu hakmopamu: (1) ycunenuem mexchaznoit nonapuszauuu Ha zpanunax gpas u (2) obpaszosa-
HUeM NEePKONAUUOHHBIX cemeil, 001ecuarouiux nepenoc 3apaoa. Ilosedenue npu ynnomuenuu ¢
3HAYUMEILHOI CIMeneHu Onpedeniemca 0aniancom mexcoy cooeprycanuem memaniuyeckozo Al u
memnepamypoii cnexkanus. Komnozunyusa 80 mac.% Al— 20 mac. % CaBsg, cneuennas npu 1200 °C,
obecneuusaem nauponee 01a20NPUAMHYIO MUKDPOCHPYKHIYPHYIO KOHCOAUOAUUIO ¢ MUHUMAJIbHOI
nopucmocmuto. Ilaoenue nnomuocmu npu 1100 °C ommeuaem npomexncymounyo cmaouio, Ha
Komopoii e3aumooeticmeue medxncoy oudhysueit u 0opazosanuem HcuoKoii hazvl CMAHOBUMCA He-
CMaduiIbHbIM, YUMO NPUBOOUM K CHUMCEHUIO Ihhexmuenocmu yniomuenus. IineKmpudecKuil
OMKAUK 0eMOHCHPUPYEm PACHp edesleHHOoe PelaKCayuOHHOoe NogedeHUe, YKaA3blearouee Ha C10IHc-
HYI0 MUKDOCMDYKMYPY MeHcha3noi zpanuysvl. Imu cneyuaibHo no0o0panHsle ceolicmaa oe-
naom komnozumul AI-CaBs nepcnexmuenvimu mamepuanamu ona coepemeHHBIX 6bICOKOUA-
CHLOMHBIX KOMNOHEHM 08 U KOHOEHCAMOP 06 C1€0y 1o} e20 ROKO1eHUA.

KuroueBbie ciioBa: rekcabopu]] aJlOMUHUSA M KaJbLMsl, KEpaMHUECKHEe KOMIO3UTHI, IMIEKTPUYECKUe
CBOHCTBA, TBEPAOTEIILHOE CIIEKaHHE, peNIaKCAIOHHAS TMHAMUKA, MeX(a3Hast IO pU3aLis
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This study systematically investigates the correlations between processing conditions, mi-
crostructure, and dielectric properties of aluminum—calcium hexaboride (Al-CaBs) composites
fabricated via solid-state sintering. Composites with varying CaBs content (10-50 wt.%) were sin-
tered, resulting in a fine-grained microstructure. The preservation of critical Bs octahedral units
within CaBs was confirmed, alongside the formation of corundum and other oxide phases. A key
finding is that increasing CaB; content significantly enhances dielectric performance, evidenced
by a higher dielectric constant and AC conductivity, coupled with reduced energy loss at hig h fre-
guencies. This improvement is attributed to two microstructural factors: (1) intensified interfacial
polarization at phase boundaries, and (2) the formation of percolation networks that facilitate
charge transport. Densification behavior is strongly governed by the balance between metallic Al
content and sintering temperature. The 80 wt.% Al-20 wt.% CaBg composition sintered at 1200 °C
provides the most favorable microstructural consolidation with minimal porosity. A density dip at
1100 °C marks an intermediate stage where the interplay between diffusion and liquid-phase for-
mation is unstable, leading to reduced compaction efficiency. The electrical response exhibits dis-
tributed relaxation behavior, indicative of a complex interfacial microstructure. These tailored
properties position Al-CaBs composites as promising materials for advanced high-frequency com-
ponents and next-generation capacitors.

Keywords: aluminum-calcium hexaboride, ceramic composites, dielectric properties, solid-state sinter-
ing, relaxation dynamics, interfacial polarization

(CaBs) results in a composite that integrates the bene-
ficial properties of both constituents. However, the ul-
timate performance of such a composite is not solely
dictated by its chemical composition, but critically by

INTRODUCTION

Ceramic materials are the cornerstone of mod-
ern industry, prized for their exceptional mechanical

strength, chemical inertness, and resilience in high-
temperature environments. Within this broad class of
materials, aluminum—calcium hexaboride (Al-CaBg)
composites have emerged as a particularly promising
candidate for extreme-service applications in aero-
space and advanced engineering. This is due to their
unique combination of exceptional hardness, remarka-
ble thermal stability, and an excellent strength-to-
weight ratio [1, 2].

The synergy between the metallic aluminum
(Al and the refractory ceramic calcium hexaboride
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its internal architecture and its microstructure. This mi-
crostructure is a direct consequence of the processing
route employed. Among various synthesis techniques,
the solid-state reaction method is a widely used and ef-
fective approach for fabricating these composites. This
process involves the homogenization, compaction, and
high-temperature sintering of precursor powders typi-
cally aluminum oxide (AlQOs), calcium oxide (CaO),
and boron oxide (B,03). While this method is estab-
lished, a detailed understanding of how the processing
parameters and the resulting microstructure ultimately

13



OwmaH A. MBadu u ap.

govern the functional properties, such as dielectric be-
havior, remains crucial for tailoring these materials for
next-generation applications. It is this critical link be-
tween processing, microstructure, and functional die-
lectric properties that this investigation seeks to es-
tablish [3]. The general reaction can be expressed by
Karadimas and Salonitis, 2023 [4] as:

