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Abstract

Preparation of a high purity powder is one of the most important steps in producting transparent MgAI204
ceramic. Additionally, the particles are required to have nanoscale scale, uniform size and least agglomeration,
which make diffusion enhanced at grain boundary during sintering process, promote densification to achieve
full dense bulk material. In present work, solution combustion synthesis was carried out to prepare MgAI204
nanopowder from magnesium nitrate hydrate (Mg(NOgs)2.6H20) and aluminum nitrate hydrate (Al(NO3)s.9H20)
as oxidizers and urea CH4N20 as a fuel. The obtained products present large agglomerates of nanoscale
particles with average size of about 20 nm. Investigation into the influence of the milling processing on
deagglomeration efficiency and properties of sintered samples showed that increasing milling time and ball-
to-weight ratio led to reduce agglomerate size and fraction, consequently, enhanced significantly shrinkage
value, relative density and compressive strength of sintered MgAl204 samples. The relative density and the
compressive strength achieved highest values of 98% and 155 MPa, respectively, regarding to the powder
with milling condition of 48h milling time and 30/1 ball-fo-powder ratio.
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Tém tat

Téng hop bét véi dd sach cao 1a mét trong nhitng buéc quan trong nhét trong quy trinh ché tao gém trong
suét MgAl-04. Bén canh d6, bét duoc yéu céu phai cé kich thudc nanomét, ddng déu va han ché céc khbi
tich tu nhdm muc dich tdng cuong kha ndng khuéch tan & bién gi6i hat trong qué trinh thiéu két dé thu duoc
sé&n phém cé ty trong gén déc. Trong nghién ctru ndy, phuong phap dét chay duoc st dung dé téng hop boét
MgAI204 kich thuéc nanomét st dung cac mudi (Mg(NOs)2.6H20) va (AI(NOs)3.9H20) lam chét oxy héa va
urea lam nhién liéu. San phdm nhan duoc c6 dang cac khdi tich tu Ién ctia céc hat bot nhé véi kich thuéce hat
trung binh Ia 20 nm. Nghién ctru dnh hwdng cta qué trinh nghién dén kha nang tach roi cac hat va tinh chét
clia sén phdm sau thiéu két cho thay kéo dai thoi gian nghién va ty 1é bi/bét gitip lam gidam kich thudéc va ty
phén clia cac dam bot tich tu; do dé lam tdng kha ndng co ngét, ty trong va dé bén nén ctia méu sau thiéu
két. Ty trong tuong dbi va dé bén nén clia mau dat gia tri cao nhét tong (g la 98% va 155 MPa.

T khéa: MgAl,O4, phwong phap dbt chay, nghién co hoc, hat nané, su tich tu

1. Introduction

Recently, MgAl,O4 Spinel has received a great
deal of attention from academia and the industry sector
on account of its best combination of several important
properties, such as high melting point, hardness,
mechanical strength both at room and elevated
temperatures, resistance against chemical attack,
electrical resistivity, thermal shock resistance; and
relatively low density, and thermal expansion
coefficient!'?. Furthermore, fully dense,
polycrystalline MgAl,O4 spinel is transparent to
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electromagnetic radiation from ultraviolet through
mid-infrared range (0.2 — 5.5 um). Applications of
these materials have been found in a wide range such
as solid — state lasers, lighting, scintillators, optical
devices, electro-optical devices and biomaterials®=.

Transparent ceramics in general and transparent
MgALO4 in particular have an amount of sites
influencing on transparency including pores,
impurities, secondary phase, crystalline structure,
grain boundary, surface roughness and thickness®.
Consequently, each step of processing plays a vital
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role in performance of final ceramics products,
especially powder fabrication and sintering. The
transparency of ceramic is very sensitive to impurities,
hence powder must have high purity (> 99.5%) and
homogeneous phase. Additionally, the particles have
nanoscale scale, large specific surface area, uniform
particle size and least agglomeration, since nanoscale
particles make diffusion enhanced at grain boundary
during sintering process, promote densification to
achieve full dense bulk material. Thus selection of
synthesis methods is directly responsible for
transparency and mechanical properties of transparent
ceramics.

Numerous methods have been adapted to
synthesize nanoscale MgAl,O4 powders, including
physical'® and chemical methods'!. Recently, chemical
synthesis methods have been received increasing
attention due to their ability to produce a large variety
of composition and assurance of homogeneous mixing
of the constituent particles at atomic level. Some
chemical methods that have been widely used to
synthesize MgAl,O4 nanopowders are such as sol-gel
method'?, hydrothermal'3, chemical precipitation'*,
and combustion synthesis. Among chemical synthesis
methods, solution combustion synthesis is a
sophisticated approach to synthesize nanoparticles due
to low temperature requirement, homogeneous
products, and low-cost precursors'>™°. Variety of
researches reported that solution combustion synthesis
have been effective for preparation of ultrafine
MgAlLOs powders?®2, However, powders prepared
from solution combustion synthesis route present
agglomerates, which considerably influences on their
performances. Deagglomeration nanoparticle step was
often required to isolate the particles.

