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INTRODUCTION

Aluminum oxide, when reinforced with 
nickel particles, forms a class of ceramic-metal 
composites known as cermets, which possess 
unique properties that make them attractive to a 
wide range of industrial applications [1–2]. These 
materials combine the hardness, wear resistance, 
and thermal stability of ceramics with the ductil-
ity and toughness of metals, making them ideal 
for components subjected to extreme mechanical 

and thermal stresses [3]. The specific combina-
tion of Al2O3 and Ni offers significant advantages 
in high-temperature environments, electronic 
applications, and aerospace technologies, where 
materials must endure corrosion, oxidation, and 
severe mechanical loads [4].

Several fabrication methods are used to pro-
duce Al2O3-Ni composites, each offering distinct 
advantages based on the desired microstructure 
and material properties [5–6]. Conventional pow-
der metallurgy techniques, such as hot pressing 
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and sintering, are commonly employed due to 
their ability to achieve high-density microstruc-
tures [7–10]. However, these methods often en-
counter challenges in achieving a uniform dis-
tribution of metallic particles within the ceramic 
matrix, which is critical for consistent material 
performance. Additionally, they often require 
high sintering temperatures and extended pro-
cessing times, making them energy-intensive and 
less suitable for large-scale production.

Other methods, such as spark plasma sinter-
ing (SPS), offer the advantages of faster sinter-
ing times and lower processing temperatures 
[11–13]. However, they still encounter challenges 
in achieving uniform distribution of the metal-
lic phase [14–15]. Furthermore, various additive 
manufacturing techniques, such as direct energy 
deposition [16] or selective laser sintering [17], 
provide the capability for intricate designs. De-
spite these advantages, these methods require so-
phisticated equipment and may not consistently 
produce uniform microstructures [18].

Centrifugal slip casting, on the other hand, of-
fers a significant advantage over other methods 
by utilizing centrifugal forces to control the dis-
tribution of the metallic phase within the ceramic 
matrix [19–20]. This technique involves prepar-
ing a homogeneous ceramic-metal slurry (slip) 
that is cast into a mold rotating at high speeds 
[19–20]. The centrifugal forces generated during 
rotation encourage the metallic particles, which 
typically have a higher density than the ceramic 
phase, to specific regions of the mold, enabling 
precise control over particle segregation. This 
technique is particularly well-suited for fabricat-
ing composite materials with graded structures or 
anisotropic properties.

The incorporation of an external magnetic 
field during the centrifugal casting process in-
troduces an additional layer of control over the 
alignment and distribution of the metallic parti-
cles [21–22]. Since nickel is a ferromagnetic ma-
terial, the magnetic field influences the orientation 
and movement of Ni particles within the Al2O3 
matrix, enabling precise control of the resulting 
microstructure. This hybrid technique facilitates 
the design of composites with tailored properties, 
such as improved mechanical strength, thermal 
conductivity, or magnetic characteristics, depend-
ing on the specific alignment, distribution, and 
concentration of the Ni particles [21–22].

Compared to traditional methods, centrifu-
gal slip casting with an external magnetic field 

offers several key advantages. First, it provides 
enhanced control over particle distribution, as 
the combination of centrifugal forces and mag-
netic field alignment enables a more uniform or 
structured dispersion of the metallic phase, a level 
of control that is difficult to achieve with other 
fabrication methods. Additionally, this process 
facilitates the creation of anisotropic materials, 
where the alignment of metallic particles imparts 
directional properties, making it particularly use-
ful for applications requiring specific mechanical 
or thermal anisotropy. The method is also highly 
scalable and efficient, as it is relatively simple 
and cost-effective, making it suitable for indus-
trial production in contrast to additive manufac-
turing techniques or highly specialized sintering 
processes. Furthermore, centrifugal slip casting 
enables the customization of composite gradi-
ents, allowing for the fabrication of functionally 
graded materials (FGMs). These materials exhibit 
variations in composition and properties across 
the component, enhancing performance in ap-
plications where different regions are exposed to 
varying loads or thermal conditions. Despite the 
growing technological interest in Al2O3-Ni com-
posites, there is a relative scarcity of research on 
producing these materials using centrifugal cast-
ing in combination with external magnetic fields. 
The limited studies in this area have left a gap 
in understanding the influence of magnetic fields 
on particle distribution and the resultant material 
properties. Investigating these effects is essential, 
as they could open new avenues for enhancing the 
performance of ceramic-metal composites in de-
manding industrial applications.

This study fills an important gap in the fabri-
cation of Al2O3-Ni composites by exploring the 
combined effects of centrifugal slip casting and 
an external constant magnetic field on the mate-
rial’s microstructure and properties. While prior 
research has investigated the individual effects 
of centrifugal casting and magnetic fields, their 
combined influence on the alignment and distri-
bution of nickel particles – and how this impacts 
the composite’s mechanical properties – remains 
underexplored. The novelty of this work lies in 
demonstrating how the integration of these two 
techniques allows for precise control over nickel 
particle alignment and dispersion within the alu-
mina matrix, resulting in composites with im-
proved mechanical performance and enhanced 
structural uniformity. Additionally, the study 
systematically compares two different nickel 
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powders (Sigma Aldrich and Alfa Aesar), offer-
ing insights into how variations in the powder 
characteristics influence microstructural grada-
tion and overall material properties. Furthermore, 
the experiments varied the Ni content to assess 
how different nickel loadings affect the compos-
ite’s properties, providing valuable guidance for 
optimizing the fabrication process and tailoring 
materials for specific industrial applications.