2Ca0 + AI203 + 68203 — 2A1C3B6 + 902 (1)

The solid-state reaction method is highly val-
ued for producing AFCaBg composites with precise
stoichiometry and uniform microstructure (equation 1),
making it a reliable choice for many industrial applica-
tions [5]. However, to achieve even greater control
over the material's architecture, researchers employ ad-
vanced synthesis techniques. Chemical Vapor Depo-
sition (CVD), for instance, uses gaseous precursors
like AICI;, CaC,, and B,H; to deposit dense, high-pu-
rity ALCaBg layers directly onto a substrate [6, 7].
This method is ideal for creating exceptionally pure
and homogeneous coatings. In contrast, the sol-gel
method operates at significantly lower temperatures.
It begins with a liquid solution of metal alkoxides or
nitrates, which undergoes hydrolysis and condensation
to form a homogeneous gel. This gel is then dried and
sintered to produce the final, dense ceramic. The key
advantage of sol-gel is its ability to achieve exceptional
compositional uniformity at a molecular level, prior to
sintering [8].

The exceptional mechanical strength and ther-
mal stability of aluminum-calcium hexaboride (Al
CaBgs) ceramics have established them as critical mate-
rials for demanding applications in aerospace, wear-re-
sistant coatings, and high-temperature industrial sys-
tems [9]. This robustness is largely due to the strong
interfacial bonding between the aluminum matrix and
the CaBg reinforcement, which is critical for optimal
mechanical performance [10]. Beyond their structural
properties, A-CaB, composites are of significant sci-
entific and technological interest due to their tunable
dielectric behavior. This tunability originates from the
intrinsic nature of its constituents: the composite com-
bines conductive aluminum with insulating CaBg. The
resulting heterogeneous microstructure, rich in internal
interfaces and oxide layers, becomes the primary site
for controlling charge transport and polarization mech-
anisms [11]. Consequently, the potential of these com-
posites for next-generation capacitors, high-frequency
electronics, and extreme-condition insulation hinges
on our ability to engineer their dielectric performance.
The key to this engineering lies at the interface be-
tween the chemically stable CaBg and the toughening,
conductive aluminum. Itis this interface that governs
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critical phenomena like polarization and energy stor-
age [12]. Therefore, by deliberately tailoring the com-
posite's microstructure, through variations in composi-
tion; it is possible to enhance interfacial polarization,
control relaxation behavior, and minimize detrimental
dielectric losses [13].

To systematically explore this structure-prop-
erty relationship, the present study focuses on synthe-
sizing AF-CaB, composites via the solid-state route
with varying CaBg content. The fabricated composites
were thoroughly characterized using XRD, SEM, and
FTIR to correlate their structural and morphological
evolution with their dielectric properties, as measured
by electrical impedance spectroscopy. This work aims
to provide a clear blueprint for tailoring A-CaBs com-
posites for specific electronic applications.

EXPERIMENTAL

Raw Materials and Sample Preparation
High-purity aluminum metal powder (98%,
LOP-CHEM, India) and calcium hexaboride (CaBs)
powder (Elektroschmeltz Werk, Kempten, Germany)
were used as the primary starting materials [14]. To in-
vestigate the effect of composition, five distinct com-
posite batches were formulated with CaBg content sys-
tematically varied from 10 to 50 wt.%, as detailed in
Table 1.
Table1

Composition of Al-CaBs ceramic composites
Taonuya 1. CocTaB KepaMHYeCKHX KOMIIO3UTOB

Al-CaBs
Sample [ Al powder (mass %) | CaBs powder (mass %)
CA91 90 10
CA82 80 20
CAT73 70 30
CA64 60 40
CA55 50 50

The composite was fabricated using a multi-
step process. First, approximately 50 g of the alumi-
num and CaBg powder blend was milled for one hour
in isopropanol using a roller ball mill to ensure homo-
geneity and reduce agglomeration. The slurry was then
filtered and dried at 100 °C overnight. Subsequently,
the dried powder was mixed with 7 wt.% polyvinyl al-
cohol (PVA) binder to enhance compatibility. The
mixture was uniaxially pressed at 20 kN into pellets
(=1 cm diameter) using a Paul-Otto Weber press (Ger-
many). The resulting green compacts were finally sin-
teredin an air atmosphere at 1300 °C for 2 h to promote
microstructural development and densification.

Characterization Techniques

The sintered A-CaBs composites were com-
prehensively characterized to establish critical struc-
ture-property relationships. Phase identification and
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crystal structure analysis were conducted using X-ray
Diffraction (XRD) on a BRUKER D8 ADVANCE dif-
fractometer with Cu Ko, radiation (A = 0.15406 A),
operated at 40 kV and 40 mA. Scans from 3° to 70°
(20) at a step size of 0.02° and a speed of 2° min! were
used to identify all crystalline phases, determine lattice
parameters,and detect secondary oxides formed during
sintering. The microstructure was then examined using
a Philips XL30 Scanning Electron Microscope (SEM,
Netherlands) to reveal grain morphology, phase distri-
bution, interfacial connectivity, and overall porosity,
which are vital for understanding mechanical and elec-
trical property evolution. Furthermore, chemical bond-
ing and the presence of specific molecular units were
probed by Fourier Transform Infrared Spectroscopy
(FTIR) onaJASCO FT/IR-6100 spectrometer. The FTIR
spectra, collected from 400-4000 cm* with a 4 cm* res-
olution, were essential for confirming the integrity of
the fundamental B¢ octahedra within the CaBg struc-
ture and for identifying surface functional groups and
oxide species that could influence dielectric behavior.

