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ABSTRACT

This study examined the effect of titanium content on the processing and microstructural evolution of the AL,O.-
Ti composites fabricated by slip casting. Two compositions with 1 vol.% and 10 vol.% Ti were investigated.
Rheological tests revealed that a low Ti content increased slurry viscosity, but promoted more uniform packing
and densification. After sintering at 1400 °C, the 1 vol.% Ti composites achieved high relative density (>93%),
negligible open porosity, and formation of a stable Ti , Al . O, phase. In contrast, the 10 vol.% Ti composites
showed poor densification (~77%), high porosity, and the presence of unstable Al,TiO, and residual TiO,. These
results demonstrate that 1 vol.% Ti is optimal for producing dense, defect-free Al,O,-Ti composites, while exces-
sive Ti content leads to phase instability and microstructural degradation. The findings highlight slip casting as a
viable method for designing alumina-based composites with tailored phase composition, offering the potential for

structural, thermal, and biomedical applications where both durability and reliability are required.
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INTRODUCTION

Ceramic—metal composites are multifunction-
al materials that combine the hardness, chemical
stability, and thermal resistance of ceramics with
the toughness, electrical conductivity, and ductil-
ity of metals [1—4]. This hybrid character allows
them to overcome the brittleness of ceramics and
the limited high-temperature strength of metals
[5-6], enabling their use in demanding applica-
tions, such as cutting tools, wear-resistant parts,
thermal barrier coatings, electrical contacts, and
biomedical implants [7-9].

Within this group, Al,O,-Ti composites are of
particular interest, because of the complementary
properties of the two phases [ 10—13]. Alumina pro-
vides high hardness, wear resistance, and chemi-
cal inertness [14-16], while titanium offers high
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specific strength, corrosion resistance, and im-
proved toughness due to strong interfacial bond-
ing with the ceramic matrix [17-21]. Furthermore,
Ti additions can enhance thermal shock resistance
and contribute to crack deflection and bridging
mechanisms, thereby improving fracture tough-
ness [21-22]. These combined features make the
AlO,-Ti composites suitable for structural, ther-
mal, and biomedical applications, including armor
materials, aerospace protection systems, spark
plug insulators, and prosthetic components [23—
26]. Various fabrication techniques are employed
to produce AL O,-Ti composites, each providing
specific benefits depending on the targeted micro-
structure and properties [27-31].

Slip casting is a versatile and cost-effective
forming method that enables fabrication of dense,
complex-shaped ceramic components [32-34].
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Its application to ceramic—metal systems provides
advantages, such as homogeneous phase distribu-
tion, scalability, and near-net-shape production at
relatively low cost [35-38]. However, challenges
remain, including particle agglomeration, sedi-
mentation of metallic particles, and interfacial
reactions during sintering, which require careful
control of solid loading, particle size distribution,
and suspension rheology [38].

This work investigated the preparation and
microstructural evolution of Al,O,-Ti composites
fabricated via slip casting with varying titanium
content. The study aimed to understand how the
volume fraction of the metallic phase influences
the homogeneity of phase distribution, the inter-
facial interactions, and the resulting composite
microstructure. Scanning electron microscopy
(SEM) combined with energy-dispersive X-ray
spectroscopy (EDS) is employed to character-
ize the chemical composition and dispersion of
the metallic phase. The findings contribute to the
development of tailored Al,O,-Ti composites for
structural, thermal, and biomedical applications,
where performance depends critically on micro-
structural control and phase integrity.

The present work bridged a critical gap in the
development of ceramic—metal composites by sys-
tematically examining how the volume fraction
of titanium affects the processing, phase evolu-
tion, and microstructural quality of ALO,-Ti sys-
tems fabricated via slip casting. While numerous
studies have investigated the Al,O,-Ti composites
produced by hot pressing, spark plasma sintering,
or powder metallurgy, only limited attention has
been given to slip casting, despite its potential as a
cost-effective and scalable forming technique. Pre-
vious reports have focused mainly on mechanical
properties, without establishing clear correlations
between slurry rheology, densification, phase com-
position, and microstructural evolution [37].

This manuscript introduces several novel as-
pects. First, it demonstrates how the rheological
behavior of the casting slip directly influences par-
ticle packing, porosity, and shrinkage during sin-
tering. By comparing the composites with 1 vol.%
and 10 vol.% Ti, the study showed that higher Ti
content reduces viscosity but promotes sedimenta-
tion, leading to poor densification and anisotropic
shrinkage. Second, the work provides new insight
into Ti-dependent phase transformations: at low Ti
content, Ti is fully consumed to form Ti ,;Al, ;.0
while higher Ti loadings favor the formation of
ALTiO, and residual TiO,, phases associated with

instability and microstructural degradation. The
key premise of this research is that optimizing
metallic phase content is essential not only for
mechanical performance but also for processing
reliability. By establishing a direct link between
slurry preparation, microstructure, and phase sta-
bility, this study contributes new knowledge for
designing the Al,O,-Ti composites with improved
structural integrity and application potential.

