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ABSTRACT

Additive Manufacturing (AM) plays a key role in meeting the vital demands of Industry. The
AM industry needs the range of applicable materials to be expanded by conducting research
on novel ones. In the present investigation, alumina/Fe—Ni (steel) ceramic matrix particulate
composite was fabricated employing laser powder bed fusion (LPBF) additive manufacturing
(AM) technology. The quality of the printed samples was associated with the LPBF process
parameters, which were optimized for this process. In general, the fabricated samples
showed a microstructure of alumina matrix with uniform distribution of steel (Fe—Ni) par-
ticles. The as-printed samples exhibited pores. Thus, they were subjected to a sintering heat
treatment cycle under an inert atmosphere. Although the sintering cycle considerably
increased the average Vickers hardness, pores were not eliminated entirely. Therefore,
polymer impregnation of the as-sintered samples was carried out to reduce porosities and
microcracks. The mercury porosimeter showed that the porosity decreased sequentially
after sintering and polymer impregnation. In addition, mechanical investigations revealed
that the polymer impregnation improved the compressive strength of the sintered samples
(from 56 to 120 MPa). Alumina-based materials find wide applications in various fields,
including the manufacturing of electronic components, cutting tools, biomedical implants,
and catalyst converters, owing to their low density, high hardness, wear and corrosion
resistance, and biocompatibility. This study presents a viable approach for the fabrication of
these materials, with developed samples exhibiting promising properties. The study em-
phasizes the potential of additive manufacturing as an approach for the fabrication of
ceramic matrix composites reinforced with metallic particulates in future research.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Ceramic matrix composites (CMCs) are a frequently used
category of materials in nowadays high-tech industries [1,2].
Ceramic-metals, also called cermets, are a prominent sub-
category of CMCs, which can be a solution for ceramic-
property limitations such as brittle failure, low fracture
toughness, and sensitivity to thermal shock [3,4]. They are
widely used in space vehicles, gas turbines, automotive parts,
slide bearings, etc. [5—7]. Alumina is one of the commonly
used ceramics in the fabrication of CMCs [8], which is proven
to encompass impressive behavior at elevated temperatures,
excellent thermal conductivity, high hardness, significant
corrosion, wearing and abrasion resistance, and relatively low
density (nearly half of that of steel) [9]. Alumina is an ideal
material for high-temperature insulators, substrates, and
circuit boards [10]. Also, the high hardness and wear resis-
tance of alumina or alumina-based composites, makes them
ideal for use in cutting tools or high-resistance coatings,
especially when heat resistance is required [11]. Moreover,
alumina is biocompatible, which means it can be used in
medical implants without causing an immune response.
Porous alumina-based implants are used in hip and knee re-
placements, dental implants, and other medical applications
[12,13]. Porous alumina-based materials are also widely used
as catalyst converters or to purify air or water [14,15].

On the other hand, alumina is an excellent candidate to
combine with steel, considering the importance of various
types of steel in industries [16]. For instance, SiC/steel com-
posites are almost impossible to fabricate, as the oxide coat-
ings on SiC are not protective enough to shield the ceramic
against corrosion caused by the melted metal. Therefore, the
dissolution of SiC in the melt occurs. Consequently, alumina
as an oxide ceramic is a well-deserved option to compound
with high-melting alloys (e.g., steels or Ni-based superalloys).
In such composites, the interface of steel-alumina has proven
to show satisfactory bonding, with no cracks [17—-19].

Leveling blade

Powder stock -

Koopmann et al. [20] also demonstrated that the good inter-
face behavior of alumina-steel can be observed even for
additively manufactured samples. Moreover, for high-tech
applications, there is an increasing necessity to develop
novel materials specifically designed for exclusive purposes
[21,22]. To this end, various innovative materials, particularly
composites, were introduced through different fabrication
techniques [23—25]. Considering the broad utilization of
alumina in industries, a favorable category of composites can
be achieved by developing alumina/metallic composites. It
enables us to obtain superior material behavior, encompass-
ing selected properties of alumina and metals (e.g., metals act
as the reinforcement phase or a coolant agent in the structure,
and alumina adds high abrasion resistance to it, etc.).

