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Effect of starting particle size on hot-pressing
of magnesium oxide powder prepared
by vapour-phase oxidation process

K. ITATANI, R. YASUDA, F. SCOTT HOWELL, A. KISHIOKA
Department of Chemistry, Faculty of Science and Engineering, Sophia University,
7-1 Kioi-cho, Chiyoda-ku, Tokyo 102 Japan

Effect of starting particle size on hot-pressing of magnesium oxide (MgO) powder was

examined using seven kinds of MgO powders prepared by a vapour-phase oxidation

process; the average primary particle sizes were 11, 25, 32, 44, 57, 107 and 261 nm. These

compressed powders (compacts) were hot-pressed at a temperature between 900 and

1300 °C. The densifications of these compacts during the hot-pressing proceeded via (i) the

sintering of primary particles within secondary particles and the rearrangement of

secondary particles/grains (900 °C), (ii) the gradual grain growth controlled by the pore

migration (900&1100 °C) and (iii) the rapid grain growth due to the active mass transfer

(1300 °C); the grain sizes of MgO compacts hot-pressed at and below 1100 °C were (1 lm,

while those at 1300 °C attained 20&30 lm. The transluscent compact with the relative

density of 99.7% could be obtained when the compressed powder with the average primary

particle size of 44 nm was hot-pressed at a temperature as low as 1100 °C for 1 h.
1. Introduction
The properties of magnesium oxide (MgO) powder
prepared by a vapour-phase oxidation process are
characterized as follows: (i) high purity (over 99.9%),
(ii) submicrometre-sized particles, (iii) narrow particle
size distribution and (iv) ‘‘soft’’ agglomerates [1]. By
making use of these MgO powders, some of us reported
that dense MgO ceramics with the relative densities of
&98% can be fabricated by the pressureless sintering
[2, 3] and that the bending strength of such MgO
ceramics can attain a value of &183 MPa [4].

As a next step, we examined the hot-pressing condi-
tions for fabricating the dense MgO ceramics. The
hot-pressing technique is effective for fabricating
dense MgO ceramics at lower temperatures than the
pressureless sintering technique. Although the hot-
pressing of MgO powders prepared by the vapour-
phase oxidation process has once been carried out by
Yasuda et al. [5], the effect of starting particle size on
hot-pressing of such MgO powders has never been
available yet. In this paper, we describe the fabrication
of the dense MgO ceramics by the hot-pressing tech-
nique, using seven kinds of MgO powders with the
average primary particle sizes of 11 to 261 nm pre-
pared by the vapour-phase oxidation process.

2. Experimental procedure
Seven kinds of MgO powders prepared by the vapour-
phase oxidation process were provided by Ube Indus-

tries, Ltd. The average primary particle sizes of the

0022—2461 ( 1997 Chapman & Hall
powders calculated on the basis of the specific surface
areas were 11, 25, 32, 44, 57, 107 and 261 nm; these
powders were designated as A(11), B(25), C(32), D(44),
E(57), F(107) and G(261), respectively [3, 4].

The particle shapes of the starting powders were
observed using a transmission electron microscope
(TEM: Model H-300, Hitachi, Tokyo). The samples
for TEM observation were made by putting the pow-
ders on the carbon film supported by copper grid. The
agglomerate-size distributions of the starting powders
were measured using a laser diffraction particle size
analyser (Model SALD-1100, Shimadzu, Kyoto,
Japan). Ethanol was used as a dispersion medium.

The cylindrical compacts with diameters of 5 mm
and thickness of &3 mm were fabricated by pressing
&0.15 g of the powders uniaxially at 294 MPa. The
expansion—shrinkages of the compacts were measured
from room temperature up to 1400 °C at the heating
rate of 10 °C min~1; the shrinkage rates of the com-
pacts were calculated using a personal computer.