MATERIALS AND METHODOLOGY 

Ceramic powder Al2O3 (TM-DAR) and two 
types of nickel metal powders, sourced from Sig-
ma Aldrich and Alfa Aesar, were utilized for the 
experiments. These powders differ in their aver-
age particle sizes. The nickel powder from Sigma 
Aldrich has an average particle size of 12.2 µm, 
whereas the nickel powder from Alfa Aesar is 
characterized by an average particle size of 4.8 
µm. The particle size distribution for Sigma Al-
drich nickel ranges from 3.8 µm to 136.5 µm, 
whereas the particle size for Alfa Aesar nickel 
ranges from 3.8 µm to 155.2 µm. To evaluate the 
properties of the powders, we conducted a series 
of characterization tests, including microscopic 
observations and magnetic property analyses.

The choice of deflocculants in composite 
preparation is crucial for achieving a stable, ho-
mogenous suspension, which directly affects the 
final microstructure and properties of the material. 
In the experiment, 0.3 wt% diammonium hydroci-
trate (DAC, puriss, POCh, Poland) and 0.1 wt% 
citric acid (CA, ≥ 99.5%, Sigma-Aldrich, Poland) 
were employed as deflocculants. Both DAC and 
CA are known for their ability to modify the sur-
face charge of ceramic and metal particles, such 
as Al2O3 and Ni, by adsorbing them onto their sur-
faces. This adsorption increases the zeta potential, 
enhancing electrostatic repulsion and preventing 
particle aggregation, which is crucial for achiev-
ing a stable slip. In connection with these defloc-
culants, the pH of the suspension should be adjust-
ed to a range where Al2O3 particles exhibit strong 
repulsion due to their surface charge. Maintaining 
this optimal pH ensures that the slip remains fluid 
and homogeneous during the centrifugal slip cast-
ing process. Moreover, nickel particles, being me-
tallic and denser, have a higher tendency to settle 
during casting. The use of DAC and CA minimiz-
es this issue by ensuring even particle dispersion 
throughout the suspension. Previous studies and 

laboratory experiments have demonstrated the 
effectiveness of these deflocculants in ceramic-
metal systems. Their use is well-established for 
achieving stable slurries with consistent micro-
structural properties, particularly in systems in-
volving alumina and transition metals like nickel 
[23–25]. The small quantities (0.3 wt% DAC and 
0.1 wt% CA) used are sufficient to stabilize the 
slip without introducing significant impurities or 
altering the properties of the composite, a crucial 
factor for ensuring high-performance applications. 
The dispersant-to-coagulant agent (DAC/CA) ra-
tio played a critical role in determining the quality 
of nickel (Ni) particle alignment during centrifu-
gal slip casting under a constant magnetic field. 
An optimized DAC/CA ratio ensured sufficient 
electrostatic and steric stabilization of the suspen-
sion, minimizing agglomeration and allowing Ni 
particles to remain individually dispersed and mo-
bile. This mobility was essential for the particles 
to respond effectively to the external magnetic 
field and align along its direction.

The samples were fabricated using the cen-
trifugal slip casting (CSC) method, with the in-
corporation of an external constant magnetic 
field to orient the metallic particles within the 
composites. The production process was divided 
into several stages, as illustrated in Figure 1. The 
diagram shows a circular arrangement of mag-
nets surrounding the gypsum mold, with alternat-
ing N-S poles facing radially inward (Figure 1). 
This configuration generates a radially oriented 
magnetic field pointing inward toward the axis of 
the mold from all directions. As a result, the field 
lines are directed from the outer circumference 
of the mold toward the central axis, influencing 
particle alignment in the radial direction. The al-
ternating arrangement of N and S poles around 
the mold suggests the field is not perfectly uni-
form, but instead creates a periodic radial field 
pattern. Such a configuration can result in a non-
uniform magnetic intensity along the radial di-
rection, with higher field gradients between the 
N and S poles. However, this type of setup is of-
ten used to generate sufficient magnetic torque 
to align ferromagnetic particles circumferentially 
or radially. The initial step involved accurately 
weighing the requisite amounts of each compo-
nent. In addition to water, ceramic, and metal 
powders, fluidizing agents such as citric acid and 
diammonium hydrogen citrate were introduced 
to enhance interparticle interactions. These 
agents played a crucial role in maintaining the 
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stability of the suspension over time, effectively 
preventing sedimentation. The prepared mixtures 
underwent homogenization using a THINKY 
ARE-250 homogenizer, with ceramic balls add-
ed to the container to ensure thorough mixing 
throughout the staged homogenization process.

Following homogenization, the slurry was 
cast using a system depicted in Figure 1, which 
incorporates seven magnets uniformly distrib-
uted throughout the entire volume between the 
mold and the steel holder. In this vertical cast-
ing setup, the rotational speed was maintained 
at 1500 rpm for 90 minutes. Subsequent to the 
casting, the samples were dried and sintered 
in a tube furnace under a reducing atmosphere 
comprising 20% H2 and 80% N2 to inhibit the 
formation of spinel. The sintering process was 
conducted in multiple stages: the furnace tem-
perature was first increased at a rate of 5 °C/min 
to 120 °C, followed by a ramp of 1 °C/min to 
750 °C, and finally, at 2 °C/min to 1400 °C. The 
samples were held at 1400 °C for two hours be-
fore being allowed to cool to room temperature.

