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ABSTRACT

AlO,-Cu composites offer a promising combination of high hardness, thermal stability, and electrical conductiv-
ity. In this study, Al,O,-Cu composites containing 2.5 vol.% Cu were produced by uniaxial pressing at 100 MPa,
followed by free sintering in a reducing atmosphere (95% Ar1/5 % Hz). Sintering was performed at 1200 °C,
1250 °C, 1300 °C, and 1400 °C for 2 h to evaluate the influence of temperature on densification, microstructure,
and mechanical properties. Phase analysis confirmed the presence of only corundum Al O, and metallic Cu, inde-
pendent of sintering temperature. Relative density increased strongly with temperature, from 78.65% at 1200 °C
to 96.99% at 1400 °C. Microstructural observations revealed significant copper migration at 1400 °C, leading to
irregular Cu agglomerates, local depletion of the metallic phase, and the encapsulation of Al,O, grains through
non-wetting liquid-phase sintering. The composites sintered at 1400 °C exhibited an average hardness of 13.6 £
1.5 GPa and an indentation fracture toughness K. of 4.94 + 0.85 MPa-m®’. Fracture behavior was dominated by
intergranular cracking and crack deflection at weak Al O,-Cu interfaces. The results demonstrate that although
high densification can be achieved without external pressure, uncontrolled copper migration remains a key limita-
tion of pressureless sintering in A1,O,-Cu composites.
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INTRODUCTION

Copper is a highly attractive component for
ceramic matrix composites due to its high ther-
mal and electrical conductivity, as well as its high
plastic deformation capacity [1-3]. On its own,
it is highly ductile, but its strength is low, which
excludes its use in applications requiring strong
material properties. ALLO, ceramics, on the other
hand, despite several advantages such as low den-
sity, high hardness, and resistance to compres-
sion and thermal shock, remain a brittle material
[4-6]. The combination of these two components
improves ceramic fracture resistance by introduc-
ing highly ductile metallic copper particles into
the ceramic matrix [7-8]. In addition, copper, as a
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highly conductive component, enables the ceram-
ic matrix composite to acquire entirely new prop-
erties, thereby expanding the material’s potential
for use in new applications. Research shows that
adding Cu can reduce the composite’s resistance
compared to pure AlLO, ceramics [9-10]. In
turn, the rigid ceramic matrix makes the result-
ing AL,O,-Cu composite harder and more durable
than pure copper. This group of composites has
been admired in the scientific community for
years, raising hopes for their use as components
in electronic devices, sensor elements, and elec-
tromechanical applications.

The literature indicates that producing AL O,-
Cu composites is a complex process that entails
numerous challenges. The primary technological
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challenges are the low melting point of copper
and its poor wettability with Al,O, during sinter-
ing. This leads to difficulties in achieving a uni-
form distribution of copper in the ceramic matrix
of the composite. This problem is exacerbated by
the large difference in thermal expansion coeffi-
cients between copper and Al,O,, which can lead
to poor adhesion between the ceramic and the
metal and, consequently, the formation of voids
in the composite [11]. Despite these challenges,
research on the formation of composites from the
Al,O,-Cu system continues. This research has led
to the development of several methods for pro-
ducing these materials. These include infiltration
[12-13], slip casting [14], powder metallurgy
methods [15-16] or plasma-electrolytic oxidation
[17-18]. One common approach to improving
wettability between liquid copper and AL O, is to
introduce oxygen into the system or use cupric
oxide as the starting material [19-20]. Studies
have shown that the presence of oxygen reduc-
es the contact angle in this system, facilitating
bond formation between the components. This
enables the production of Al,O,-Cu composites
with a uniform distribution of the metallic phase
in the matrix, resulting in good mechanical prop-
erties. The use of methods such as hot pressing
and spark plasma sintering (SPS) also improved
the uniform distribution of copper in the matrix,
positively impacting the composite’s mechanical
properties [8, 13, 22]. However, despite continu-
ous advances in knowledge related to Al,O,-Cu
composites, achieving optimal properties remains
challenging, and issues such as poor adhesion and
differential shrinkage between components per-
sist. The lack of wettability, combined with the
liquid-phase sintering in AL,O, composites, can
lead to both an uneven distribution of the metal-
lic phase in the matrix due to the free migration
of copper during sintering and to copper flowing
out of the sample. Although the available litera-
ture does not directly address copper loss, it does
devote considerable attention to improving the
bond between ALO, and Cu. The lack of a sta-
ble bond between copper and alumina is directly
responsible for the phenomenon of copper flow.
Literature data indicate that incorporating small
amounts of copper (approximately 5% by vol-
ume) into the molded composite can result in
satisfactory compaction and enhanced mechani-
cal properties compared to pure Al,O, [23-24].
Unfortunately, increasing the copper content
often reduces material strength due to issues such

as poor wettability and differences in shrinkage
between components. Unfortunately, no universal
solution has yet been found to optimize the prop-
erties of AL,O,-Cu composites produced using dif-
ferent methods and varying copper contents. This
is a major, still unresolved technological problem
that makes it difficult to control the distribution of
the metallic phase in the matrix. As a result, the
potential applications of these materials in areas
such as electronic and electromechanical systems
remain insufficiently explored.