The cylindrical compacts with diameters of 20 mm
and thickness of &2 mm were fabricated by pressing
&1.5 g of the powder uniaxially at 30 MPa. The com-
pacts were set in a silicon nitride (Si

3
N

4
) die and were

hot-pressed at a temperature between 900 and 1300 °C
under the pressure of 30 MPa; the atmosphere was
selected to be nitrogen (N

2
) to prevent the die from

oxidation. The heating rate was 5 °C min~1. After hot-
pressing for the desired time, the compacts were
cooled down to 300 °C at the rate of 5 °C min~1 and

then the electric power was turned off.
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The polished surfaces of the hot-pressed compacts,
which had been etched thermally at 50 °C lower than
the firing temperature, were observed using a scanning
electron microscope (SEM: Model S-430, Hitachi,
Tokyo). On the basis of the SEM micrographs, the
grain sizes were calculated by an intercept method [6].

3. Results and discussion
3.1. Properties of the starting MgO powders
The typical particle shapes and agglomerate-size
distributions are shown in this section. Since we have
previously reported some of the powder properties,
such as specific surface area, crystallite size, primary
particle size and secondary particle size [2, 3], we
continue the discussion by comparing the present and
previous data.

Fig. 1 shows typical TEM micrographs of Powders
B(25) and E(57). Powder B(25) contained the cubic-
shaped particles and the corner-rounded particles
with sizes below 0.1 lm (100 nm) (Fig. 1a). The par-
ticle shapes of Powder E(57) were similar to those of
Powder B(25); however, the particle sizes were below
0.15 lm (150 nm) (Fig. 1b).

Our previous research revealed that the above
cubic-shaped and corner-rounded particles corres-
pond to the primary particles and that these particles
are single crystals [2, 3]. The cubic shape of each
particle reflects the cubic crystal system of MgO.

Next the agglomerate sizes of these powders were
measured using the laser diffraction particle size
analyser. Note that the measured agglomerate sizes do
not precisely correspond to the agglomerate sizes of
Figure 1 Typical TEM micrographs of (a) Powder B(25) and (b) Pow

the powders handled in air, because the measurement
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was performed by dispersing the powders in ethanol
[7]. Nevertheless, this technique is useful for evaluat-
ing the agglomeration states of the powders when the
agglomerate sizes of the powders are measured under
the same conditions. The measured data are shown in
Fig. 2. The distribution curves of these powders are
classified into two, according to the primary particle
size: (a) Powders A(11)—C(32) and (b) Powders
D(44)—G(261).

The agglomerate sizes of Powders A(11)—C(32)
were in the ranges of 0.1 to 0.5 lm and 0.5 to 10 lm
(Fig. 2a). Although the above average primary particle
sizes are in the range of 11 to 32 nm (0.011—0.032 lm),
the agglomerate sizes distribute over the range of 0.1
to 10 lm. Thus most of the primary particles are
adhered to form agglomerates. The agglomerates with
sizes ranging from 0.1 to 0.5 lm correspond to the
secondary particles, because our previous SEM obser-
vation indicated that the spherical agglomerates (sec-
ondary particles) with sizes of )0.5 lm are present in
these powders [3]. The secondary particles are fur-
thermore adhered to form ternary particles with sizes
of 1 to 5 lm. The frequencies of these ternary particles
increase with decreasing the primary particle size. This
phenomenon is interpreted as follows: although the
primary particles may spontaneously adhere to one
another to form secondary particles, the huge surface
energies which ultrafine powders possess cannot be
easily lowered down until the secondary particles ad-
here to one another to form ternary particles. The
presence of the ‘‘hard’’ agglomerates or strongly-co-
agulated primary particles in Powder A(11) has been
confirmed by Nishida et al. [8], who reported that

these agglomerates start to fracture at &30 MPa.
der E(57).



Figure 2 Agglomerate-size distributions of Powders A(11) to
G(261).

The agglomerate sizes of Powders D(44) and E(57)
were in the ranges of 0.1 to over 10 lm, whereas those
of Powders F(107) and G(261) were in the range of
0.1 to 10 lm (Fig. 2b). The secondary particles in
Powders D(44) and E(57) can no longer be clearly
distinguished from ternary particles, due to the weak
coagulation forces among the primary particles. The
agglomerate-size distributions of Powders F(107) and
G(261) are narrower than those of Powders D(44) and
E(57), which suggests that Powders F(107) and G(261)
do not contain ternary particles, but only secondary
particles.

