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Radiation shielding, physico-mechanical properties, microstructure, and sintering
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This study systematically explores, for the first time, the relationships among sintering behavior, physico-mechanical properties,
microstructure, and radiation shielding of reactive alumina ceramics. High-purity reactive a-ALO; powder with bimodal
particle size distribution was pressurelessly sintered at 1550-1600 °C for 1-3 h. Nearly full densification (= 99% theoretical
density) was achieved at 1550 °C-3 h and above. XRD and SEM-EDX confirmed single-phase corundum (a-Al,O;) formation.
Increasing sintering temperature and dwell time enhanced densification and grain coarsening. The highest hardness (18.37 +
0.45 GPa) occurred at 1550 °C—-1 h, while the best fracture toughness (4.19 + 0.62 MPa-m'?) and flexural strength (387 + 37
MPa) were obtained at 1600 °C-3 h. Crack deflection, bridging, branching, and nanopore-related mechanisms contributed
to toughness improvement. Color values (L = 90-95, a = 0-1.7, b = 9-12, AE = (0-3.8) showed high stability. The best y-ray
shielding was achieved at 1600 °C—3 h, with linear attenuation coefficients of 29.959 cm™ (0.662 MeV), 22.789 em™ (1.173
MeV), and 21.351 ecm™ (1.332 MeV). These results indicate that reactive a-Al,O; ceramics can be readily densified, offering
excellent mechanical performance and radiation attenuation for advanced shielding panels and blocks.
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Introduction surface area [11-19]. More specifically, reactive a-ALOs

powders are used in the production of castable alumina-

Alumina, also known as aluminum oxide (ALO;), based refractories [11, 12], mullite insulating substrates
is among the most significant technical ceramics due [13-15], alumina-magnesia [16], alumina-spinel castables
to its properties, including high hardness, strength, [17], alumina-LaPO, processable bioceramic composites
corrosion resistance, thermal shock resistance, wear [18], and Ca;ZrAlsOis-alumina cementitious composites
resistance, electrical insulation, biocompatibility, and [19]. In addition, Tang et al. [20] investigated the
low cost [1-7]. Alumina ceramics are used in a wide properties of compacted bodies, specifically relative
range of applications, from electrical and electronics to density (maximum attainable value is ~85% @1500 °C)
dental applications, thanks to these superior engineering and linear shrinkage (=11.5% @1500 °C), by sintering
properties [1-7]. three different reactive alumina powders at temperatures

Reactive alumina is a fully ground product produced between 1100 °C and 1500 °C for a holding time of
by dry grinding a-ALO; powders with a calcined 3 hours. To the author's knowledge, no study has

corundum crystal structure in high-energy ceramic ball examined the sintering behavior of reactive o-AlLO;
mills, resulting in a primary crystal size of 20 to >90% powder at temperatures above 1500 °C to achieve its
smaller than 1 pum [8-10]. Reactive a-ALO; powders theoretical density. Such a study would explain the
are generally classified into two main groups based on relationship between the phase, microstructure, and
their particle size distribution (PSD) shape: monomodal physico-mechanical properties of the densified bodies.
and multimodal [8-10]. Monomodal reactive a-AlO; This topic remains of interest in the literature.
concentrates around a specific particle size and appears Radiation technology is widely used in various sectors
as a single peak on the PSD graph, while its multimodal such as nuclear reactors, medical imaging, radiotherapy,
form is characterized by having more than one peak [8- and nuclear medicine [21, 22]. The increasing use of
10]. Both monomodal and multimodal PSD reactive radiation in various aspects of daily life, along with its
0-ALO; powders have been evaluated in different harmful environmental and health effects, has made the
applications due to their low particle size and high development of effective radiation materials a matter
of great importance [21, 22]. Shielding is one of the
*Corresponding author: fundamental principles of radiation protection and plays
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Fax: 00-90-274-265-2066 a critical role in reducing radiation exposure [21, 22]. The
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type and energy of the radiation [21, 22]. Inexpensive,
easy-to-produce, lightweight materials that exhibit high
thermal and mechanical properties are good candidates
for radiation shielding [21, 22]. Ceramic materials
have recently gained popularity for radiation shielding
applications due to their desirable properties, including
strong oxidation resistance, low thermal expansion, a low
dielectric constant, high density, and high melting points
[21, 22]. At this juncture, to examine radiation shielding
properties, the focus has been directed toward ALO;
powder itself [22, 23], polymer-ceramic composites
[21, 24, 25], high-speed steel composites [26] that
employ alumina as an auxiliary reinforcement material,
ZrSi04-AlLO; composites [27], unsintered block-shaped
pressed ALO;/PbO mixtures [28], blocks developed
from alumina industrial waste [29], and Gd,O/ALO;
ceramic composites [30]. Accordingly, aluminum oxide
in powder form has been reported to be a suitable
material for radiation shielding applications, improving
the attenuation capabilities of composite structures in
which it is incorporated [21-30]. However, to date,
no study has been found in the literature that directly
investigates the radiation shielding behavior of sintered
reactive a-Al,O; bulk ceramics as a function of sintering
temperature and dwell-time variables.

The objective of this study is to investigate the
initial powder properties (surface area, particle shape,
particle size distribution, initial phase content, and
chemical composition), sinterability (traditional solid-
state sintering with controlled temperature and dwell-
time increases), microstructure development (phase
type, phase composition, pore content, grain size
development, and average grain size statistics), physico-
mechanical properties (density, color, Vickers hardness,
indentation fracture toughness, and fracture strength), and
radiation shielding performance (photon mass-attenuation
calculations). The results of this study are therefore
expected to lead to the development of a new generation
of inexpensive, easily produced alumina-based ceramic
radiation shielding materials with acceptable physical
and mechanical properties.

Experimental Studies

Raw materials and characterization

The primary raw material utilized for the initial batch
was commercial high-purity grade reactive alumina
powder (Admat Co., India). A range of analytical
techniques was used to characterize the reactive
alumina powder’s particle size, surface area, chemical
composition, crystallographic phases, and microstructural
features. These techniques included laser diffraction
(Malvern Mastersizer 3000), Brunauer-Emmett-Teller
(BET) method (Quantachrome Instruments brand
and Autosorb-1-C/TCD model), X-ray fluorescence
spectroscopy (XRF, Panalytical/Axios MAX), X-ray
diffraction (XRD, Rigaku MiniFlex 600), scanning
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Fig. 1. Reactive alumina powder: a) XRD pattern, b) SEM
image, ¢c) EDX spectrum and semi-quantitative analysis result
(the inset SEM image shows where the EDX analysis was taken
from), and d) particle size distribution graph.

electron microscopy (SEM, Nova Nano 650), and energy
dispersive X-ray spectroscopy (EDX, EDAX Tridient).
Fig. 1(a-d) illustrates the XRD pattern, SEM image, EDX
spectrum, and particle size graph of reactive alumina
powder. Furthermore, the results of the reactive alumina's
XRF chemical analysis are exhibited in Table 1. The
polyvinyl alcohol (PVA) (Zag Kimya Co.), stearic acid
(Acros Organics Co.), and 2-propanol (Sigma-Aldrich
Co.) were also incorporated into the batches as organic
constituents.

Processing of sintered reactive alumina ceramics
Batches of 500 g were prepared from the primary



Radiation shielding, physico-mechanical properties, microstructure, and sintering ability relationships. .. 115

Table 1. The XRF chemical analysis and BET specific surface
area results of the reactive alumina raw material.