The density of the sintered samples was deter-
mined using Archimedes’ method with distilled water
as the immersion medium. The density (p) was calcu-
lated using:

p=m_air/ (m_air— m_liquid)
where m_air is the mass of the dry sample in air and

m_liquid is the apparent mass of the sample when im-
mersed in liquid.

RESULTS AND DISCUSSION

X-ray diffraction Analysis

XRD analysis (Fig. 1) of samples sintered at
1300 °C identified multiple crystalline phases, includ-
ing corundum (a-AkLO3), various aluminum borates,
calcium aluminum borate, and calcium aluminate. A
gradual reduction in CaBg peak intensity confirmed its
partial decomposition, attributed to a solid—liquid reac-
tion between molten aluminum and CaBe:

3CaBs + 14A1 — 3CaAl, + 2AIB, + 14B )

The identification of aluminum diboride (AlB,)
and calcium aluminide (CaAl,) phases confirms this re-
action pathway (equation 2). In composites with low
CaBg content (CA91-CA64), corundum and an alumi-
num borate phase (Al;0104) Were predominant, indi-
cating aluminum oxidation during sintering. In contrast,
the equimolar composite (CA55) exhibited a complex
mixture of phases, including aluminum borate (Al,B,Oy),
calcium aluminum borate (AIBCaO,), and calcium
aluminate (CaAl,0O;), demonstrating that a balanced
Al/CaBg ratio promotes extensive interfacial reactions
[15]. Consequently, the equimolar Al/CaBs composite
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achieved the highest level of phase evolution and
chemical uniformity among all the samples tested.

Sintering pre-compacted ARCaBg powders at
1300 °C for two hours yielded dense, light-grey ceram-
ics, confirming successful consolidation. XRD analyss
(Fig. 1) identified multiple crystalline phases, including
corundum (a-AkL O3, ICDD #96-101-0952), various alu-
minum borates, calcium aluminum borate, and calcium
aluminate, while a gradual reduction in CaBs peak in-
tensity confirmed its partial decomposition. This trans-
formation is attributed to a solid-liquid reaction be-
tween molten aluminum and CaBg, (equation 2).

The identification of aluminum diboride (AIB,)
and calcium aluminide (CaAl,) phases in the X-ray dif-
fraction (XRD) patterns serves as direct confirmation
of the proposed reaction pathway. The final composi-
tion of the material was highly dependent on the initial
ratio of aluminum to calcium boride (Al/CaBg), clearly
showing how stoichiometry governs both the speed of
the reaction and the nature of the products formed. In
composites with a low CaBg content (CA91-CAG64),
the material was primarily composed of corundum (a.-
AlLO;) and an aluminum borate phase (Al;gO104,
ICDD #96-900-5087), indicating that significant oxi-
dation of the aluminum occurredduring sintering while
the limited amount of CaBs remained largely unre-
acted. In contrast, the equimolar composite (CA55) ex-
hibited a far more complex and diverse mixture of
phases, including aluminum borate (Al,B,O,, ICDD #%-
154-1221), calcium aluminum borate (AIBCaO,, ICDD
#96-153-9084),and calciumaluminate (CaAl,O-, ICDD
#96-152-7949) [6]. This richness in borate and alumi-
nate compounds demonstrates that a balanced Al/CaBg
ratio optimally promotes the interfacial reactions neces-
sary to form multiple intermediate compounds. These
observations align with the findings of EI-Bassyouni et
al. (2022), who noted that a stoichiometric balance en-
hances diffusion-driven reactions, leading to complex
borate-aluminate structures [15]. Consequently, the
equimolar Al/CaBs composite achieved the highest level
of phase evolution and chemical uniformity among all
the samples tested.

Microstructural Analysis

SEM micrographs (Fig. 2) of samples sintered
at 1300 °C show dense and refined microstructures.
The CA91 sample, with the least CaBg, shows a coarse,
uneven network of rod-like crystals and isolated
nanoclusters. As CaBgcontent increased, nanopartick ag-
gregation intensified. The CA55 composite achieved a
finely tuned, nanoparticle-dominated architecture.
This progressive refinement demonstrates that the
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CaBg phase acts as an effective microstructural stabi-
lizer, impeding excessive grain growth and promoting
stronger interfacial bonding.