Once cooled, the samples were sectioned us-
ing a diamond disc saw. Some specimens were 
cut along the axis of rotation, while others were 
cut perpendicular to it. The resulting fragments 
were then embedded in resin for further analysis. 
The final stage of preparation involved grinding 
the samples with an automatic grinding-polishing 
machine (Saphir 550). This process utilized a se-
ries of discs with varying grit sizes: PLATINUM 
0 (grit 80–100), PLATINUM 1 (grit 120–180), 

PLATINUM 2 (grit 220–320), PLATINUM 3 
(grit 600), and PLATINUM 4 (grit 1200). Two se-
ries of samples were produced, differentiated by 
the source of nickel powder: Series I contained 
Ni powder from Sigma Aldrich, while Series II 
utilized Ni powder from Alfa Aesar. Each series 
comprised 50% by volume of the solid phase, in-
cluding 10% of the metallic phase.

A detailed analysis of the magnetic properties 
of the nickel (Ni) powders was conducted using 
measurements obtained with the Lakeshore VSM 
7400 Vibrating Sample Magnetometer. The re-
search investigated various magnetic parameters, 
including saturation magnetization, coercivity, 
and remanence. The primary objective was to un-
derstand the magnetic behavior of the Ni powders, 
which play a crucial role in applications involving 
the fabrication of ceramic-metal composites.

Additionally, the density, water absorption, 
and open porosity of the produced shapes were 
determined using the Archimedes method.

The raw powders and samples were ob-
served using a JEOL JSM-6610 scanning elec-
tron microscope (SEM). Prior to observations, 
the samples were prepared to ensure optimal sur-
face quality and conductivity for SEM analysis. 
Composite samples were mounted on aluminum 
stubs using conductive carbon tape to prevent 
charging during SEM observation. To further re-
duce charging effects and improve imaging qual-
ity, a thin layer of carbon (approximately 10–15 
nm) was sputter-coated onto the samples using 
a sputter coater. The accelerating voltage was 

Figure 1. Schematic diagram of the system used to form samples using the centrifugal slip casting method using 
a constant magnetic field
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15 kV, enabling detailed imaging of sample sur-
faces. The chamber pressure was maintained un-
der high vacuum conditions (~10-4 Pa) to ensure 
optimal imaging conditions for high-resolution 
data capture. Various magnifications were em-
ployed, depending on the level of detail required 
for the study. In the study, a working distance of 
10–20 mm was selected to balance image resolu-
tion and depth of field, with adjustments made 
depending on the sample morphology. A shorter 
working distance was applied for high-magnifi-
cation images to maximize resolution. The sec-
ondary electron (SE) detector was primarily used 
to capture topographical details of the sample 
surfaces, highlighting particle morphology and 
surface roughness. For compositional analysis, 
the backscattered electron (BSE) detector was 
applied to distinguish between different material 
phases based on atomic number contrast. Addi-
tionally, a linear study of the chemical composi-
tion of the obtained composites was performed 
using an Energy dispersive x-ray spectroscopy 
(EDS) detector. The scan length for EDS line 
profiles was 100 µm.

In this study, the hardness of Al2O3-Ni com-
posites was measured using the HVS-30T hard-
ness tester (Huatec Group Corporation, Beijing, 
China), following precise calibration according 
to the manufacturer’s guidelines. Each speci-
men’s surface was carefully prepared for flatness 
and smoothness to ensure reliable results. A load 
of 49.05 N was applied for 10 seconds, creating 
indentations whose diagonal lengths were mea-
sured using the instrument’s optical microscope. 
Vickers hardness (HV) was calculated using the 
formula: HV = 0.1819∙F/d, where d represents the 
average diagonal length (in mm), and F is the ap-
plied load (in N). Measurements were taken at 12 
different locations across each sample to capture 
variability in hardness.

The monotonic compression test was con-
ducted using an Instron 8802 hydraulic pul-
sator, selected for its ability to apply precise, 
high-force compressive loads. The Instron 8802 
was equipped with specialized software to con-
tinuously record the load in relation to the dis-
placement of the compression plate. The testing 
system’s configuration enabled controlled mono-
tonic loading, simulating realistic compressive 
stress conditions. A digital image correlation 
(DIC) system was integrated into the setup to en-
able real-time monitoring of the deformation pro-
cess. High-speed cameras, capable of recording 

at frequencies exceeding 100,000 Hz, were posi-
tioned around the sample to capture detailed im-
ages of the sample surface throughout the test. The 
DIC system processed these images to generate 
strain maps, allowing for real-time visualization 
of strain distribution and deformation progres-
sion as the load increased. Before measurements, 
hollow cylindrical samples were prepared with 
consistent dimensions and surface qualities suit-
able for compressive strength testing. The sample 
surfaces were coated with a high-contrast speckle 
pattern to facilitate accurate strain measurement 
through the DIC system, enabling precise track-
ing of surface deformation during loading. Dur-
ing the compression test, the load was applied 
monotonically until sample failure, with the DIC 
system recording the full-field strain distribution 
on the sample’s surface. The Instron 8802 soft-
ware captured the load-displacement relationship 
throughout the test, generating a continuous graph 
showing the correlation between applied force 
and plate displacement. The load-displacement 
data obtained from the Instron 8802, combined 
with the strain maps from the DIC system, pro-
vided insights into the mechanical response of the 
samples under compressive loading. The load-
displacement graph illustrated the failure stages, 
while the DIC strain maps enabled the identifica-
tion of localized strain concentrations, crack ini-
tiation, and propagation patterns. This combined 
approach allowed for a comprehensive evaluation 
of both strength properties and failure character-
istics under monotonic compression.