Reactive alumina

Contents
Amount (wt.%)

ALO; 99.31
Zr0, 0.39
MgO 0.10
Na,O 0.09
Fe,0; 0.05

Cl 0.06
Total 100.00

Specific surface area 9.193 m%/g

reactive alumina powder. The organics were also added
to the batches at 2 wt.% PVA, 1.5 wt.% stearic acid,
and 50 wt.% 2-propanol of 500 g total weight. The
batches were wet-mixed by a bench-top planetary ball
milling system (MTI Co., MSK-SFM-1 Model) at a
rotational speed of 400 rpm/min for 24 h in a corundum
(0-ALOs) jar, including alumina balls with 3 mm, 5 mm,
and 8§ mm diameters. Following homogenization of all
ingredients, the slurry was sieved through a 63 um
sieve. The resulting slurry alcohol was then subjected
to a process of evaporation, which took place within
an oven (Biuged Laboratory Instruments Co., BGD802
model) maintained at an exact temperature of 80 °C, for
a period of 24 h. Then, the pellets were reduced to a
powdery consistency via mechanical grinding, using an
agate mortar and pestle. To apply indirect granulation,
the homogenous powders, passed through a 45 pm
sieve, were placed in pre-moisturized plastic bottles. The
granules were pre-formed by a uniaxial hydraulic press
at 45 MPa. Subsequently, the pre-formed pellets were
compressed in the silicone molds using cold isostatic
pressing (CIP, MSE Technology Ltd.) at 250 MPa and
I min dwell-time to achieve high green density. The
binder burn-out process was employed on the compacted
disc-shaped bodies at 700 °C peak temperature for 2 h in
ambient atmosphere by a heating rate of 1 °C/min, and
10 °C/min cooling rate from peak to room temperature
(RT). Finally, organic-free samples were densified in an
air atmosphere through conventional solid-state sintering
at 1550 °C and 1600 °C maximum temperatures during 1
h, 2 h, and 3 h dwell-time by 5 °C/min heating rate, and
10 °C/min cooling rate to RT. Fig. 2 shows the visual
images of sintered reactive alumina ceramics.

Characterization of sintered reactive alumina ceramics
Density measurements
Archimedes' principle technique was utilized to
ascertain the bulk density values of sintered samples
per the parameters set out in ASTM B 962-17 [31].
In this instance, the density values were calculated by

1600°C-1h  1600°C-2h  1600°C-3h

1550°C-1h 1550°C-2h 1550°C-3h

Fig. 2. Images of the densified bodies produced after solid-state
sintering of reactive alumina powder at 1550 °C and 1600 °C
for 1 h,2 h, and 3 h.

accounting for the mean of five samples, taken from
each S1-S6 specimen series in Table 2. For the current
purpose, the dry weights (W,) of sintered specimens
were initially measured using sensitive scales following
moisture removal from the bodies for 1 h in the stove.
The samples were boiled in 200 mL of distilled water
at a temperature of 120 °C for 24 h. They were also
suspended in Archimedes' balance to measure the
suspended weight (W,). After this, the samples' surfaces
were gently wiped and weighed to define the wet weight
(W5). The bulk (psp) and % relative (RD) densities were
thus derived from the following equations [32]. It is
imperative to acknowledge that p,, (g.cm™), as indicated
in Eq. (1), signifies water's theoretical density (TD).
Furthermore, the TD of a-AlL,O; was considered 3.95
in Eq. (2) [33].

PBulk Density (BD) = L X Qw (D
Ww2-w3

% Relative Density (RD) = % x 100 )

Color analysis

The color analysis of the sintered samples was
measured using a chroma meter (Konica Minolta CR-
400) based on the CIE (International Commission on
Illumination) L*, a*, and b* color scale technique [34].
Please note that five different samples from each S1-S6
series depicted in Table 2 were used during the color
analysis test. Here, L*: lightness coordinate (L*=0 black
and L*=100 white), a*: red-green axis (+a*: red and -a*:
green) and b*: yellow-blue axis (+b*: yellow and -b*:
blue). In addition, the a* and b* values range from -128
to +128. The CIE L*a*b* color scale is also designed
to simplify the calculation of color differences between
two points. The color deviation index (AE) is measured
by taking the square root of the sum of the squares of
the differences between the L*, a*, and b* values of two
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points according to Eq. (3) below.

AE = {/(L; — L)%+ (az —a,)? + (b2 — by)? ()

In this context, a AE value of 1.5 or lower is typically
regarded as imperceptible to the human eye, while a
AE value of 3 or lower is widely accepted within most
industries [35].

Mechanical tests

Tests were performed on the sintered bodies for
Vickers hardness (Hy, GPa) and indentation fracture
toughness (Ki, MPa.m"?). The 294 N load was utilized
to derive the Hy (GPa) and K;. (MPa.m"?) values in the
Vickers indentation instrument (Emco Test M1C 010).
The low loads were also applied; however, no cracks
were observed. In this experiment, twenty-five distinct
indents were obtained for the mean values in every five
different S1-S6 samples given in Table 2. The ASTM
E384-10 standard was predicated on calculating hardness
(H, GPa) values, as illustrated in Eq. (4) [36].

P
H= 1.85443; @)

The P (N) and d (um) terms in Eq. (4) correspond to
the applied load and diagonal indentation. The K, (MPa.
m'?) values were also derived from Niihara's formula
(Eq. (5)), showing that Palmqvist cracks could be used
in brittle materials with respect to radial-median type
[37, 38].

Kic = 9.052 x 1073 x H3/5 x E?/5 x d x c"1/2(5)

SEM directly calculated the d (um) and ¢ (um) values
from the indent micrographs. The Young's modulus (E,
GPa) of a-ALO; in Eq. (5) was 395 GPa [39].

The flexural strength (o, MPa) of sintered reactive
alumina bodies was calculated using a three-point
bending test instrument (Instron Model 5581) at RT
and the ASTM C1161-13 standard [40]. To perform
this goal, samples were fabricated into rectangular
prism-shaped bars with precise dimensions of 50+0.2
mm in length, 4£0.2 mm in width, and 3+0.2 mm in
height. The load (N) was applied at a constant rate of 0.5
mm.min™ to the bars during the test period until fracture
occurred. The ¢ (MPa) values were obtained from Eq.
6 [40]. Herein, five test samples for each S1-S6 series,
as shown in Table 2, were used to measure the mean
and standard deviation data, reflecting variations in the
sintering process.

G = 3Pl (6)

" 2bh?

Where P (N) corresponds to the failure load, L (mm) is
the support span length, b (mm) is the specimen width,
and h (mm) is the specimen height.

Radiation shielding analysis

To evaluate the radiation shielding performance
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of the prepared sample series, theoretical calculations
were performed using the Phy-X/PSD platform, which
is a user-friendly and widely recognized tool. For each
sample, the chemical composition and density values
were entered into the software, followed by selecting
photon energies and radiation shielding parameters
of interest. A broad photon energy range (0.015-15
MeV) was considered to ensure comprehensive insights
into the radiation shielding characteristics. The linear
attenuation coefficient (LAC) was emphasized among
the evaluated parameters as a key indicator of photon-
matter interactions. The Phy-X/PSD platform, which
computes attenuation parameters by utilizing the NIST
XCOM photon cross-section database and the Beer-
Lambert exponential attenuation law, determined the
LAC values based on Eq. (7) [41].