Sintering the composites at 1300 °C, as shown
in Fig. 2, successfully produced dense and refined mi-
crostructures. The process resulted in finely structured
grains and a uniform dispersion of cubic calcium bo-
ride (CaBsy) particles, with a clear trend of decreasing
porosity as the amount of CaBg increased [16]. This
microstructural evolution was distinctly visible across
the different compositions: the CA91 sample, with the
least CaBg, showed a course, uneven network of rod-
like crystals and isolated nanoclusters, pointing to in-
complete fusion during sintering. As the CaBg content
was raised in the CA82 and CA73 formulations, the

nanoparticles began to aggregate more noticeably, a
sian of intensified atomic diffusion and localized re-
arrangement of particles. The CA64 composition
displayed a significant shift towards maturity, forming
well-developed, submicron crystals with very few
nano-features, indicating a more uniform and coars-
ened grain structure. Ultimately, the CA55 composite
with the highest CaBg concentration achieved a
finely-tuned, nanoparticle-dominated architecture.
This progressive refinement, leading to a homogene-
ous nanostructure in CA55, conclusively demonstrates
that the CaBg phase acts as an effective microstructural
stabilizer. 1t works by impeding excessive grain growth
and promoting stronger interfacial bonding throughout
the aluminum composite matrix.

Irel
1000 13— A14B209 ABC B B
hB AB ABC “habc apcl| CAS5
ABC AIBCaO4 A " AB " ABC . AB
500- AC  AlCa07 AC(lagc ABC AB
ABC ABC h  ppe ABC Ac, Al AC c Ac
1000 o
Al203 Corundum CAG4
ABO Aluminium Borate
07 @ @ @
ABO € ¢
I o l ﬂ I
N T ¥ o T !
1000
CA73
500 €D
ABC ABO ABC l ABD  ap N L ABO "
1000 A A LA h J&...JL.-I L),
CAB2
fm_
ABC L H L A |
1000 A
CA91
fm_
) A
T T T T T T T T T T T T T
s00 10.00 15.00 2000 2600 30.00 3500 4000 4500 50.00 5500 60.00 65.00 -
CuKa (1541874 A) Mheta

Fig. 1. XRD patterns of the samples sintered at 1300 °C/ 2 h
Puc. 1. Pertrenoandp akioHHble CrieKTp bl 00pa3noB, credeHHbIX npu 1300 °C B TeyeHne 2 9
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"CAT73

Fig. 2. SEM photographs of the samples
sintered at 1300 °C/2 h
Puc. 2. COM -CHUMKH 00p a3110B, CIICUCH-
HbIX Ipu 1300 °C B Teuenue 2 4
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FTIR Analysis

FTIR spectra (Fig. 3) provided evidence of
chemical bonding and structural changes. The presence
of CaBgs was confirmed by absorption peaks in the
950-700 cm! range (Bg octahedral clusters) and be-
low 500 cmr? (B—-B stretching). Strong ARO stretching
bands indicated aluminum oxidation, forming Al,O;or
AL-O-B interfacial compounds. Detection of B-O-B
bending and BO; stretching vibrations signifies partial
surface oxidation and degradation of CaBs, leading to
borate phases. A detailed peak assignment is provided
in Table 2.

The chemical bonding and structural changes
within the ACaBg composites, resulting from the
high-temperature 1300 °C sintering process, were ef-
fectively revealed by their FTIR spectra (Fig. 3). The
analysis identified several distinct absorption bands,
which correspond to the specific vibrational energies
of the chemical bonds formed in the final material. The
presence of the starting CaB, phase was clearly con-

100

firmed by its unique spectral fingerprints, notably the
absorption peaks in the 950-700 cm* range, which are
attributed to the B¢ octahedral clusters, and the peaks
below 500 cm?, associated with direct boron-boron
(B-B) stretching vibrations. Simultaneously, the spec-
traprovided direct evidence of oxidation, asstrong Al-
O stretching bands indicated that part of the aluminum
had reacted to form aluminum oxide (Al,O5) or other
AL-O-B interfacial compounds. Furthermore, the de-
tection of B—O-B bending and BO; stretching vibra-
tions signifies that the CaBg itself underwent partial
surface oxidation and degradation at high temperature,
leading to the formation of borate-like or borosilicate
phases. Minor, weak absorptions related to O—H and
H-O-H bonds were also noted, suggesting a small de-
gree of moisture absorption from the atmosphere after
sintering, likely during sample handling or storage. A
complete breakdown of all observed absorption bands
and their detailed interpretations is systematically pre-
sented in Table 2 [17].

80

%T

60

40 1 | 1

4000 3000

2000 1000 400
Wavenumber [cm-1]

Fig. 3. FTIR of the 70-30 sample sintered at 1300 °C/ 2 h
Puc. 3. UK-cniektp obpaszua 70-30, cieuernoro npu 1300 °C B Teyenue 2 9

Table?2

FTIR peak assignments and spectral interpretation
Taonuya 2. Unentndukanuss nmukos UK cnexTpoB U MHTepnpeTalus CHEKTPOB

Peak No. | Wavenumber (cm™ 1) Probable Assignment Interpretation
Moisture absorption or residual hydroxyl groups,
1 ~3430 O-—H stretching likely due to surface-adsorbed water or BOH
species.
Possibly from atmospheric hydrocarbon contam-
2-3 ~2920-2850 C-H stretching (aliphatic) | ination or residual organic species introduced
during processing.
4 1630 H-O-H bending vibration Indicates adsorb_ed mplsture or water molecules
retained in the sample.
_ . : Suggests the formation of boron oxide species
° 14%0 B-0 asymmetric stretching from partial oxidation of CaBs during sintering.
B . Represents trigonal borate groups formed from
6 1380 BO; stretching oxidation of elemental boron.
. Associated with borate glass network formation
! 1170 B-O-B stretching or oxidized B—O linkages.
_ ; : Further confirms the presence of borate networks
8-9 1100-1000 B-O symmetric stretching or degradation products of CaB.