Such composites can also be produced through powder
metallurgy (PM) [26], hot pressing (HP) [27], hot isostatic
pressing (HIP) [28], spark plasma sintering (SPS) [29], and
casting methods [30]. However, fabrication of the CMCs via
conventional techniques can be costly and geometrically
limited. Besides, the aforementioned processes sometimes
prolong the path to the desired parts. To overcome these
barriers, additive manufacturing (AM) techniques can be
introduced as an alternative solution to produce CMCs [31]. In
these methods, the components are produced through a
layer-upon-layer material deposition until the desired shape
is made [32]. It is required to study the potential of AM to
produce CMCs. The additively manufactured CMC samples
were also compared to those fabricated through conventional
techniques [33—35]. One major AM category is laser powder
bed fusion (LPBF), in which a laser beam is utilized to selec-
tively melt or sinter and fuse the powder particles [36]. The
principle of this method is that a thin layer of powder is uni-
formly deposited on the printing bed through a blade coater.
The laser beam scans the selected area via the intended pa-
rameters and the desired scanning pattern. The adjacent
powders are then fused together under the influence of the
heat induced by the laser beam. Subsequently, the printing
bed moves downwards on the z-axis, and another layer of
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Fig. 1 — Schematic representation of the LPBF process.
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powder is coated on the top. This procedure is repeated until
the final geometry is obtained. The schematic illustration of
the LPBF process is shown in Fig. 1. Despite considerable
advancement in this area, the LPBF technique is still in the
early stages of development. A considerable number of re-
searches were carried out to develop new materials for the
LPBF, including iron-based alloys [37,38], aluminum-based
alloys [39—41], metal-ceramic composites [42—44], and metal
matrix composites [45—48].

During the past few years, a limited number of researches
are conducted on AM of metal-reinforced CMCs, most of
which are associated with AM of WC-Co composites. In liter-
ature, LPBF [49—51], direct laser deposition [52], binder jetting
[53,54], and laser engineering net shaping (LENS) [55,56] AM
techniques have been used to fabricate CMCs. Among the
mentioned techniques, LPBF includes most of the research. A
major problem in LPBF of the metal-reinforced CMCs is the
formation of cracks due to the thermal gradients [57]. Gri-
goriev et al. [50] used LPBF to additively manufacture WC-6 wt
% Co samples and reported crack formation, which is attrib-
uted to the significant difference between the melting point of
the ceramic and the metal. Khmyrov et al. [58]} studied the
formation of various phases during the LPBF of WC with
different Co contents (6, 50, 72.4, and 75 wt%). They reported
the presence of WC and the formation of W,C in the structure
for samples with 6 wt% Co. For any other sample, they
observed a full dissolution of WC. A small amount of W4Co,C
was revealed in samples containing 75 and 72.4 wt% Co, while
samples with 50 wt% Co contained W5CosC.

On the other hand, some difficulties are faced in the laser
processing of ceramics related to their low optical absorption
coefficient and, subsequently, the problematic absorbing ratio
of the laser energy during the process. Compounding the
ceramic with metal particles is an effective solution to
enhance light absorption. Besides, ceramics usually have high
melting points and do not melt during laser processing. As a
result, they do not have the proper flowability to fill the pores
during printing. Adding metallic particles to ceramics can
reduce the porosity ratio, as the metals have the potential to
melt, flow, and fill the gaps at lower melting temperatures.

With regard to the reasons mentioned above, this research
aimed to additively manufacture the alumina/standard EOS
steel alloy (DS20) composite through the LPBF technique. It is
worth noting that parameters such as flowability, density,
size, shape, and conductivity of the powder are critical

Table 1 — DMLS process parameters for additive

manufacturing of alumina-EOS DS20 steel cylindrical
specimens.