[ = ]0.6_”x (7)

where I, I, p, and x are the intensity of the transmitted
photon, intensity of the incident photon, linear attenuation
coefficient (LAC), and thickness, respectively.

Within the scope of these calculations, the primary
assumptions applied are: (i) samples are homogeneous
and fully dense at the macroscopic scale, (ii) narrow-
beam geometry is assumed (no photon build-up factor
included), (iii) temperature-dependent electronic changes
are neglected, and (iv) photon attenuation is governed
by photoelectric absorption at low energies, Compton
scattering at mid-energies, and pair production at high
energies. The selected energy range of 0.015-15 MeV
was intentionally broad to encompass the dominant
photon interaction regimes relevant to practical shielding
scenarios, including diagnostic X-rays (<0.1 MeV),
industrial gamma emitters (0.662 MeV for Cs-137), and
photon fields used in radiotherapy and nuclear facilities
(>1 MeV).

XRD analysis

The XRD analysis of sintered reactive alumina bodies
was conducted to detect the presence of crystalline
phases through a Panalytical Empyrean high-resolution
diffractometer. To get a high signal-to-noise ratio while
acquiring data, the diffractometer was run by using Cu-
K, (1.5405 A) radiation in a 26=5°-80° scanning range
with 0.02 step-size and 1° min" scan speed under 40 kV
voltage and 30 mA current.

Microstructural observations

To investigate microstructural evolution, sintered
specimens were prepared via conventional methods
(cutting, mounting, polishing, and thermal etching at
1100°C-5 min). The examination of the polished sample
surfaces was conducted utilizing a field emission gun
(FEG) scanning electron microscope (SEM) (Zeiss Supra
50 VP) and an EDX spectrometer (Oxford Instruments
7430). In SEM imaging, backscattered electrons (BSEs)
were used to enhance the visibility of phases arising from
atomic number (Z) contrast. The variable pressure (VP)
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mode was mainly operated to improve the SEM imaging
quality without a conductive coating on the sample
surfaces. The particle size distribution statistics of the
phases observed in the microstructures were calculated
using Image] software [42].

Results and Discussion

Characterization of reactive alumina powder
Considering the XRD analysis result presented in Fig.
1(a), it was determined that all the diffraction peaks
recorded from the reactive alumina powder belong to the
corundum (a-ALO;) phase, as indicated by the JCPDS
card number 96-900-9672. In addition, examination
of the XRF analysis given in Table 1 shows that the
reactive alumina powder contains 99.31 wt.% ALO; in
its elemental oxide composition. The remaining 0.69
wt.% of the composition consists of ZrO, (0.39 wt.%),
MgO (0.10 wt.%), Na,O (0.09 wt.%), Cl (0.06 wt.%),
and Fe,O; (0.05 wt.%) in that order. As illustrated
in Fig. 1(b), the SEM image reveals that the reactive
o-ALO; particles predominantly comprise submicron
particles in the form of equiaxed plates with a particle
size below 2 pm. Concurrently, when evaluating the
EDX area analysis results recorded from a large region
(35%35 um?) containing reactive a-AlLO; particles
(Fig. 1(c)), only Al and O elements corresponding to
a composition of 100 wt.% ALO; was detected in the
spectrum. Furthermore, upon examining the particle
size distribution (PSD) graph shown in Fig. 1(d), it was
determined that the average PSD value (Dy(50)) of the
reactive a-Al,O; powder was 3.22 um. In addition, the
two peaks at different volume density values seen in
the PSD graph indicate that the reactive a-ALO; powder
has a bimodal PSD character. The specific surface area
of reactive a-AlLO; powder was determined to be 9.193
m?/g based on the BET analysis results (Table 1). It
can be posited that the detailed powder characterization
results obtained from the reactive alumina used in this
study are consistent with analogous results reported in
the existing literature [8-11, 13-18, 20]. Accordingly,
the study on the production of reactive alumina for
the refractory industry [8] ascertained that the reactive
alumina is in the form of 100 wt.% a-ALO;, with a
Na,O content ranging from 0.250 to 0.325 wt.%, a
specific surface area varying between 3.573 and 6.624
m?/g, and a multimodal PSD with a submicron particle
size. Additionally, another study [11] demonstrating the
effect of reactive alumina on the physico-mechanical
properties of castable refractories reported that the
reactive alumina contained 99.8 wt.% ALO; as the
main oxide component, with impurities of 0.07 wt.%
Na,O, 0.04 wt.% MgO, 0.03 wt.% CaO, 0.02 wt.%
Si0,, and 0.01 wt.% B,0;. Also, in studies on mullite
production using reactive alumina-kaolin/clay mixtures
[13-15], it was noted that reactive alumina exhibited
an average PSD of D, (50)=0.7 pum and contained

99.85 wt.% ALO;. In a study examining the effects of
reactive alumina on the production of castables alumina-
magnesia [16], the D, (50) values of the two different
reactive alumina used were found to be 2.51 um and
2.87 um. Similarly, one of the three reactive alumina
used in the production of castables alumina-spinel was
a monomodal PSD, while the other two exhibited a
bimodal PSD [17]. In addition, the specific surface area
values of these powders were reported to be 2.40 m?/g,
2.66 m*/g, and 4.32 m*/g [17]. Reactive alumina powder
with a D, (50) of 0.4 um and a specific surface area
of 8.9 m¥/g, containing 99.8 wt.% ALO;, was used in
the production of reactive alumina-LiPO, composites
[18]. In studies conducted by Trubitsyn et al. [9, 10],
chemical impurities in the composition, average PSD,
and specific surface areas of reactive alumina powders
of various grades manufactured by different producers
were examined in detail and compared. Accordingly,
the powders contain 0.03-0.05 wt.% SiO,, 0.03-0.1
wt.% Fe,Os, and 0.12-0.35 wt.% Na,O impurities, with
D, (50) values and specific surface areas ranging from
1.8-2.5 um and 0.85-5.0 m*/g, respectively [9, 10]. In a
study conducted by Tang et al. on the effect of powder
characteristics on the sintering behavior of reactive
alumina powders [20], three different powders with D,
(50) values ranging from 1.3 pm to 2.4 um and specific
surface areas between 2.7 m*/g and 4.3 m*/g were used.
When the characterization results of the reactive a-ALO;
powder used in this study (Fig. 1(a-d) and Table 1) were
compared in detail with the properties of powders from
different manufacturers [8-11, 13-18, 20], the reactive
alumina used herein was found to have sufficient powder
specifications to produce monolithic a-AlL,O; ceramics.

Phase, microstructure, and physico-mechanical analyses
results of sintered reactive alumina ceramics
Table 2 shows the bulk and relative density values
of the samples obtained by sintering reactive oa-AlLO;
powder at 1550 °C and 1600 °C for 1, 2, or 3 hours.
Upon evaluating the results (Table 2), it was determined
that the bulk density values of sintered reactive a-ALO;
bodies increased as both the sintering temperature and
holding time increased. In other words, bodies with
nearly theoretical density were successfully produced
from reactive a-AlLO; powders using traditional pressureless
solid-state sintering. To be more precise, the highest
relative density value (99.94%) was achieved under
sintering conditions of 1600 °C and 3 hours. At this
point, it is evident that achieving high densification using
reactive 0-ALO; powders at 1600 °C for 3 hours is a
repeatable process. It is also noteworthy that the relative
density value at 1550 °C-3 h was recorded as 99.16%.
This result indicates that fully dense corundum (a-ALOs)
ceramics can be produced from reactive alumina powder
at lower sintering temperatures. Here, a driving force
required for the densification of reactive a-ALO; particles
was provided by increasing the sintering temperature
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Table 2. Bulk density, relative density, Vickers hardness, indentation fracture toughness, flexural strength, L, a, b, and AE results

of reactive alumina sintered samples.