ChemChemTech. 2026. V. 69. N 8
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Continuation of Table 2

10 ~950 CaB or B_B modes Attributed to V|brat|ort1iscgfthe CaBe crystal lat-
N : Characteristic of Bs octahedra in CaBg, confirm-
1-12 870-790 Bo octahedralstretching ing the partial retention of the boride phase.
. Indicates the formation of aluminum oxide due
13 ~730 A0 stretching to oxidation of Al during sintering.
14-15 ~620-550 Metal-O (Ca—_O [ AI-0) vi- | Implies th_e forma_tlon of _mlxed oxide phases or
brations interfacial reaction products.
N L . |Confirms the presence of intact or partially mod-
16-17 480-430 B-B stretching in Bs units ified CaBs units within the composite.
Table3
The densities for samples sintered at 1000, 1100,and 1200 °C for 2 h
Tabnuya 3. IlnotHocTh 00pa3uoB, cnedeHHbIX npu 1000,1100u 1200 °C B Teyenue 2 4
Sample No 1000 °C/ 2 h g/lcm? 1100 °C /2 h g/cm® 1200 °C/ 2 h g/lcm®
CA91 2.3768 1.9622 2.1303
CA82 2.3997 2.2595 2.4229
CAT73 2.1623 1.9977 2.1858
CA64 2.0414 2.0123 2.0612
CA55 2.1102 2.0012 2.0974
2.5
241+ @
E 23]
E 2 2 4
& =2
2 244 2
[7]
5 204 °
= 19] @
=
g
1.7 t T t t t
90-10 80-20 70-30 60-40 50-50
G91 G82 G73 G64 GAS5

Batch Compositions
Fig. 4. Densities of the sintered samplesat 1000, 1100 and 1200 °C, 1 - 1000 °C, 2 - 1200 °C, 3- 1100 °C. Transcript (gm/cm®):
1-[2.38, 2.40, 2.17, 2.06, 2.11]; 2- [2.12, 2.43, 2.18, 2.06, 2.10]; 3- [1.95, 2.25, 1.99, 2.02, 2.00] for G91 (90-10), G82 (80-20), G73
(70-30), G64 (60-40), GA55 (50-50), respectively
Puc. 4. TInoTtHOCTH criedeHHbIx 00pa3nos (r/cv®) mpu 1000, 1100 u 1200 °C, 1 - 1000 °C, 2 - 1200 °C, 3 - 1100 °C:1 - [2,38, 2,40, 2,17,
2,06, 2,11]; 2 - [2,12, 2,43, 2,18, 2,06, 2,10]; 3 - [1,95, 2,25, 1,99, 2,02, 2,00] aas G91 (90-10), G82 (80-20), G73 (70-30), G64 (60-40),
GAD55 (50-50) cooTBETCTBEHHO

The analytical evidence unveils a striking du-
ality within the CaBsg system: while the particle cores
remain faithfully anchored to their original hexagonal
framework, the surfaces undergo a dramatic high-tem-
perature metamorphosis. Driven by partial oxidation
and chemical interplay with the aluminum matrix, this
transformation forges a sophisticated, in-situ multi-
phase boundary composed of borates, calcium alumi-
nates, and mixed oxides. Far from mere byproducts,
these secondary phases emerge as the true microstruc-
tural “engine," orchestrating the final architecture of
primary CaBg grains, a reinforcing Al,O3 network, and
interfacial B,Os3 layers. In doing so, they exert decisive
control over the macroscopic dielectric properties, re-
vealing a reaction mechanism that is as elegantly com-
plex as it is functionally powerful.

18

Densification Behavior

The measured densities reveal a distinct depend-
ence on both sintering temperature and batch composi-
tion. Across all samples, the densities range between
1.96 and 2.42 g/cm?, showing a clear trend of: a. In-
creasing density with higher firing temperature (espe-
cially up to 1200 °C) and b. Decreasing density with
higher CaBg content Table 3.

This behavior reflects the complex interplay
betweenmetallic Aldensification, ceramic phase rigid-
ity, and pore evolution during sintering.

The sintering temperature significantly influ-
enced the densification behavior of the samples, re-
vealing a distinct three-stage process:

e At 1000 °C, moderate densification was
achieved (2.04-2.40 g/cm?®), characteristic of solid-
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state sintering mechanisms. Sample CA82 (80% Al /
20% CaBs) attained the highest density (2.40 g/cm?),a
result attributed to the plastic flow of aluminum filling
pores between CaBg grains. In contrast, the lower den-
sities of CaBs-rich compositions (CA73-CA55) sug-
gestincomplete particle bonding and significant resid-
ual porosity.

e At the transitional temperature of 1100 °C,
anotable density drop occurredacross all compositions
(1.96-2.26 g/cm?). This anomaly is likely due to partial
melting of the aluminum phase, which occurs before suf-
ficient diffusion-driven densification can be achieved.
This state may promote detrimental effects such as
pore swelling from entrapped gases and microcracking
from thermal expansion mismatch, collectively hinder-
ing densification and defining 1100 °C as a suboptimal
sintering window.

