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Nanocrystalline materials have received much attention as advanced engineering materials with improved physi-
cal and mechanical properties. As nanomaterials possess high strength, high hardness, excellent ductility and
toughness, undoubtedly, more attention has been paid for the application of nanomaterials. Nanopowders of
MgO, Al2O3 and SiO2 were made by high energy ball milling. The simultaneous synthesis and consolidation
of nanostuctured MgAl2O4-MgSiO3 composites from milled 2MgO, Al2O3 and SiO2 powders was investigated
by the pulsed current activated sintering process. The advantage of this process is that it allows very quick
densification to near theoretical density and inhibition of grain growth. Highly dense nanostructured MgAl2O4-
MgSiO3 composites were produced with a simultaneous application of 80 MPa pressure and a pulsed current of
2000A within 1 min. The fracture toughness of MgAl2O4-Mg2SiO4 composites sintered from 60 mol%MgO-
20 mol%Al2O3-20 mol%SiO2 powders milled for 4 h was 3.2 MPa·m1/2. The fracture toughness of MgAl2O4-
MgSiO3 composite is higher than that of monolithic MgAl2O4.
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1. INTRODUCTION

The attractive properties of MgAl2O4 are high hardness (16
GPa), low density (3.58 g/cm3), high melting point (2135°C),
high chemical inertness, and high thermal shock resistance
[1-3]. Because of its excellent properties, MgAl2O4 ceramic
has been employed mainly in glass and steel industries, etc.
However, as in the case of many ceramic materials, the cur-
rent concern about these materials focuses on their low frac-
ture toughness below the ductile-brittle transition temperature.
To improve their mechanical properties, the approach com-
monly utilized has been the addition of a second phase to
form composites and to make nanostructured materials. 

Nanocrystalline materials have received much attention as
advanced engineering materials with improved physical and
mechanical properties [4,5]. As nanomaterials possess high
strength and hardness, as well as excellent ductility and
toughness, undoubtedly, more attention has been paid to the
application of nanomaterials [6,7]. In recent days, nanocrys-
talline powders have been developed by the thermochemical
and thermomechanical process named as the spray conver-
sion process (SCP), co-precipitation and high energy milling

[8-10]. The sintering temperature of high energy mechani-
cally milled powder is lower than that of unmilled powder
due to the increased reactivity, internal and surface energies,
and surface area of the milled powder, which contribute to its
so-called mechanical activation [11-13]. However, the grain
size in sintered materials becomes much larger than that in
pre-sintered powders due to rapid grain growth during a con-
ventional sintering process. Therefore, even though the ini-
tial particle size is less than 100 nm, the grain size increases
rapidly up to 2 µm or larger during conventional sintering
[14]. So, controlling grain growth during the sintering process
is one of the keys to the commercial success of nanostruc-
tured materials. In this regard, the pulsed current activated
sintering method (PCASM), which can make dense materi-
als within 2 min, has been shown to be effective in achieving
this goal [15-17]. In addition, the spark plasma formed
between the powder particles enhances the distorted energy
of the particles and the rate of the diffusion between the par-
ticles [18-21] .

In this study, we investigated the synthesis and sintering of
MgAl2O4-MgSiO3 composite by the PCAS method. The
goal of this research is to produce dense nanostructured
MgAl2O4-MgSiO3 material. In addition, we also studied
the microstructure and mechanical properties of MgAl2O4-
MgSiO3 composite.
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2. EXPERIMENTAL PROCEDURES

The Al2O3 powder with a grain size of <2.2 µm and 99.99%
purity, amorphous SiO2 powder with a grain size of < 100 µm
and 99.8% purity, and MgO powder with a grain size of < 45
µm and 99% purity used in this research was supplied by Alfa.
The powders (50 mol% MgO-25 mol%Al2O3-25 mol%SiO2)
were first milled in a high-energy ball mill (Pulverisette-5
planetary mill) at 250 rpm for 10 h. Tungsten carbide balls
(10 mm in diameter) were used in a sealed cylindrical stain-
less steel vial under an argon atmosphere. The weight ratio
of balls-to-powder was 30:1.