Sintering Properties”
Conditions Physical Mechanical Optical
Sample (Temperature Bulk Relative Vickers Indentation Flexural
and Dwell- . . Fracture Strength
Time) Density  Density ~ Hardness L a b AE
com  @em) ) (H) Gy gm0 (00
- (MPa.m') (MPa)
S1 1550-1 3.87 97.93  18.37+0.45 3.47+0.32 235£15 92.37 1.70 12.02 0.00
S2 1550-2 3.83 97.00  18.04+0.34 3.7440.61 262428 94.54 1.16 8.91 3.83
S3 1550-3 3.92 99.16  17.15+0.42 3.94+0.43 314433 92.44 1.41 11.83 0.35
S4 1600-1 3.94 99.81  18.43+0.44 3.8740.21 319+34 92.06 0.47 12.22 1.28
S5 1600-2 3.94 99.75  17.7940.30 3.98+0.54 355446 90.98 0.29 12.13 1.98
S6 1600-3 3.95 99.94  16.83+0.41 4.19+0.62 387+37 92.28 0.02 11.05 1.37

*Bulk density, Vickers hardness/indentation fracture toughness, flexural strength, and color analysis measurements were obtained from

5 different sintered samples in each S1-S6 specimen series

and holding time. It is well-known that diffusion is the
most effective mechanism for controlling the sintering
process of fine-grained materials in a solid state at high
temperatures. Diffusion generally occurs along grain
boundaries. In the diffusion process, grain boundary
diffusion and interfacial reaction are two fundamental
processes that occur sequentially; therefore, the slower
of these mechanisms dominates the sintering process.
At this point, since the smaller PSD provides a shorter
transport path, the interfacial reaction becomes important
during the sintering process. In the sintering of pure
alumina ceramics, when the PSD value is less than 3
um, the interfacial reaction is the dominant mechanism
[43]. Thus, elevating the sintering temperature and dwell
time led to a reduction in the distance between grains,
resulting in the elimination of pores at grain boundaries
and triple-junction points through interfacial reactions
along the grain boundaries. This situation resulted in the
production of bulk sintered structures with RD>97.00%
from reactive 0-AlLO; powder (Table 2). Additionally,
a study on obtaining sintered structures using a limited
number of reactive alumina powders in the literature [20]
reported that only an RD value of around 85% could be
achieved at 1500 °C for 3 hours. It was mentioned that
the high surface area of reactive alumina and the presence
of SiO, as an impurity in its chemical composition had
a positive effect on sintering [20]. Similarly, the high
surface area of the reactive a-ALO; powder used in this
study, as well as the presence of impurities such as ZrO,,
MgO, Na,O, and Fe,O; in its chemical composition,
may have contributed to densification. This could have
occurred by increasing diffusion and forming a temporary
liquid phase at grain boundaries while inhibiting grain
growth at any stage of sintering.

Fig. 3(a) presents comparative results of XRD phase
analysis of bulk samples obtained by sintering of reactive
o-ALO; powder at 1550 °C and 1600 °C for 1, 2, or 3

a-a-AlLO; st o
= - AL,0,1800°C-2n
a-ALD-1600°C-1h
——a-ALO,1550°C-30
3 ——a-ALD,-1550°C-2h
. l =
] Eals
3 : N
o JL J_af a
g I
= &
2 ( bala
3 =
=
L ity
A n
.Ill J.L_Jl l._J ]
& A Y
A J{ Y AA? A ]
T L} L} 1 1 1 T T T T T L} Ll 1
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b)
HM:R -3 ¢ :H #167:a,b,c
a=4.759A
b=4 . 7594
©=12.991A
a=90.000°
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¥=120.000°

Fig. 3. a) XRD diagrams of the bulk samples obtained after
sintering of reactive alumina powder at 1550 °C and 1600 °C
for 1h, 2h, and 3h, and b) the crystal structure of corundum
(a-ALQO;) (drawn using Jmol software [45]).
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hours using the traditional solid-state sintering method.

Accordingly, the diffraction peaks in the XRD patterns
of all samples with variable sintering temperatures and
dwell time were determined to belong to the corundum
(0-ALO;) phase, as identified by JCPDS card number
98-008-5137. Corundum is the most thermodynamically
stable phase of aluminum oxide. As shown in Fig.
3(b), the crystal structure consists essentially of a dense
arrangement of AP** ions and oxygen ions occupying
two-thirds of the octahedral sites within the hexagonal
close-packed structure [44]. In addition, no new phase
formation or transformation occurred with increasing
sintering temperature and dwell time. Thus, it was
concluded that the sintering process parameters used
in this study were sufficient to produce bulk a-AlLO;
ceramics from reactive alumina powders.

Table 2 also shows the Vickers hardness (H,) and
indentation fracture toughness (K.) values of sintered

1550°C-1h

1550°C-2h

1550°C-3h

reactive 0-AlLO; ceramic bodies. First, an evaluation of
the H, and K, results of sintered bodies revealed that
H, values decreased and K,. values increased with higher
sintering temperatures and longer durations. Here, the
highest H, value (18.37+0.45 GPa) was obtained in the
S1-coded sample sintered at 1550 °C for 1 hour, while
the maximum K, (4.19+0.62 MPa-m'?) was observed
in the S6-coded structure densified at 1600 °C for 3
hours. The H, of the S6-coded body exhibiting the
highest K,. value was recorded as 16.83+0.41 GPa. This
value is only 8.38% less than that of sample S1, which
exhibited the highest H, value. Here, the decrease in
H, values of sintered reactive a-AlL,O; structures can
be explained by the Hall-Petch equation, which states
that hardness decreases as grain size increases [44].
Furthermore, it is known that grain size increases along
with bulk density as a result of the solid-state sintering
process [43]. Thus, increasing the temperature and dwell

-

Fig. 4. SEM images of the samples obtained after sintering of reactive alumina powder at 1550 °C and 1600 °C for 1 h, 2 h, and 3 h.
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time—both of which play a key role in densification—
increases the density of reactive a-ALOs structures. This
also causes the grains to grow, leading to a decrease
in H, values. In terms of indentation K,, normal grain
growth during sintering increases K,. values by allowing
cracks to follow longer paths along grain boundaries,
thereby reducing their energy [46]. The thermal stress
generated during the cooling stage of sintering results
in changes in the mechanical properties of the sintered
specimens. During cooling, the internal stress formed
in samples with larger grains creates microcracks that
positively contribute to the material's fracture toughness
[47]. Furthermore, after sintering, micro- and nano-sized
pores within the grain boundaries and grains may have
enhanced fracture toughness by dissipating the energy
of the crack [48].