MATERIALS AND METHODOLOGY

Two commercially available powders were
used as the starting materials for the fabrication of
AlLO,-Ti composite samples via the slip casting
method. The ceramic matrix was based on high-
purity alumina (Al,O,, TM-DAR, Taimei Chemi-
cals Co., Ltd.), characterized by an ultra-fine av-
erage particle size in the range of 0.05-0.2 um, a
density of 3.89 g/cm?, and a purity of >99.99%.
This powder is well-known for its excellent dis-
persion behavior and high reactivity, making it
particularly suitable for colloidal processing tech-
niques, such as slip casting. The metallic phase
was introduced in the form of titanium powder
(Ti, GoodFellow Cambridge Limited, UK), with
a nominal average particle size of 75 um, a bulk
density of 4.51 g/cm?®, and a purity of 99.50%.
The substantial size difference between the alu-
mina and titanium particles was deliberately se-
lected to study the influence of phase distribution
and packing behavior on the microstructural and
physical properties of the resulting composites.

The A1,O,-Ti composite samples were pre-
pared using the aqueous slip casting method. On
the basis of the required volume fraction of the
metallic phase, two series of compositions were
formulated: Series I containing 1 vol.% Ti and
Series II containing 10 vol.% Ti. The total solid
content of the suspensions was kept constant at 50
vol.% for all samples. The slurries were prepared
by first dispersing the appropriate amount of
ALO, powder (TM-DAR, Taimei Chemicals, av-
erage particle size 0.05-0.2 um, purity >99.99%)
and Ti powder (GoodFellow Cambridge Limited,
average particle size 75 pm, purity 99.50%) in
deionized water. To ensure stable dispersion and
prevent agglomeration, a suitable amount of a
commercial dispersant, such as citric acid (CA)
and diammonium citrate (DAC), was added to
the suspension. The mixed suspensions were ho-
mogenized using a planetary ball mill for 1 hour
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at room temperature to ensure uniform dispersion
of both ceramic and metallic phases. Following
milling, the slurries were de-aired under vacuum
to remove entrapped air bubbles (for this pur-
pose, a THINKY ARE-250 high-speed homog-
enizer (Tokyo, Japan) was used) and poured into
cylindrical plaster molds. Capillary action from
the mold surface facilitated water removal, lead-
ing to the gradual deposition of solid particles and
the formation of green bodies. After drying un-
der ambient conditions for 48 hours, the samples
were demolded and subsequently subjected to
controlled drying at 60 °C to eliminate residual
moisture. The dried green bodies were then sin-
tered in an Argon atmosphere. The sintering of
the AL,O,-Ti composite samples was performed
using a high-temperature tube furnace (model
RFTC 80230/16, Nabertherm GmbH, Lilienthal,
Germany), equipped with silicon carbide heating
elements arranged in parallel alignment along the
working chamber. This configuration provided
excellent temperature uniformity throughout the
furnace volume. The thermal treatment was con-
ducted in a multi-step heating regime. Initially,
the temperature was raised from ambient (23 °C)
to 120 °C at a rate of 5 °C/min to remove residual
moisture. This was followed by a slower ramp
to 750 °C at 1 °C/min to allow for controlled
burnout of organic additives. Subsequently, the
temperature was increased to the final sintering
temperature of 1400 °C at a rate of 2 °C/min. The
samples were held isothermally at 1400 °C for 2
hours to ensure sufficient densification. The cool-
ing phase was carried out at a controlled rate of
5 °C/min to minimize thermal stresses and pre-
vent cracking. The sintering temperature of 1400
°C was selected based on preliminary trials and
supported by literature, which shows this temper-
ature ensures sufficient densification of Al,O,-Ti
composites without excessive grain growth.

The primary objective of this study was to
investigate the influence of the metal phase con-
tent in the casting slip on the successive stages
of composite fabrication and the resulting micro-
structural characteristics of the sintered materials.
To achieve this, a comprehensive experimental
approach was designed, encompassing the en-
tire processing route — from slip preparation to
final microstructural analysis. Different compo-
sitions of ceramic-metal slurries were prepared
by systematically varying the volume fraction of
the metallic phase (Ti) (1 vol.% and 10 vol.%),
while keeping all other parameters constant. This
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allowed for the isolation and analysis of the ef-
fect of metal phase on key aspects of the fabrica-
tion process, including slip stability, rheological
behavior, casting quality, sintering response, and
microstructural evolution. A series of complemen-
tary characterization techniques was employed,
including rheological measurements to assess
slurry flow behavior and stability, physical proper-
ty measurements (density, porosity, water absorp-
tion) using the Archimedes method, X-ray diffrac-
tion (XRD) to monitor phase composition before
and after sintering, Scanning electron microscopy
(SEM) combined with energy-dispersive X-ray
spectroscopy (EDS) to analyze microstructure
and elemental distribution, and image analysis to
quantify grain growth behavior and particle distri-
bution. This multi-technique approach enabled a
detailed understanding of how variations in metal
content influence the processing and final proper-
ties of the Al,O,-Ti composites.

Rheological measurements were carried out
to evaluate the flow behavior and structural sta-
bility of the prepared ceramic-metal casting slips.
The tests were performed using a Kinexus Pro
rotational rheometer (Malvern Instruments, UK)
equipped with a plate—plate measuring system,
which is well-suited for characterizing suspen-
sions and slurries. The measurements were con-
ducted at room temperature under controlled con-
ditions to ensure repeatability and comparability
of results. A gap height of 0.5 mm was maintained
between the plates during all tests. To prevent edge
drying effects and ensure consistent measurement
conditions, poly (dimethylsiloxane) (PDMS) oil
(Sigma-Aldrich) was carefully applied around the
perimeter of the sample. This inert, non-miscible
fluid formed a protective barrier without interfer-
ing with the rheological properties of the suspen-
sion. The dynamic viscosity of the casting slips
was measured as a function of shear rate, allowing
the determination of flow curves and assessment
of shear-thinning or thickening behavior, which
is critical for evaluating the processability of the
slips during shaping. The obtained rheological
data supported the optimization of slip formula-
tions for improved casting performance and struc-
tural integrity of the green bodies.