The powders were placed in a graphite die (outside diam-
eter, 35 mm; inside diameter, 10 mm; height, 40 mm) and
then introduced into the Pulsed Current Activated Sintering
(PCAS) apparatus shown schematically in Fig. 1. The PCAS
apparatus includes a 30 kW power supply which provides a
pulsed current (on time; 20 µs, off time; 10 µs) through the
sample, and 50 kN uniaxial press. The system was first evac-
uated and a uniaxial pressure of 80 MPa was applied. A
pulsed current was then activated and maintained until the
densification rate was negligible, as indicated by the real-
time output of the shrinkage regarding the sample. The shrink-
age was measured by a linear gauge measuring the vertical
displacement. Temperatures were measured by a pyrometer
focused on the surface of the graphite die. At the end of the
process, the pulsed current was turned off and the sample
cooled to room temperature. The process was carried out
under a vacuum of 5.33 MPa.

Microstructural information was obtained from product
samples, which had been polished and etched using thermal
etching for 1 h at 1050 °C. Compositional and microstruc-
tural analyses of the products were made through X-ray dif-
fraction (XRD), and field emission scanning electron microscopy
(FE-SEM) with energy dispersive spectroscopy (EDS). Vick-

ers hardness was measured by performing indentations at a
load of 5 kg and a dwell time of 15 s. The grain sizes of the
MgSiO3 and MgAl2O4 was calculated from the full width at
half-maximum (FWHM) of the diffraction peak by Surya-
narayana and Grant Norton’s formula [22]. 

Br cosθ = (Bcrystalline+Bstrain) cosθ = k λ / L + ηsinθ (1)

where Br is the full width at half-maximum (FWHM) of the
diffraction peak after instrumental correction; Bcrystalline and
Bstrain are FWHM caused by small grain size and internal
stress, respectively; k is constant (with a value of 0.9); λ is
wavelength of the X-ray radiation; L and η are grain size
and internal strain, respectively; and θ is the Bragg angle.
The parameters B and Br follow Cauchy’s form with the
relationship: B = Br + Bs, where B and Bs are FWHM of the
broadened Bragg peaks and the standard sample’s Bragg
peaks, respectively. 

3. RESULTS AND DISCUSSION

Figure 2 illustrates the X-ray diffraction patterns of the
50 mol%MgO-25 mol%Al2O3-25 mol%SiO2 powders after
high-energy ball milling for 10 h. MgO and Al2O3 peaks are
detected and SiO2 peaks are not detected due to the amor-
phous phase. From the result, synthesis dose did not occur
during the milling. FE-SEM images of 50 mol%MgO-
25 mol%Al2O3-25 mol%SiO2 powders with milling for 10 h
are shown in Fig. 3. MgO, Al2O3 and SiO2 powders have a
round shape, refinement with milling and agglomeration.
The variations of the shrinkage displacement and tempera-
ture with the heating time for the pulsed current of 2000 A
during sintering of the high energy ball milled 50 mol%MgO-
25 mol%Al2O3-25 mol%SiO2 powders under a pressure of
80 MPa are shown in Fig. 3. The application of the pulsed
current resulted in shrinkage due to consolidation. As pulsed

Fig. 1. Schematic diagram of apparatus for pulsed current activated sin-
tering.

Fig. 2. X-ray diffraction pattern of the 50 mol%MgO-25 mol%Al2O3-
25 mol%SiO2 powder milled for 10 h. 
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current was applied, the shrinkage displacement was nearly
constant up to 900 °C and then increased abruptly. Figure 5
shows the XRD pattern of the specimen sintered to 1150 °C
from the high energy ball milled 50 mol%MgO-25 mol%Al2O3-
25 mol%SiO2 powders. X-ray diffraction results, shown in
Fig. 2 exhibit only peaks pertaining to the reactants MgO
and Al2O3. However, when the temperature was raised to
1150 °C, the starting powders reacted, producing highly dense
products of MgAl2O4 and MgSiO3. The interaction between
these phases:

2MgO + Al2O3 + SiO2 → MgAl2O4 + MgSiO3 (2)

is thermodynamically feasible [23].
The abrupt increase in the displacement of shrinkage at the

ignition temperature is due to the increase in density as a

Fig. 3. FE-SEM image of the 50 mol%MgO-25 mol%Al2O3-25 mol%SiO2

powders milled for 10 h.

Fig. 4. Variations of temperature and shrinkage with heating time dur-
ing the sintering of the 50 mol%MgO-25 mol%Al2O3-25 mol%SiO2

powders milled for 10 h.

Fig. 5. X-ray diffraction pattern of the specimen sintered at 1150 °C.