In the last step of this study, stereological 
methods were used to quantitatively analyze the 
growth of alumina grains following the sintering 
process. The investigation aimed to determine the 
average grain size of alumina and investigate the 
influence of nickel particle size on alumina grain 
growth during sintering. Quantitative calculations 
were performed using the “MicroMeter” software 
[26–29], leveraging data obtained from scanning 
electron microscopy micrographs. To ensure sta-
tistical robustness, scanning electron microscopy 
images of fracture surfaces were randomly select-
ed, with at least 1.500 individual grains counted 
for each sample series. Grain size and distribution 
were analyzed using binary images derived from 
the binarization of grayscale SEM micrographs, 
enabling precise measurement of grain boundar-
ies. This comprehensive approach provided de-
tailed insights into the microstructural evolution 
of the material during sintering.
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RESULTS

Figure 2 presents SEM images and EDS re-
sults of alumina powder. The left image in Fig-
ure 2 reveals large clusters of agglomerated Al2O3 
particles, with sizes ranging from approximately 
5 to 20 µm. The high-magnification SEM image 
in the center further highlights the finer structure 
of these agglomerates, revealing the detailed sur-
face morphology of Al2O3 particles at the sub-
micron scale. The EDS spectrum on the right cor-
responds to the area indicated by the red square. 
It confirms the elemental composition of the ag-
glomerates, showing strong peaks for aluminum 
and oxygen, indicating the presence of Al2O3. The 
EDS analysis revealed a composition of 58 wt% 
Al and 42 wt% O, consistent with the expected 
stoichiometry of alumina. The minimal presence 
of other elements suggests that the alumina used 
is of high purity.

Figure 3 presents scanning electron micros-
copy images and energy-dispersive X-ray spec-
troscopy results of two different nickel powders. 

Figure 3a shows clusters of irregularly shaped 
nickel particles. In the magnified view, the parti-
cles appear to form a convex structure with rough 
surfaces. The EDS spectrum indicates (Figure 3a) 
that the material analyzed is composed purely 
of nickel, with no other significant elements de-
tected. The sharp peak around 0 keV corresponds 
to carbon contamination, which is common in 
SEM sample preparation. However, the dominant 
peaks at approximately 7–8 keV confirm the pres-
ence of nickel at 100 wt%.

Figure 3b reveals that nickel powder (Alfa 
Aesar) displays a similar clustering of nickel par-
ticles. However, they appear slightly more angu-
lar and have a denser structure compared to Sig-
ma Aldrich powder. The overall morphology of 
the particles is more compact, with well-defined 
edges. The EDS spectrum (Figure 3b) shows re-
sults nearly identical to those of the Sigma Al-
drich powder, confirming the presence of nickel 
at 100 wt%, with minor carbon contamination 
from the sample preparation process.

Figure 2. SEM micrographs and EDS spectrum of Al2O3 used in the preparation of Al2O3-Ni composites

Figure 3. SEM images and EDS results of two different nickel powders: (a) Ni - Sigma Aldrich, 
(b) Ni - Alfa Aesar
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In summary, both nickel powders exhibit sim-
ilar elemental composition (100% Ni) but differ in 
their microstructural features. The Sigma Aldrich 
powder has a more convex shape, with numerous 
protuberances and rougher surfaces, while the 
Alfa Aesar powder appears more compact and 
angular. These differences in morphology could 
influence the distribution and interaction of nickel 
within composite materials.

The graphs shown in Figure 4 display the 
magnetic moment per mass (T) as a function of 
the applied magnetic field (kA/m). Key mag-
netic properties, including coercivity, saturation 
magnetization, and remanence, are highlighted. 
The external magnetic field required to bring the 
magnetic moment to zero was measured as 8.21 
kA/m (102.63 Oe) for Sigma Aldrich powder and 
7.66 kA/m (96.77 Oe) for Alfa Aesar powder. In 
the literature, such fields (referred to as coercive 
fields) for ferromagnetic materials can vary based 
on particle size, purity, and other factors [30]. The 
article by Crangle and Goodman on pure iron and 
nickel may provide comparable benchmarks for 
understanding the influence of particle character-
istics on the coercive field [31]. The maximum 
magnetic moment achieved under the applied 
magnetic field was recorded at 0.61 T (54.589 
emu/g) for Sigma Aldrich and 0.59 T (52.64 
emu/g) for Alfa Aesar powder. The slight differ-
ence in magnetic moments between the two pow-
ders may indicate differences in grain structure or 
surface impurities, which the article discusses in 
the context of purity and sample preparation. The 
residual magnetization (remanence), measured 
after removing the external field, was noted as 
0.08 T (6.71 emu/g) for Sigma Aldrich and 0.07 T 
(6.12 emu/g) for Alfa Aesar. Remanence reflects 
how well the material retains its magnetization 
after the external field is removed, an important 

property in applications requiring stable mag-
netic characteristics without an ongoing external 
field [32–33]. Obtained measurements align with 
the typical ferromagnetic hysteresis behavior 
described in the literature [34], highlighting dif-
ferences between the two powders, which may 
arise from variations in crystallographic defects 
or surface oxidation. The differences in magnetic 
properties between Sigma Aldrich and Alfa Aesar 
powders suggest that each may be better suited 
for specific applications, depending on the de-
sired magnetic performance. Sigma Aldrich pow-
der exhibits slightly higher values across various 
parameters, Potentially indicating higher purity 
or fewer structural defects. 