The selected physical properties of the sin-
tered composite samples, including relative den-
sity, water absorption, and open porosity, were
determined using the Archimedes method in ac-
cordance with standard procedures for ceramic
materials. The measurements were carried out by



Advances in Science and Technology Research Journal 2026, 20(2) 298-312

immersing the sintered samples in distilled wa-
ter to determine their buoyant mass and saturated
weight. Initially, the dry weight of each sample
was recorded. The samples were then boiled in
water to remove trapped air from open pores and
subsequently soaked under vacuum to ensure full
saturation. The saturated weight in air and the
suspended weight in water were then measured.
These values were used to calculate the open po-
rosity and water absorption. At the same time, the
relative density was determined by comparing the
bulk density of the sample to the theoretical den-
sity of the composite, taking into account the pro-
portions of AL O, and Ti. This method provides
reliable insight into the compactness and integrity
of the sintered structure and allows for evaluation
of the efficiency of the densification process.

The microstructure of the sintered composite
samples was examined using scanning electron
microscopy (SEM) to evaluate the morphology,
distribution of phases, and overall microstruc-
tural integrity. Observations were carried out
using a JEOL JSM-6610 scanning electron mi-
croscope, operated at an accelerating voltage of
15 kV, which provided high-resolution imaging
suitable for detailed surface and cross-sectional
analysis. The SEM observations focused on iden-
tifying the distribution and morphology of the
metallic phase (Ti) within the ceramic matrix
(Al203), grain boundaries, porosity, and potential
interfacial reactions or defects formed during the
sintering process. In parallel, the chemical com-
position of the selected microstructural features
was investigated using Energy Dispersive X-ray
Spectroscopy (EDS), integrated with the SEM
system. EDS analysis enabled the identification
and semi-quantitative assessment of elemental
constituents present in different regions of the
composites. This was particularly important for
confirming the presence and dispersion of the Ti
phase, detecting any unwanted secondary phas-
es, and evaluating elemental diffusion at the ce-
ramic—metal interfaces. Together, SEM and EDS
analyses provided complementary information
about the microstructural development and phase
distribution in the sintered composites.

The phase composition of the composite ma-
terials was examined using X-ray diffraction to
identify the crystalline phases present before and
after the sintering process. The analysis was per-
formed with a Rigaku Miniflex 1l X-ray diffrac-
tometer equipped with a Cu Ka radiation source
(L = 1.5406 A). The XRD measurements were

conducted over a 26 angular range of 20° to 100°,
using a step size of 0.03° and a counting time of 1
second per step. These parameters were selected
to ensure high-resolution detection of diffraction
peaks and to enable accurate phase identifica-
tion. The resulting diffractograms were analyzed
using the MDI Jade 8.9 software, integrated with
the PDF-5+ 2024 crystallographic database. This
combination enabled precise identification of both
major and minor phases within the samples. Each
sample was analyzed under two conditions: in the
as-prepared (raw) state and after the sintering pro-
cess. This dual-stage analysis was performed to de-
tect any phase transformations, reactions between
the ceramic and metallic components, or formation
of secondary phases induced by thermal treatment.
Comparison of the XRD patterns before and after
sintering provided insights into the thermal stabil-
ity of the constituent phases and the integrity of the
composite structure under processing conditions.

A detailed image analysis was conducted to
evaluate the influence of the metallic phase con-
tent on the microstructural evolution of the sin-
tered composites. This analysis aimed to quantify
the growth behavior of Al O, grains in relation
to varying contents of the metal phase (Ti) intro-
duced into the casting slips. The examination was
carried out on the fracture of sintered samples us-
ing high-resolution scanning electron microsco-
py. The acquired micrographs were subjected to
quantitative image analysis using the Micrometer
software package [39-42], which is specifically
designed for microstructural characterization of
polycrystalline materials. Within this analysis,
key parameters such as average grain size and
grain size distribution were extracted. A thresh-
olding technique was employed to differenti-
ate between the ceramic matrix (Al,O,) and the
metallic inclusions (Ti), ensuring accurate grain
segmentation. Subsequent measurements were
performed on multiple fields of view per sample
to achieve statistical relevance.

RESULTS

Figure la) shows nanometric alumina parti-
cles (TM-DAR, Taimei Chemicals) characterized
by a high degree of agglomeration. The individ-
ual particles exhibit a near-spherical morphology
with sizes typically below 200 nm. The observed
agglomerates are formed due to strong interpar-
ticle interactions common in ultrafine powders,
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which can influence the dispersion stability and
rheological properties of the casting slurry. The
scale bar corresponds to 0.5 pm. At the same
time, Figure 1b) presents Ti powder (Goodfel-
low) with an irregular, angular morphology and
a much coarser size distribution compared to the
alumina powder. The Ti particles appear as frac-
tured flakes and granules, ranging in size from a
few micrometers up to approximately 100 pm.
This morphology may affect the packing behavior
and sedimentation during slip casting. The scale
bar corresponds to 100 um.