Parameter Value
Laser Power 190 W
Laser scanning speed 550 mm/s
Layer thickness 30 pm
Hatch space 150 pm
Scanning pattern Sorted
Powder bed temperature 170 °C
Atmosphere Argon
Building Direction 90°
Geometry Cylinder

characteristics in the broad implementation of the technique.
After accomplishing the manufacturing phase, the samples'
microstructure variation, porosity analysis, hardness testing,
and compressive strength were addressed. Alumina-based
materials have a broad range of industrial applications,
especially alumina/metal composites. Previous research by
Koopmann et al. [20] reported zirconia-alumina ceramic
coating on a steel substrate. However, to our knowledge, this
study presents the first development of an alumina/steel
ceramic matrix composite using LPBF, demonstrating the
feasibility of printing cermets. The advantages of additive
manufacturing, including design flexibility, energy efficiency,
and reduced post-processing and machining requirements,
make this breakthrough approach a promising option for the
fabrication of alumina-based materials. This research offers
new avenues for the additive manufacturing of ceramic-based
materials in general.

2. Materials and methods
2.1. Material

To prepare the composite powder, an aluminum oxide powder
(GF54503557, Aldrich, United States) and a standard EOS steel
alloy (DS20, EOS GmbH, Germany) powders were carefully
sieved through a mesh size of <45 um to eliminate any
agglomerated particles. Using a dry ball milling setup, the
powders were mixed at a ratio of 80 wt% alumina and 20 wt%
steel for 4 h. The composition of steel powder was investi-
gated by the inductively coupled plasma—optical emission
spectrometry (ICP-OES) analysis through the Sciex Elan 6100
(PerkinElmer, USA) system.

2.2. Processing

A direct metal laser sintering (DMLS) machine (M250 XTEN-
DED DMLS 3D printer, EOS GmbH, Germany) was used to
fabricate alumina/steel cylindrical specimens with a diameter
and height of 5 and 15 mm, respectively. The optimal printing
parameters (Table 1), including laser power, laser scanning
speed, layer thickness, scanning pattern, and hatch space,
were adjusted, starting with the values derived from previous
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Fig. 2 — The heating program used for the sintering of the
as-printed specimens.
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Fig. 3 — SEM micrograph of the (a) as-received Al,0; powder and (b) as-received EOS DS20 steel powder.

studies [59]. The as-printed specimens were then sintered in a
graphite furnace under an inert gas (argon) atmosphere to
improve the bonding within the structure. The sintering
heating program is presented in Fig. 2.

After the sintering process, a polymeric resin (Dichtol WTF
1532, Metaplastic, Germany) was used to infiltrate into the
cracks and pores of the specimens. According to the data
provided by the resin manufacturer, Dichtol polymer has a
service temperature of —40 °C to +300 °C. In addition, the low
viscosity of the resin at room temperature could enhance the
infiltration process. For the infiltration process, specimens
were immersed in the liquid resin for 60 min and then cured
for 4 h at room temperature according to the guideline pro-
vided by the manufacturer. This process was repeated three
times to ensure complete penetration of the resin.

2.3. Characterization

Simultaneous thermal analysis (STA 504, BAHR-Thermoana-
lyse GmbH, Germany) up to 1600 °C and in an argon atmo-
sphere was used to investigate the steel powder's thermal
properties and determine a suitable sintering temperature.

Microstructural studies were performed on both as-
received powders and processed samples (as-printed, as-
sintered, and polymer-impregnated). Field-emission
scanning electron microscopy (FE-SEM) (Mira3, TESCAN,
Czech Republic) was used to study the polished cross-sections
and the fracture surface of the fabricated specimens. In
addition, an energy-dispersive x-ray spectrometer (EDS) was
utilized to characterize their chemical compositions.

Mercury porosimetry distribution analysis was conducted
in two different ranges. To investigate the distribution of
pores below D: 10 um and pores above D: 10 pm, a Pascal 440
and a Pascal 140 Mercury Porosimeters (Thermo Fisher Sci-
entific, United States) were used, respectively.

To evaluate the mechanical properties, cylindrical samples
with a diameter and height of 5 and 7.5 mm, respectively, were
prepared and subjected to the compression test using a uni-
versal testing machine (2000KPX, Instron, United States); the

test was conducted in accordance with the ASTM-C1424
standard at a 1 mm/min rate for all samples. The as-
fractured samples were studied to investigate the fracture
behavior. To check the hardness of the specimens, a Vickers
microhardness indenter was used (MMT-X, Matsuzawa,
Japan) under a force and duration of 50 g and 20 s, respectively.
The microhardness test was carried out at different locations
along the surface of the specimens with a spacing distance of
500 um between adjacent indentation points.