Fig. 6. Plot of Br (Bcrystalline+Bstrain) cosθ versus sinθ for (a) MgSiO3 and
(b) MgAl2O4 in MgAl2O4-MgSiO3 composite.
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result of the molar volume change associated with the forma-
tion of MgAl2O4 + MgSiO3 from 2MgO + Al2O3 + SiO2 reac-
tant and the consolidation of the product. Plot of Br (Bcrystalline

+Bstrain) cosθ versus sinθ in Suryanarayana and Grant Norton’s
formula [22] is shown in Fig. 6. The average grain sizes of the
MgAl2O4 and MgSiO3 in MgAl2O4 + MgSiO3 composite cal-
culated from the XRD data using Suryanarayana and Grant
Norton’s formula were approximately 69, 26 nm, respec-
tively. Thus, the average grain size of the sintered MgAl2O4

and MgSiO3 are not much larger than that of the initial pow-
der, indicating the absence of great grain growth during sin-
tering. This retention of the grain size is attributed to the high
heating rate and the relatively short term exposure of the
powders to high temperature. FE-SEM images of MgAl2O4 +
MgSiO3 composite sintered from 50 mol%MgO-25 mol%Al2O3-
25 mol%SiO2 powders milled for 10 h are shown in Fig. 7.
MgAl2O4 and MgSiO3 consist of nanocrystallines. In EDS,
Al, Mg, Si and O peaks are detected and heavier contami-
nants, such as W and Fe from a ball or milling container,
were not detected. The relative density of the product is
about 99%.

The role of the current (resistive or inductive) in sintering
and or synthesis has been the focus of several attempts aimed
at providing an explanation to the observed enhancement of
sintering and the improved characteristics of the products.
The role played by the current has been variously interpreted,

the effect being explained in terms of the fast heating rate
due to Joule heating, the presence of plasma in pores separat-
ing powder particles, and the intrinsic contribution of the
current to mass transport [18-21]. 

Vickers hardness measurements were performed on pol-
ished sections of the MgAl2O4 + Mg2SiO4 composite using a
5 kg load and a dwell time of 15 s. The Vickers hardness’s of
MgAl2O4 + MgSiO3 composite sintered from 50 mol%MgO-
25 mol%Al2O3-25 mol%SiO2 powders milled for 10 h was
780 kg/mm2. Indentations with sufficient loads produced
median cracks around the indent. The length of these cracks
permits the estimation of the fracture toughness of the mate-
rials by means of the expression [24]:

KIC = 0.203(c/a)-3/2 Hv·a1/2 (3)

where c is the trace length of the crack measured from
the center of the indentation, a is one half of the average
length of the two indent diagonals, and Hv is the hardness.
The calculated fracture toughness value for the MgAl2O4 +
MgSiO3 composite sintered from 50 mol%MgO-25 mol%Al2O3-
25 mol%SiO2 powders is roughly 3.2 MPa·m1/2. As in the case

Fig. 7. FE-SEM image ans EDS of sintered MgAl2O4-MgSiO3 com-
posite.

Fig. 8. (a) Vickers hardness indentation and (b) median crack propa-
gation in the sintered MgAl2O4-MgSiO3 composite.



Properties and Pulsed Current Activated Consolidation of Nanostuctured MgSiO3-MgAl2O4 Composites 1045

of the hardness value, the toughness value is the average of
five measurements. The fracture toughness of MgAl2O4 + MgSiO3

composite is higher than that of monolithic MgAl2O4 because
the crack can be blocked by MgAl2O4 and MgSiO3, respec-
tively [25]. A higher magnification view of an indentation
median crack in the MgAl2O4 + MgSiO3 composite is shown
in Fig. 8(b), which shows that the crack propagated deflec-
tively (↑).

4. CONCLUSIONS

Using the new rapid sintering method, PCAS, the densifi-
cation of nanostuctured MgAl2O4-Mg2SiO4 composites was
accomplished within 2 min from mechanically activated
powders using high energy ball milling. The average grain
sizes of the MgAl2O4 and Mg2SiO4 in MgAl2O4-Mg2SiO4

composites were approximately 60, 130 nm, respectively. The
Vickers hardness and fracture toughness of MgAl2O4-Mg2SiO4

composites sintered from 60 mol%MgO-20 mol%Al2O3-
20 mol%SiO2 powders milled for 4 h were 1270 kg/mm2 and
3.2 MPa·m1/2, respectively. The hardness and fracture toughness
of MgAl2O4-Mg2SiO4 composites were higher than mono-
lithic Mg2SiO4.
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