Based on the Archimedes method, it was found 
that Series I (Ni powder from Sigma Aldrich) is 
characterized by an apparent density of 4.40 ± 
0.17 g/cm3, a relative density of 98.93 ± 0.96%, 
water absorption of 0.45 ± 0.03% and open poros-
ity of 0.85 ± 0.11%. For Series II (Ni powder from 
Alfa Aesar), the apparent density was found to be 
4.34 ± 0.18 g/cm3. The relative density was 97.74 
± 0.91%, water absorption was 0.55 ± 0.02%, and 
open porosity was 0.96 ± 0.08%. This research 
presents higher density and lower porosity than 
the previously published study [34], suggesting 
improved material compactness.

In the microstructures of Al2O3-Ni composites 
formed by centrifugal slip casting using a constant 
magnetic field, two series were examined: one 
with Ni Sigma Aldrich powder (Series I, Figure 
5a) and one with Ni Alfa Aesar powder (Series II, 
Figure 5b). These two series show different nickel 
particle distributions across various zones. It was 
found that in Series I, Zone I (the leftmost area 
near the periphery, Figure 4a), the microstructure 
shows a relatively high concentration of larger, 
light-colored nickel particles dispersed within the 

Figure 4. Magnetization curves of nickel (Ni) powders from two different sources: (a) Ni powder from Sigma 
Aldrich and (b) Ni powder from Alfa Aesar
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alumina matrix. This zone appears to be denser 
and possibly more compact due to the effects of 
centrifugal casting and the capillary forces from 
the plaster mold. The larger nickel particles are 
concentrated near the periphery due to their high-
er density, which is influenced by the centrifugal 
forces during the casting process.

Further observations showed (Figure 5) that 
the total wall width from outer to inner edge in 
Series I (4.92 mm) is slightly larger than in Series 
II (4.69 mm). This difference may reflect varia-
tions in the slip composition or particle distribu-
tion, potentially influenced by the nickel pow-
der’s characteristics and the combined effects 
of centrifugal and magnetic forces. In Series I, 
the width of the individual zones is 8.33 mm for 
Zone I, 2.83 mm for Zone II, and 1.25 mm for 
Zone III. In contrast, for Series II, the width of 
the individual zones is 7.69 mm for Zone I, 3.15 
mm for Zone II, and 7.69 mm for Zone III. It can 
be observed that Series I shows a more distinct 
gradient in the distribution of nickel particles, 
with greater variability in zone widths (Figure 5). 
This variability aligns with the larger particle size 
range and less uniform dispersion of the Sigma 
Aldrich powder. In contrast, Series II exhibits a 
more uniform distribution of nickel particles and 
zone widths, reflecting the finer, more consistent 
particle size of Alfa Aesar powder and its more 
uniform response to the constant magnetic field. 

These findings highlight the significant im-
pact that differences in powder characteristics 
and processing conditions can have on the mi-
crostructural gradation and material properties, 
which are essential for tailoring composite mate-
rials for specific applications.

In Zone II (Series I, middle section - Fig-
ure 5a), the particle distribution appears more 

uniform, but the nickel particle size is smaller 
and more homogeneously distributed compared 
to Zone I. While a slight gradient in particle den-
sity may still exist due to the casting process, the 
microstructure in this zone is more balanced, with 
a more even distribution of nickel and alumina. In 
Zone III (the rightmost area, closer to the center- 
Figure 5a), the concentration of nickel particles 
seems to decrease, possibly with fewer and finer 
nickel particles present. The alumina matrix ap-
pears to dominate in this region, suggesting that 
centrifugal forces had a diminished influence on 
particle distribution in this area.

In Series II (Figure 5b), similar observations 
were made for Zone I, where the periphery ex-
hibits a dense concentration of nickel particles. 
However, the particles in this zone appear more 
uniform in size and are slightly smaller compared 
to those in Series I (Figure 5a). The particle dis-
tribution in this zone is evener, likely due to the 
finer and more consistent particle size of the Alfa 
Aesar powder. In Zone II of Series II (Figure 5b), 
the microstructure shows a more homogeneous 
distribution of nickel particles compared to Se-
ries I, with less variation in particle size. The ob-
servation suggests a more stable dispersion of the 
nickel particles during the centrifugal slip casting 
process. In Zone III of Series II (Figure 5b), the 
effects of centrifugal forces are less pronounced, 
similar to Zone III in Series I.

Overall, the microstructures in Series I (Fig-
ure 5a) exhibit a greater range in particle size, 
particularly in Zone I, where larger particles 
are more concentrated. In contrast, the Series II 
samples (Figure 5b) show a more uniform size 
distribution of nickel particles across the zones, 
suggesting a more consistent response to the cen-
trifugal and magnetic forces during casting. 