3. Results and discussion
3.1. Characteristics of the as-received powder materials

Powder characteristics, including morphology and particle
size, were studied using FE-SEM (Fig. 3). The as-received
alumina particles showed an elongated polygonal shape,
and most of the particles were in the range of 30—45 pm
(Fig. 3(a)). The DS20 steel particles exhibited a spherical
morphology with an average particle size below 20 um. Some
agglomerates could be noted in the initial steel powder, which
could be removed by ball milling and sieving (Fig. 3(c)). The
relatively small diameter of the steel particles and their large
specific surface area led to the enhancement in light absorp-
tion properties during DMLS, which raised the heat of the
particles and facilitated the sintering properties. Furthermore,
the spherical morphology of the metal particles could lead to a
smoother and more uniform layer during the powder depo-
sition [60].

The composition of DS20 steel powder obtained from ICP-
OES analysis is listed in Table 2.

The homogenous distribution of steel particles in the
dominant Al,0; powder was found using SEM of the as-milled
powder mixtures (Fig. 4). The even distribution was necessary
to increase the laser absorption rate and enhance the mix-
ture's flowing characteristic during the printing process. It
could also improve liquid wetting characteristics and reor-
dering of the particles.

Table 2 — Composition of the steel powder used in this study, obtained from ICP-OES analysis.

Element Fe Ni Cu Si

Mg Al P Ti Others

Weight (%) Balance 21.89 7.48 0.028

0.026 0.026 0.030 0.033 <0.060
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Fig. 4 — SEM micrograph of the as-milled powder mixture.

3.2.  DMLS processing and sintering

Different powder ratios were investigated to obtain the opti-
mum mass ratio of each component in the fabricated speci-
mens. Any defective ones with visible cracks or large
porosities were ruled out. The printed specimen with the
composition of 80 wt% of Al,03; powder and 20 wt% of the DS20
steel particles showed no visible defects. The DMLS process
parameters were also determined. Different parameters,
including the laser scan pattern, laser energy density, and
heat treatment program, were selected as variables, and op-
timum parameters were obtained based on the printed spec-
imens' characteristics, which are reported in Table 2. Then,
the DMLS was successfully used to manufacture cylindrical
specimens with the mentioned composition. The fabricated
cylindrical specimens are shown in Fig. 5.

The sintering process was then conducted to improve the
strength of the as-printed cylinders and relieve their associ-
ated residual stresses that formed due to fast localized cooling
during printing [61]. The sintering temperature for alumina
was determined in different works to be about
1300 °C—1600 °C [62]. However, due to the existence of the
metallic component in the CMC structure, the melting point of
this component played an important role in determining its
sintering temperature. To select a suitable maximum tem-
perature for the sintering phase, the STA analysis was per-
formed on the steel powder, presented in Fig. 6. Based on the
signals, an endothermic peak is evident at 1370°, possibly
associated with the liquid formation. Accordingly, this tem-
perature (1370°) was selected for the sintering process.

3.3.  Microstructural characterization of the as-printed,
as-sintered, and polymer-impregnated samples

Fig. 7 displays backscattered electron (BSE) SEM micrographs
of the polished surface of the samples. The as-printed sample
showed uniform distribution with no accumulation of the
steel particles over the Al,O; matrix. Besides, the diffusion of
the steel alloys in the Al,03; matrix is not evident from the
images (Fig. 7(b)). The as-printed body is a porous structure
and contains micro-cracks mainly formed between the po-
rosities. From the fracture cross-section (Fig. 8(a)), it can be
observed that these cracks can propagate through the struc-
ture when the load is applied. The formation of micro-cracks
in the sample is attributed to the brittleness of the alumina
matrix and the differences in melting points and thermal
expansion coefficients of alumina and steel components
[51,63]. Due to the weak adhesion between steel and alumina
matrix, steel particles were removed during polishing in some
areas; these are distinguished in dark circles in the micro-
graph. It also can be understood from Fig. 7(c) that some of the
alumina particles were melted during the printing process. A
similar effect was noted on the fracture surface of the bars, as
highlighted in Fig. 8(a). Besides, a long crack formed due to
thermal gradients during solidification. Fig. 7(d—f) illustrates
BSE images of the sintered sample.