In the present study, solution combustion
synthesis was carried out to prepare MgAlOs
nanopowder from magnesium nitrate hydrate
(Mg(NO3)2.6H,0) and aluminum nitrate hydrate
(AI(NOs3)3.9H,0) as oxidizers and urea CH4N,O as
fuel. Influence of milling processing on
deagglomeration efficiency and properties of sintered
samples was investigated

2. Experimental procedure

The starting materials were aluminum nitrate
hydrate (AI(NO3)3.9H,0) (99%, Xilong Scientific Co.
Ltd., China) and magnesium nitrate hydrate
(Mg(NO3)2.6H,0) (99%, Xilong Scientific Co. Ltd.,
China) as oxidizers, and urea (CHsN-0) (99%, Xilong
Scientific Co. Ltd., China) as a fuel. Precursor mixture
was stoichiometrically balanced by a molar ratio of
3:6:20, and then dissolved in distilled water.
Subsequently, the solution was placed in an electric
resistance furnace (Linn HT1300, Germany) which
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preheated at 500°C. The combustion reaction occurred
according to the following reaction to form a
voluminous product:

3Mg(NO3), (aq) + 6AI(NOs3)3 (aq) + 20CH4N-O (aq)
— 3MgALO4(s) + 20COz(g) + 40H>0(g) + 32N2(g)

The synthesized product was milled for 24, and
48 hours in a highly pure ethanol solution using
alumina balls with ball — powder mass ratios of 20/1
and 30/1. The milled powder was dried at 120°C for 24
hours and then calcined at 1100°C for 2 hours. The
green compacts were formed by uniaxial pressing in a
15 mm inner diameter cylindrical steel die with a
uniaxial applied pressure of 550 MPa. The compacted
samples were then sintered by an electrical resistance
heating furnace (Linn HT1600, Germany) at 1550°C
for 4 hours in argon atmosphere.

The phase analysis was carried out by X-ray
diffraction (D5000 Siemens) using Cu Ko radiation.
The average crystallite sizes of MgAl,O4 spinel were
determined by Scherrer method. Morphology of
synthesized powders and sintered samples was
characterized by a field-emitting scanning electron
microscope (FE-SEM Hitachi S4800, Japan). Particle
size and size distribution were evaluated by Imagel
software through SEM images. In addition, energy
dispersive analysis (EDX) was performed to identify
the elements that present in synthesized powders. The
compressive strength was tested on MTS 300 machine
(USA). Relative density was calculated by
Archimedes method in water.

3. Results and Discussion

X-ray diffraction patterns of combustion-
synthesized product before and after annealing at
1100°C in air for 2 hours are shown in Figure 1. XRD
pattern of combustion-synthesized product before
annealing (red line) showed 4 peaks at 26 of 36.81°,
44.79°, 59.38°, 65.24°. These peaks and their relative
intensities correspond to magnesium aluminate spinel
phase as given in the ICDD 01-082-2424 file. Besides,
the broaden peaks reveal a poor crystallinity of the
combustion-synthesized product. After anealing,
almost all of the MgAL,O4 reflections appeared in the
XRD pattern (black line) are detected at 20 of 31.29°,
36.81°, 38.52°, 44.79°, 56.21°, 59.38° and 65.24°
corresponding to (220), (311), (222), (400), (422),
(511), and (440) diffraction planes. The peaks of
MgAlLO4 phase are more intense and well-defined.
Moreover, the small peak width indicates a good
crystallinity with a large crystallite size of the annealed
product. In addition, no peaks of impurities observed
indicates that the combustion synthesis process was
operated in a very well-controlled condition.
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Fig.1 XRD patterns of combustion-synthesized
powders before and after annealing at 1100°C in air for
2 hours

The average crystallite sizes of MgAlLOs4 spinel
before and after annealing were determined by
Scherrer method from the full width at the half
maximum (FWHM) of the MgAL,O4 (311) peak. The
crystalline size of combustion-synthesized MgAl,04
before and after annealing were approximately 0.54
and 15.61 nm, respectively. This phenomenon
revealed that heat treatment recovered considerably
internal strains and made the crystallite size increase
remarkably.