When examining the flexural strength () values of
the sintered reactive 0-Al,O; bodies given in Table
2, the o values increased significantly with increases
in both sintering temperature and holding time. More
specifically, the o value of the S1-coded sample sintered
at 1550 °C for 1 hour was measured as 235+15 MPa,
while the highest ¢ value of 387+37 MPa was recorded
for the S6-coded sample sintered at 1600 °C for 3 hours.
Here, the main reason for obtaining a high o value
can be attributed to the increase in the % RD density
values of sintered reactive a-AlLO; samples with the
increasing sintering temperature and holding time [49].
Another reason is that at sintering temperatures above
1450 °C, it was reported that the flexural strength of
sintered bodies containing bimodal alumina increases by
dispersion strengthening due to the increased content of
finer a-Al,O; powder [50].

Upon reviewing numerous studies investigating
the physico-mechanical properties (psp, % RD, H,,
K. and o) of a-ALO; ceramics, traditional solid-state
sintering, liquid-phase sintering, two-step sintering,
microwave sintering, spark plasma sintering (SPS),
flash sintering, cold sintering, and hot isostatic pressing
(HIP) were firstly used to produce bodies close to the
theoretical density (prpanos) [51-58]. Secondly, studies
were conducted using alumina powder sources with
different crystallographic polymorph structures, where
the purity, particle size, and synthesis method of these
powders vary [59, 60]. Based on the results of these
studies, which have been performed so far across an
extensive range, sintered a-AlL,O; ceramics generally
exhibited >95-99% of pm, Hy: ~12-20 GPa, K,: ~2.5-
5.5 MPa.m'? and o: ~250-450 MPa values [51-60]. To
the author's knowledge, no direct study has been found
in the literature on the detailed investigation of the
mechanical properties of sintered bodies produced from
reactive a-AlLO; powder. Therefore, when the physico-
mechanical properties of the sintered reactive a-ALO;
structures presented in Table 2 are compared with other
studies in the literature [51-60], it can be stated that the
properties of the S6 structure sintered at 1600 °C for 3
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Fig. 5. Histograms of the average grain size distribution of
a-Al,O; grains calculated from the SEM images in Fig. 4.

h (99.94% of pm, H=16.83£0.41 GPa, K,=4.19+0.62
MPa'm'?, and 6=387+37 MPa) are quite consistent with
the values recorded to date.

Within the scope of microstructural investigations,
SEM images recorded from sintered reactive o-AlOs
bodies depending on increasing sintering temperature
and time, average grain size histograms of grains
developing throughout the microstructure, and EDX
chemical analysis results are presented in Fig. 4, Fig. 5,
and Fig. 6, respectively.

Examining the SEM images in Fig. 4 reveals at first
glance that the density of sintered reactive a-AlLO;
samples increases, and the pores in the structure decrease
with increasing sintering temperature and time, resulting
in a more compact structure. Upon closer analysis of the
SEM images, it is evident that the interconnected pores
within the grains or at the triple junctions along the grain
boundaries (marked with black arrows in the images)
decrease in size as sintering progresses. At the same time,
similar to the microstructure development observed in the
pressureless solid-state sintering of alumina without any
sintering additives [61], the presence of nano-scale pores
trapped within or at the boundaries of abnormal growth
a-ALOs grains is directly observable in this study (SEM
images at 1600 °C for 2 h and 3 h). It has been reported
that the normal and abnormal grain growth observed
during the solid-state sintering process of alumina
ceramics is primarily related to the sintering temperature
and dwell time [61]. It has also been stated that such
grain growth can be prevented by using commercially
available powders with a purity of 99.99% [61]. For
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Fig. 6. EDX spectra and semi-quantitative analysis results (the inset SEM image shows where the EDX analysis was taken from) of
bulk samples after sintering of reactive alumina powder at 1550 °C and 1600 °C for 1 h, 2 h, and 3 h.

this reason, impurities in the chemical composition of
reactive a-AlLO; powder (Table 1) may have played an
effective role in the grain growth observed in sintered
structures at 1600 °C for 2 h and 3 h. Furthermore, it
is noteworthy that the fine particles actually form the
skeletal structure of the coarse particles. This effect
can be seen more clearly in microstructures sintered at
1600 °C for 2 h and 3 h. In this case, an increase in
the sintering time led to a shift in the surface energies
of the bimodal a-Al,O; particles, causing them to move
toward the center of particles with small curvature radii
at large grain boundaries [50]. Thus, the large grains

grew even larger due to the driving force, and the small
grains observed in the sintered SEM microstructures at
1550 °C-1 h, 2 h, and 3 h disappeared.

This prediction is supported by the average grain
size distribution histograms of reactive a-AlLQO; grains,
observed in the SEM microstructures of the sintered
bodies in Fig. 4, as a function of sintering temperature
and dwell time in Fig. 5. Accordingly, when examining
the histograms in Fig. 5, the average grains sizes (D) of
a-ALOs grains after 1 h, 2 h, and 3 h sintering at 1550 °C
were respectively determined to be 1.55 pum, 2.25 pm,
and 2.53 pum, while the average grain sizes at the same
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holding times at 1600 °C were found to be 3.23 pm,
6.45 pm, and 10.36 um. Thus, based on the SEM images
presented in Fig. 4, the observation that densification
increases with increasing sintering temperature and time,
accompanied by the growth of reactive a-Al,O; particles,
has also been confirmed numerically. At this point, SEM
microstructure and histogram analysis data (Fig. 4 and
Fig. 5) are quite consistent with the physico-mechanical

1550°C-1h

b

1550°C-3h
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test results presented in Table 2 for sintered reactive
a-ALO; bodies (psp increasing with densification, H,
decreasing with increasing grain size, increased K, and
o developing depending on densification, grain structure,
and pore distribution).

Examining the EDX chemical analysis results from
the grains in all the sintered bodies in Fig. 6 revealed that
the EDX spectra only contained peaks corresponding

Fig. 7. SEM images showing the Vickers indentation traces, crack propagation along the microstructure, and their schematic representations
of the sintered reactive a-Al,Os;bodies at 1550 °C for a) 1 h, b) 2 h, and ¢) 3 h.
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to Al and O, indicating the presence of the a-ALO;
phase in the microstructure. This result supports the
presence of the a-AlO; phase recorded in Fig. 1(a)
and Fig. 3, from the reactive alumina powder itself and
from the sintered bodies produced using this powder,
respectively. Additionally, the EDX spectra in Fig. 6
clearly indicate that the reactive a-ALO; powder in this
study was densified solely through conventional solid-
state sintering, without the use of sintering additives.

According to standardless EDX quantitative chemical
analysis [62] results (Fig. 6), the stoichiometric ratios
of a-ALOs grains developing in the microstructure were
also determined to be 45-52 wt.% (31-39 at.%) Al and
48-54 wt.% (61-68 at.%) O.

To gain a deeper understanding of the increased
indentation K, values of sintered reactive a-Al,Os
bodies, the Vickers indentation traces of all sintered
samples were examined by using SEM. In line with this

Fig. 8. SEM images showing the Vickers indentation traces, crack propagation along the microstructure, and their schematic representations
of the sintered reactive a-Al,O; bodies at 1600 °C for a) 1 h, b) 2 h, and ¢) 3 h.
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objective, SEM images of sintered bodies recorded at
1550 °C and 1600 °C for 1 h, 2 h, and 3 h are shown
in Fig. 7(a-c) and Fig. 8(a-c), respectively.