As a result, an important gap remains in the
literature: a quantitative and systematic assess-
ment of how far pressureless sintering of ALO,-
Cu composites can be pushed before liquid-phase
copper migration becomes the dominant micro-
structural failure mechanism. In particular, there
is a lack of benchmark data addressing the onset
and extent of copper loss and depletion during
free sintering, the relationship between densifica-
tion level and copper mobility, and the mechanical
consequences of these effects in low-Cu-content
systems, where copper particles are sparse and
interfacial phenomena dominate fracture behavior.

The present study addresses this gap by pro-
viding a focused experimental investigation of
ALO,-Cu composites containing a low metallic
phase content of 2.5 vol.% Cu fabricated by uni-
axial pressing followed by pressureless sintering
in a reducing atmosphere. By systematically vary-
ing the sintering temperature between 1200 °C
and 1400 °C, this work quantitatively identifies
a practical densification threshold approaching
~97% of theoretical density at 1400 °C, beyond
which uncontrolled copper migration, agglom-
eration, and local depletion become pronounced.
Rather than proposing a new processing solu-
tion, the study deliberately documents the limita-
tions of pressureless sintering, demonstrating that
increasing densification simultaneously intensi-
fies liquid copper mobility and weakens the struc-
ture-property balance.

In this context, the novelty of the work lies
in the quantitative demonstration of copper redis-
tribution and loss during free sintering, the iden-
tification of a critical processing window where
high density is achieved at the expense of micro-
structural stability, and the establishment of a
reference dataset for low-Cu-content Al,O,-Cu
composites processed without external pressure.
By explicitly showing where and why pressure-
less sintering fails, the results provide a valuable
benchmark for comparison with pressure-assisted
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and chemically modified processing routes, offer-
ing guidance for future strategies aimed at stabi-
lizing the metallic phase distribution in ceramic-
metal composites.

MATERIALS AND METHODS

Commercially available a-AlO, ceramic pow-
der, marketed under the trade name TM-DAR by
Taimei Chemicals (Japan). The Cu powder (Sigma-
Aldrich) used in the experiment exhibited a den-
dritic morphology with dendrites of varying dimen-
sions and an average particle size of <150 pm.

Al,O,-Cu samples were produced by uniaxial
pressing. A 10% aqueous solution of polyvinyl
alcohol (PVA) was used as a binder in an amount
of 10% by weight relative to the total weight
of the powder mixture. The binder type and its
weight percentage were selected based on previ-
ous studies conducted by the team [25-26]. The
pressing process was carried out using a hydrau-
lic press. A die made of sintered carbide with a
20 mm diameter was used to form the shapes.
The pressing pressure used was 100 MPa in each
case. The samples produced were characterized
by a metallic phase content of 2.5% by volume.
The raw shapes were then subjected to free sin-
tering. The sintering process was carried out in a
Nabertherm RHTC 80-230/16 tube furnace under
a reducing atmosphere (95% Ar/5 % H,).

The use of a reducing atmosphere was intend-
ed to prevent the formation of spinel structures
and the oxidation of copper and other metallic
components during sintering. Due to the low melt-
ing point of copper, which remains liquid during
sintering, and the high wetting angle between
pure copper and aluminum oxide, the sintering
of composite samples was characterized as non-
wetting liquid-phase sintering [27]. Literature
studies report that the contact angle of molten
copper on alumina typically exceeds 120-140°
[27], confirming the strongly non-wetting char-
acter of the Cu/ALQO, system. Such high contact
angles significantly reduce interfacial adhesion
and promote the liquid-phase mobility of copper
during sintering, thereby explaining the agglom-
eration and migration phenomena observed in the
present study. Four sintering temperatures were
used: 1200 °C, 1250 °C, 1300 °C, and 1400 °C.
The temperatures were selected so that the high-
est was the sintering temperature, enabling the
production of high-density solid ceramic-metal
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composites on an Al,O, matrix [28]. Lower tem-
peratures were used to determine the possibility
of reducing the process temperature. The sinter-
ing procedure remained the same for each sinter-
ing temperature. Heating was carried out in three
stages: from 20 °C to 120 °C at 5 °C/min, from
120 °C to 750 °C at 1 °C/min, and from 750 °C to
the sintering temperature at 2 °C/min. The sinter-
ing time for each temperature used was 2 hours.
The system was then cooled at 4 °C/min to ambi-
ent temperature.

In this study, a copper content of 2.5 vol.%
was intentionally selected as a threshold, model
composition rather than as an application-opti-
mized formulation. At such a low metallic phase
fraction, copper particles are sparsely distributed
within the alumina matrix and do not form a con-
tinuous or semi-continuous metallic network.
As a result, the microstructural evolution and
mechanical response of the composite are gov-
erned primarily by interfacial phenomena, liquid-
phase mobility, and local ceramic-metal interac-
tions, rather than by bulk metallic reinforcement
effects. This compositional regime is particularly
sensitive to copper migration during sintering.
Even limited redistribution, agglomeration, or
loss of the metallic phase leads to pronounced
local depletion and heterogeneity, which can be
readily detected by microstructural and mechani-
cal analysis. Consequently, 2.5 vol.% Cu repre-
sents a critical lower-bound composition at which
the intrinsic limitations of pressureless sinter-
ing, such as non-wetting liquid-phase behavior,
copper coalescence, and interfacial debonding,
can be isolated and quantitatively assessed with-
out the masking effects present at higher copper
contents. From a practical perspective, low cop-
per content is also relevant for applications that
require partial electrical or thermal functionality
while preserving the stiffness and hardness of
the ceramic matrix. However, the primary moti-
vation of this work is not property optimization,
but rather the establishment of a benchmark sys-
tem for evaluating the feasibility and limits of
pressureless sintering in Al O,-Cu composites.
The insights gained at 2.5 vol.% Cu, therefore,
provide a reference framework for interpreting
microstructural stability and failure mechanisms
in both lower- and higher-copper-content systems
processed under similar conditions.