The first stage of laboratory work involved
characterizing the obtained suspensions in terms
of their basic rheological properties. The de-
termined viscosity curves (Figure 2a) and flow
curves (Figure 2 b) demonstrate that both samples
exhibit shear-thinning properties and slight thixo-
tropic properties. The presented profiles of both
viscosity and flow curves are typical for ceramic
suspensions (and suspensions of ceramic powders
doped with metal particles), and the obtained re-
sults correlate well with literature data [43-47].
When analyzing the data presented in Figure 2a
and Table 1, it is worth noting the differences in
the viscosity of both suspensions, which are par-
ticularly visible at low shear rates. The sample
doped with 1 vol.% Ti (and therefore containing
significantly more nano-Al,O,) is characterized
by a significantly higher viscosity compared to the
suspension modified with as much as 10 vol.% Ti.

Quantitatively, dynamic viscosity measure-
ments at various shear rates (Table 1) reveal dis-
tinct differences between the two compositions.
At a low shear rate of 0.1 s™', Series I (1 vol.% Ti)
exhibits a significantly higher viscosity (19.6 Pa-s)
than Series II (10 vol.% Ti), which has a viscosity
of 13.0 Pa-s. This trend is maintained across all

SEI  15kV WD8mm $830
Al203_TM-DAR

tested shear rates, though the difference narrows
as shear increases, with viscosities converging at
100 s! (0.39 Pa's for Series I vs. 0.33 Pa‘s for
Series II). The higher viscosity of Series I is likely
due to its greater content of nano-sized Al,O, par-
ticles, which possess a higher specific surface area
and stronger interparticle interactions compared to
the more metallic-rich Series II. These interactions
promote greater resistance to flow, particularly at
lower shear rates, where structure breakdown is
minimal. The observed differences between Series
I and Series II were larger than the measurement
uncertainty, and therefore statistically significant.

The observed rheological behavior confirms
that both suspensions are suitable for slip casting.
The shear-thinning nature ensures ease of process-
ing under applied shear, while thixotropy supports
shape retention post-casting.

The physical properties of the AL,O,-Ti com-
posite samples prepared via slip casting are sum-
marized in Table 2. Two series of samples were an-
alyzed: Series [ with 1 vol.% Ti and Series II with
10 vol.% Ti. A comparison of the results reveals
a significant influence of titanium content on the
densification behavior and microstructural devel-
opment of the composites.

Theoretical densities for the two series in-
creased marginally with higher Ti content, from
3.99 g/cm? for Series I to 4.04 g/cm?® for Series
II, which is consistent with the higher density of
titanium compared to alumina. However, the rel-
ative density exhibited a marked decrease with
increasing Ti content. Series [ achieved a relative
density of 93.65 £ 0.29%, indicating successful
sintering and good particle packing. In contrast,
Series Il displayed a substantially lower rela-
tive density of 76.69 + 0.73%, suggesting lim-
ited densification and the presence of significant

Figure 1. Scanning electron microscopy images of the starting powders used for the fabrication of Al,O,-Ti
composites via slip casting. (a) TM-DAR alumina particles; (b) titanium powder
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Figure 2. Flow curves (a) and viscosity curves (b) of the prepared ceramic suspensions:
Series I — 1% vol. of Ti; Series II — 10% vol. of Ti

porosity. Open porosity and water absorption
measurements further support this observation.
Series I exhibited negligible open porosity (0.27
+ 0.12%) and minimal water absorption (0.07 +
0.03%), indicative of a dense, nearly pore-free
microstructure. On the other hand, Series II
showed markedly higher values of open poros-
ity (8.21 = 0.57%) and water absorption (2.65
+ 0.17%), confirming the presence of intercon-
nected pore networks likely formed due to inef-
ficient packing and hindered sintering at higher
titanium content.

Shrinkage measurements provided additional
insights into the sintering response. Series | ex-
hibited significant linear shrinkage along both
the sample diameter (13.16 + 0.35%) and height
(10.08 £ 1.02%), as well as substantial volumet-
ric shrinkage (31.28 + 1.23%). These values are
consistent with the expected behavior of a well-
densified ceramic body undergoing uniform sin-
tering. Conversely, The Series II samples expe-
rienced minimal linear shrinkage (3.09 + 0.93%
in diameter and 1.97 + 1.23% in height) and low
volumetric shrinkage (8.49 + 1.03%), reflecting
limited particle rearrangement and consolida-
tion during sintering. The discrepancy between
shrinkage in diameter and height also suggests
anisotropic behavior, potentially due to gravita-
tional settling or agglomeration of heavier Ti par-
ticles during slip casting.

The inferior densification and increased po-
rosity observed in Series Il may be attributed to
several factors. A high concentration of Ti par-
ticles can hinder the homogeneity of the slurry
and disrupt the packing efficiency during casting.
Moreover, the mismatch in thermal expansion
coefficients between Ti and Al,O, may induce
localized stresses during heating, leading to mi-
crocrack formation or particle pull-out. Agglom-
eration of the metallic phase and weak interfacial
bonding may act as diffusion barriers, limiting
sintering kinetics and promoting porosity.

In contrast, the low Ti content in Series I ap-
pears to be within the optimal range for effective
dispersion and integration of the metallic phase
within the alumina matrix, promoting enhanced
sintering behavior and superior microstructural
quality. These findings underscore the critical role
of Ti volume fraction in determining the densifi-
cation efficiency and final properties of the Al,O,-
Ti composites produced by slip casting.

