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Nanocrystalline materials have received much attention as advanced engineering materials with improved physical and
mechanical properties. As nanomaterials possess high strength, high hardness, excellent ductility and toughness, undoubtedly,
more attention has been paid to the application of nanomaterials. Nanopowders of Al,O;, TiO, and MgO were fabricated by
high energy ball milling. The simultaneous synthesis and sintering of nanostuctured MgAl,Ti;O;y-Mg, cAly sTi; ¢Os composite
from milled powders of 1.4AL,0;, 4.6TiO; and 1.6MgO was investigated by the high-frequency induction heated sintering
process. A highly dense nanostructured MgAlLTi;O,-Mgj¢AlysTi;sOs composite was produced with the simultaneous
application of 80 MPa pressure and an induced current within one minute. The grain sizes and mechanical properties
(hardness and fracture toughness) of MgAl,Ti;O;y-Mg,AlysTi; 05 composite sintered at 1100 °C were investigated.
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Introduction of high energy mechanically milled powder is lower
than that of unmilled powder due to the increased
The oxide synthesized from MgO-Al,0;-TiO, system reactivity, internal and surface energies, and surface area
is one of the excellent dielectric materials widely used of the milled powder, which contribute to its so-called
in ceramic package [1, 2], for its low dielectric constant mechanical activation [15-17]. However, the grain size
and low dielectric loss [3]. In recent 20 years it has been in sintered materials becomes much larger than that in
extensively investigated [4, 5]. With the development of pre-sintered powders due to a rapid grain growth during a
wireless telecommunication, dielectric materials with conventional sintering process. Therefore, even though
controllable dielectric constant are required in the the initial particle size is less than 100 nm, the grain size
design of microwave circuit to realize different function. increases rapidly up to 2 um or larger during conventional
However, as in the case of many ceramic materials, the sintering [18]. So, controlling grain growth during
current concern about these materials focuses on their low sintering is one of the keys to the commercial success of
fracture toughness below the ductile-brittle transition nanostructured materials. In this regard, the high-frequency
temperature [6, 7]. To improve their mechanical properties, induction heated sintering method (HFIHSM) which can
the approach commonly utilized has been the addition make dense materials within 2 minutes has been shown to
of a second phase to form composites and to make be effective in achieving this goal [19-21].
nanostructured materials. In this study, we investigated the simultaneous synthesis
Nanocrystalline materials have received much attention and consolidation of Mg,AlgTi;0,5-MgosAlgs Tij 605
as advanced engineering materials with improved physical composite from milled 1.4Al, O; + 1.6MgO +4.6TiO,
and mechanical properties [8,9]. As nanomaterials powders by the HFIH method. The goal of this research is
possess high strength, high hardness, excellent ductility to produce dense nanostructured MgAl, Ti;0,9-Mgys Alpg
and toughness, undoubtedly, more attention has been paid Ti; 4Os composite. In addition, we also studied the mi-
to the application of nanomaterials [10, 11]. In recent crostructure and mechanical properties of MgAl,Ti; Oy-

days, nanocrystalline powders have been developed by the Mg sAlogTi; Os composite.
thermochemical and thermomechanical process named as
the spray conversion process (SCP), co-precipitation and Experimental Procedure
high energy milling [12~14]. The sintering temperature
The MgO powder with a grain size of <45 um and
99.8% purity and Al,O; powder with a grain size of

*%@fggfgnzg%u%%ri <3 um and 99.99% purity and TiO, powder with a
szg 187-63-270-2386 grain size of <45 pum and 99.8% purity used in this
E-mail: ijshon@chonbuk.ac.kr research was supplied by Alfa. The powders (1.4MgO-
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Fig. 1. Schematic diagram of apparatus for high-frequency
induction heated sintering.

1.6A1,05-4.6TiO,) were first milled in a high-energy
ball mill (Pulverisette-5 planetary mill) at 250 rpm for
10 h. Tungsten carbide balls (9 mm in diameter) were
used in a sealed cylindrical stainless steel vial under an
argon atmosphere.

The powders were placed in a graphite die (outside
diameter, 35 mm; inside diameter, 10 mm; height,
40 mm) and then introduced into the high-frequency
induction heated sintering (HFIHS) apparatus shown
schematically in fig. 1. The HFIHS apparatus includes
a 15kW power supply which provides a induced
current with 50 kHz frequency through the sample, and
a 50 kN uniaxial load. The system was first evacuated
and a uniaxial pressure of 80 MPa was applied. A
induced current was then activated and maintained
until the densification rate was negligible, as indicated
by the real-time output of the shrinkage of the sample.
The shrinkage 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
induced current was turned off and the sample cooled
to room temperature. The process was carried out
under a vacuum of 5.33 Pa.