Figure 5. SEM images of microstructures of Al2O3-Ni composites formed by centrifugal slip casting 
using a constant magnetic field
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Both series (Figure 5) demonstrate the char-
acteristic effects of centrifugal casting, where 
heavier particles, such as nickel, migrate toward 
the periphery (Zone I). However, Series II (Alfa 
Aesar powder) shows a more uniform response to 
centrifugal forces. In contrast, Series I (Sigma Al-
drich powder) exhibits a greater gradient in parti-
cle distribution and size across the zones. The ear-
lier discussion primarily focused on the influence 
of centrifugal forces on the resulting composite 
structures. However, during the composite fabri-
cation process, a constant magnetic field was si-
multaneously applied, significantly impacting the 
microstructure. Magnified views of the individual 
zones within the produced composites, presented 
in Figure 6, reveal distinct effects of the magnet-
ic field in both Series I (Figure 6a) and Series II 
(Figure 6b). Notably, in Zone II of both series, the 
presence of relatively linear and organized pat-
terns of nickel particles strongly suggests that the 
applied magnetic field influenced the microstruc-
ture. Due to their ferromagnetic nature, the nickel 
particles tend to align along the direction of the 
constant magnetic field, a behavior particularly 
evident in this middle zone.

The observed uniform distribution of nickel 
particles in Zone II, with minimal random cluster-
ing, further indicates that the constant magnetic 
field promoted particle alignment along specific 
planes during the casting process. This alignment 
adds an organized structure that contrasts with the 
distribution typically driven solely by centrifugal 
forces. In Zone I (the periphery), despite the dom-
inance of centrifugal forces concentrating heavier 

nickel particles toward this region, the magnetic 
field appears to have contributed to their even 
distribution and organized alignment. This ef-
fect is more pronounced in Series II (Figure 6b), 
where nickel particles exhibit a higher degree 
of uniformity and organization. The interaction 
between the centrifugal forces and the magnet-
ic field in this zone demonstrates that the field 
mitigates randomness introduced by centrifugal 
forces, yielding a more structured microstruc-
ture. In Zone III (closer to the center), both series 
show a reduction in nickel particle density due to 
the lower centrifugal force effect in this region. 
However, the particles present in this zone ex-
hibit a degree of alignment, further implying the 
pervasive influence of the magnetic field across 
the entire sample. This alignment, even in areas 
with reduced particle concentration, underscores 
the field’s role in maintaining structural organi-
zation. The observations revealed that the Alfa 
Aesar powder (Figure 6b) seems to respond bet-
ter to the constant magnetic field compared to the 
Sigma Aldrich powder (Figure 6a). This distinc-
tion is most apparent in the more uniform size and 
alignment of nickel particles in Figure 6b. The 
enhanced response suggests that the morphology 
or composition of the Alfa Aesar powder is more 
compatible with the magnetic field, enabling the 
formation of more ordered and structured patterns 
within the composite.

In contrast, while the Sigma Aldrich powder 
(Figure 6a) exhibits magnetic field alignment, its 
particle distribution shows greater variability. In 
Zone I, the stronger influence of centrifugal forces 

Figure 6. The magnifications of the individual zone areas for the Al2O3-Ni composites formed by centrifugal slip 
casting using a constant magnetic field
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over the magnetic field on larger nickel particles 
is particularly evident. This results in less unifor-
mity in particle size and arrangement compared 
to the Alfa Aesar sample.

By analyzing the effect of different nickel 
powders on the microstructure and mechanical 
properties of the composites, we aim to provide a 
more comprehensive understanding of how pow-
der characteristics influence the final material 
properties. We believe that this additional dataset 
contributes novel insights to the field and expands 
the scope of our previous research [34].

Figure 7 contains two sets of data related to 
the elemental distribution in Al2O3-Ni composites 
analyzed using EDS. Observations reveal that for 
Series I (Sigma Aldrich Ni powder), the upper 
part of Figure 7a shows a micrograph of the com-
posite material with a yellow line marking the lo-
cation where the EDS line scan was performed. 
The lower graph in Figure 7a presents the EDS 
line scan results, where the X-axis represents the 
distance in micrometers (µm), and the Y-axis rep-
resents counts per second (cps) for the detected 
elements. The three plotted lines correspond to 
Al (green) – Aluminum from the Al2O3 matrix, 
O (red) – Oxygen, also primarily from the Al2O3 
matrix, and Ni (cyan) – Nickel, representing the 
metallic phase in the composite. The fluctuating 
signals indicate variations in the elemental con-
centration across the scanned region. 

For Series II (Alfa Aesar Ni powder), simi-
lar to Figure 7a, the upper part displays a micro-
graph (Figure 7b) of the material with a yellow 
line marking the EDS scan location. The lower 
graph (Figure 7b) shows the EDS line scan results 
for this series, following the same pattern as in 
Figure 7a. Al (green), O (red), and Ni (cyan) are 
detected in this scan. The variation in signals in-
dicates the distribution of nickel particles and the 
alumina matrix across the scanned region.

Both figures demonstrate the elemental dis-
tribution in the composite material, with Series I 
and II having different microstructural character-
istics. The changes in signal intensity reflect dif-
ferences in the dispersion of the Ni phase within 
the Al2O3 matrix.