The results indicate a strong correlation be-
tween slurry rheology and the final microstructur-
al quality of the sintered composites. The higher
viscosity of the Series I suspension likely promot-
ed more uniform particle packing and minimized
sedimentation during slip casting, contributing to
improved densification and microstructural in-
tegrity. In contrast, the lower-viscosity Series 11
suspension, despite being easier to process, may

Table 1. Dynamic viscosity values of the prepared ceramic suspensions for shear rates of 0.1, 1, 10, and 100 s!

Viscosity at shear Viscosity at shear Viscosity at shear Viscosity at shear
Series rate 0.1 s rate 1 s rate 10 s rate 100 s
Pa-s
Series | 19.6 £0.03 8.96 + 0.07 1.79 £0.05 0.39 £0.03
Series I 13.0 £0.05 7.81+£0.04 1.64 £0.02 0.33 £0.02

303



Advances in Science and Technology Research Journal 2026, 20(2), 298-312

Table 2. Theoretical and measured physical properties of the AL O.-Ti composite samples formed by slip casting.
The data include theoretical density, relative density, open porosity, water absorption, and linear and volumetric
shrinkage for samples with 1 vol.% (Series I) and 10 vol.% (Series I1) of Ti

Theoretical Relative Open Water mlélgsej:ezhgllgizgﬁ]e I#:;ii:ﬁ:g gll(ggg Volumetric
Series density density porosity absorption sample diameter | the sample height shrinkage
glcm? % % % % % %
Series | 93.65 31.28 =
(1 vol.% of Ti) 3.99 0.29 0.27 £0.12 | 0.07 £0.03 13.164 £ 0.35 10.08 £ 1.02 1923
Series I 76.69 = 2,65 %
(10 vol.% of Ti) 4.04 073 8.21+0.57 017 3.09 £0.93 1.97+1.23 8.49 +£1.03

have experienced increased phase segregation
and settling of the heavier Ti particles, ultimately
resulting in poor green body homogeneity and
compromised sintering performance.

These findings highlight the importance of
tailoring slurry rheology to control green body
structure, which in turn influences the densifica-
tion and final properties of composite ceramics.
Optimizing the volume fraction of the metallic
phase and the solid loading of ceramic particles
is essential for achieving a balance between pro-
cessability and final material quality.

Although the present study did not include
direct measurements of hardness, strength, or
fracture toughness, the microstructural find-
ings allow for a preliminary assessment of the
expected mechanical behavior. The dense and
homogeneous microstructure of the 1 vol.% Ti
composites, with relative density above 93% and
negligible porosity, suggests that these materials
would exhibit favorable mechanical performance,
particularly in terms of strength and resistance to
crack propagation. In contrast, the 10 vol.% Ti
composites, characterized by high open porosity
(~8%), agglomeration of metallic particles, and
the presence of AL TiO; are expected to display
significantly reduced strength and toughness. The
formation of AL, TiO, which is prone to anisotro-
pic thermal expansion and microcracking, fur-
ther compromises structural integrity. For these
reasons, reliable mechanical testing of Series 11
was not feasible within the current work, as high
porosity leads to large variability and poor repro-
ducibility of results. Nevertheless, the observed
correlations between rheological behavior, densi-
fication, and phase composition provide a strong
indication that optimizing the Ti content is essen-
tial for achieving composites with both high den-
sity and reliable mechanical performance. Com-
prehensive mechanical testing will be the focus of
authors’ future investigations.
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SEM observations revealed that the compos-
ite containing 1 vol.% Ti (Figure 3a) shows a
relatively dense microstructure with well-sintered
alumina grains and isolated residual pores. The Ti
particles are sparsely distributed and embedded
within the alumina matrix, visible as localized re-
gions of contrast. The high-magnification image
reveals that titanium is primarily surrounded by
a continuous Al O, phase, and appears partially
sintered and oxidized, potentially forming a thin
interfacial layer, possibly TiO,. The interface be-
tween Ti and the ceramic matrix is relatively clean,
with minimal porosity or cracking, indicating sat-
isfactory wetting and bonding at this low content.

In contrast, the composite with 10 vol.% Ti
(Figure 3 b) displays a significantly more porous
and heterogeneous microstructure. The top-view
SEM image reveals a larger number of dark re-
gions corresponding to increased porosity and
more frequent Ti agglomerations. At high mag-
nification, the Ti regions exhibit poor interfacial
bonding with the matrix, as evidenced by voids,
irregular pore shapes, and microcracking around
the particles. The titanium particles appear par-
tially sintered, occasionally oxidized, with clear
evidence of pull-out and shrinkage-induced po-
rosity. The grain boundaries of alumina in the vi-
cinity of Ti particles are more irregular compared
to the 1 vol.% sample, likely due to localized
stress concentrations and sintering behavior.

Overall, increasing the Ti content from 1
vol.% to 10 vol.% significantly deteriorates mi-
crostructural homogeneity and densification
quality. The higher metallic phase fraction leads
to agglomeration, poor dispersion, and enhanced
porosity formation during sintering, which may
negatively impact the mechanical performance of
the composite. This highlights the importance of
optimizing the Ti content and particle dispersion
in order to achieve a uniform, well-bonded ceram-
ic-metal microstructure. It should be emphasized
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Figure 3. SEM micrographs of the sintered Al,O,-Ti composites fabricated by slip casting, observed at low and
high magnifications: (a) the composite with 1 vol.% Ti, (b) the composite with 10 vol.% Ti

that while the distribution of Ti particles in Series
IT appears more uniform due to higher volume
fraction, this apparent homogeneity is offset by
high porosity and poor bonding, leading to infe-
rior structural integrity.