The copper content was intentionally limited
to 2.5 vol.% in order to investigate a model com-
posite system in which the metallic phase remains
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discontinuous within the ceramic matrix. Such a
low volume fraction allows the study of copper
mobility and redistribution during liquid-phase
sintering without forming a continuous metallic
network, thereby enabling analysis of interfacial
phenomena characteristic of non-wetting ceram-
ic-metal systems.

The Archimedes method was used to deter-
mine the basic physical properties of the sintered
products. The measurements were carried out
in accordance with PN-EN ISO 18754:2022-10
[29]. To determine the individual parameters, the
mass of the samples was measured in their ini-
tial state in air. Afterward, they were soaked in an
immersion liquid, and their mass was measured
again in both air and water. Demineralized water
was used as the immersion liquid. Based on the
measurements, the relative density, soaking, and
open porosity of the samples were determined.

Sintered composite samples were subjected
to phase composition analysis. All measurements
were performed on a Rigaku Miniflex II powder
diffractometer using a copper lamp with a wave-
length of 1.54059 A, an output voltage of 30 kV,
and a current of 15 mA. The angular range of the
measurements was 20—100° of the 20 angle, with
a shift of 0.01° and a counting time of 1 s. The
analysis of the diffraction patterns obtained from
the tests was performed using the PDF+4 2022
reference database and the correlated Jade 8.5
program (Materials Data).

The surfaces of the sintered products were
examined using an Olympus LEXT OLS4100
confocal microscope in order to make a general
assessment of the distribution of the metallic
phase in the composite structure.

The surfaces of sintered composite shapes and
their fractures were observed using a Jeol JSM-
6610 scanning electron microscope. The observa-
tions were conducted in both backscattered elec-
tron (BSE) and secondary elastic scattering (SE)
modes at an accelerating voltage of 15 kV. The
samples intended for observation were previously
coated with a thin layer of carbon using a JEOL
Finecoat lon Sputter JFC-1100.

In this study, phase composition was ana-
lyzed using a JEOL JSM-6610 scanning electron
microscope equipped with an energy-dispersive
X-ray detector. During observation, maps of ele-
ment distribution in selected areas of the samples
were prepared, accounting for connections at the
boundary between the ceramic matrix and the
metallic components.

Hardness measurements were performed on
flat parallel surfaces of sintered samples from all
series after metallographic preparation. The test
was conducted using an HVS-30T hardness tester
manufactured by Huatec Group Corporation. For
all measurements, an identical load of 98 N was
applied for 15 seconds.

The fracture toughness of the investigated
composites was estimated using the indentation
fracture method based on Vickers indentation.
It should be noted that indentation-derived frac-
ture toughness values provide only approximate
estimates of the resistance to crack propagation,
particularly in heterogeneous materials such as
ceramic-metal composites. The method is sensi-
tive to several factors, including crack morphol-
ogy, residual stresses, and microstructural hetero-
geneity, which may influence the accuracy of the
calculated values. Therefore, the obtained results
should be interpreted primarily in a comparative
manner when evaluating the influence of sinter-
ing temperature on fracture resistance. For a more
rigorous determination of macroscopic frac-
ture toughness, standardized fracture mechanics
methods such as the single-edge notched beam
(SENB) or chevron-notched beam (CNB) tech-
niques are generally recommended, as they pro-
vide more reliable and reproducible measure-
ments of fracture parameters in brittle materials.
In the present study, the fracture toughness values
were calculated using the relationship proposed
by Lankford [30] for radial-median cracks gen-
erated during Vickers indentation. This approach
allows for a consistent comparison of fracture
resistance among samples processed under differ-
ent sintering conditions.