The combustion-synthesized MgAl,O4 product
before annealing was voluminous white and occupied
the entire volume of container (Figure 2).
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Fig.2  Photograph
MgAlO4 product
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Due to difficulty of observing morphology from
the photograph, morphology of the combustion-
synthesized product was further characterized by SEM
observation. As expected, SEM images (Figure 3a and
Figure 3b) revealed much better local morphology of
product. The product was in form of large
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agglomerates of fine spherical particles. Average sizes
of particles and agglomerates were 20 nm and 8 pum,
respectively. Energy-dispersive X-ray spectroscopy
(EDX) pattern acquired at the agglomerates showed
that magnesium, aluminum and oxygen were the only
detected elements with an atomic ratio approximately
1:2:4. It implied that combustion-synthesized product
possessed a relatively high purity.
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Fig3 SEM image of combustion-synthesized
MgAlLOs product before annealing at different
magnifications of 50k (a) and 100k (b) and
corresponding EDX spectrum (c¢)
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Wet-ball-milling was carried out to isolate the
MgAlL O, particles. In order to investigate the
deagglomeration efficiency, the ball-powder mass
ratio was varied from 10/1 to 20/1 and the milling time
was varied from 24 to 48 hours. Figure 4 displayed
SEM images of MgAlL,Os powders milled with
different milling conditions. It seems that the particle
size does not change significantly when changing the
milling parameters. However, the milling condition
has a great influence on deagglomeration of particles.
As can be seen, the agglomerates were still existed as
a large particle at lower ball to powder ratio and shorter
milling time. Increasing the milling time and ball-to-
powder ratio, the amount of particle agglomerates
significantly  decreases. ~The agglomerate-size
distribution and the percentage of particle volume of
MgAlLOs powders milled with different milling
conditions are presented in Figure 5. Increasing

¥

Fig.4 SEM image of MgAl,O4 pOWdel‘S_In_iﬁéd for 24 hou

he

milling time and ball-to-powder ratio tends to give a
narrow size distribution. After 24 hours of milling with
ball-to-powder ratio of 20/1, the agglomerate size is up
to about 80 nm. Increasing milling time to 48 hours or
ball-to-powder ratio to 30/1 leads to a decrease not
only in the agglomerate size to about 22 nm but also
the agglomerate proportional volume. Moreover, the
particle size was homogeneous when the milling time
prolonged to 48h with the ball-to-powder ratio of 30/1.

To investigate the influence of agglomerate state
on sintering ability and microstructure of sintered
samples, Figure 6 depicts microstructure of fractured
surface of MgALO4 samples with different milling
conditions corresponding to no-milled powder (Figure
6a) and powder milled in 48 hours with ball-to-powder
ratio of 30/1 (Figure 6b).

£

rs with ball/powder ratio of 20/1 (a); for 24 hours with

ball/powder ratio of 30/1 (b); for 48 hours with ball/powder ratio of 20/1 (c); for 48 hours with ball/powder ratio

of 30/1 (d)

Tab.1 Shrinkage value, relative density and compressive strength of sintered MgAl,O4 samples regarding to

powders milled at different milling conditions

Milling mode Shrinkage (%) Relative density (%) Compressive
Milling time Ball — Powder ratio strength (MPa)
24 hours 20:1 30.35 85.79 136.8
30:1 32.07 87.79 140.7
48 hours 20:1 38.84 92.78 150.9
30:1 44.97 971.77 154.4
Without milling 18.05 80.2 65.3
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Fig.5 Agglomerate-size distribution of the MgAl,O4 powders milled for 24 hours with ball/powder ratio of 20/1

(a); for 24 hours with ball/powder ratio of 30/1 (b); for 48 hours with ball/powder ratio of 20/1 (c); for 48 hours
with ball/powder ratio of 30/1 (d)

Fig.6 SEM image of fracture surface of sintered samples regarding to no - milled powder (a) and powder milled
for 48 hours with ball-to-powder ratio of 30/1 (b)
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The shrinkage wvalue, relative density and
compressive strength of MgAl,O4 sintered samples
regarding to powders milled at different milling
conditions are presented in Table 1. The shrinkage
values were calculated from the change of sample
volume before and after sintering in percent.
Increasing milling time and ball-to-weight ratio led to
lower agglomerate size and fraction, consequently,
higher shrinkage value, relative density and
compressive strength of the sintered MgAl,O4
samples. The shrinkage values of sintered MgAl,O4
samples changed from 30% to 45%. The relative
density and the compressive strength achieved highest
values of 98% and 155 MPa, respectively, regarding to
powder with milling condition of 48h milling time and
30/1 ball-to-powder ratio.

It can be summarized that more uniform particle
size distribution and less agglomerate proportion the
milled powder is, the higher shrinkage value and
density the sintered samples achieve. This
phenomenon might be explained that agglomerates
shrink at different rates and pull the compact apart,
hence inhomogeneous movements in the green
compact prevent during sintering.

4. Conclusions

MgAlL,O4 powder was successfully prepare using
solution combustion synthesis. XRD and EDX results
indicated that the relatively high purity of combustion
— synthesized product. Microstructure was in the form
of large agglomerates of fine spherical particles. After
milled for 48 hours with ball — powder mass ratio of
30/1, MgAl1,04 powder had homogeneous distribution
with nanoscale average size of 22 nm. The sizes of
particle agglomerates strongly influence on the
sintering ability and the microstructure of sintered
samples. Increasing milling time and ball-to-weight
ratio led to reduce agglomerate size and fraction,
consequently, higher shrinkage value, relative density
and compressive strength of sintered MgAl,O4
samples. The relative density and the compressive
strength achieved highest values of 98% and 155 MPa,
respectively, regarding to powder with milling
condition of 48 hour milling time and 30/1 ball-to-
powder ratio.
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