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Sintering of magnesium oxide powder prepared 
by vapour-phase oxidation process - Relationship 
between particle size and mechanical properties 
of consolidated specimens 
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Relationship between powder properties and bending strengths of the sintered magnesium 
oxide (MgO) specimens 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 (specimens) were fired at 1600 or 1700~ 
for 1 to 15 h. Although the densification behaviours of the specimens varied with the primary 
particle size of the starting powders, the relative densities of the specimens fired at 1700~ 
for 5 h were all in the range of 97-98%. The relationships between bending strengths 
and grain sizes of these sintered specimens could be classified into two categories, 
according to the primary particle size of the starting powder: (i) at and below 32 nm and (ii) 
44-261 nm. In range (i), the bending strengths of the sintered specimens were as low as 

120 MPa; the grain size was reduced from 50.7 to 35.8 i~m as the primary particle size 
decreased from 32 to 11 nm. In range (ii), as the primary particle size increased from 44 to 
261 nm, the bending strength of the sintered specimen was enhanced from 162 to 183 MPa, 
while the grain size was reduced from 28.3 to 13.7 lam. 

1. Introduction 
Since magnesium oxide (MgO) has the advantages of 
a high melting point (2800 ~ high electrical resist- 
ance (1 x 1017 f2 (R.T.)) and excellent resistance to 
alkali melts, it is now used in various fields, such as for 
refractories, crucibles, substrates for electronics and 
optical lenses [1,2]. Nevertheless, since its mechanical 
strength and thermal shock resistance are too low for 
practical uses, recent attention has been directed 
toward the fabrication of dense MgO ceramics from 
the easily sinterable MgO powder [3] and/or the 
reinforcement of MgO ceramics with whiskers [4] or 
zirconia [5-7]. 

The vapour-phase oxidation process is known as 
a novel technique for the preparation of easily sinter- 
able MgO powder with high purity (over 99.9%), 
submicrometre-sized particles, narrow particle size 
distribution and "soft" agglomerates [8 14]. By using 
this powder, the dense MgO ceramics could be fab- 
ricated; moreover, the mechanical strengths (bending 
strength, fracture toughness and thermal shock resist- 
ance) of such dense MgO ceramics have been evalu- 
ated previously [3, 15]. Nevertheless, since the pre- 
vious researchers dealt with only one or a few MgO 
powders as starting material(s), the relationship be- 
tween powder properties and mechanical strength of 
MgO ceramics has never been clarified systematically. 

The present authors have evaluated the sinterabili- 
ties of MgO powders prepared by the vapour-phase 
oxidation process [16], using seven kinds of MgO 
powders with different primary particle sizes ranging 
from 11 to 261 nm. In the next step of this research, we 
describe (i) the fabrication of the dense MgO ceramics 
obtained from these powders, (ii) the bending strength 
of these MgO ceramics and (iii) the relationships be- 
tween relative density, grain size and bending strength 
of these MgO ceramics. 

2. Experimental details 
2.1. Starting materials 
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 
MgO powders calculated on the basis of the specific 
surface areas were 11, 25, 32, 44, 57, 107 and 261 nm; 
these MgO powders were designated as A (11), B (25), 
C (32), D (44), E (57), F (107) and G (261), respectively 
[16]. 

2.2. Fabrication and firing of the specimens 
Rectangular-shaped solid specimens with sizes of 
45 mm by 5 mm by 5 mm were fabricated by pressing 
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1.5-2.0 g of MgO powder uniaxially at 30 MPa. The 
specimens were heated up to the desired temperature 
(1600 or 1700 ~ at a rate of 10~ min-1 and were 
held there for 1 to 15 h. 

2.3. Three-point bending test 
The bending strengths of the sintered specimens, with 
sizes of 30 mm by 3.5 mm by 3 mm, were measured at 
room temperature, using a universal testing machine 
(Model YZ-500-1-PC, Yasuda Seiki Seisakusho, To- 
kyo). The span and crosshead speed were 25 mm and 
0.5 mm min-1,  respectively. 

2 . 4 .  M i c r o s t r u c t u r a l  e v a l u a t i o n  

The polished and fracture,surfaces of the sintered 
specimens were observed using a scanning electron 
microscope (SEM: Model S-430, Hitachi, Tokyo). 
The polished surfaces, which had been etched thermal- 
ly at 50 ~ lower than the specimen firing temperature, 
were observed in order to measure the grain sizes 
by an intercept method [17]. The fracture surface 
was observed in order to elucidate the crack-propaga- 
tion path. 

3. 1. 1. R e l a t i v e  density 
Fig. la shows the changes in relative densities during 
the firing of the specimen at 1600~ the relative 
densities of specimens B (25) and C (32) were omitted 
in this figure, because they were almost the same as 
those of specimen A(l l ) .  The relative densities of 
specimens A( l l )  were 96 97% for the firing time of 
1 to 5 h; on further firing to 15 h, however, the relative 
density decreased down to ~ 95%. The relative dens- 
ities of specimens D (44) and E (57) were in the range of 
97-99% over the firing time of 1 to 15 h. The relative 
densities of specimens F (107) increased with time and 
attained 97.6% for 5 h; they remained unchanged dur- 
ing firing from 5 to 15 h. The relative densities of 
specimens G(261) increased with time and attained 
96.5% after 15 h. 

