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ABSTRACT

Transparent MgAl.O4 ceramics were fabricated by pulsed electric current sintering (PECS) employing a two-step sintering mode.
First, nanoscale MgAIl204 powders were produced by solution combustion synthesis from hydrated nitrate compounds and urea.
Subsequently, the synthesized powders were sintered by PECS with a heating rate of 100°C/min under an applied pressure of 100
MPa. The sintering process was conducted according to a two-step heating profile. At the first step, the temperature increased to
1050, 1100, and 1150°C, followed by a dwell time of 60 min. The second-step sintering was carried out at 1300, 1350, and 1400°C
for 20 min. The transparent ceramics sintered at 1050°C / 60 min — 1400°C / 20 min exhibited transmittance over 80% in infrared
range. In addition, transparent samples presented a Vickers hardness up to 30 GPa for sintering mode of 1150°C / 60 min — 1400°C

/20 min.

Keywords: transparent ceramics; MgAl.O4; PECS; two-step sintering

INTRODUCTION

Recently, transparent ceramics have received increasing
attention from scientists owing to transmittance in a wide range
of wavelengths, excellent mechanical properties, and resistance
at high temperature [1-7]. Magnesium aluminate MgAl.Os
spinel is one of the most commonly-used transparent ceramics
as it presents an isotropic crystal structure, which curbs diffuse
transmission when the light passes through the material. In
addition, this material allows light with wavelengths from the
ultraviolet to the mid-infrared region to transmit through it [8].
Production of transparent ceramics must concurrently meet two
strict requirements including high purity (up to 99.5%) and
nearly full density (>99%) to prevent the light scattering
caused by impurities and pores. Meanwhile, thanks to the
isotropic crystal lattice of the material, no limitation of grain
size is required for transparent MgAl.O4 ceramics. Moreover,
the increase in grain size leads to the decrease in light diffuse
transmission at the grain boundary, thereby improving the
material transmittance [8]. Nevertheless, the mechanical
strength of materials is weakened with the increase in grain
size according to the Hall-Petch relation. Therefore, a com-
promise between improvement in transmittance and enhance-
ment to mechanical strength is essential to achieve high-quality
transparent ceramics.

Production of transparent MgAl.O4 ceramics involves two
main stages, powder synthesis and densification. For the
powder synthesis, the synthesized powders must contain solely

one single phase to minimize light scattering, and nanoparticles
to promote the consolidation process in the next sintering step
[9, 10]. Recently, chemical synthesis methods are considered
as an effective bottom-up approach to prepare nanostructured
materials with high purity and uniform particle size. MgAl204
nanoparticles have been synthesized by chemical methods
comprising sol-gel [11], hydrothermal synthesis [12], and
chemical precipitation [13]. Solution Combustion Synthesis
(SCS) is a chemical precipitation method whereby a reaction
occurs due to self-propagating heat using a mixture of oxidiz-
ers and fuels. In the case of ultrafine MgAl.Os powder, the
oxidizers including hydrated nitrate compounds
Mg(NOs)2.6H20 and AI(NOs)s.9H.0 were integrated with
fuels such as urea, glycine, and alanine [14].

Regarding material consolidation, pulsed electric current
sintering (PECS) is well-known as a superior method to
fabricate high-quality transparent ceramics [15, 16]. MgAl.O4
transparent ceramics were prepared by PECS at 1300°C with a
slow heating rate smaller than 10°C /min [17, 18]. Meanwhile,
Suarez et.al. reported that MgAl2O4 transparent ceramics were
produced at a high temperature of 1550°C with a high heating
rate of 100°C /min [19]. In addition to the conventional single-
step sintering process, a two-step heating method accompanied
by PECS has been selected to produce transparent ceramics
[20]. In a two-step heating profile, the first step is implemented
at a low temperature, and subsequently, the temperature
increases to the sintering temperature to densify the bulk
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materials. By virtue of the two-step heating method, bulk
samples yield nearly full relative density with uniform fine
particle size after sintering at a low temperature with a high
heating rate [20].

Previous reports stated the synthesis of transparent MgAI204
ceramics. Specifically, MgAIl.O4 nanopowder was synthesized
by SCS method using a mixture of Mg(NO3)2.6H.0 and
AI(NO3)3.9H20 as oxidizers, and urea as a fuel. The synthe-
sized powder contained a large agglomeration of nanoparticles.
To disaggregate nanoparticles, low energy ball milling with
various milling times and ball/powder ratios was investigated
to optimize the milling efficiency [21]. The transparent
MgAI04 ceramics were successfully fabricated by PECS
accompanied by a two-step heating profile [22]. In this study,
the sintering process of transparent MgAl.O4 ceramic was
optimized by varying the sintering temperature at both the first
and second steps.