e At 1200 °C, densities recovered substantially
(2.06-2.42 g/cm?®), indicating the activation of efficient
liquid-phase sintering. Sample CA82 again achieved
the highest density (2.42 g/cm?), demonstrating that the
now fully molten Al optimally facilitates grain rear-
rangement, enhances diffusion, and eliminates poros-
ity, resulting in a dense composite microstructure with
minimal defects. To clarify, two sequential experi-
mental stages were conducted in this study:

1. Sintering optimization stage:

A preliminary investigation was performed at
1000, 1100, 1200, and 1300 °C to evaluate the densifi-
cation behavior of the composites. The density data
presented in Table 2 correspond to this stage and were
used to identify the general densification trend and the
temperature range at which significant consolidation
occurs.

2. Final processing and characterization stage:

Based on the overall densification behavior
and the need to ensure complete reaction and micro-
structural development, all samples selected for de-
tailed characterization (XRD, SEM, FTIR, and dielec-
tric measurements) were sintered at 1300 °C for 2 h.
The reference to 1200 °C as an “optimal” temperature
in the original manuscript was not intended to indicate
that the final characterized samples were processed at
this temperature, but rather that it represents a key tran-
sition point in densification behavior.

As correctly noted, aluminum melts at approxi-
mately 660 °C, and therefore, at the sintering tempera-
tures used in this study (1000—1300 °C), aluminum ex-
ists in the liquid state. Under these conditions, densifi-
cation is governed primarily by liquid-phase-assisted
sintering (LPS) rather than purely solid-state diffusion.

Liquid-phase sintering is well established as a
mechanism in metal-ceramic systems where a low-
melting metallic phase enhances densification through
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particle rearrangement, capillary forces, and acceler-
ated mass transport [18]. In such systems, the presence
of a transient liquid phase significantly improves in-
terparticle contact and promotes rapid densification
compared to conventional solid-state sintering.

In the present A-CaBg system, molten alumi-
num plays a critical role by:

e enhancing particle rearrangement and pore
elimination via capillary-driven forces,

o facilitating solid—liquid interfacial reactions
with CaBs, and

e accelerating diffusion processes, leading to
the formation of boride and aluminate phases.

This interpretation is consistent with prior studies
on aluminum-based composites, where molten alumi-
num has been shown to promote densification and in-
terfacial reactions during sintering [19]. Similarly, in-
vestigations on CaBg-reinforced aluminum systens
confirm that solid—liquid reactions dominate phase
evolution and microstructural development at elevated
temperatures [20].

Dielectric Studies

The dielectric properties of ceramic compo-
sites such as permittivity and loss are critical because
they determine how the material responds to electric
fields. This directly impacts their performance in key
applications like electronics, energy storage capacitors,
and high-temperature aerospace systems, making the
tailoring of these properties essential for advanced ma-
terials engineering [21]. The unique combination of in-
herently conductive metallic aluminum andthe refractory
ceramic calciumhexaboride (CaBg) inthe Al/CaBgs com-
posites createsahighly versatile platform for engineer-
ing specific electrical and dielectric responses. This
synergy arises from the ability to precisely control the
material's composition and microstructure for instance
the particle size, distribution, and interfacial phases,
which directly governs the balance between conduc-
tive pathways and insulating barriers. By manipulating
these parameters, one can finely tune the composite's
overall behavior, adjusting its charge transport mecha-
nisms and polarization characteristics to suit distinct
functional requirements. Therefore, a deep investiga-
tion into the dielectric properties of these composites is
doubly valuable: it provides critical data for the practi-
cal design of components like capacitors, advanced in-
sulators, and high-frequency devices, while also yield-
ing fundamental insights into the core physical phe-
nomena of charge dynamics. This includes understand-
ing polarization mechanisms, dielectric relaxation pro-
cesses, and the complex movement of electrical charges
across the interfaces within this sophisticated hetero-
geneous architecture [22].
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A detailed analysis of the dielectric response in
Al/CaBs composites across a range of frequencies and
material compositions, as illustrated in Fig. 5 through 7,
provides critical insight into how interfacial phenom-
ena at the boundaries between aluminum, calcium bo-
ride, and the formed oxide phases are the primary gov-
erning factors for key electrical parameters. These in-
terfaces directly control the magnitude of the dielectric
constant (&) by acting as sites for charge accumulation,
influence the energy dissipation measured as dielectric
loss (tan d), and dictate the pathways for electrical con-
duction under alternating current, known as AC con-
ductivity (c.c). This investigation clarifies the funda-
mental electrical mechanisms at play, most notably inter-
facial (Maxwell-Wagner-Sillars) polarization, where
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charges build up at the internal phase boundaries, as
well as space-charge accumulation and subsequent re-
laxation processes. By understanding these mecha-
nisms, we can identify effective strategies for perfor-
mance enhancement, such as refining the composite's
microstructure to create more uniform phase distribu-
tions and optimizing the composition to control inter-
facial density. Such knowledge is indispensable for ad-
vancing the field of functional ceramics, particularly
for demanding applications in high-frequency elec-
tronics where signal integrity is paramount, in energy
storage systems like capacitors that require high polar-
ization with minimal loss, and in thermal management
technologies where stable dielectric properties under
thermal stress are non-negotiable.
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Fig. 5. Frequency dependence of dielectric loss for Al-CaBe ceramic composites with varying CaBs content, illustrating interfacial po-
larization effects and relaxation dynamics across the frequency spectrum
Puc. 5. YacToTHasi 3aBHCHMOCTD JIMJICKTP UYECKUX MOTEPb I Kep amudeckux komro3uToB Al-CaBg ¢ pasnuunbiM copepxanrem CaBs,
WLTIOCTP Up y Forrast 3PP eKThl MeK(pa3HOHW MO U3ALMH U AUHAMIKY P eTaKCallii B YaCTOTHOM CIIEKTp e