Figures 4a and b present the microstructures
of the composite samples from Series I and Se-
ries II, containing 1 vol.% and 10 vol.% of the
metallic phase, respectively. Both figures are ac-
companied by point-wise energy-dispersive X-
ray spectroscopy (EDS) analyses (summarized in
Table 3), which reveal the elemental composition
of selected areas and provide insight into the dis-
tribution and incorporation of the metallic phase
within the alumina matrix.

In Series I (Figure 4a), the microstructure is
characterized by a predominantly ceramic (Al,O,)
matrix with minimal visible metallic phase con-
tent. EDS point analyses confirm this observa-
tion: Area 1 consists exclusively of aluminum and
oxygen (51.23 wt% Al, 48.77 wt% O), indicative
of'a pure alumina matrix. Areas 2 and 3, however,
show the presence of titanium (19.78 wt% and
25.06 wt%, respectively), suggesting localized
inclusion of the metallic phase in these regions.
The relatively high oxygen content also points
toward possible oxide formation or intermetallic

inclusions in those zones at the metal-ceramic in-
terface or during processing.

In contrast, Series I (Figure 4b) exhibits
a much higher density of metallic inclusions,
in accordance with its 10 vol.% metallic phase
content. The EDS results confirm these observa-
tions: Area 1 corresponds to a pure alumina ma-
trix (53.42 wt% Al 46.58 wt% O), comparable to
Area 1 in Series I, while Areas 2 and 3 show the
presence of titanium at slightly higher concentra-
tions (23.21 wt% and 24.75 wt%, respectively),
indicating more frequent and evenly distributed
metallic regions.

The homogeneity of metallic phase distribu-
tion in Series Il appears significantly improved
compared to Series I. The more uniform distri-
bution observed in Series II is likely due to the
higher overall metallic content, which increases
the probability of forming a continuous or semi-
continuous metallic network within the matrix.

The EDS results indicate a clear trend: the
incorporation of a higher volume fraction of the
metallic phase not only increases the number of
Ti-rich regions but also leads to more consistent
and comparable chemical profiles across different
analyzed areas. In Series I, the variation in Ti con-
tent between Area 2 and Area 3 (19.78 vs. 25.06
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Figure 4. SEM micrographs of the Al,O,-Ti composites with varying metallic phase content: (a) Series |
containing 1 vol.% of the metallic phase and (b) Series II containing 10 vol.% of the metallic phase. The marked
areas indicate locations of EDS point analyses. A noticeable increase in the number and distribution uniformity
of the metallic inclusions is observed in Series II compared to Series I

wt%) may reflect the inhomogeneities in metallic
particle dispersion. Meanwhile, Series II shows a
narrower range (23.21-24.75 wt% Ti), indicating
a more uniform distribution.

The lower oxygen content in Areas 2 and 3 of
Series II (compared to Series I) suggests a higher
proportion of metallic titanium relative to the ce-
ramic matrix or reduced oxidation of the metallic
phase. The reduced oxygen content in Series Il
may influence interfacial bonding characteristics
and ultimately affect the mechanical behavior of
the composites.

In the next step, a phase analysis of the com-
posites was performed before and after the sinter-
ing process. Figure 5 presents the X-ray diffrac-
tion patterns of the Al,O,-Ti composites recorded
before and after sintering for both compositions:
(a) Series I (1 vol.% Ti) and (b) Series I1 (10 vol.%
Ti). The diffractograms provide direct insight into
the phase composition of the green bodies and
the phase transformations induced during high-
temperature treatment. Before sintering, both
series showed diffraction peaks corresponding to
the starting materials, namely a-Al,O, (JCPDS
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46-1212) and metallic Ti (JCPDS 44-1294). The
absence of additional diffraction peaks indicates
that no significant reactions occurred during slur-
ry preparation or drying. The relative peak inten-
sities confirm that alumina constitutes the domi-
nant crystalline phase in both systems.

In contrast, the weaker reflections from tita-
nium are consistent with its relatively low vol-
ume fraction in the composites. After sintering at
1400°C, substantial differences in phase evolu-
tion were observed between the two series. In Se-
ries I (1 vol.% Ti), the titanium reflections disap-
peared completely, and new peaks associated with
a ternary phase, Tij, Al O, were detected. The
emergence of this phase indicates that, under the
applied sintering conditions, the limited amount
of Ti reacted extensively with alumina, resulting
in the formation of a stable Al-Ti-O compound.
The complete consumption of metallic Ti indi-
cates that at this low concentration, the diffusion
and oxidation of titanium were sufficient to drive
full reaction with the ceramic matrix.

In contrast, Series II (10 vol.% Ti) exhibited
a markedly different behavior. After sintering,
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Table 3. Chemical composition of selected areas (marked in Figures 4a and 4 b) determined by energy-dispersive
X-ray spectroscopy (EDS). Results are presented as weight percent (wt%) and atomic percent (at%) for aluminum
(Al), oxygen (O), and titanium (Ti). The data illustrate the differences in metallic phase presence and distribution

between Series I (1 vol.%) and Series 11 (10 vol.%)

LJu I \M_s[d’ -tLuJL_,.