MATERIAL AND METHODS

The starting materials were aluminium nitrate hydrated
(AI(NO:):.9H.0) (99.997%, Sigma Aldrich, Germany) and
magnesium nitrate hydrated (Mg(NO.)..6H.0) (99.999%,
Sigma Aldrich, Germany) as oxidizers and urea (CH.N.O)
(99.5%, Sigma Aldrich, Germany) as fuel. The precursor
mixture was stoichiometrically balanced with a molar ratio of
3:6:20, and dissolved in distilled water. Subsequently, the
aqueous solution was placed in an electric resistance furnace
(Linn HT1300, Germany), which was preheated at 500°C. The
combustion reaction occurred according to the following
reaction to form a voluminous product.

3Mg(NOs)2 (aq) + 6AI(NOs)s (ag) + 20CH4N20 (aq)
— 3MgAl1204(s) + 20CO2(g) + 40H20(g) + 32N2(g)

The synthesized product was calcined at 1100°C for 2 h. After
the calcination, the powder was milled for 48 h in an ethanol
solvent using alumina balls with a ball — powder mass ratio of
20/1. Using graphite die with an inner diameter of 10 mm, the
powder was sintered by an SPS machine (LABOX 1550i75S,
Japan) under a high vacuum (< 5 x 10* Pa) with an applied
uniaxial pressure of 100 MPa. Sintering process was conducted
with 100°C/min heating rate using two-step sintering profile,
namely 1050, 1100, and 1150°C for 60 min followed by 1300,
1350, and 1400°C for 20 min. After sintering, samples were
polished by a slurry of ALO; powder with a particle size of 0.05
um for 80 h.

The microstructure of bulk samples was characterized using the
field emission scanning electron microscopy (FE-SEM, Hitachi
S4800, Singapore). Using SEM images, grain size and size
distribution were determined 100 times by ImageJ software.
Ultraviolet-visible (UV-Vis) and Fourier transform infrared
(FTIR) spectroscopies were applied to determine the transmis-
sion spectra of samples from the ultraviolet range to the
infrared range (190-8000 nm). The obtained transmittance was
converted into the transmittance of samples with a thickness of
1 mm as follows:

T = Txlfx (1)
where 1, and 1, are the transmittance of samples with a 1-mm
and x-mm thickness, respectively. Vickers hardness was
obtained by dividing the load by the square area of indentation
as follows:

F
Hy = 1,8544.107° —
d @)

where HV is Vickers hardness, F denotes the load, and d
signifies the average of two indentation diagonals. Additional-

ly, fracture toughness K. could be determined by Vickers
hardness testing as follows [23]:

—3/2
Kie = 0.016 x (2) x H, x d1/2 ©

where ¢ represents the length of cracks.
RESULTS AND DISCUSSION

The morphology of the MgAL.O. sample sintered via a two-step
sintering mode of 1100°C/60 min — 1400°C/20 min was
observed by SEM and shown in Fig. 1. Most of the grains
presented submicron size and were well dispersed without any
local size growth. The grain size distribution of sintered
samples was in a narrow range from 50 to 300 nm, and most of
the grain size was within the 150-200 nm range. The mean
grain size of samples which were sintered at 1100°C /60 min —
1400°C/20 min was approximately 177 nm.
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Fig. 1 (a) SEM image and (b) grain size distribution of
MgAI:O4 sample sintered via two-step sintering mode of
1100°C/60 min — 1400°C/20 min
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Fig. 2 Photograph of transparent MgAl.O4 ceramic samples
sintered via different two-step sintering modes
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The presence of MgAI20s samples produced by PECS via
different sintering modes of first-step temperatures (1050,
1100, and 1150°C), and second-step temperatures (1300, 1350,
and 1400°C) is displayed in Fig. 2. The MgAl.04 samples were
virtually translucent at the second-step temperatures of 1300°C
and 1350°C, while samples that were sintered at the second—
step temperature of 1400°C became transparent regardless of
first-step sintering temperature. The results suggested that the
second-step sintering temperature had a significant influence
on the transmission of materials rather than the first-step
temperature. When the second-step temperature was fixed at
1400°C for 20 min, all the samples with various first-step
temperatures showed good transparency, which could be
recognized with the naked eye.

Fig. 3 shows the transmission spectrum of MgAl.O4 samples
sintered at the different first-step temperatures and the second-
step temperatures of 1400°C in ultraviolet-visible range (280 —
1000 nm) and infrared range (3500 — 8000 nm) with 1 mm
thickness as shown in Eq.1. Results reveal that samples had
poor transmittance in the ultraviolet range. At visible wave-
length, transmittance linearly increased, and subsequently
reached a maximum value up to 80% in the infrared range,
which is close to theoretical maximum transmittance (87%)
[2]. Furthermore, the transmittance at the wavelengths of
550nm (Tss0) and 4000 nm (Tao0) Was changed with the
variation in the first-step sintering temperature. To be specific,
Tsso was approximately 28% for the first-step temperature of
1050°C, 35% for 1150°C and 40% for 1100°C. At 4000 nm
wavelength, Ta00o Was approximately 62%, 77%, and 80%
corresponding to the first-step temperatures of 1100°C,
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1150°C, and 1050°C. Fig. 4 represents the measured Vickers
hardness of transparent MgAI204 samples sintered at different
first-step temperatures (1050, 1100, and 1150°C) and the
second-step temperature of 1400°C with a load of 20N.
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Fig. 3 Transmission spectra of transparent MgAIl.O4 ceramic
samples in the ultraviolet-visible range (280 — 1000 nm) and
infrared range (3500 — 8000 nm)