Microstructural information was obtained from
product samples, which had been polished and etched
using thermal etching for 1 h at 1000 °C. Compositional
and microstructural analyses of the products were made
through X-ray diffraction (XRD), and a field emission
scanning electron microscope (FE-SEM) with energy
dispersive X-ray spectrometer (EDS). Vickers hardness
was measured by performing indentations at a load of
S5kg and a dwell time of 15 s. The grain sizes of the
powders and sintered products were calculated from the
full width at half-maximum (FWHM) of the diffraction
peak by Suryanarayana and Grant Norton’s formula
[22]:

Br(Bcrystalline + Bstrain) cosO=kA/L+ T]Sil’le (1)

where B, is the full width at half-maximum (FWHM)
of the diffraction peak after instrumental correction;
Berystattine and Bgrain are the FWHM caused by a small
grain size and internal stress, respectively; k is a
constant (with a value of 0.9); A is the wavelength of
the X-ray radiation; L and n are the grain size and
internal strain, respectively; and 0 is the Bragg angle.
The parameters B and B, follow Cauchy’s form with
the relationship: B = B, + B, where B and By are the
FWHM of the broadened Bragg peaks and the standard
sample’s Bragg peaks, respectively.

Results and Discussion

Fig. 2 shows X-ray diffraction patterns of the MgO,
TiO, and Al,O; powders after high-energy ball milling
for 10h. Only MgO, TiO, and Al,O; peaks are detected
and product peaks of MgAlTi;O0p and MgysAlysg
Ti, 6Os are not detected. Therefore, it is obvious that no
chemical reaction occurred between the component
powders during milling. Nevertheless, the peaks of the
powders are significantly wide suggesting that their
crystallize sizes became very fine by milling. Fig. 3
shows a plot of B,cos¢ versus siné of TiO, , MgO and
Al,O; milled for 10 h to calculate the particle size from
XRD data. The average grain sizes of the milled TiO,,
MgO and Al,O; powders determined by Suryanarayana
and Grant Norton’s formula were about 14, 19 and
18 nm, respectively.

FE-SEM images of MgO, TiO, and Al,O; powders
after milling for 10 h are shown in fig. 4. MgO, TiO,
and AlL,O; powders have a round shape, refinement
with milling and some agglomeration. In EDS, Al, Si,
Mg, Pt and O peaks are detected. It is considered that
Pt comes from coating to observe mocrostructure of
powders. The milling process is known to introduce
impurities from the ball and/or container. However, in
this study, peaks of W and Fe were not identified.
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Fig. 2. X-ray diffraction patterns of the TiO,, A,O; and MgO
powders milled for 10 h.
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Fig. 3. Plot of B, (Berystaliine + Bsirain) €0S0 versus sin® for ALO; (a),

MgO (b) and TiO, (c¢) powder milled for 10 h.

The variations of the shrinkage displacement and
temperature with the heating time for induced current
during the sintering of the high energy ball milled MgO,
TiO, and Al,O3; powders under a pressure of 80 MPa
are shown in fig. 5. The application of the induced
current resulted in shrinkage due to consolidation. As
the induced current was applied, shrinkage displacement
was nearly constant up to 550°C. And then the
shrinkage abruptly increased at the above temperature.
Fig. 6 shows the XRD pattern of a specimen sintered at
1100 °C from the high energy ball milled MgO, TiO,
and ALO; powders. In fig. 6, MgAl,Ti;O; and
Mgy sAlysTi; Os peaks are detected. From the X-ray
diffraction, the interaction between these phases, i.e.,

1.4A1,05 + 1.6MgO + 4.6TiO, —>
MgAl,Ti;0, + Mg cAlysTi; ¢Os ()
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Fig. 4. FE-SEM image and EDS of the TiO,, Al,0; and MgO
powders milled for 10 h.
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Fig. 5. Variations of temperature and shrinkage with heating time
during the synthesis and sintering of 4.6TiO, + 1.4A1,05 + 1.6
MgO powders milled for 10 h.

is thermodynamically feasible.