Fig. lb shows the changes in relative densities dur- 
ing the firing of specimens at 1700 ~ The relative 
densities of specimens A( l l )  were 97-98% on firing 
for 1 to 5 h; on further firing to 15 h, however, they 
decreased down to 93.6%. Little change in relative 
densities of specimens D (44), E (57) and F(107) were 
observed over the firing time of 1 to 15 h. The relative 
densities of specimens G (261) increased with time and 
attained 97.4% on firing for 5 h; they remained un- 
changed on further firing. 

3. Results 
3.1. Relative density, grain size 

and m i c ros t r uc tu re  
High mechanical strength cannot be achieved until 
most of the pores are eliminated from a specimen. 
Thus the firing time for the fabrication of a high- 
density MgO specimen was examined by fixing the 
firing temperature to 1600 or 1700~ [16]. We de- 
scribe the changes in relative density, grain size and 
bending strength during the firing of the specimens at 
1600 and 1700~ for 1 to 15h. 

3. 1.2. Microstructure and  grain size 
Since the relative densities of specimens A(11) de- 
creased with time from 5 to 15h at 1600~ the 
microstructures of specimens A( l l )  fired at 1600~ 
were examined by SEM. Typical results for the speci- 
mens fired for 5 and 15 h are shown in Fig. 2. For  the 
firing time of 5 h (Fig. 2a), the grains with sizes of 10 to 
50 gm were closely packed. On further firing to 15 h 
(Fig. 2b), however, the pores were present chiefly on 
grain boundaries. 

Since the relative densities of specimens of type 
A( l l )  to G(261) fired at 1700~ for 5 h attained 
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Figure 1 Effect of primary particle size on relative density of (a) specimens fired at 1600~ and (b) specimens fired at 1700~ 
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Figure 2 Typicai SEM micrographs of specimens A(11) fired at 1600 ~ for (a) 5 h and (b) 15 h. 

Figure 3 SEM micrographs of (a) specimen A(ll), (b) specimen C(32), (c) specimen E(57) and (d) specimen G(261) fired at 1700~ for 5 h. 
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around 98%, the microstructures of these specimens 
were observed by SEM. Typical results for specimens 
of type A(ll) ,  C(32), E(57) and G(261) are shown in 
Fig. 3. The microstructure (Fig. 3a) of specimen A (11) 
showed that the grains with sizes of 10-40 gm were 
closely packed. The microstructure (Fig. 3b) of speci- 
men C (32) revealed that the grain sizes were 20-60 gm 
and were larger than those of specimen A(ll) .  The 
microstructures (Fig. 3c and d) of specimens E (57) and 
G(261) showed that the grain sizes were reduced with 
increasing primary particle size. 

On the basis of SEM observation, the logarithms of 
the average grain sizes were plotted against the firing 
time. Results of the specimens fired at 1600~ are 
shown in Fig. 4a. The relationship between grain size 
and firing time of each specimen was expressed as 
a straight line. The magnitudes of these grain sizes 
over the firing times of 1 to 15 h were arranged as 
follows: specimen C(32) > specimen B(25) > speci- 
men A( l l )  > specimen D(44) > specimen E(57) > 
specimen F (107) > specimen G (261). 

The changes in grain sizes during the firing of speci- 
mens at 1700 ~ are shown in Fig. 4b. The grain sizes 
of the specimens increased with time. The relationship 
between the logarithm of grain size and time of each 
specimen was again expressed as a straight line. The 
magnitudes of the grain sizes follow the same sequence 
as those fired at 1600 ~ 

3.2. B e n d i n g  s t r e n g t h  
As shown in Section 3.1, the decreases in relative 
densities for specimens A(11)-C(32) were observed 
when the firing time exceeded 5 h; thus the bending 

strengths were measured only after the specimens were 
fired for 5 h at 1600 or 1700 ~ Details are described 
in this section. 

3.2. 1. Specimens fired at 1600 ~ for 5 h 
The relat ive densities, gra in  sizes and bending 
strengths of the sintered specimens are plotted against 
the primary particle sizes of the starting powders. 
Results are shown in Fig. 5. The relative density be- 
came a maximum (98.0%) when the primary particle 
size was 54 nm; however, it decreased down to 95.2% 
as the primary particle size increased up to 261 nm. 
The average grain size became a maximum (38.7 gm) 
when the primary particle size was 32 nm; it decreased 
down to 5.9 gm with increasing primary particle 
size up to 261 nm. The bending strength increased 
with increasing primary particle size and exhibited 
a maximum (175 MPa) for a primary particle size of 
54 nm; it decreased down to 140 MPa with further 
increases in the primary particle size. 