The mechanical behavior of the fabricated
ALQO,-Cu composites after sintering was system-
atically evaluated using uniaxial compression
testing, with the dual objectives of quantifying
compressive strength and elucidating the defor-
mation and fracture mechanisms governing fail-
ure. Given the heterogeneous nature of ceram-
ic-metal composites, particular emphasis was
placed on correlating the macroscopic mechani-
cal response with local strain evolution and dam-
age initiation. Uniaxial compression tests were
performed using a servo-hydraulic testing system
(Instron 8802 MT) operating under displacement-
controlled conditions, which ensured stable load-
ing and precise control over the deformation rate.
The system was equipped with a high-accuracy
load cell and integrated with dedicated control and
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data-acquisition software, enabling continuous,
synchronous recording of applied force and cross-
head displacement throughout the entire loading
cycle. The displacement-controlled regime was
selected to minimize dynamic instabilities and to
allow detailed observation of pre-failure defor-
mation behavior, which is particularly critical
for quasi-brittle materials such as ceramic-based
composites. Prior to testing, all specimens were
carefully prepared to ensure parallelism and pla-
narity of the loading surfaces, thereby minimiz-
ing stress concentrations and preventing prema-
ture failure from misalignment. During testing,
the samples were positioned centrally between
hardened steel compression platens, with special
attention paid to axial alignment to promote uni-
form load transfer and reduce bending stresses.
This step is essential for obtaining reliable com-
pressive-strength values, especially in materials
with limited plastic deformation capacity. The
compressive load was applied monotonically at
a constant displacement rate until catastrophic
failure occurred. The failure point was defined
as the maximum stress corresponding to the first
pronounced drop in the load-displacement curve,
which is indicative of rapid crack propagation
and loss of load-bearing capacity. In all cases,
failure was accompanied by the formation of a
macroscopically visible fracture, typically char-
acterized by axial splitting and shear localization,
consistent with the brittle or quasi-brittle nature
of the investigated composites. To complement
the conventional mechanical measurements,
the deformation behavior of the specimens was
analyzed using a non-contact, full-field optical
technique based on Digital Image Correlation
(DIC). This approach enables spatially resolved
measurement of displacement and strain fields
across the specimen surface, providing critical
insight into strain localization, damage initiation,
and crack propagation mechanisms that cannot be
captured by global measurements alone. The DIC
measurements were performed using a Dantec
Dynamics Q400 system, equipped with two syn-
chronized high-resolution cameras (8 MP each) in
a stereoscopic setup. This configuration enables
three-dimensional displacement field reconstruc-
tion, ensuring accurate strain quantification even
in the presence of out-of-plane motion. Prior to
testing, the specimen surfaces were prepared
with a stochastic speckle pattern to facilitate
reliable image correlation. The system provided
a displacement measurement accuracy of +0.01
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pixels, corresponding to a strain resolution of
approximately 0.01%, enabling the detection of
even subtle deformation heterogeneities. Image
acquisition, correlation, and post-processing were
performed using the ISTRA 4D software suite,
which enabled the generation of high-resolution
strain maps throughout the loading process.
These full-field strain distributions were used to
identify regions of strain concentration, which are
typically associated with microstructural hetero-
geneities such as copper agglomerates, interfacial
debonding zones, or residual porosity. The evolu-
tion of these localized strain fields provided direct
evidence of damage initiation sites and allowed
for a detailed analysis of the transition from dis-
tributed deformation to localized failure. All tests
were conducted under controlled laboratory con-
ditions at 22 + 2 °C to eliminate environmental
variability. A total of eight specimens per material
series were tested to ensure statistical reliability
and reproducibility of the results. The reported
mechanical properties, including compressive
strength, were calculated as average values, and
the corresponding variability was assessed to
account for inherent microstructural heterogene-
ity. The results presented in the subsequent sec-
tion include representative force-displacement
curves that characterize the global mechanical
response, as well as corresponding strain field
maps from DIC analysis, which illustrate the
spatial distribution and evolution of deformation
leading up to failure. This combined experimental
approach enables a comprehensive understand-
ing of the interplay between microstructure and
mechanical performance in Al,O,-Cu composites,
particularly regarding strain localization, interfa-
cial effects, and fracture mechanisms.

The quantitative characterization of the ALO,
matrix grain size was performed using a stereo-
logical approach, ensuring statistically reliable and
reproducible results. Fracture surfaces of the sin-
tered samples were examined by scanning electron
microscopy (SEM), which enabled high-resolution
observation of the ceramic microstructure with-
out additional surface preparation that could alter
grain boundaries. To achieve robust statistical rep-
resentation, 15 SEM micrographs per sample were
acquired for each of the five specimens sintered
at 1400 °C. All images were collected at identical
magnification and resolution, and the observation
fields were selected randomly across the fracture
surface to eliminate operator bias and account for
possible microstructural heterogeneity. Prior to
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image analysis, each micrograph was carefully cal-
ibrated using the SEM scale bar to ensure dimen-
sional accuracy. Grain identification was per-
formed using a semi-manual detection procedure,
in which individual ALO, grains were delineated
while accounting for the three-dimensional micro-
structure projected onto a two-dimensional plane.
Subsequently, a sequence of image processing
operations, including contrast enhancement, filter-
ing, and thresholding, was applied to extract grain
boundaries and generate binary images suitable for
quantitative analysis. The processed images were
analyzed using Micrometer software [31-34],
which enabled precise determination of stereologi-
cal parameters. In total, more than 3000 individual
grains per sample were measured, a number wide-
ly recognized in stereological practice as sufficient
to ensure statistical confidence and minimize sam-
pling error. The large dataset significantly reduces
uncertainty associated with local variations in grain
size distribution. Grain size was quantified using
the equivalent circle diameter (d,), defined as the
diameter of a circle having the same projected area
as the measured grain. This parameter provides a
standardized means of describing irregular, non-
spherical particles and is commonly used in micro-
structural analysis [35]. The equivalent diameter
was calculated directly from the measured grain
area for each detected particle. The results were
statistically processed and are reported as mean
grain size (d,) + standard deviation, derived from
the full population of measured grains. Addition-
ally, the grain size distributions were presented in
the form of percentage-based histograms, allowing
detailed assessment of microstructural uniformity
and the presence of any abnormal grain growth.
The combination of a sufficiently large number of
analyzed micrographs, random field selection, and
a high number of measured grains ensures that the
obtained grain size distributions are representative
of the bulk material. Consequently, the applied
methodology provides a reliable and statistically
robust description of the Al,O, matrix microstruc-
ture, meeting the requirements for rigorous quan-
titative analysis.

