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The rapid sintering of nanostuctured MgO materials in a short time was investigated with a high-frequency induction heating
sintering process. A dense nanostructured MgO material with a relative density of up to 99.8% was produced with
simultaneous application of 80 MPa pressure and an induced current of with an output of total power capacity (15 kW) within
2 minutes. The effect of the ball milling time on the sintering behavior, grain size and mechanical properties of binderless MgO
was investigated. The grain size of sintered MgO decreased with an increase in the milling time. Also the Vickers hardnesses
of the MgO with ball milling for 0, 1, 4 and 10 h were 362, 412, 536 and 654 kg/mm?, respectively.
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Introduction conventional sintering [11]. So, controlling grain growth
during sintering is one of the keys to the commercial success
MgO is widely used in the steel industry or in non-ferrous of nanostructured materials. In this regard, the high frequency

metallurgical applications under severe conditions [1]. The induction heated sintering method (HFIHS) which can make
lifetime of MgO is curtailed by a combined attack of dense materials within 2 minutes has been shown to be
corrosion and mechanical erosion. Refractory wear is very effective in achieving this goal [12-15].

often found to be the most serious at the interface of melt In this study, we investigated the sintering of MgO without
wetted lining areas [2, 3]. To improve its wear property, the use of a binder by the HFIHS method. The goal of this
the approach commonly utilized has been the addition research is to produce dense nano-grained binderless MgO
of a second phase to form composites and to make material. In addition, we also studied the effect of the initial
nanostructured materials. particle size on the sintering behavior and mechanical

Nanocrystalline materials have received much attention properties of binderless MgO.

as advanced engineering materials with improved physical

and mechanical properties [4, 5]. As nanomaterials possess Experimental procedure
high strength, high hardness, excellent ductility and tough-
ness, much attention has been paid to the application of The MgO powder with a grain size of <1 um and 99%
nanomaterials [6, 7]. In recent days, nanocrystalline powders purity used in this research was supplied by Aldrich.
have been developed by a thermochemical and thermome- The powder was first milled in a high-energy ball mill
chanical process named the spray conversion process (SCP), (Pulverisette-5 planetary mill) at 250 rpm for various periods
co-precipitation and high energy milling [8-10]. However, of time (0, 1, 4, 10 h). Tungsten carbide balls (8.5 mm
the grain size in sintered materials becomes much larger in diameter) were used in a sealed cylindrical stainless steel
than that in pre-sintered powders due to a rapid grain growth vial under an argon atmosphere. The weight ratio of balls-
during a conventional sintering process. Therefore, even to-powder was 30 : 1. Milling resulted in a significant
though the initial particle size is less than 100 nm, the reduction of the grain size. The grain sizes of the MgO
grain size increases rapidly up to 500 nm or larger during was calculated from the full width at half-maximum

(FWHM) of the diffraction peak by Suryanarayana and
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the diffraction peak after instrumental correction; Berystatiine
and By are the FWHM caused by 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
1 are the grain size and internal strain, respectively; and 6
is the Bragg angle. The parameters B and B, follow Cauchy’s
form with the relationship: B = B, + B, where B and B,
are the FWHM of the broadened Bragg peaks and the
standard sample’s Bragg peaks, respectively.

The powders were placed in a graphite die (outside
diameter, 40 mm; inside diameter, 10 mm; height, 40 mm)
and then introduced into the high-frequency induction
heating sintering (HFIHS) apparatus shown schematically
in references [12-15]. The HFIHS apparatus includes a
15 kW power supply which provides an induced current
through the sample, and a 50 kKN uniaxial press. The system
was first evacuated and a uniaxial pressure of 80 MPa was
applied. An induced current was then activated and main-
tained 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. The HFIHS can be controlled in
two ways: by temperature control or by output control.
The latter was chosen to investigate the effect of the output
of the total power, given that the induced current level has
a direct effect on the rate of heating and on the maximum
temperature. The output level was 80% output of the total
power. 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.

The relative density of the sintered sample was measured
by the Archimedes method. Microstructural information
was obtained from product samples, which had been polished
and etched using thermal etching for 1h at 1100°C.
Compositional and microstructural analyses of the products
were made through X-ray diffraction (XRD), scanning
electron microscopy (SEM) with energy dispersive X-ray
spectroscopy (EDS) and a field emission scanning electron
microscope (FE-SEM). Vickers hardness was measured
by performing indentations at a load of 10 kg with a dwell
time of 15 s.

Results and Discussion

Fig. 1 shows X-ray diffraction patterns of the MgO powder
after various milling times. The full width at half-maximum
(FWHM) of the diffraction peak is wider with milling time
due to strain and refinement of the powder. Fig. 2 shows
plots of B,cos versus sinf of MgO milled for various
times to calculate particle sizes from the XRD data. The
average grain sizes of the MgO milled for 1, 4 and 10 h
determined by Suryanarayana and Grant Norton’s formula
were about 25 nm, 20 nm and 15 nm, respectively.