3.2. Densification process of MgO compact
during heating

We evaluated the densification processes of the pres-
ent powders during heating. Since we measured the
shrinkage curves of Compacts A(11)—G(261) during
the heating, the shrinkage rates of these compacts
were calculated on the basis of those shrinkage data.
Typical results are shown in Fig. 3. The overall trend
revealed that the shrinkage rates of Compacts A(11)
to G(261) reached maximum values at &900 °C,
&1100 °C and &1300 °C, although the maximum
values varied slightly according to the changes in
primary particle size.

The maximum value at &900 °C indicates the

sintering of primary particles at the initial stage [3].
Figure 3 Changes in shrinkage rates of (a) Compact A(11),
(b) Compact B(25), (c) Compact D(44), (d) Compact E(57) and
(e) Compact G(261) at the heating rate of 10 °C min~1. The
shaded regions indicate the parts where the shrinkage rates are
accelerated.

On the basis of the above results, the initial sinter-
ing behaviour of these powders were examined by
measuring the isothermal shrinkages of the compacts
in the temperature range of 600 to 1000 °C. The
relationship between isothermal shrinkage (*¸/¸
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where c represents surface energy, a3 vacancy volume,
D diffusion coefficient for the rate controlling species,
k Boltzmann’s constant, ¹ absolute temperature,
r particle radius, and K@, m, p are constants depending
upon the diffusion path. Assuming that the para-
meters in the parentheses can be regarded as constants
("C), the logarithmic relationship between shrink-
age (*¸/¸

0
) and time (t) is expressed as follows

logA
*¸

¸
0
B " mlogt#mlogC (2)

The diffusion path may be anticipated from the slope
(m) of this straight line. Then we incorporated our data
into Equation 2 to search for the best fitted m value.
A typical logarithmic relationship between isothermal
shrinkage and time of the compact is shown in Fig. 4.
The shrinkages of Compacts A(11) and D(44) in-

creased exponentially with time. The former slope was
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Figure 4 Typical isothermal shrinkage curves of (a) Compact A(11)
and (b) Compact D(44).

estimated to be 0.31, the latter slope to be 0.40.
Although other data were omitted in this paper, the
overall trend revealed that the slope of 0.31 was ob-
tained for the cases of Compacts A(11) and B(25),
whereas the slope of 0.40 was usual for the cases of
Compacts C(32)—G(261).

Wermuth and Knapp [10] report that the m value
for the sintering of MgO powder with the primary
particle size of &20 nm ranges from 0.33 to 0.35, in
agreement with the boundary diffusion model [9]. On
the other hand, Hamano et al. [11] and Yamaguchi
et al. [12] report m values to be 0.40 and 0.50, respec-
tively, in agreement with the bulk diffusion model
[9, 13]. Comparing the present m values with those
reported by the previous researchers, the mass transfer
of Compacts A(11) and B(25) may be controlled by the
boundary diffusion, the mass transfer of Compacts
C(32)—G(261) by the bulk diffusion [9, 13]. The diffu-
sion route changes with decreasing primary particle
size from 32 down to 25 nm. The boundary diffusion
in the cases of Compacts A(11) and B(25) suggests that
the mass transfer through the particle boundaries may
be promoted with decreasing the primary particle size
down to 25 nm, due to the presence of innumerable
defects on and near the surfaces of these ultrafine
primary particles. The presence of such defects may
be confirmed by the fact that the lattice parameter

of Powder A(11) increases from 0.4211 nm up to
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0.4216 nm with decreasing the primary particle size
down to 11 nm [8], because the weakening of Mg—O
bond due to the presence of the defects must widen the
interatomic distances.

On the basis of the isothermal shrinkage data, the
apparent activation energies for the initial sintering
are found from calculations to be &167 kJ mol~1

in the cases of Compacts A(11) and B(25), whereas
they are &251 kJ mol~1 in the cases of Compacts
C(32)—G(261). Wermuth and Knapp report the activa-
tion energy to be 252.8 kJ mol~1 for the MgO powder
with the primary particle size as small as &20 nm
[10]. This value is much higher than the present
values (&167 kJ mol~1) but is almost the same as
the values (&251 kJ mol~1) in the cases of Compacts
C(32)—G(261). Such discrepancy may be explained by
assuming that the present powder has a larger number
of defects, due to which the activation energy is
lowered.