Despite the uneven distribution of nickel par-
ticles across the cross-section, the hardness test 
showed that the samples had a constant hardness 
for both series. Series I exhibited a hardness of 
1731.67 ± 11.06 HV (16.98 ± 0.11 GPa), while 
Series II showed a hardness of 1753.83 ± 19.57 
HV (17.2 ± 0.19 GPa). Comparing these results to 
previous studies that utilized the centrifugal slip 
casting (CSC) technique and magnetic field ap-
plication [22], variations in hardness values are 
evident. In the previous study, hardness ranged 
from 970 HV to 2700 HV across different zones 
of the gradient composite [22]. In contrast, this 
research does not report zone-specific hard-
ness. Still, highlights improved overall material 

Figure 7. Two sets of data related to the elemental distribution in Al2O3-Ni composites were analyzed 
using energy-dispersive X-ray spectroscopy: (a) Series I, (b) Series II
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performance due to uniform particle distribution 
and better alignment through the influence of a 
constant magnetic field.

Compression tests revealed distinct behav-
iors between the two series. The Series I sample 
exhibited a classic cracking pattern, with cracks 
initiating along the vertical axis (Figure 8, left 
side), consistent with the location of the applied 
load. Notably, the primary crack initiates at the 
bottom of the sample and grows to the right, al-
though theoretically, it should progress vertically 
upward. Lateral cracks appeared predictably, and 
cross cracks confirmed the material’s brittleness 
and lower compressive strength. In contrast, the 

sample from Series II demonstrated very stable 
behavior throughout the compression process. The 
range of deformations was small and uniformly 
distributed across the entire transverse surface of 
the sample. The Series I sample showed minimal 
deformation capacity and shattered upon exceed-
ing the maximum compressive strength (Figure 
8, right side). The uniform load transfer indicated 
the absence of manufacturing defects. This be-
havior reflects the high compressive strength and 
significant brittleness of the material.

Figure 9 presents the results of the monoton-
ic compression test for the two composite sam-
ples. Analysis of the curve revealed significant 

Figure 8. Exemplary strain distribution using the digital image correlation technique for the Al2O3-Ni composites
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differences in compressive strengths. The sample 
from Series II (410 MPa) exhibited nearly twenty 
times the strength of the sample from Series I (21 
MPa). Additionally, the specimen from Series II 
exhibited significantly higher ductility. Despite 
the differences in strength values, the stress-
displacement curves for both samples showed 
similar trends. In the initial loading phase, a 
slight slope was observed, followed by a more 
linear progression, culminating in a sharp load 
drop during the final phase. This sharp decrease 
corresponds to crack initiation and reflects a dy-
namic brittle fracture, as confirmed by the DIC 
analysis (Figure 9). The observed linear increase 
in load before failure also indicates the absence 
of structural artifacts in the composite material. 
The compressive strength values obtained in this 
study were found to be higher than those report-
ed in the authors’ previous research. Previous 
studies indicated that for Al2O3/Ni composites 
containing 50 vol% solid phase and 10 vol% me-
tallic phase formed by centrifugal slip casting, a 
compressive strength of 42.45 MPa was achieved 
[21]. By comparison, the Series II material in this 
study demonstrated strength approximately ten 
times greater.

When comparing the results to another previ-
ous study, which used identical starting powders 
but a different composite-forming system, further 
improvement in durability was observed. Specifi-
cally, the compressive strength of Series II com-
posites reached 410 MPa, significantly higher 
than the 128.92 MPa reported in the earlier work 

[22]. This enhanced performance is attributed to 
the optimized alignment and distribution of nick-
el particles within the Al2O3 matrix, achieved 
through the refined sample-forming technique 
employed in this study. These results underscore 
the potential of the methodology used in this re-
search to achieve exceptional mechanical perfor-
mance. The improvement in compressive strength 
highlights the applicability of these composites in 
demanding fields such as aerospace and electron-
ics, where high material strength is critical.

It is worth paying attention to the fact that 
both Series I and II showed comparable hard-
ness values (~1730–1750 HV) despite signifi-
cant differences in nickel particle distribution and 
compressive strength, due to the nature of what 
hardness measures and how it responds to micro-
structural factors. Hardness in these composites 
is primarily governed by the Al₂O₃ matrix, which 
is much harder than nickel. Since nickel content 
was only 10 vol%, the influence of its distribu-
tion on hardness was minimal. The hardness test 
mainly probes the resistance to localized plastic 
deformation, which is dictated by the ceramic 
phase. Vickers hardness tests involve a very small 
contact area (on the order of microns). This means 
the indenter often interacts with a mostly ceramic 
region, regardless of the broader distribution of 
Ni particles (Figure 10 a). Unless the nickel forms 
a continuous or significantly clustered phase at 
the micro-scale indentation point, its presence 
does not strongly alter the result. Even where 
nickel particles are present near the surface, their 

Figure 9. Scheme of deformation as a result of monotonic compression for the Al2O3-Ni specimens
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ductile nature means they undergo limited plas-
tic deformation under the indenter, blunting the 
stress but not lowering the hardness dramati-
cally. Their isolated presence doesn’t dominate 
the response. In contrast, compressive strength is 
sensitive to macro- and microstructural defects, 
including particle clustering, alignment, and in-
terfacial bonding. Series I’s poor particle distri-
bution introduced stress concentrators and weak 
zones, drastically reducing strength, something 
hardness tests cannot detect (Figure 10 b). Hence, 
even a poorly dispersed metallic phase may not 
reduce hardness significantly, while it can criti-
cally impair compressive strength.