The images of the as-printed and as-sintered samples
show no discernible difference between them. Due to the
existence of the steel component in the fabricated composite
and considering the steel area being melted at 1370 °C, liquid
phase sintering must have occurred during the heat-
treatment to achieve full densification. However, the
mentioned phenomenon did not happen because of the poor
wettability of the steel and alumina, the high interfacial en-
ergy between steel and alumina, and the presence of a thin
layer of oxide on the surface of the steel, which prevents
melted steel from moving between alumina particles [64—66].
From the fracture surface analysis (Fig. 8(c) and (d)), spherical
steel particles can still be observed, confirming the stated
phenomenon. It is evident from the SEM images of the pol-
ished cross-section that the melted metallic particles did not
rearrange the alumina particles due to capillary action. On the
other hand, it could be noticed that the as-sintered samples
have relatively higher densification than the as-printed body.
The reason could be associated with the densification of the
alumina component during sintering. The onset of sintering
temperature for alumina is around 1000 °C. Hence, alumina
particles started to densify at this temperature through the
solid-state sintering mechanism. Since the sintering

1cm \ >
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Fig. 5 — The as-printed cylindrical specimens with the composition of 80% alumina-20% DS20 steel (wt%).
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Fig. 6 — STA analysis of the DS20 steel powder, based on TG and DTA signals.

Fig. 7 — Backscattered electron SEM micrographs of the samples, the interaction of the steel with ceramic areas and ceramic
section (a—c) as-printed; (d—f) as-sintered; and (g—i) polymer-impregnated.
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Fig. 8 — Secondary electron SEM micrographs of the fracture cross-section of the samples (a and b) as-printed; (c and d) as-

sintered; and (e and f) polymer-impregnated.

temperature of the CMC was selected to be at 1370 °C, which
was 370 °C higher than the onset of the sintering temperature
of alumina, more densification was expected. However, the
complete densification of the CMC was not achieved since the
ideal sintering temperature of alumina is between 1500 and
1700 °C, which was impossible to implement due to the
presence of the metal in the structure. Considering the STA
analysis of the metallic phase (Fig. 6), the formation of gas at
temperatures above 1370 °C could introduce defects into the
structure. The incomplete densification of alumina may also
be linked to the sintering atmosphere chosen. This is because
argon has a lower solubility in alumina than oxygen, which
may lead to less efficient sintering [67]. It is worth noting that a
noble gas was chosen as the atmosphere due to the presence
of metallic particles, and the risk of oxidation during sintering,
which could have had a detrimental effect. It should be
considered that solidification occurred so fast when the
alumina particles were melted during the printing process. So,
densification could not be achieved entirely. Therefore, the
particles only stuck together. By comparing the steel and
alumina interaction for the as-printed body and the sintered
samples in Fig. 7(b) and (e), it could be concluded that the
pores inside the steel area are removed after sintering.
Despite performing the sintering process and the resultant
relative increase in the strength of the areas, the samples
remained brittle due to the porosities in their structures. So,
they could not be used under relatively high mechanical loads.
Therefore, an attempt was made to remove the cracks and
reduce the porosity in the samples by penetrating a suitable
polymer into the matrix to improve their strength. The spec-
imens were immersed in the Dichtol WFT 1532 resin. This
polymeric solution was specifically designed to fill the pores
(0—0.1 mm) and subsequently cause an improvement in the

material's mechanical and corrosion behavior. The micro-
graphs of the samples immersed in the resin, “the polymer-
impregnated sample”, are shown in Fig. 7(g)—(i). From the
polished cross-section, almost difference can be noted be-
tween the images of the samples before and after the polymer
infiltration process. However, as highlighted in Fig. 8(f), the
polymeric solution could close some micro-cracks due to the
low viscosity and easy penetration characteristics. Larger
cracks and porosities cannot be filled in, but a thin layer on the
defects' walls can be formed, improving the properties. It is
worth noting that while the sintering phase was unable to
eliminate large pores or voids, it was a crucial step that could
not be omitted. Laser Powder Bed Fusion (LPBF) only provided
initial adhesion between the particles to form the desired
geometry. Therefore, the as-printed samples had little
strength, and sintering was necessary to enhance the particle
bonding before polymer impregnation.