Although Rhodes pointed out the interference of the
strongly-bonded ‘‘aggregates’’ with initial stage of sin-
tering [14], we consider that the effect of the agglom-
eration on initial stage of sintering may be neglected in
this paper by the following reasons: (i) the initial stage
of sintering is essentially affected by the surface areas
or primary particle sizes; (ii) the present primary par-
ticles are not chemically bonded but only physically
coagulated, as is evidenced by the presence of the
cubic-shaped particles (see Fig. 1).

The maximum values at &1100 °C and &1300 °C,
which appeared in the shrinkage rate curves of Com-
pacts A(11)—E(57), may be associated with the sinter-
ing of grains. Details will be explained later.

3.3. Hot-pressing of MgO compact
The shrinkage data show that the maximum values of
Compacts A(11)—E(57) appear at &900 °C, &1100 °C
and &1300 °C. This fact suggests that the densifica-
tions of MgO compacts are accelerated at these
temperatures. On the basis of this information, the
compacts were hot-pressed at 900 °C, 1100 °C and
1300 °C. First the compacts were hot-pressed at
900 °C for 1 h; however, the hot-pressed compacts
were fractured into several pieces when they were
extruded from the dies. Since the hot-pressing time
(1 h) at 900 °C was not sufficient for the fabrication of
dense compacts, we changed the hot-pressing time
from 1 h to 3 h; the hot-pressing time at 1100 °C and
1300 °C was fixed to be 1 h, because the dense MgO
compacts could be obtained without prolonging the
hot-pressing time until 3 h. The relative densities of
the compacts fired at these temperatures are shown in
Fig. 5 as a function of the primary particle size. When
these compacts were hot-pressed at 900, 1100 and
1300 °C, the relative densities of the sintered compacts
became maximal at the primary particle size of 44 nm;
the highest relative density attained 99.7% at 1100 °C.
The relative density decreased as the primary particle
size increased up to 261 nm.

Fig. 6 shows the appearance of Compact D(44) hot-
pressed at 1100 °C for 1 h. The hot-pressed compact

was translucent.



Figure 5 Relationship between primary particle size and relative
density of the compact hot-pressed at (a) 900 °C for 3 h, (b) 1100 °C
for 1 h and (c) 1300 °C for 1 h.

As described above, the relative density of Compact
D(44) hot-pressed at 1100 °C for 1 h attains 99.7%;
the translucency of this compact proves that most of
the pores are eliminated by hot-pressing Compact
D(44) at this temperature. The present hot-pressing
conditions and relative density of Compact D(44) are
compared with those fabricated by the previous
researchers [5, 15—21]. Although the relative densities
vary according to the hot-pressing conditions (tem-
perature, time and pressure) and starting particle
properties, these researchers fabricated the translucent
MgO compacts with relative densities of over 99 % at
and above 1150 °C. Thus the present hot-pressing
temperature of 1100 °C for fabricating the translucent
Compact D(44) is lower than the temperatures em-
ployed by the previous researchers. The reason why
Powder D(44) has such excellent sinterability may
be that this powder contains submicrometre-sized
primary particles (average size: 44 nm) and ‘‘soft’’
agglomerates [3].

The microstructures of these hot-pressed compacts
were examined using SEM. SEM micrographs and
grain-size distribution of Compact D(44) hot-pressed
at 900 °C for 3 h are shown in Fig. 7, together with
those of Compact D(44) hot-pressed at 900 °C for 1 h.
Note that Compact D(44) hot-pressed at 900 °C for
1 h was broken into several pieces when it was ex-
truded from the silicon-nitride die. The SEM micro-
graph of Compact D(44) hot-pressed at 900 °C for 1 h
showed that the grains with sizes of &0.2 lm were
present and that the pores remained at the interfaces
of grains (Fig. 7a); the histogram of the grain-size
distribution showed that most of the grain sizes dis-
tributed over the range of 0.1 to 0.3 lm (Fig. 7a@). The
SEM micrograph of Compact D(44) hot-pressed at
900 °C for 3 h showed that the grains with sizes of
&0.2 lm were packed closely (Fig. 7b); the histogram
of the grain-size distribution showed that most of the

grain sizes distributed below 0.4 lm (Fig. 7b@).
Figure 6 Appearance of Compact D(44) hot-pressed at 1100 °C
for 1 h.