Dielectric Response and Relaxation Behavior

At low frequencies, every Al-CaBs composite
showed a significant rise in dielectric loss, an effect
that was most extreme in samples containing less
CaBs. This phenomenon is best explained by the Max-
well-Wagner-Sillars (MWS) effect, a type of interfa-
cial polarization that is common in mixed materials
like these, which combine conductive aluminum with
insulating CaBs particles. The stark difference in elec-
trical properties between these two phases causes elec-

20

tric charges to build up and get trapped at their bound-
aries, much like a traffic jam at a border between two
different regions. This localized charge accumula-
tion creates a strong but lagging polarization, which
manifests as the high dielectric loss observed at low
frequencies [23].

The presence of interfacial oxide layers, par-
ticularly aluminum oxide (Al,O5) that forms during the
high-temperature sintering process, intensifies this en-
ergy loss. These oxides act as charge-trapping sites,
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hindering the movement of electrical carriers. This re-
striction leads to a greater buildup of space charge and,
consequently, higher energy dissipation as heat. The
FTIR analysis provides direct chemical evidence for
this, showing clear signatures of A-O and B—O bonds
that confirm the oxidation of aluminum and partial
degradation of the CaBs surfaces. This direct link be-
tween the chemistry at the interfaces and the measured
dielectric behavior highlights how critical oxide-ma-
trix interactions are in shaping the composite's overall
electrical properties. In contrast, as the CaBg content
was increased, both the diclectric constant (&) and
electrical conductivity showed a steady improvement.
This positive trend is attributed to the inherent polari-
zation of the CaBg phase itself, whose rigid boron (Bs)
octahedral structures contribute strongly to the materi-
al's ability to store electrical energy. The material's en-
ergy loss (dielectric loss) decreased at lower frequen-
cies for two main reasons: a more uniform structure
that blocked errant electrical leaks, and the formation
of efficient charge pathways that reduced waste. At
higher frequencies, the loss continued to drop because
the internal charges could no longer keep up with the
rapid changes in the electrical field. Furthermore, the
material's energy relaxation was spread over a wide
range of frequencies, which is a direct signature of its
complex and varied internal structure [24].

The electric modulus analysis provides further
evidence for our conclusions. The main clue is that the
peaks in the data become broader as more CaBs is
added [25]. This broadening tells us that the electrical
charges within the material can no longer all move in
sync; instead, they follow a much wider variety of
paths and timelines, a behavior known as Distributed
Relaxation Times (DRT). The physical reason for this
could be noted in the SEM images (Fig. 2), which show
that the fine CaBg particles are spread evenly through-
out the aluminum, creating a very uniform and dense
structure. This specific microstructure controls the
electrical properties in three key ways:

1. Maximized Interfaces: By making the CaBs
grains smaller and spreading them out, we create a
huge amount of internal surface area between the two
materials. These interfaces are hotspots for polariza-
tion (charge build-up), which strengthens the material's
ability to store electrical energy, while also allowing us
to finely tune how much energy is lost as heat.

2. Oxide Layer Control: The oxides that form
atthese interfacesact as traffic controllers for electrical
charges. Very thin or broken oxide layers (under 5 nm)
act like shortcuts, allowing charges to quickly “tunnel”
through. In contrast, thicker, continuous oxide layers
(over 10 nm) act like roadblocks, trapping charges and
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slowing them down, which directly shapes how the
material relaxes.

3. Manufacturing is Key: The final electrical
behavior is not accidental. The sintering conditions
(temperature and time) are the primary controls that de-
termine the size of the CaBg grains, the thickness of the
oxide layers, and the ultimate dielectric performance of
the composite [26].

For use in modern electronics and energy stor-
age, a material must have very low energy loss (low
dielectric loss) at high frequencies. Our Al-CaBs com-
posite achieves this effectively.

We found that adding more CaBg increases the
material's ability to store electrical charge (dielectric
constant) and its conductivity. Crucially, it also ensures
a stable performance across a wide range of frequen-
cies. This is because the electrical charges inside the
material relax at many different speeds (a "non-Debye"
process), so the properties don't change drastically ata
single frequency [27]. The energy loss of the material
varies significantly with frequency due to different gov-
erning mechanisms. At low frequencies, energy loss is
high, primarily caused by interfacial polarization, where
electricalcharges accumulate at the boundaries between
the aluminum and CaBs phases. At high frequencies,
however, this energy loss diminishes. The material's com-
plex microstructure prevents large-scale charge move-
ment, effectively trapping the energy within the struc-
ture rather than dissipating it as heat.