Figure 11 presents SEM images of the frac-
ture surfaces of Al₂O₃–Ni composites after 

mechanical testing, highlighting the morphology 
and fracture behavior of the ceramic matrix. In 
both Series I and Series II, well-defined Al₂O₃ 
grains are visible, indicating that the fracture 
propagated through the sintered ceramic network. 
The fracture surfaces display features consis-
tent with a predominantly transgranular fracture 
mode, characterized by cleavage-like steps and 
faceted grain boundaries, particularly evident in 
the larger grains of Series II. These features sug-
gest strong intergranular cohesion and indicate 
that crack propagation occurred preferentially 
through grains rather than along grain boundar-
ies. This transgranular behavior is often associ-
ated with higher mechanical strength, as more en-
ergy is required for cracks to traverse individual 

Figure 10. Schematic illustration comparing the effects of nickel (Ni) particle distribution on hardness and 
compressive strength in Al₂O₃-Ni composites. Despite the irregular Ni dispersion in Series I (left (a)), hardness 
remains high due to the dominant ceramic matrix. In contrast, the uniform Ni alignment in Series II (right (b)) 

significantly enhances compressive strength by improving structural integrity and load distribution

Figure 11. SEM images of fracture surfaces of Al₂O₃–Ni composites: (a) Series I and (b) Series II. The 
micrographs reveal predominantly transgranular fracture, with well-developed and faceted Al₂O₃ grains Series II 

shows larger, more tightly packed grains, consistent with its superior mechanical performance
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grains. Despite the larger grain size in Series II, 
the microstructure appears more cohesive and 
densely packed, which correlates with the signifi-
cantly improved compressive strength observed 
in these samples.

The results indicate that employing a system 
with seven evenly distributed magnets placed be-
tween the mold and the steel holder, combined 
with spinning at 1500 rpm for 90 minutes, leads 
to improved mechanical properties compared to 
classical centrifugal slip casting with a magnetic 
field. Figure 12 a shows the histogram that dis-
plays the grain size distribution of Al2O3 grains in 
Series I composites. The mean particle diameter 
was measured at 0.96 ± 0.49 μm. The distribution 
exhibits a peak in the 1.0 to 1.2 μm range, where 
approximately 16% of particles fall, and most of 
the grains Al2O3 sizes are concentrated between 
0.6 and 1.6 μm. The distribution has a narrower 

spread, indicating relatively uniform grain sizes 
in this series.

In contrast, Figure 12 b presents the histo-
gram illustrating the grain size distribution of 
Al2O3 grains in Series II composites. The mean 
grain diameter was measured at 1.28 ± 0.75 μm, 
which is both larger and exhibits a wider standard 
deviation compared to Series I. The distribution 
peaks in the 1.2 to 1.4 μm range, with around 
16% falling in this interval. However, the grain 
sizes are more widely distributed, extending up 
to approximately 4.2 μm. This broader distribu-
tion suggests that the use of nickel (Alfa Aesar) 
powder, with its particle size range of 3.8 µm to 
155.2 µm, contributed to increased grain growth 
and greater variability in particle sizes in Series 
II composites. 

Interestingly, Series II exhibited larger aver-
age grain sizes (1.28 ± 0.75 µm) compared to 

Figure 12. Grain size distribution of Al2O3 in Al2O3-Ni composites: (a) Series I, (b) Series II
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Series I (0.96 ± 0.49 µm), yet still demonstrated 
significantly higher compressive strength. While 
finer grains are generally associated with en-
hanced strength through grain boundary strength-
ening, the improved mechanical performance of 
Series II is primarily attributed to the uniform dis-
tribution and alignment of nickel particles under 
the influence of the external magnetic field. This 
optimized microstructural arrangement reduced 
internal defects and enhanced interfacial bonding, 
allowing for more effective stress transfer and 
crack deflection. Thus, in this case, the quality of 
particle dispersion and structural integrity played 
a more critical role than grain size in determining 
compressive strength. 

CONCLUSIONS

This study demonstrates that the integration 
of centrifugal slip casting with an external con-
stant magnetic field significantly enhances the 
microstructural uniformity and mechanical per-
formance of Al₂O₃–Ni ceramic-metal composites. 
A direct comparison between two series fabri-
cated using nickel powders from different suppli-
ers (Sigma Aldrich and Alfa Aesar) revealed that 
the choice of powder source, and specifically the 
particle morphology and size distribution, plays a 
crucial role in determining the final properties of 
the composite.

The application of the magnetic field during 
the casting process resulted in a more uniform 
alignment and dispersion of nickel particles in Se-
ries II (Alfa Aesar powder), as confirmed by SEM 
and EDS analysis. In contrast, Series I (Sigma Al-
drich powder) exhibited irregular Ni distribution 
and larger particle agglomeration, especially near 
the periphery due to centrifugal effects.

Mechanical testing showed a dramatic in-
crease in compressive strength – from 21 MPa 
in Series I to 410 MPa in Series II, representing 
an improvement of over 1850%. This substantial 
gain confirms the effectiveness of particle align-
ment and homogeneous distribution in enhanc-
ing load-bearing capacity. Additionally, Series II 
samples exhibited improved ductility and more 
stable crack propagation, indicating a transition 
from predominantly intergranular fracture in 
Series I to more transgranular or mixed fracture 
modes in Series II.

These results confirm that combining centrif-
ugal casting and magnetic field-assisted particle 

alignment can achieve tailored microstructures 
with superior mechanical properties. The study 
highlights the importance of raw material selec-
tion – specifically nickel particle morphology – 
in optimizing composite fabrication. Ultimately, 
the presented method provides a robust route for 
producing high-performance ceramic-metal com-
posites with potential applications in aerospace, 
electronics, and other high-demand sectors.
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