RESULTS AND DISCUSSION

In the first stage of the research, it was decid-
ed to test the phase composition of the produced
shapes after sintering. It was found that the A1, O,-
Cu composites produced by uniaxial pressing after

sintering were characterized by the presence of two
phases: Al O, in the form of corundum (PDF #98-
000-0174) and Cu (PDF #04-013-9963). Analysis
of the diffraction patterns obtained for the samples
revealed no effect of sintering temperature on the
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Figure 1. X-ray diffraction (XRD) patterns of Al,O,-
Cu composites containing 2.5 vol.% Cu sintered at
different temperatures (1200—1400 °C) in a reducing
atmosphere (95% Ar / 5% Hz)
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phase composition. No effect of the sintering tem-
perature of Al,O,-Cu composites on the appear-
ance of new phases was observed.

Analysis of the shapes formed by uniaxial
pressing clearly indicates a relationship between
sintering temperature and the relative density of
the resulting sinters. The relative density of the
samples increased visibly with increasing sinter-
ing temperature. The lowest relative density was
obtained for samples sintered at 1200 °C, for
which it was 78.65 + 0.97 % of theoretical density.
The highest relative density, 96.99 + 0.94% of the
theoretical density, was obtained during sintering
at 1400 °C. The relative densities of samples sin-
tered at 1250 °C and 1300 °C were 85.42 + 1.23%
and 89.68 £+ 1.03%, respectively. In the case of
uniaxial pressing with free sintering, no additional
pressure is applied, which could aid copper migra-
tion and reduce pores, especially at the lower sin-
tering temperatures used in the experiment.

As a consequence, a clear dependence of the
obtained densification on the sintering tempera-
ture may be visible in these samples. Samples
sintered at 1200 °C exhibited high open poros-
ity of 20.57 £ 0.67% and a corresponding water
absorption of 5.97 + 0.46%, indicating limited
densification and modest volumetric contraction.
Increasing the sintering temperature to 1250 °C
resulted in a marked decrease in open porosity
to 13.95 £ 0.73% and water absorption to 3.82 +
0.12%, indicating enhanced shrinkage associated
with improved particle rearrangement and neck
growth. Further densification occurred at 1300 °C,
where the open porosity was reduced to 9.39 +
0.72% and water absorption to 2.49 + 0.07%.
At the highest sintering temperature of 1400 °C,
near complete densification was achieved, with
open porosity decreasing to 0.11 + 0.07% and
water absorption to 0.02 = 0.05%. This reduction
in accessible pore volume indicates substantial
volumetric shrinkage, driven by intensified mass
transport and liquid-phase-assisted densification
induced by molten copper. The results confirm
that increasing sintering temperature promotes
volumetric contraction of the composite body.
However, at elevated temperatures, this process
coincides with increased copper mobility, which
compromises microstructural stability despite the
high degree of densification.

The results indicate a critical processing
window near 1400 °C, where relative density
approaches ~97%, but microstructural stability
deteriorates due to increased copper mobility.
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This behavior reflects a fundamental limitation
of liquid-phase sintering in non-wetting systems,
where densification and phase stability compete.
Moreover, in this regime, the formation of a tran-
sient liquid copper phase enhances densification
while simultaneously promoting phase separation
and redistribution.

The volumetric shrinkage of the Al,O,-Cu
composites can be inferred from the systematic
reduction in open porosity and water absorption
with increasing sintering temperature. Moreover,
the volumetric shrinkage of the Al,O,-Cu com-
posites showed a strong dependence on sintering
temperature, reflecting the material’s progres-
sive densification. Samples sintered at 1200 °C
showed a volumetric shrinkage of 23.27 = 0.87%,
which increased to 29.91 = 0.85% at 1250 °C and
34.95 + 0.75% at 1300 °C. The highest shrink-
age, reaching 40.91 + 0.62%, was recorded for
samples sintered at 1400 °C. This monotonic
increase in volumetric shrinkage is consistent
with enhanced mass transport and pore elimina-
tion at elevated temperatures. At lower sintering
temperatures, shrinkage is primarily governed by
solid-state diffusion within the alumina matrix,
resulting in limited densification.

In contrast, at 1400 °C, the presence of lig-
uid copper significantly accelerates densification
through the liquid-phase-assisted rearrangement
of ceramic particles, resulting in a substantial vol-
ume reduction. However, this intensified shrink-
age is accompanied by increased copper mobility,
which contributes to the migration of the metallic
phase and local depletion. Therefore, while higher
sintering temperatures promote densification and
volumetric shrinkage, they simultaneously exac-
erbate microstructural instability associated with
non-wetting liquid-phase sintering of copper.

The primary objective of the present study
was to investigate the microstructural evolution
and mechanical consequences of pressureless sin-
tering in a poorly wetting ceramic-metal system,
rather than to determine the exact compositional
balance after sintering. In the conducted research,
the observed copper redistribution is inferred
from microstructural evidence, such as copper
agglomeration and the formation of local copper-
depleted regions, rather than from direct compo-
sitional measurements.