EDS was also employed to reveal elemental analysis and
distribution of the elements within the microstructure after
sintering the printed sample. The EDS analyses in three
different regions of the sintered sample are shown in Fig. 9. In
region A (Fig. 9), the highest weight percentages belong to Fe
and Ni elements, which confirms the presence of DS20 steel
alloy. This region also has C, O, Al Si, P, and Cu in low per-
centages. About 90 wt% consists of Al and O in region B,
proving this area comprises alumina. The other local elements
are C, Si, P, Fe, Ni, and Cu, which possess 10 wt% of the
composition. In region C, which is created during the printing
process or due to the removal of steel areas during the pol-
ishing of samples, C and O have the highest weight percent-
ages. For polishing, samples were cold-mounted using
polymeric materials. This polymer can smear off from the cold
mount during the polishing and penetrate through the
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Fig. 9 — EDS analyses of the as-sintered alumina/steel composite.

porosities and cracks. This can be the reason for the existence
of high contents of C and O in dark areas. All in all, EDS ana-
lyses of the different regions of the surface further revealed
the poor diffusion of the molten steel inside the alumina
during the printing and sintering processes.

EDS x-ray maps of the sintered sample are shown in Fig. 10.
These maps show the distribution of the elements in the
microstructure. As it is clear from the images, the steel alloy
elements are distributed randomly and uniformly in the ma-
trix. Furthermore, the semi-dendritic regions are enriched
with alumina, which is caused by the non-equilibrium solid-
ification of the composite during the DMLS process.

3.4.  Porosity analysis

Fig. 11 presents the cumulative volume vs. the pore diameter
for the as-printed and as-sintered samples before and after
the polymer impregnation. The test was conducted in two
ranges porosities of >10 ym and <10 pm. After sintering, the
cumulative volume of the pores below 10 um reduced by up to
16%. However, the cumulative volume of pores above 10 pm
increased up to 17%, attributed to the higher thermal expan-
sion of the metal components and causing new defects in the
structure. Only a slight change in the overall percentage of
porosities could be noted upon sintering the as-printed body,

Fig. 10 — Backscattered electron SEM micrograph (a), and EDS X-ray maps of the as-sintered alumina/DS20 steel composite
using C-K,, 0-K,, Al-K,, Ni-K,, P-K,, Fe-K,, and Cu-K, radiations.


https://doi.org/10.1016/j.jmrt.2023.03.181
https://doi.org/10.1016/j.jmrt.2023.03.181

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:3133-3144

3141

140 ey e

— -

e (=) I~ =3 (3

=] = < =] =]
T T T T

Cumulative Volume (mms/g)

[
<

0 L0l L Lol

a3 — T
= as-printed

= as-sintered

polymer-impregnated

| n ‘X'FFH—'

10! 10? 10°

10* 10° 10°

Pore Diameter (nm)

Fig. 11 — The cumulative volume of porosities in the as-printed, the as-sintered, and the polymer-impregnated samples.

which further ensured the poor wettability of alumina by steel
alloy. Fig. 11 also displays that the cumulative volume of po-
rosities below 10 um decreased up to 34% after immersing the
samples in the polymeric resin, as the tiny pores and micro-
cracks were filled during the infiltration. Moreover, polymer
impregnation decreased the porosity related to the pores
larger than 10 um by 31%. To summarize, the overall porosity
percentage in the structure decreased from 36% to 27% after
polymer infiltration. It should be mentioned that the goal of
the polymer infiltration was to improve the fabricated com-
posite's mechanical properties and corrosion behavior. Poly-
mer impregnation did not aim to remove porosities entirely,
as it would significantly increase the composite's weight. Be-
sides that, it could noticeably reduce the heat transfer coeffi-
cient, which is considered a disadvantage as regards the
application, requiring wear resistance and could lead to a
considerable temperature increase in such processes. Finally,
the main reason for the existence of porosities may relate to
the irregular shapes of the initial alumina powder, which was
also shown by Chen et al. [49]. The consequence of this
problematic factor could be partially compensated if the
wettability of alumina and the molten steel were sufficient to
fill the matrix pores with steel.