Chemical composition
The measu_rem_ent area is shown Al o Ti
in Figure 4
Weight % Atomic % Weight % Atomic % Weight % Atomic %
Area 1 (Figure 4a) 51.23+0.16 | 61.62+0.12 | 48.77 £0.16 | 61.62 £ 0.09 - -
Area 2 (Figure 4a) 26.54+£0.14 | 20.70+0.08 | 53.68 +0.20 | 70.61 +0.11 | 19.78 £+ 0.16 | 8.69 + 0.09
Area 3 (Figure 4a) 28.02+0.17 | 23.11+£0.11 | 46.92+0.25 | 65.25+0.06 | 25.06 + 0.19 | 11.64 +0.12
Area 1 (Figure 4b) 5342 +0.17 | 40.48 £0.08 | 46.58 £ 0.17 | 59.52 £ 0.02 - -
Area 2 (Figure 4b) 28.79+0.11 | 23.44+0.05 | 48.00+0.16 | 65.92+0.14 | 23.21 +£0.13 | 10.65 + 0.05
Area 3 (Figure 4b) 28.47+0.12 | 2347 +0.15 | 46.78+0.18 | 65.04 £0.12 | 24.75+0.14 | 11.49+0.09
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Figure 5. X-ray diffraction patterns of the A1,O,-Ti composites recorded before and after sintering for both
compositions: (a) Series I (1 vol.% Ti) and (b) Series II (10 vol.% Ti)

in addition to the dominant a-Al,O, phase, new
reflections corresponding to Al TiO, (JCPDS 29-
0053) and a small amount of TiO, (rutile, JCPDS
21-1276) were identified. Unlike in Series I, no
evidence of Ti , Al O, formation was found. In-
stead, the higher Ti content favored the formation
of ALTiO,, a compound typically produced by
reaction between Al O, and TiO, at elevated tem-
peratures. The simultaneous detection of residual
TiO, indicates incomplete reaction, suggesting
that under the applied sintering conditions, not
all titanium was incorporated into a stable ternary
phase. The absence of metallic Ti peaks after sin-
tering confirms that titanium underwent complete

oxidation during thermal treatment, although its
transformation pathway depended strongly on
concentration. The observed differences can be
rationalized by considering the role of titanium
content in the reaction kinetics and phase equi-
libria. At low Ti addition (Series I), the fine dis-
persion and limited quantity of metallic titanium
allowed complete interfacial reaction with Al O,,

yielding a single ternary phase (Ti Al O, ) In
contrast, at higher Ti content (Series II), the re-
action was less uniform, favoring the formation
of AL TiO,, accompanied by unreacted TiO,. This
difference is further consistent with the micro-
structural observations, where higher Ti content
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led to agglomeration, poor dispersion, and in-
creased porosity, all of which could limit diffu-
sion and hinder complete phase transformation.

These results demonstrate a strong depen-
dence of the final phase composition on the me-
tallic phase content. While a low Ti fraction pro-
motes the formation of a single, well-integrated
reaction phase, higher Ti loadings give rise to
multiphase products, including AL, TiO, and resid-
ual oxides. Because Al TiO, exhibits anisotropic
thermal expansion and limited thermal stability,
its presence may impair the mechanical perfor-
mance and thermal shock resistance of the com-
posites. Consequently, controlling the Ti fraction
and dispersion is crucial for tailoring the phase
constitution and optimizing the functional prop-
erties of the Al,O,-Ti composites.

The particle size distribution of the metallic
phase (Ti,Al O, in Series I or AL, TiO; in Series
II forming particles) was analyzed for both com-
posite series, differing in the volume fraction of
metallic phase. The results are presented in Figure
6, where histogram (a) corresponds to Series I con-
taining 1 vol% of the metallic phase, and histogram

2
es]
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(b) corresponds to Series I with 10 vol% metallic
content. The parameter d, represents the equivalent
circle diameter of the metallic particles.

In both series, the particle size distributions
exhibit a distinctly right-skewed profile, charac-
terized by a high frequency of small particles and
a tail extending toward larger sizes. In Series I
(Figure 6a), the mean particle size was 3.33 pum,
with a standard deviation of + 4.02 pum. The most
frequent particle size range lies between 1.0 and
3.0 um, with a pronounced peak around 1.4 pm.
The presence of larger particles (>10 um) was
minimal, though a small fraction of particles ex-
ceeding 15 pm was also detected, likely corre-
sponding to occasional large particles.

In contrast, Series I (Figure 6 b), which con-
tains 10 vol% of the metallic phase, exhibited a
slightly lower mean particle size of 3.27 um and a
slightly broader standard deviation of + 4.08 pum.
Although the most frequent particle size remained
centered around 1.4 pum, the overall distribution
was broader and displayed a greater frequency of
particles within the 5-10 um and >15 pm ranges.
The broader particle size distribution observed in

Aa(standard deviation) = 3,33 * 4,02 pm
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Figure 6. Particle size distribution histograms of metallic phase particles (Ti, . Al
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in Series Il forming) in the composite matrix: (a) Series I containing 1 vol.% metallic phase, and (b) Serles II
containing 10 vol.% metallic phase. The distributions are based on equivalent circle diameter (d,) measurements
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Series II suggests that increasing the metallic phase
content promotes a greater tendency for particle
aggregation or clustering, likely due to enhanced
interparticle interactions at higher concentrations.