Since samples sintered at 1400 °C were
included in further research due to their proper-
ties, it was decided to present only these shapes
after sintering. Example photos of composite
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samples of the reference series Al O,-Cu with
2.5% vol. metallic phase content are shown in
Figure 2. Macroscopic observations of the pro-
duced samples revealed the absence of surface
defects resulting from uniaxial pressing with free
sintering at 1400 °C.

Figure 3 presents sample surface observation
results for composite samples with a 2.5% metal-
lic phase content produced by uniaxial pressing
with free sintering. Observations were performed

1 cm

Figure 2. Macroscopic appearance of A1,O,-Cu
composite with 2.5% vol. metallic phase content after
forming using uniaxial pressing, after free sintering
in a reducing atmosphere at temperatures of 1400 °C
for2 h

Figure 3. Example micrographs of the surface of
samples from the Al,O,-Cu system with 2.5% vol.
metallic phase content after sintering at 1400 °C

using a confocal microscope. Surface analysis of
the Al,0,-Cu samples revealed that metallic par-
ticles in the matrix were randomly distributed.
In the sample produced by uniaxial pressing and
then free-form sintered at 1400 °C (Figure 3), a
depletion of the metallic phase was observed in
the central area. This may be due to copper loss
from the sample’s surface layers during sinter-
ing. The presence of metallic particles of varying
sizes characterizes the sample. Copper particles,
which are in a liquid state during free sintering,
coalesce upon contact into larger clusters before
being enclosed by the growing matrix particles.
The long duration of the process promotes both
the flow of copper beyond the sample surface and
the formation of areas with varying particle sizes
and metallic phase content.

In the next step, SEM observations were per-
formed on composite samples from ALO,-Cu
systems, uniaxially pressed and freely sintered
at 1400 °C (Figure 4), which revealed irregularly
shaped metallic particles of varying sizes within
the ceramic matrix. It was found that within the
observed metallic particles, both near the outer
edge and in the central part, there were enclosed
single matrix particles. Due to its low melting
point (1083 °C [36]), copper remains liquid during
sintering. Poor wettability between metallic cop-
per and the ceramic Al,O, matrix contributes to
Cu migration within the sample during sintering.
Migrating copper encounters other metallic par-
ticles and combines with them, forming metallic
phase agglomerates observed in the microstruc-
ture. During this process, the matrix particles,
originally located between separate copper parti-
cles, become encapsulated within the developing
agglomerates. Subsequently, when the matrix sin-
tering occurs after reaching a predetermined tem-
perature, the Al,O, particles coalesce, preventing
further migration of the liquid copper. This results
in the formation of the observed copper agglom-
erates with an irregular metal-ceramic interface,
with the Al O, particles encapsulated within.

EDS analysis was performed with a focus
on the metallic particles in the matrix, account-
ing for their interactions with the matrix and the
area immediately adjacent to each particle. The
results were presented as mappings showing the
share of individual elements in selected areas
of the microstructure (Figure 5). The analysis
revealed the presence of three elements in the
indicated fragment of the microstructure: Al, O,
and Cu. The presence of copper was limited to the
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Figure 4. Representative scanning electron microscopy (SEM) micrographs of the microstructure of AL,O,-Cu
composites containing 2.5 vol.% Cu sintered at temperatures of 1400 °C. Images recorded in backscattered

electron (BSE) mode highlight the contrast between the ceramic matrix (AL,O

,» darker) and the metallic phase

(Cu, brighter)

metallic particle area, while both aluminum and
oxygen were present in the remaining portion of
the microstructure corresponding to the matrix. A
visible demarcation between the metallic particle
and the matrix characterized the areas of element
occurrence in the microstructure.

Mechanical tests were then conducted.
Mechanical testing was limited to the highest-
density samples to avoid results dominated by
porosity. The series sintered at lower tempera-
tures (1200 °C, 1250 °C, 1300 °C) was excluded
from the study due to unsatisfactory densification,
determined to be below 90% of the theoretical
density. Analysis of the results for the Al,O,-Cu
samples showed that the pressed samples sintered

BES 15KV WD9mm  SS35
Probka R

10um '

at 1400 °C had an average hardness of 13.6 + 1.5
GPa. Based on the literature, the results obtained
for the produced ceramic-metal composites differ
from those for the Al,O, ceramic samples. In stud-
ies on Al203 ceramic samples prepared by the
PPS method using the same commercial ceramic
powder (A1203 TM-DAR) and identical process
parameters, the samples’ hardness increased with
increasing temperature. The measured values
for samples formed at 1200 °C, 1300 °C, and
1400 °C were 18.30 £ 0.50 GPa, 19.20 + 0.54
GPa, and 21.00 = 0.60 GPa [37], respectively.
Similar results were obtained in studies that used
another current sintering method for A1, O, [38].
An experiment conducted by S. Huang’s team

Figure 5. SEM image and corresponding energy-dispersive X-ray spectroscopy (EDS) elemental analysis of an
ALO,-Cu sample with 2.5% vol. metallic phase content produced by uniaxial pressing and sintered at 1400 °C
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showed that the hardness of ceramic samples
formed from AlL,O, TM-DAR powder at 1250 °C
was 20.0 = 0.5 GPa, while at 1450 °C it was 19.4
+ 0.4 GPa [38]. The process was carried out at
a densification pressure of 60 MPa, which was
applied to the sample during its holding time at
the maximum temperature. Thanks to the applied
process parameters, densification of both samples
was achieved close to 100% [38].