When the SEM images are analyzed collectively
(see Figs. 7(ac) and 8(a-c)), the Vickers diamond
pyramid indenter trace and the cracks that form at the
four corners of the indentations and propagate along
the microstructure become clearly discernible in the
inset SEM images. Upon closer inspection of the SEM
images at higher magnifications, the cracks depicted
within the red rectangle in the inset SEM images reveal
that cracks formed in sintered reactive a-AlLO; bodies
generally follow a zigzag path along grain boundaries
and predominantly propagate intergranularly, with crack
deflection being the dominant mechanism. The simplest
form of this mechanism is illustrated in the SEM image
of the sintered body at 1550 °C for 1 hour, as well as in
the schematic drawing of crack propagation derived from
it (Fig. 7(a)). More interestingly, considering the SEM
images and crack propagation diagrams of the sintered
bodies at 1550 °C for 2 h and 3 h (Fig. 7(b) and Fig.
7(c)), the finer reactive a-ALO; grains located at grain
boundaries (indicated by red arrows) play an additional
role in hindering the energy of the intergranular crack
propagating via crack bridging. At this point, the bimodal
PSD of the initial reactive a-AlLO; powder (Fig. 1(d))
caused an increase in the indentation K, of the sintered
bodies. By increasing the sintering temperature to 1600
°C, the cracks propagating along the grain boundaries
of the normally grown reactive a-AlLO; grains, which
developed in the microstructure due to increased
densification (shown by yellow hollow arrows in Fig.
8(a)), lost a large portion of their energy due to traveling
a longer distance. Thus, compared to the sample sintered
at 1550 °C-1 h, an 11.5% higher K,. value was obtained
in the sintered body at 1600 °C-1 h due to normal
grain growth (Table 2). At 1600 °C for 2 hours, cracks
propagated in a zigzag pattern along the grain boundaries
of abnormally grown a-Al,O; grains, which contained
nano-pores and whose skeletal structure was primarily
formed by fine reactive a-AlOs grains (Fig. 8(b)). During
this progression, the fine reactive a-Al,Os grains, located
at the grain boundaries, also reduced the crack energy
by causing both crack branching and crack bridging
(Fig. 8(b)). At 1600 °C-3 h, crack propagation exhibited
intergranular crack deflection in the o-ALO; grain
boundary region, which developed due to densification
(indicated by short solid blue arrows on the SEM image),
while it was determined to be transgranular character
in abnormally grown o-AlLOs; grains (blue hollow long
arrow on the SEM image) (Fig. 8(c)). However, as
the crack propagates through the abnormally grown
o-ALOs grain, it is thought that a large portion of its
energy is absorbed due to the nano-pores within these
exaggeratedly grown grains and the skeletal structure
formed by the fine a-Al,O; grains. Indeed, when cracks
propagate transgranularly in abnormally grown grains,
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they cause an increase in fracture toughness because
they expend a large portion of their energy by forming
a new crack nucleation within the grain [63]. Thus, it
has been reported that increasing grain size, particularly
with the inclusion of some large grains, is crucial for
achieving high fracture toughness [63]. This situation
helps to explain why the body containing abnormal grain
growth sintered at 1600 °C for 3 hours had the highest
K. value (4.19+0.62 MPa-m'?). The bridging of cracks
by fine a-ALO; grains along the crack propagation path
also contributed to the increase in toughness (red arrows
in Fig. 8(c)). Although exaggerated or abnormal grain
growth in polycrystalline alumina is often associated with
mechanical degradation and increased strength scatter,
this relationship is not universal and depends strongly on
the accompanying microstructural features. In a-ALO;
ceramics sintered at elevated temperatures, abnormal
grain growth has frequently caused reduced flexural
strength due to flaw enlargement and weakened grain
boundaries [64]. However, when exaggerated grains form
within a dense matrix containing fine residual porosity
or hierarchical grain structures, such microstructural
evolution can instead enhance fracture resistance [65-
66]. In the present study, alumina ceramics sintered at
1600 °C for 3 h exhibited locally enlarged grains without
a concomitant deterioration in mechanical properties;
conversely, both fracture toughness and flexural
strength were improved. This behavior can be efficient
by considering the interactions between cracks and
microstructure. Large alumina grains formed through the
collapse and coalescence of finer grains may encapsulate
nano-sized pores or remnant sub-grain boundaries, which
act as crack-energy dissipation sites. Similar mechanisms,
including crack deflection, crack bridging, and localized
crack trapping, result in enhanced damage tolerance in
the coarse-grained alumina systems despite increased
grain size [67, 68]. Thus, the exaggerated grains in the
present sintered reactive alumina ceramics do not behave
as critical flaws but rather as energy-absorbing units that
mitigate stress concentration at crack tips. These findings
are consistent with reports indicating that abnormal grain
growth does not inherently induce mechanical property
scatter, provided that pore morphology, grain boundary
cohesion, and grain size distribution are well controlled
[69]. Therefore, aberrant grain growth in sintered reactive
alumina ceramics should be evaluated in the context of
its overall microstructural architecture, rather than being
regarded a priori as detrimental.

Table 2 shows the measured values for the L, a, b, and
AE parameters related to the color properties of sintered
reactive 0-AlL,O5 bodies. Accordingly, depending on the
sintering temperature and dwell time, the values of sintered
dense bodies were determined to be between L: =90-95,
a: ~0-1.70, b: =9-12, and AE: =0-3.83. Depending on the
sintering process parameters (temperature and holding
time), there is a noticeable fluctuation in the L, a, and
b values of sintered reactive 0-ALO; bodies within a
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very narrow range. This fluctuation is accompanied by
a decrease in pore volume within the microstructure,
as the density increases, and an increase in the average
grain size of the alumina grains. These changes may
have affected light scattering, absorption, and diffraction.
In sintered a-ALO; ceramics, exaggerated or abnormal
grain growth primarily impacts the CIE L* value
through alterations in light scattering resulting from
diminished grain-boundary density and modified pore—
grain size relationships, as opposed to via chemical
coloration mechanisms [70, 71]. According to classical
light-scattering models for polycrystalline alumina, an
increase in grain size has been shown to result in a
reduction of diffuse reflectance, leading to a decrease
in optical lightness even at high relative densities [70].
Conversely, the a* and b* coordinates of high-purity
alumina typically remain close to zero. The influence
of grain growth on these materials is minimal unless
defects are formed or impurities redistributed during
high-temperature sintering [71, 72]. Therefore, variations
in L*a*b* values associated with abnormal grain growth
should be interpreted as microstructure-driven optical
effects rather than indicators of compositional changes.

Indeed, in a study conducted by Zhao et al. on dental/
semi-transparent alumina restoration ceramics [73], they
reported that sintered dense bodies varied between L:
~10-50, a: ~0-(-2), and b: ~0-(-8) values, especially
depending on microstructural changes and the thickness
of the sample being examined. The body sintered at 1550
°C for 1 hour was also used as an internal standard when
calculating the AE values in this study. This allows for
a direct comparison of the sintering process variables
(temperature and holding time) within themselves. The
fact that the AE values for the sintered bodies in Table
2 are mostly <1.5 indicates that the sintering process
variables do not have a visible effect on color change
[74]. This result is significant in terms of the potential use
of sintered reactive 0-Al,O; ceramics, which exhibit color
stability and sufficient physico-mechanical properties, in
various new application areas such as radiation shielding
in tile/panel or castable brick/block form.