In summary, increasing the CaB; content suc-
cessfully creates a composite material that combines a
high charge-storage capacity (permittivity) with mini-
mal energy loss at high frequencies. This unique combi-
nation of properties makes it an excellent candidate for
advanced capacitors and high-frequency electronics.

Frequency Dependence of Dielectric Con-
stant (&)

Fig. 6 shows how the charge-storage capac-
ity (dielectric constant, &) of the Al-CaBg composite
changes with frequency for different amounts of CaBs.
The key finding is that adding more CaBg significantly
increases the material's ability to store charge at low
frequencies. This happens because the conductive alu-
minum and insulating CaBg grains create countless tiny
interfaces. At low frequencies, electrical charges build
up at these interfaces, like a traffic jam of charges,
which greatly boosts the storage capacity. More CaBg
means more of these interfaces, leading to even higher
storage. However, as the frequency increases past
about 1 kHz, the charge-storage capacity drops sharply
for all compositions. This is because the electrical field
changes too quickly for the charges at the interfaces to
keep up, so they can no longer contribute to storage.
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the influence of CaBs content on low-frequency polarization and dielectric storage capability
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Ultimately, composites with more CaBgs main-
tain a higher charge-storage capacity across the entire
frequency range measured, demonstrating their effective-
ness. The improvedability tostore electrical charge (high
dielectric constant) stems from two effects that work
powerfully together:

22

1. Intrinsic Molecular Polarization: The CaBg
additive itself is made of highly polarizable B, octahe-
dra. Think of these as tiny, strong molecular magnets
that caneasily align with an electric field. This inherent
property directly boosts the composite's overall charge
storage capacity.

2. Enhanced Network Effects: At higher con-
centrations, the CaBj; particles get close enough to form
connected chains, or “percolative networks," throughout
the aluminum. This does two things: it creates a mas-
sive amount of internal surface area, which intensifies
the charge build-up (interfacial polarization) at the
boundaries between materials, and it provides path-
ways for charges to move and redistribute efficiently
across the entire material.

This explanation is grounded in direct physical
evidence. The superior performance of High-CaBs com-
positions is confirmed by the SEM images, which show
a fine, uniform structure, and by FTIR data, which iden-
tified the presence of interfacial oxides.

AC Conductivity Behavior

Fig. 7 reveals the dynamic electrical character
of the A-CaB, composites, where the AC conductiv-
ity unfolds a clear narrative of charge transport mech-
anisms across different frequencies. The data adheres
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to Jonscher’s universal power law, a signature of disor-
dered materials, and reflects the fundamental interplay
betweenthe conductive aluminum matrix and the insu-
lating CaB, phase [28, 29, 30].

At low frequencies, the conductivity forms a
stable "plateau," representing the DC conductivity. Here,
in composites with lower CaBg content, electrical cur-
rent flows freely through continuous, highway-like me-
tallic pathways within the aluminum network. As the
frequency increases, a pivotal transition occurs: the con-
ductivity begins to rise, following a sub-linear power-
law trend. This marks a shift from long-range metallic
flow to short-range hopping conduction. In this regime,
charge carriers become trapped and must make acti-
vated jumps across barriers such as interfaces between
grains, thin oxide layers, or isolated metallic islands.
The higher the frequency, the more these trapped
charges are energized to hop, leading to the character-
istic increase in AC conductivity [31]. The composi-
tion of the composite acts as a master tuning knob for
this behavior. With low CaBg content, the robust alu-
minum network ensures high DC conductivity, with
the dispersive, hopping-dominated region only appear-
ing at very high frequencies. In contrast, high CaBs
content disrupts the metallic pathways, fracturing them
into isolated islands. This significantly reduces the DC
conductivity and causes the dispersive region to emerge
at much lower frequencies with a steeper slope. This
indicates that interfacial polarization and charge hop-
ping become the dominant conduction mechanisms, as
electrons must tunnel through insulating barriers [32, 33].

In summary, by simply varying the CaBg frac-
tion, we can systematically engineer a transition in the
fundamental conduction mechanism from a metallic,
network-driven transport to a defect-activated, hop-
ping-dominated regime. This provides a powerful and
versatile strategy for tailoring the electrical properties
of A-CaBs composites, directly linking their micro-
scopic architecture to macroscale performance for tar-
geted applications.

CONCLUSION

This study demonstrates that A-CaBs compo-
sites are tunable, high-performance materials. The op-
timal 80% Al - 20% CaBgs composition, sintered at
1200 °C, achieves a dense, homogeneous microstruc-
ture with minimal porosity. This structure arises from
a preserved CaBg core surrounded by stable interfacial
oxides, leading to superior dielectric properties: high
charge-storage capacity coupled with low energy loss,
driven by optimized interfacial polarization and effi-
cient charge transport.
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The densification process is temperature-sen-
sitive, with a temporary density drop at1100 °C reveal-
ing an unstable sintering transition, later resolved at
1200 °C. The synergy of excellent dielectric perfor-
mance, thermal stability, and mechanical robustness
makes these composites ideal for high-frequency elec-
tronics, compact energy storage, and thermal manage-
ment systems. Future work should focus on interfacial
engineering and scalable synthesis to enable practical
device integration.
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