The average grain sizes of Compact D(44) hot-
pressed at 900 °C for 1 h and 3 h are 0.17 lm and
0.19 lm, respectively. Little changes in average
grain size are observed but the grains are more
closely packed with time from 1 to 3 h. Since the above
grain sizes are in accord with the average secondary
particle size in Powder D(44), the densification may
proceed via (i) the sintering of primary particles within
secondary particles to form grains and (ii) the re-
arrangement of secondary particles/grains toward
closer packing.

Fig. 8 shows the SEM micrographs and grain-size
distributions of Compact D(44) hot-pressed at 1100 °C
and 1300 °C for 1 h. The SEM micrograph of
Compact D(44) hot-pressed at 1100 °C for 1 h showed
that the polyhedral grains with sizes of &0.5 lm
were packed closely (Fig. 8a). The histogram of the
grain-size distribution showed that the grain sizes
distributed below 2.0 lm (Fig. 8a@). The SEM micro-
graph of Compact D(44) hot-pressed at 1300 °C for 1 h
revealed that the polyhedral grains with sizes of
&20 lm were packed closely (Fig. 8b); the grain sizes
distributed chiefly over the range of 10&40 lm
(Fig. 8b@).

The average grain sizes of Compact D(44) hot-
pressed at 1100 °C and 1300 °C for 1 h are 0.72 lm
and 22.6 lm, respectively. Thus an increase in hot-
pressing temperature brings about the appreciable
grain growth.

Kuczynski [22] reported that the relationship be-
tween grain size (d) and porosity (p) may be expressed
as follows

dpn " K (3)

where n and K represent constants. Equation 3 can
also be expressed as follows

log d " !n log p#log K (4)

The present data are incorporated into Equation 4.
Results are shown in Fig. 9. The data at 900 and

1100 °C were expressed as a straight line, whereas the
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Figure 7 Typical SEM micrographs (above) and grain-size distributions (below) of Compact D(44) hot-pressed at 900 °C for (a) 1 h

and (b) 3 h.
data at 1300 °C fell on another straight line. The
data at 900 and 1100 °C are fitted to the following
equation

dp0.28 " 0.51 (5)

On the other hand, the data at 1100 °C are fitted to the
following equation

dp0.10 " 23.1 (6)

Thus the grain growth behaviours at 900 and 1100 °C
may be different from the behaviour at 1300 °C.
As described before, the sintering of primary particles
at 900 °C occurs within secondary particles, following
the rearrangement of secondary particles/grains.
The sintering of grains at 1100 °C proceeds with
eliminating the pores on the grain boundaries from
the system. The grain growth at 900 and 1100 °C
may thus be controlled by the pore migration on
grain boundaries. On the other hand, the sintering of
grains at 1300 °C proceeds along with the appreciable
grain growth, due to the active mass transfer at this

temperature.
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4. Conclusion
The effect of starting particle size on hot-pressing of
magnesium oxide (MgO) powder was examined using
seven kinds of MgO powders prepared by a vapour
phase oxidation process; the mean primary particle
sizes of these powders were 11, 25, 32, 44, 57, 107 and
261 nm. These compressed powders (compacts) were
hot-pressed at each temperature of 900 °C for 3 h,
1100 °C for 1 h and 1300 °C for 1 h. The results ob-
tained can be summarized as follows:

1. The densifications of the compacts during the
hot-pressing at 900 °C proceeded via the sintering
of primary particles within secondary particles and
the rearrangement of secondary particles/grains. Al-
though gradual grain growth occurred at 900 and
1100 °C, rapid grain growth occurred at 1300 °C. The
grain sizes of MgO compacts hot-pressed at and be-
low 1100 °C were (1 lm, while those at 1300 °C
attained 20&30 lm.

2. When the compact with the average primary
particle size of 44 nm was hot-pressed at a temper-
ature as low as 1100 °C, the translucent compact with

the relative density of 99.7% could be obtained.



Figure 8 Typical SEM micrographs (above) and grain-size distributions (below) of Compact D(44) hot-pressed at (a) 1100 °C for 1 h and (b)

1300 °C for 1 h.
Figure 9 Relationship between grain size and porosity of
the hot-pressed compact. (d) 900 °C, 3 h; (C) 1100 °C, 1 h; (s)

1300 °C, 1 h.
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