Radiation shielding characteristics of sintered
reactive alumina ceramics

Table 3 represents the linear attenuation coefficient
(LAC) values of sintered reactive o-AlLO; samples
produced under varying sintering conditions, where only
the temperature (1550 °C and 1600 °C) and dwell time
(1 h, 2 h, and 3 h) differ. The chemical compositions
of the sintered samples are identical. Therefore, the
differences in LAC arise solely from the changes in
sintering temperature, dwell time, and resulting bulk
density (psp). The measured precise pgp values used in
the LAC calculations are 3.8680 g.cm™ for 1550 °C-1 h,
3.8315 g.cm® for 1550 °C-2 h, 3.9168 g.cm™ for 1550
°C-3 h, 3.9424 g.cm” for 1600 °C-1 h, 3.9402 g.cm™ for
1600 °C-2 h, and 3.9477 g.cm” for 1600 °C-3 h.

A general evaluation of the results shows that
increasing the temperature from 1550 °C to 1600 °C
consistently leads to slightly higher LAC values across all
photon energies. This is attributed to higher densification
achieved at elevated temperatures, which reduces porosity
and increases the atomic packing density, both of which
positively affect the material’s attenuation capability. For
example, at 0.02 MeV, the LAC increases from 941.873
cm’ for the 1550 °C-1 h sample to 959.990 cm™ for the
1600 °C-1 h sample, clearly demonstrating the beneficial
effect of higher temperature on gamma-ray shielding.

The effect of duration at each temperature also reveals
interesting trends. At 1550 °C, LAC values slightly
decrease from 1h to 2h, consistent with a decrease in
density from 3.8680 to 3.8315 g.cm™, possibly due
to structural relaxation or increased porosity during
prolonged dwelling time. However, further increasing
the duration to 3 h leads to an increase in LAC values,
which coincides with the recovery of density to 3.9168
g.cm”, suggesting enhanced densification over time. In
contrast, at 1600 °C, the duration effect is significantly
less pronounced. The densities remain relatively stable
across all durations, and LAC values show only marginal
increases from 1 hour to 3 hours, with the 1600 °C-3
h sample exhibiting the highest LAC due to its slightly
higher density (3.9477 g.cm?). These observations
suggest that densification is completed earlier at higher
temperatures, and further holding time yields minimal
benefits in terms of attenuation properties.

A clear and direct correlation is observed between pgp
and LAC. Samples with higher densities consistently
exhibit higher LAC values across all photon energies.
For instance, at 0.05 MeV, the LAC increases from
121.133 cm™ in the 1550 °C-2 h sample (3.8315 g.cm™) to
122.414 cm™ in the 1550 °C-3 h sample (3.9168 g.cm™).
This correlation remains valid for the 1600 °C samples
as well, with the 3-hour duration consistently producing
the highest attenuation values. Additionally, as expected
from fundamental principles of photon-matter interaction,
LAC values decrease with increasing photon energy
across all samples. The differences between samples are
more pronounced at lower energies (below 0.1 MeV)
and diminish at higher energies (above 1 MeV).

When focusing specifically on energy levels commonly
used in radiation shielding studies—0.662 MeV (Cs-
137) and 1.173 MeV and 1.332 MeV (Co-60)—the same
trends persist. At 0.662 MeV, LAC values for 1550 °C
samples range from 29.077 cm™ (2 h) to 29.725 cm™ (3
h), while for 1600 °C samples, they vary slightly between
29.903 cm™ (2h) and 29.959 cm™ (3 h). Similarly, at
1.173 MeV, LAC values increase from 22.117 cm™ at
1550 °C-2 h to 22.611 cm™ at 1550 °C-3 h, and from
22.746 cm™ at 1600 °C-2 h to 22.789 cm™ at 1600 °C-3
h. At 1.332 MeV, the same pattern is observed: 20.722
cm’ at 1550 °C-2 h increasing to 21.184 cm™ at 1550
°C-3 h, while 1600 °C samples maintain stable values
around 21.311-21.351 cm™. These findings confirm the
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Table 3. The LAC values obtained from Phy-X/PSD software for sintered reactive a-Al,Os bodies.

Linear Attenuation Coefficient (LAC) (cm™)

Sintering Temperature (°C) and Dwell-Time (h)

Photon Energy

(MeV) 1550 °C-1 h 1550 °C-2 h 1550 °C-3 h 1600 °C-1 h 1600 °C-2 h 1600 °C-3 h
1.50E-02 1983.672 1969.423 2008.699 2021.828 2020.700 2024.546
2.00E-02 941.873 949.498 953.756 959.990 959.454 961.280
3.00E-02 327.169 329.753 331.297 333.462 333.276 333911
4.00E-02 175.921 176.844 178.141 179.305 179.205 179.546
5.00E-02 120.889 121.133 122.414 123.214 123.145 123.380
6.00E-02 95.597 95.521 96.803 97.436 97.381 97.567
8.00E-02 73.620 73.287 74.548 75.036 74.994 75.137
8.10E-02 72.966 72.626 73.887 74.370 74.328 74.470
1.00E-01 64.052 63.637 64.860 65.284 65.248 65.372
1.50E-01 53.276 52.830 53.948 54.300 54.270 54.373
2.00E-01 47.674 47.248 48.276 48.591 48.564 48.656
2.84E-01 41.750 41.364 42.277 42.554 42.530 42.611
3.00E-01 40.844 40.465 41.360 41.630 41.607 41.686
3.03E-01 40.691 40.313 41.205 41.474 41.451 41.530
3.56E-01 38.175 37.818 38.657 38.910 38.888 38.962
3.84E-01 37.032 36.685 37.499 37.744 37.723 37.795
4.00E-01 36.418 36.076 36.878 37.119 37.098 37.169
5.00E-01 33.186 32.873 33.604 33.824 33.805 33.870
6.00E-01 30.665 30.375 31.052 31.255 31.237 31.297
6.62E-01 29.355 29.077 29.725 29.919 29.903 29.959
8.00E-01 26.905 26.650 27.244 27.422 27.407 27.459
1.00E+00 24.179 23.950 24.484 24.644 24.630 24.677
1.17E+00 22.329 22.117 22.611 22.759 22.746 22.789
1.33E+00 20.920 20.722 21.184 21.323 21.311 21.351
1.50E+00 19.687 19.500 19.935 20.066 20.054 20.093
2.00E+00 16.969 16.808 17.183 17.295 17.286 17.319
3.00E+00 13.798 13.668 13.973 14.064 14.056 14.083
4.00E+00 12.007 11.895 12.159 12.238 12.232 12.255
5.00E+00 10.869 10.768 11.006 11.078 11.072 11.093
6.00E+00 10.092 9.999 10.220 10.286 10.281 10.300
8.00E+00 9.122 9.038 9.237 9.297 9.292 9.310
1.00E+01 8.565 8.487 8.673 8.729 8.724 8.741
1.50E+01 7.910 7.840 8.010 8.062 8.058 8.073

strong correlation between density and LAC, with higher
densities yielding higher LAC values even at energies
typical for practical gamma shielding assessments.

In brief, increasing the temperature from 1550 °C to
1600 °C improves the radiation shielding performance
due to better densification and higher density. While
duration affects LAC at 1550 °C by initially decreasing
and then increasing LAC through progressive
densification, its impact is negligible at 1600 °C because
high density is already achieved early in the process.