3.5. Mechanical properties

Compression and Vickers microhardness tests were con-
ducted to investigate the mechanical properties of the printed
samples. Fig. 12 presents the microhardness test results of the
as-printed and as-sintered samples. The as-sintered sample
recorded higher microhardness values than the as-printed
one, which is attributed to defining a proper sintering sce-
nario. Owing to the elevated temperatures during the sinter-
ing process, the bonding of the ceramic particles happened
suitably. This improved bonding could consequently lead to
the reduction of the small pores and an increase in the
hardness of the composite.

Moreover, the main reason the as-printed sample had
more microcracks in the ceramic-metal interaction areas was
their lower microhardness values [68]. Besides, the distribu-
tion of fine phases in the as-sintered composite was another
critical contributing factor to the higher hardness values [57].
The results were consistent with other research works [69]. As
it is clear from Fig. 12, the distribution of the microhardness
value along the investigated line in the sintered sample is
more uniform. This could be attributed to holding the sample
at an elevated temperature for a long time in the sintering

1400 \——0/"\*—0—0—0
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Y
(=3
S

-o- As-printed sample
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Fig. 12 — Variations of Vickers hardness in the as-printed and the as-sintered samples.
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Fig. 13 — Compression test curves of the as-sintered and
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process [70]. Due to the much lower hardness of the infil-
trating polymer and its poor effect on the microhardness of
the CMC, the microhardness values were not presented for the
polymer-impregnated sample.

The results of the uniaxial compression test for both as-
sintered and polymer-impregnated samples are presented in
Fig. 13. As predicted, the polymer-impregnated sample
showed a higher compressive strength. The slope of the
compression-elongation curves in the elastic region is almost
the same for both samples, indicating no considerable change
in the compressive elastic modulus. The matrix-
reinforcement interfaces and the porosity are two determi-
native factors for the compressive strength in CMCs. By
immersing the as-sintered sample in the polymer, the
compressive strength increased from 56 MPa to 120 MPa,
indicating a sharp increase (more than twice). Polymer's
presence improved the mechanical behavior of the composite
by reducing the porosity, voids, and micro-cracks. The process
of polymer impregnation managed to enhance the bonding
between the ceramic grains by filling the gaps with the poly-
mer, resulting in a stronger structure. The polymer was able to
reinforce the ceramic material by providing extra strength and
toughness. The polymer acts as a stress-relieving layer that
disperses and absorbs stress, preventing cracks from
spreading and improving the fracture toughness of the
ceramic porous samples [71,72]. The polymer's role in
enhancing ductility, toughness (the area under the stress-
strain curve), and elongation is well-known.

4, Conclusion

In summary, this study aimed to develop a composite material
of alumina and Fe—Ni (steel) alloy using laser powder bed
fusion additive manufacturing technology. The microstruc-
tural analysis showed a homogenous distribution of steel
particles in the alumina matrix, demonstrating the effective-
ness of the mixing strategy. Sintering the samples at 1370 °C
improved the Vickers microhardness from approximately
1475 to 1960 HV, indicating enhanced mechanical properties
due to better particle bonding. Despite this improvement, the
samples still contained porosity and microcracks after

sintering. By utilizing polymer impregnation, the overall
porosity was reduced from 36 to 27%, microcracks were
eliminated, and the compressive strength increased sharply
from 56 to 120 MPa, without any considerable weight gain or
decrease in thermal isolation.

This research presents a practical method for
manufacturing alumina-based materials, which have broad
applications in areas like the fabrication of electronic com-
ponents, cutting tools, biomedical implants, and catalyst
converters due to their biocompatibility, low density, high
hardness, and corrosion and wear resistance. The promising
properties of the developed samples suggest that ceramic
matrix composites reinforced by particulate metallic mate-
rials, in general, could be a promising research direction for
materials development in additive manufacturing. Future
research could explore the corrosion resistance of these
samples and the possibility of scaling up production for in-
dustrial use.
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