For A1203-Cu samples, the KIC value for a
sample produced by uniaxial pressing and sin-
tered at 1400 °C was 4.94 + 0.85 MPa m®’. In
these samples, the probability of a crack encoun-
tering a metallic particle is low. However, given
the weak adhesion between the metallic phase and
the ceramic matrix, the only mechanism observed
in the samples is crack deflection. Cracks propa-
gated along the lowest-energy path at the inter-
face between the components. Metallic particles
cannot completely stop the material from crack-
ing; they only extend the crack propagation path
and, therefore, the time from crack initiation to
sample failure. It should be emphasized that the
fracture toughness values reported in this study,
determined using the indentation method, should
be interpreted as upper-bound estimates rather
than intrinsic material constants. Owing to the
pronounced microstructural heterogeneity of the
ALO,-Cu composites stemming from non-uni-
form copper distribution, agglomeration of the
metallic phase, and local porosity, the probability
of crack interaction with copper particles varies
significantly from indentation to indentation. In
regions where cracks intersect metallic agglomer-
ates or propagate along extended ceramic-metal
interfaces, enhanced crack deflection may artifi-
cially increase the apparent K. value. Converse-
ly, crack propagation through copper-depleted or
highly porous regions is not adequately captured
by localized indentation measurements.

Furthermore, indentation-based fracture
toughness methods are known to be sensitive
to residual stresses, elastic-plastic mismatch
between phases, and the choice of analytical rela-
tionship used for K, . estimation. In heterogeneous
ceramic-metal composites, these factors may col-
lectively lead to an overestimation of the effective
fracture resistance of the bulk material. Therefore,
the K. values reported here should be regarded
as an upper-limit indication of local crack-growth
resistance, reflecting favorable crack microstruc-
ture interactions rather than the macroscopic
fracture toughness that would be obtained from

standardized fracture mechanics tests. The method
for determining material fracture toughness using
cracks extending from the indenter corners is
commonly used for ceramic samples and ceramic-
based composites [39-41]. This group of methods
allows fracture toughness analysis directly on
prepared samples, without the need to fabricate
additional shapes with a given geometry, which
is complicated for ceramic materials due to their
properties. Given the heterogeneity of the metal-
lic phase distribution in ceramic-metal compos-
ites, this can lead to results with significant errors
[41]. However, it should be noted that the values
obtained using the indenter method also depend
on many factors, including the equation used to
determine the critical stress intensity factor.

The strain distribution during the loading pro-
cess for Al,O,-Cu samples with a 2.5% metallic
phase content is shown in Figure 6. The material
exhibits a continuous increase in load from the
beginning of the test; however, the peak region
is marked by a sudden drop in force, indicating
abrupt crack propagation and a damage event
during compression. The loading response prior
to failure is predominantly elastic and character-
ized by a linear increase in force with increas-
ing displacement, reflecting a gradual increase
in material stiffness throughout the test. At small
displacements (up to approximately 0.6 mm), the
load increases slowly, suggesting initial com-
pliance of the composite. This behavior may be
related to elastic deformation, microstructural
rearrangements, or settling effects within the test-
ing system. Beyond this stage, the curve becomes
steeper, indicating a significant increase in stiff-
ness and a more effective load-bearing response.
In the approximately 0.6-0.8 mm displacement
range, the force rises rapidly, corresponding to
the dominant deformation regime in which the
material strongly resists further displacement. At
larger displacements (above approximately 0.8
mm), the rate of force increase gradually dimin-
ishes, which may indicate the onset of damage
accumulation, material saturation, or nonlinear
plastic behavior. The maximum recorded load is
approximately 13 kN. The determined value of
compressive strength for Al,O,-Cu shapes was
63.42 + 0.95 MPa. This mechanical response sug-
gests a relatively violent damage evolution and
a transition from distributed microcracking to
macroscopic fracture. The shape of the load-dis-
placement curve provides insight into the prevail-
ing fracture mechanisms. The composite behaves
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Figure 6. Load-displacement curves obtained during uniaxial compression testing of Al,O,-Cu system
composites containing 2.5 vol.% Cu

elastically up to crack initiation, without a distinct
plastic plateau.

Once the maximum load is reached, failure
occurs rapidly. The serrated character of the curve
indicates a fracture process governed by localized
damage events. Copper particles may act as stress
concentrators due to their non-uniform distribu-
tion within the ceramic matrix. During compres-
sion, crack initiation is likely to occur preferen-
tially at ceramic-metal interfaces or in regions
containing clustered or weakly bonded Cu par-
ticles. The stepwise drops in load reflect the
successive coalescence of microcracks and the
intermittent formation of dominant shear cracks,
which together govern the composite’s overall
compressive response.

An example of the strain distribution during
loading of samples from the Al,O,-Cu produced
by uniaxial pressing with free sintering at 1400 °C
is shown in Figure 7. In the sinter produced by
conventional sintering at 1400 °C, the action of
monotonic loading accentuated strain concentra-
tions. These were located at the contact points
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between the sample and the punches, i.e., at the
highest unit pressures. The material exhibited low
susceptibility to deformation, with fracture occur-
ring on both sides of the vertical axis.