The density differences are mirrored directly in LAC
behavior, confirming density as the dominant factor
governing gamma attenuation. Overall, the 1600 °C-3
h sample exhibits the best shielding performance due to
its highest density and most stable structure. However,
the performance differences between 1 h, 2 h, and 3 h
at 1600 °C are marginal, suggesting that temperature
exerts a more decisive influence than duration on the
LAC characteristics of sintered reactive a-AlLO; ceramic
materials.
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Considering the limited number of studies conducted
in the literature on radiation shielding with ALOs;, it has
been recorded that the LAC value of unsintered plate-
shaped samples containing 100% AlO; is 0.105 cm™ at
0.662 MeV [28]. In addition, in epoxy resin composites
containing AlL,O; nanoparticles (NPs), when the ALO;
NPs content was increased from 3 wt.% to 20 wt.%,
the LAC value of the composites at 0.059 MeV energy
increased from 0.59 cm™ to 3.04 cm™ [21]. In ZrSiO4-
AlLO; composites where Al,O; was used at a maximum
concentration of 50% wt., LAC values were determined
to be 0.209 cm™ at 0.662 MeV, 0.150 cm™! at 1.173
MeV, and 0.043 cm™ at 1.332 MeV [27].

In addition, the shielding performance of sintered
reactive a-AlLOs ceramics was compared with conventional
radiation shielding materials in terms of attenuation
efficiency per unit thickness and corresponding areal
mass. Ordinary Portland cement concrete typically has
a density between 2.30 and 2.45 g.cm?, while densified
heavy concretes (e.g., concrete with barite or hematite
aggregates) reach 2.9-3.5 g.cm” depending on aggregate
loading [75-78]. In this study, sintered reactive alumina
monoliths achieve psp = 3.94-3.95 g.cm” due to high
density and low residual porosity, leading to significantly
stronger photon-matter interaction per unit thickness.
In XCOM-based photon mass attenuation calculations,
under the same assumed narrow beam geometry, a
dense a-AlLO; monolith 10 mm thick provides similar
or higher theoretical attenuation compared to heavy
barite/hematite concrete 30-50 mm thick. This means
that equivalent photon attenuation can be achieved with
40-60% less thickness and a proportionally lower field
weight. Although monolithic oxides with very high Z,
such as PbO or Bi,O;, perform better than alumina
in the >1 MeV region, they introduce disadvantages,
including excessive density (p = 8.0-9.5 g.cm™), opacity,
and mechanical brittleness in their monolithic form [79-
82]. Therefore, alumina ceramics provide a practical
medium-density shielding solution, particularly for
weight- and thickness-sensitive monolithic shields or
ceramic matrix composites (CMCs). Here, attenuation
per unit thickness is significantly improved compared
to concrete, while superior mechanical integrity, optical
neutrality, and chemical stability are maintained. This
comparison highlights that sintered reactive a-AlO; can
effectively function as a monolithic shielding layer at
thicknesses lower than those of concrete, or as a highly
stable structural matrix for next-generation radiation
shielding CMCs, where both thickness-normalized
attenuation and durability are critical. To the best of
our knowledge, this study is the first to calculate LAC
values from sintered reactive 0-AlO; ceramics, which
depend on the sintering process parameters (temperature
and holding time). It is expected to facilitate the
development of next-generation monolithic alumina
ceramics or alumina-based ceramic matrix composites
(CMCs) for radiation shielding.

Conclusions

This study marks the first time that the traditional
solid-state sintering method has been used without
auxiliary sintering additives from reactive o-ALO;
starting powder at temperatures of 1550 °C and 1600
°C for durations of 1 h, 2 h, and 3 h. Subsequently, the
physico-mechanical, phase, microstructure, sinterability,
and radiation shielding properties of the sintered bodies
have been systematically investigated. The results
obtained in this context are summarized below.

According to the detailed characterization data obtained
from the reactive alumina powder used in the study, the
powder has a corundum (0-AlOs) crystal structure, high
purity (99.31 wt.%), an average patrticle size distribution
(D«(50)) of 3.22 pum, bimodal equiaxed particle shape,
and a specific surface area of 9.193 m?/g.

Depending on the increasing sintering temperature and
holding time, the sintered reactive a-ALO; bodies have
been sintered to >97.00% of their theoretical density
(TD). The highest relative density value (prp=99.94%)
was achieved in the S6 body sintered at 1600 °C for 3
hours.

The XRD analysis results of sintered reactive a-Al,Os
bodies show that the single phase in all samples after
sintering is the a-ALO; phase with a corundum crystal
structure. The comprehensive SEM microstructure and
EDX qualitative and semi-quantitative chemical analysis
observations confirmed the presence of the a-ALO;
phase developed as a consequence of sintering within
the microstructure.

Concurrently, SEM images obtained from sintered
reactive a-AlLO; bodies demonstrated that elevating the
sintering temperature and holding time led to denser and
more compact microstructures, a reduction in porosity,
and an increase in the average grain size of a-ALO;
grains. In particular, abnormal grain growth has been
determined in sintered samples at 1600 °C for 2h and
3 h. In these abnormally growing grains, fine reactive
o-ALO; grains with a bimodal character also form a
skeletal structure.

An evaluation of the samples in terms of mechanical
properties (Vickers hardness (H,), indentation fracture
toughness (K,), and flexural strength (o)) revealed a
clear trend. As the sintering temperature and holding
time increased, the H, values of the sintered reactive
0-AlLO; bodies decreased, while the K. and o values
increased. The highest H, value (18.37+0.45 GPa) was
recorded in the S1 sample sintered at 1550 °C for 1 hour,
while the best K. and ¢ values were observed in the S6
sample sintered at 1600 °C for 3 hours, with values of
4.19+0.62 MPa-m'? and 387+37 MPa, respectively.

A thorough SEM examination of the Vickers
indentation traces revealed the presence of various
mechanisms, including crack deflection, crack bridging,
crack branching, intragranular nanopores, and the skeletal
structure formed by fine reactive a-AlLOs grains within
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abnormally grown alumina grains, which play a key role
in the increase of K, values in sintered reactive a-ALO;
structures.

The L: =90-95, a: =0-1.70, b: =9-12, and AE: ~0-3.83
values were determined in the sintered reactive a-ALOs
bodies as a function of increasing sintering temperature
and dwell time.

The linear attenuation coefficient (LAC) values of
all sintered reactive a-Al,O; bodies were calculated for
radiation shielding applications. Accordingly, higher
LAC values were obtained for all photon energies studied
as the sintering temperature increased. However, the
beneficial impact of dwell time on LAC was determined
to be less pronounced. The best LAC values in terms
of gamma-ray shielding were recorded at 29.959 cm™
(@0.662 MeV), 22.789 cm™ (@1.173 MeV), and 21.351
cm™ (@1.332 MeV) in the S6 sample sintered at 1600
°C-3 h.

In consideration of the findings documented in this
study, sintered reactive a-Al,O; ceramics have been
demonstrated to exhibit several noteworthy attributes.
These ceramics are characterized by their cost-
effectiveness, ease of production, and exceptional color
stability. Additionally, they are renowned for their high
physico-mechanical properties and LAC values. These
properties position them as promising candidates for
the fabrication of alumina-based sintered monolithic or
ceramic matrix composites (CMCs), particularly in the
context of gamma-ray radiation shielding applications.
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