The abrupt increase in the displacement of shrinkage at
the ignition temperature in fig. 5 is due to the increase in
density as a result of the molar volume change associated
with the formation of MgAlzTi3010 + Mg()bsAl(),gTil.605
from 1.4AL0O;+ 1.6MgO +4.6TiO, reactant and the
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Fig. 6. XRD pattern of specimen of sintered MgAl,Ti;O¢-
Mg AlysTi; sOs composite from the high energy ball milled
4.6TiO, + 1.4A1,05 + 1.6 MgO powders.
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Fig. 7. Plot of B; (Beystanine T Bswain) c0SO versus sin® for

MgALLTiz04 (a) and Mgy sAlysTi; 6Os (b) in composite sintered
from the 4.6TiO, + 1.4AL0; + 1.6 MgO powders milled for 10 h.

consolidation of the product.

Fig. 7 shows plot of B,cosd versus sinf for MgAl,
Ti3019 and MgyeAlygTi; ¢Os in Suryanarayana and
Grant Norton’s formula [22]. The average grain size of
the MgAlzTi3010 and Mg0.6A10.8Ti1.6O5 calculated from
the XRD data using Suryanarayana and Grant Norton’s
formula was about 60 and 28 nm. Thus, the average
grain size of the sintered MgAlL,Ti;Oy and Mg,
AlygTi; 4Os is not larger than that of the initial powders,
indicating the absence of substantial grain growth

Fig. 8. FE-SEM image of sintered MgA12T13010— Mgo_GAIO'gThﬁOS
composite.

Fig. 9. Vickers indentation (a) and crack propagating (b) in the
MgALLTiz010-MgosAlgsTi; 6Os composite sintered from milled
4.6TiO, + 1.4AL,0; + 1.6 MgO powders.

during sintering. This retention of the grain size is
attributed to the high heating rate and the relatively short
term exposure of the powders to the high temperature.
FE-SEM images of MgAlzTig,Olo and Mg0.6A10.gTi1.605
composite sintered from MgO, TiO, and Al,O; powders
milled for 10 h are shown in fig. 8. The MgAl,Ti;O;0 and
Mgy AlysTi; sOs consists of nanocrystallines.

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 of the
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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 a rapid heating rate due to Joule
heating, the presence of a plasma in the pores separating
powder particles, and the intrinsic contribution of the
current to mass transport [23-26].

Vickers hardness measurements were performed on
polished sections of the MgAl,Ti;019-MggcAlygTi1 605
composite using a 5 kg load and 15 s dwell time.
The Vickers hardness of MgAl,Ti;0;0-Mgg¢AlggTi;Os
composite sintered from Al,O;, TiO, and MgO powders
milled for 10 h was 867 kg/mm?. Indentations with large
enough loads produced median cracks around the indent.
Fig. 9(a) shows Vickers indentations in the MgAl,Ti;Oy,-
Mgy AlogTi; Os composite sintered from TiO,-MgO-
AlLO; powders. One to three additional cracks were
observed to propagate from the indentation corners. The
length of these cracks permits an estimation of the
fracture toughness of the materials by means of the
expression [27]:

Ki;c=0.203(c/a 32, H,- a? 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 H, is the
hardness. The calculated fracture toughness value for the
MgAl,Ti30,0-Mgo AlpgTi; Os composite sintered from
TiO,-ALO5-MgO powders is about 3.1 MP - am'?. As in
the case of the hardness value, the toughness value is the
average of five measurements. A higher magnification
view of an indentation median crack in the MgAl,Ti;0,-
Mgy AlogTi; 6Os composite is shown in Figure 9(b),
which shows that the crack propagated deflectively (T).
Unfortunately, the hardness and toughness values of
MgAl,Ti30;9-Mgy ¢AlygTi; (Os composite were not avail-
able in the literature. Therefore, the comparative
evaluation of the mechanical properties of nanostructured
MgAl,Ti30;9-Mgy ¢Aly g Ti; (Os composite prepared in this
study was not possible.

Summary

Nanopowders of TiO,, Al,0; and MgO were fabricated
by high energy ball milling for 10h. Using the high-
frequency induction heated sintering, the simultaneously
rapid synthesis and densification of nanostuctured Mg
Al Ti;019-Mgg sAlp sTi; sO5 composite was accom-plished
within one minute from mechanically activated powders
(4.6Ti0,-1.4A1,05-1.6 MgO) using high energy ball
milling. The average grain size of the MgAl,TizO
and Mgy cAlygTi; sOs were about 60 and 28 nm. The
Vickers hardness and fracture toughness of MgAl,
Ti3010-Mgy ¢ AlygTi; ¢Os composite sintered from TiO,,
Al,O3 and MgO powders milled for 10 h were 867 kg/
mm? and 3.1 MP - am'?, respectively.
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