By analyzing the mechanical results, it can
be concluded that, first, the inherently poor wet-
tability of the ALO,/Cu system (contact angle
~120-140°) leads to weak interfacial bonding,
significantly reducing load transfer efficiency
between the metallic and ceramic phases. Second,
copper agglomeration during sintering results in
the formation of discrete metallic clusters that act
as stress concentrators, facilitating crack initiation
under compressive loading. Third, the presence of
copper-depleted regions results in locally unrein-
forced ceramic zones, thereby reducing the effec-
tiveness of crack-bridging and crack-deflection
mechanisms. Additionally, the non-uniform spa-
tial distribution of copper introduces microstruc-
tural heterogeneity, resulting in localized stress
gradients and premature failure. These results
demonstrate that near-full densification does not
guarantee high mechanical strength in non-wetting

ig. Effective Strain (von Mises)/ms

Figure 7. Example strain distribution maps obtained by digital image correlation (DIC) during compressive
loading of an Al,O,-Cu system with 2.5% vol. metallic phase content produced by uniaxial pressing with free
sintering at 1400 °C. The maps illustrate the evolution of local strain fields and the initiation of deformation
localization prior to fracture
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,-Cu composite after compressive failure

together with alumina grain size analysis

ceramic-metal systems, where interfacial integ-
rity and phase distribution are dominant factors in
determining mechanical performance.

Next, the results of fracture observations of
composite samples formed after compressive
strength testing are presented, along with the per-
centage distribution of Al O, particle sizes. The
matrix particle size was determined by image
analysis of SEM images of the fractures. The low
melting point of Cu prevented thermal etching
without interfering with the composite micro-
structure. Therefore, manual detection of Al O,
grains was performed for each of the tested sam-
ples. Image analysis was used to determine the
sinter’s mean equivalent diameter (d,). The mean
equivalent diameter d, defines the diameter of a
circle with a surface area corresponding to the
surface area of the analyzed particle [35].

Analysis of the results obtained for samples
from the AL,O,-Cu system (Figure 8) showed that
the mean equivalent diameter of Al,O, particles
for the sample produced by conventional sinter-
ing was 0.71 £ 0.22 pum. Fractographic observa-
tions revealed numerous large pores between the
matrix particles in this sample. The fracture nature
indicates that the sample fractured intergranularly,
with the crack propagating along grain boundaries.

CONCLUSIONS

This study addresses a long-standing techno-
logical challenge in ceramic-metal composites:
how to process alumina-copper materials when
copper does not wet alumina and becomes liquid

during sintering. These issues often lead to cop-
per migration, loss of metallic phase, porosity,
and weak ceramic-metal bonding, which limit
mechanical performance and practical applica-
bility. This work investigates the relationships
between processing microstructure and proper-
ties of Al,O,-Cu ceramic-metal composites fab-
ricated by uniaxial pressing and pressureless
sintering, with a focus on the challenges asso-
ciated with non-wetting liquid-phase sintering
of copper. Composites containing 2.5 vol.% Cu
were pressed at 100 MPa and sintered for 2 h in a
reducing atmosphere (95% Ar/ 5% H:) at temper-
atures ranging from 1200 °C to 1400 °C. X-ray
diffraction confirmed a stable two-phase system
consisting exclusively of corundum Al O, and
metallic Cu, with no secondary phases formed
over the investigated temperature range.
Densification was strongly temperature-
dependent, increasing from 78.65 £ 0.97% of
theoretical density at 1200 °C to 96.99 + 0.94%
at 1400 °C. Microstructural analyses revealed
that, at 1400 °C, copper remained liquid during
sintering and exhibited pronounced migration,
coalescence, and partial outflow from the sam-
ple, resulting in irregular Cu agglomerates, local
depletion of the metallic phase, and encapsulation
of Al O, grains. The average equivalent diameter
of AL,O, grains in the matrix was 0.71 + 0.22 um,
and fracture surfaces indicated predominantly
intergranular failure with significant porosity.
Mechanically, the composites sintered at
1400 °C exhibited a Vickers hardness of 13.6 +
1.5 GPa and an indentation fracture toughness
of 4.94 £ 0.85 MPa-m°3. Toughening was

1C
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governed mainly by crack deflection along weak
ALO,-Cu interfaces rather than by effective crack
bridging. The study demonstrates that while near-
full densification can be achieved without external
pressure, uncontrolled copper migration remains
a critical limitation, restricting further improve-
ments in the mechanical performance of pressure-
lessly sintered ALO,-Cu composites. The deter-
mined value of compressive strength for ALO,-
Cu shapes was 63.42 + 0.95 MPa. It should be
noted that the redistribution of copper observed in
this study is inferred from microstructural obser-
vations and elemental mapping rather than from
direct quantitative compositional measurements.
Although copper agglomeration and local deple-
tion zones are clearly visible in the microstruc-
ture, precise quantification of copper loss would
require complementary analytical techniques,
such as ICP-OES, XRF, or quantitative image
analysis of the metallic phase fraction. Such mea-
surements will be addressed in future work.

By explicitly linking processing conditions,
copper mobility, microstructure evolution, and
mechanical response, the study provides valu-
able insight into the limitations of pressureless
sintering for AL,O,-Cu composites. Importantly,
it highlights that even small copper additions can
alter fracture behavior. However, poor wettability
and liquid-phase migration remain the dominant
obstacles to property optimization.
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