These observations indicate that the primary
size distribution of the metallic particles remains
relatively consistent regardless of the volume frac-
tion, which confirms that the processing parameters
were uniform across both series. However, the in-
crease in volume fraction from 1% to 10% results in
a clear broadening of the particle size distribution,
with a higher proportion of larger particles in Series
II. This broadening may stem from the increased
probability of local clustering or inadequate disper-
sion of metallic particles in the matrix during slurry
preparation or solidification. The small but notable
population of particles exceeding 15 pm in Series 11
further supports this interpretation.

From a microstructural perspective, this
broader particle size distribution could have sev-
eral implications for the composite properties.
Larger metallic inclusions or agglomerates may
act as stress concentrators or microstructural het-
erogeneities, potentially influencing the mechani-
cal response of the material. Depending on the
interfacial bonding and the distribution of the me-
tallic phase, such features might enhance or im-
pair mechanical performance, including strength
and fracture toughness. Moreover, the spatial
uniformity of metallic particles is also critical in
achieving desirable thermal or electrical proper-
ties, particularly in the composites where the me-
tallic phase is intended to serve as a conductive or
reinforcing network.

In conclusion, while the overall particle size
characteristics are similar between the two series,
the increased content of the metallic phase in Se-
ries 11 contributes to a broader and more hetero-
geneous particle distribution. These differences
should be taken into consideration when optimiz-
ing processing parameters to achieve uniform dis-
persion and tailored composite properties.

CONCLUSIONS

The present study demonstrated a system-
atic investigation of the Al O,-Ti composites
fabricated by slip casting with two different
metallic phase contents (1 vol.% and 10 vol.% Ti).
A multi-technique approach, including rheologi-
cal measurements, physical property analysis,
SEM/EDS characterization, XRD phase analysis,

and particle size distribution studies, enabled a
comprehensive evaluation of how the Ti content
influences slurry behavior, densification, phase
constitution, and microstructural evolution.

The results show that the viscosity of suspen-
sions strongly depends on the Ti fraction. The
composite containing 1 vol.% Ti exhibited signif-
icantly higher viscosity due to the higher propor-
tion of ultrafine alumina. In contrast, the 10 vol.%
Ti suspension demonstrated lower viscosity, fa-
cilitating shaping but promoting phase segrega-
tion during casting. The results highlighted that
early rheological behavior predetermines the final
quality of the sintered composites.

The sintered composites revealed strikingly
different densification behaviors. Series I (1 vol.%
Ti) reached high relative density (>93%) with
minimal porosity and uniform shrinkage, while
Series II (10 vol.% Ti) suffered from poor den-
sification (~77%), high open porosity, and aniso-
tropic shrinkage. SEM analysis confirmed that
low Ti content favors a dense and homogeneous
microstructure with isolated metallic inclusions,
while higher Ti content led to agglomeration,
microcracking, and interfacial debonding. This
degradation at higher Ti fractions stems from the
poor packing of large Ti particles, mismatch in
thermal expansion coefficients, and hindered dif-
fusion during sintering.

Phase analysis by XRD revealed a clear de-
pendence of reaction pathways on Ti fraction.
At low Ti content, metallic Ti was complete-
ly consumed, forming a single ternary phase
(Ti, ,sAl, ,O,) with alumina. In contrast, at higher
Ti content, oxidation resulted in the formation of
ALTiO, and residual rutile TiO,. Since Al TiO,
is known for its poor thermal stability and aniso-
tropic expansion, its presence may reduce the
mechanical and thermal shock resistance of the
composites. This observation provides valuable
guidance for controlling the Ti additions in future
designs of ceramic—metal composites.

The particle size distribution of metallic in-
clusions further supports these findings. Both
series exhibited a skewed distribution dominated
by small particles, but higher Ti content caused a
broadening of the distribution and increased pres-
ence of larger agglomerates, acting as stress con-
centrators. This microstructural heterogeneity is
consistent with the poorer densification and me-
chanical integrity observed in Series II.

Most previous studies on Al,O,-Ti compos-
ites have emphasized powder metallurgy, hot
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pressing, or spark plasma sintering routes, often

focusing on mechanical testing of fully dense

composites. While slip casting has been em-
ployed for oxide-based systems, its application
to ALO,-Ti is scarcely reported, and few works
systematically connect slurry rheology, densifica-
tion, and phase evolution.

The main conclusions of this study can be
summarized as follows:

e rheology-microstructure link — the viscosity of
the casting slip, controlled by the Ti content,
directly determines particle packing, densifi-
cation, and porosity in the sintered composites;

e Ti-dependent phase evolution — at 1 vol.%
Ti, the metallic phase is fully consumed to
form the stable Ti , Al , O, while at 10 vol.%
Ti, unstable ALTiO; and residual TiO, are
produced;

e impact of excessive Ti — higher Ti content
leads to agglomeration, poor dispersion, and
high porosity, which are expected to degrade
mechanical performance;

e practical significance — slip casting with opti-
mized Ti content (1 vol.%) enables fabrication
of dense, defect-free Al,O,-Ti composites, of-
fering potential for structural, aerospace, and
biomedical applications.

Compared to earlier research that often treat-
ed Ti simply as a toughening additive in Al O,,
this study revealed that its concentration must be
carefully optimized to avoid detrimental phase
transformations (formation of AL TiO,) and pro-
cessing-induced heterogeneities. Thus, the work
provides both methodological novelty—through
its comprehensive multi-scale analysis—and
practical guidelines for tailoring the Al O,-Ti
composites processed by slip casting.
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