SEM images of MgO powder as a function of milling
time are shown in Fig. 3. MgO powder without milling
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Fig. 1. X-ray diffraction patterns of the MgO powder after various
milling time : (a) 0, (b) 1, (¢) 4, and (d) 10 h.

(@) om
ooy 1h—MgO
]
8 oot0f - .
a 25 nm
0.005 | 0.00388
03 04 05
Sing
( b) 0.020
oo 4h-MgO
g 0.010 " = -
S . 20 nm
0.005 | 0.00236
o2 04 o5 08
Sine
(C) 0,020
) 0.015 1 Oh—MgO
;‘ 0.010 . - 1 5 nm
i 0.000464
0.3 0.4 Sino 08 0.6

Fig. 2. Plots of B; (Berystaliine + Bstrain) €080 versus sin® for various
milled MgO powders : (a) 1, (b) 4, and (c) 10 h.

has an angular shape but the MgO powder has a round shape
and refinement by milling. The variations of the shrinkage
displacement and temperature with the heating time for
80% of the total output power capacity (15 kW) during
the sintering of the high energy ball milled MgO under
a pressure of 80 MPa are shown in Fig. 4. In all cases,
the application of the induced current resulted in shrinkage
due to consolidation. The shrinkage initiation temperature
varied from 820 to 920 K depending on the milling time.
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Fig. 3. FE-SEM images of MgO powders with milling times : (a)
0,(b) 1, (c) 4, and (d) 10 h.
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Fig. 4. Variations of temperature and shrinkage with heating time

during the sintering of binderless MgO with milling times of 0, 1,
4, and 10 h.

The temperature at which shrinkage started decreased
with increasing milling time, and the high energy ball
milling affected the rate of densification and the final
density, as will be discussed below. A high-energy ball
milling treatment allows the control of the formation of
a compound by fixing the MgO powder microstructure.
Indeed, high-energy ball milling produces finer crystallites,
strain and defects. Therefore, the consolidation temperature
decreases with the milling time because the driving force
for sintering and contact points of particles for atomic
diffusion increases. Fig. 5 shows the XRD patterns of MgO
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Fig. 5. XRD patterns of binderless MgO sintered from various
milled powders : (a) 0, (b) 1, (c) 4, and (d) 10 h.

sintered for all four powders used in this study. All peaks
are MgO. Plots of B, (Beysiliine + Bstrain) €0SO versus sin®
in Suryanarayana and Grant Norton’s formula [16] are
shown in Fig. 6. The average grain sizes of the MgO
calculated from the XRD data were about 94, 66, 52 and
47 nm for the samples with milling times of 0, 1, 4, and
10 h and their corresponding densities were approximately
98. 99, 99 and 99.8%, respectively. Thus, the average
grain size of the sintered MgO is not greatly larger than
that of the initial powder, indicating the absence of substantial
grain growth 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 tem-
perature. As the initial particle size of the MgO powder
increased, the porosity also increased. FE-SEM images of
MgO sintered from powder milled for various times are
shown in Fig. 7. From the figures, grains have a round
shape in MgO sintered unmilled powder but grains have a
lamellar shape in MgO sintered milled powders, and
the MgO 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 to the observed enhance-
ment 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 [17-20].

Vickers hardness measurements were performed on
polished sections of the MgO samples using a 10 kg load
and 15 s dwell time. The Vickers hardnesses of the MgO
with ball milling for 0, 1, 4 and 10 h were 362, 412, 536
and 654 kg/mm?, repectively. The hardnesses of MgO
sintered from MgO powder increased with an increase in
the milling time due to the refinement of the grain size.
Fracture toughness could not be calculated from crack length
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Fig. 6. Plots of B; (Berystaliine + Bsirain) €00 versus sin for MgO
sintered from various milled powders : (a) 0, (b) 1, (c) 4, and (d) 10 h.
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Fig. 7. FE-SEM images of MgO sintered from various milled
powders : (a) 0, (b) 1, (c) 4, and (d) 10 h.

because radial cracks did not emanate from the corners
of the indents.

Summary

Using the new rapid sintering method, HFIHS, the den-

sification of binderless MgO was accomplished using powder
initially refined by high energy ball milling. The consoli-
dation temperature decreased with milling time because the
driving force for sintering and contact points of powder
particles for atomic diffusion increased. The average grain
sizes of the MgO were about 94, 66, 52 and 47 nm for the
samples with milling times of 0, 1, 4, and 10 h and their
corresponding densities were approximately 98. 99, 99
and 99.8%, respectively. The hardnesses of MgO sintered
from the MgO powder increased with an increase in
the milling time due to the refinement of the grain size.
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