The Vickers hardness increased along with an increasing the
first-step temperature. The average hardness values were
14.21, 19.86, 29.32 GPa for the first step sintering temperatures
of 1050, 1100, and 1150°C, respectively. The maximum value
of 29.32 GPa was attained via a two-step sintering mode of
1150°C/ 60 min — 1400°C/ 20 min. Using impression diagonals
obtained by Vickers hardness, fracture toughness Kic of
MgAI0, samples was calculated via Eq.3 and represented in
Fig. 5. The value of fracture toughness increased as the Vickers
hardness increased. Specifically, the lowest value of 1.09
MPa.m"? corresponds to sample sintered at 1050°C/ 60 min —
1400°C/ 20 min. At the first step temperature of 1100°C, the
fracture toughness amounted to 1.18 MPa.m2, The maximum

value was approximately 2.12 MPa.m2, achieved by samples
sintered at 1150°C/ 60 min — 1400°C/ 20 min.
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Fig. 4 Vickers Hardness of transparent MgAl.Os4 samples
sintered at different first-step temperatures (1050, 1100, and
1150°C) and the second-step temperature of 1400°C with a
load of 20N
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Fig. 5 Fracture toughness (Kic) of transparent MgAl204
samples sintered at different first-step temperatures (1050,
1100, and 1150°C) and the second-step temperature of 1400°C

Table 1 Recent research on transparent MgAl.O4 ceramics prepared by PECS

Initial powder Sintering Transmittance (%)
parameters Post- Hard- Fracture
. Parti- Temperature/ sintering Grain toughness
Reference s%';mzzs cle size Time/ treat- (ge;;) (MPa.m*? Tao Tss0 Tao00 Tss00
(nm) Pressure/ ment )
Heating rate
Pourshamsi Commer- 1400°C/ 15 min/ Annealing
et. al., cial powder 80-220 80 MPa/ at 1200°C ~10pm n/a n/a n/a 24 75 53
2019 [24] p 15°C/min for 5h
1200°C for 30
min and 1500°C
Necina Commer- o G&L"a:/n/ &
et.al.2,52020 cial powder nla 100°Cimin up to n/a 980 nm n/a n/a 453 68 n/a n/a
[25] 800°C and
25°C/min up to
1500°C
Nassaj-
ESfahari Commer- 50 1850°CH 20 mind na nia 77 51 <0 3 82 63
et. al cial powder 85 MPa/ n/a
2020 [26]
1050, 1100,
Solution i and 400 Not w2y g S S ey 6946/
This work combustion 27 - . 177 nm 19.86/ . iy 24.1 61.03/ 47.48/
N for 20 min/ 100 required 212 37.56
synthesis MPa/ 29.32 126 1325 77.46 63.42

100°C/min
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To verify the effect of the two-step sintering method on the
product quality, the results attained by the two-step sintering
process were compared to ones achieved by PECS in recent
research over the last 3 years (Table 1). The two-step sintering
method in this work could, concurrently, reduce the sintering
temperature and increase the heating rate without deterioration
in product quality as compared to the other studies. Owing to
the fine synthesized powder, mechanical characteristics includ-
ing Vickers hardness and fracture toughness were remarkably
enhanced, while the transmittance of MgAI204 samples could
maintain the appropriate values. This suggests the feasibility of
PECS accompanied with a two-step sintering method to
produce high-quality transparent ceramic from combustion-
synthesized nanopowders.

CONCLUSION

Transparent MgAl204 ceramics were fabricated by PECS using
the two-step sintering method. To investigate the influence of
temperature on the optical and mechanical properties of
materials, the first-step and second-step temperatures were
varied from 1050°C to 1150°C, and from 1300°C to 1400°C,
respectively. The microstructure of sintered samples presented
submicron grain size with narrow size distribution. MgAl2O4
samples sintered at the second-step temperature of 1400°C
exhibited transparency under the observation. Meanwhile, the
transmittance of MgAl.O4 ceramics could reach up to 50% in
the visible range for 1100°C /60 min — 1400°C /20 min and up
to 80% in the infrared range for 1050°C /60 min — 1400°C /20
min. In addition, samples sintered at sintering mode of
1150°C/60 min — 1400°C /20 min exhibited excellent mechani-
cal properties, namely Vickers micro-hardness of 29.32 GPa
and fracture toughness of 2.12 MPa.m*?2,
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