The fracture surfaces of the sintered specimens were 
observed by SEM. Typical results are shown in Fig. 6. 
The fracture surfaces of specimens A(ll) and C(32) 
(Fig. 6a and b) showed that the cracks propagated 
along the cleavage planes (see the fractured grains; 
transgranular fracture). The fracture surface (Fig. 6c) 
of specimen E(57) showed that the cracks propagated 
not only through the transgranular region but also 
through the intergranular region. The fracture surface 
(Fig. 6d) of specimen G(261) revealed that most of the 
cracks propagated through the intergranular region, 
because the appearance of the original grains re- 
mained unchanged. 
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Figure 5 Effect of primary particle size on (a) relative density (�9 
and grain size (0) and (b) bending strength of the specimen fired at 
1600 ~ for 5 h. 

3.2.2. Specimens fired at 1700 ~ for 5 h 
The bending strengths of the sintered specimens are 
shown in Fig. 7, together with the relative densities 
and grain sizes. The relative densities of these speci- 
mens were in the range of 97 to 98%. The grain 
size became a maximum (50.7 gm) when the primary 
particle size was 32 nm; however, the grain size de- 
creased with increasing primary particle size and be- 
came 13.7 pm when the primary particle size was 
261 nm. The bending strengths were ~ 120 MPa for 
primary particle sizes below 32 nm; they increased 
with increasing primary particle size and attained 

180 MPa at 107 nm or larger primary particle size. 
The fracture surfaces of typical sintered specimens 

are shown in Fig. 8. The fracture surfaces (Fig. 8a to c) 
of specimens A(ll), F(107) and C(32) showed that 
most of the cracks propagated through the trans- 
granular region. The fracture surface (Fig. 8d) of speci- 
men G(261) revealed that the cracks propagated not 
only through the transgranular region but also 
through the intergranular region. 

Figure 6 Typical SEM micrographs of the fracture surfaces of (a) specimen A(lt), (b) specimen C(32), (c) specimen E(57) and (d) specimen 
O(261) fired at 1600 ~ for 5 h 
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Figure 7 Effect of primary particle size on (a) relative density (O) 
and grain size (0) and (b) bending strength of the specimen fired at 
1700~ for 5h. 

4. Discussion 
The changes in relative densities, microstructures and 
bending strengths during the firing of the specimens at 
1600 and 1700~ are classified into two categories, 
according to the primary particle size of the starting 
powder: (i) at and below 32 nm and (ii) 44 261 nm. 
Taking this classification into account, we describe 
the properties of the sintered specimens in this section. 

4.1. Changes in relative densities during firing 
Although the relative densities of specimens of type 
A(11)-C(32) fired at 1600 and 1700 ~ are in the range 
of 96-98% during firing for 1 to 5 h, they are reduced 
on further firing (Fig. la and b). The SEM observa- 
tions of these sintered specimens show that pores are 
created when the firing time exceeds 5 h and that 
the number of these pores increases with firing 
temperature (Fig. 2). Thus the decrease in relative 
density can be attributed to the creation of pores. 
These pores may be created after residual HaO/CO2 
molecules, which have dissolved into the grains, are 

Figure 8 Typical SEM micrographs of the fracture surfaces of (a) specimen A(11), (b) specimen C(32), (c) specimen E(57) and (d) specimen 
G(261) fired at 1700 ~ for 5 h. 
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released from the specimens [12, 18, 19], because the 
amount of H20/CO2 molecules adsorbed on MgO 
particles increases with decreasing primary particle 
size. 

Little changes in relative densities (97-99%) of 
specimens of type D(44) and E(57) are observed over 
firing times of 1 to 15 h at 1600 or 1700 ~ (Fig. la and 
b), because the amount of residual H=O/CO2 molecu- 
les is much smaller than for specimens of type 
A(11)-C(32). This phenomenon may be supported by 
the fact that the weight losses (1 2%) of specimens of 
type D(44) and E(57) fired at these temperatures were 
smaller than those ( ~ 10%) for specimens of type 
A(11)-C(32). 

The relative densities of F(107) and G(261) speci- 
mens at 1600 ~ are enhanced during firing from 5 to 
10 h and become almost constant (96-98%) on further 
firing (Fig. la). When the firing temperature is raised 
to 1700~ the relative density of specimen F(107) 
attains ~ 97% only when firing for 1 h; however, the 
relative density of specimen G(261) does not exceed 
96% until the firing time is extended to 5 h. These 
results indicate that the densification of specimen 
G(261) is retarded more than that of specimen F(107), 
reflecting the difference in the primary particle size 
(Fig, lb). 

4.2. C h a n g e s  'in grain  sizes dur ing  the  firing 
The relationship between grain size (d) and firing time 
(t) is expressed as follows [20]: 

a" - a~ = k t  (1) 

where n and k represent constants and do is the grain 
size at t = 0. Since the grain sizes of the pure MgO 
ceramics generally follow the square growth law 
[21 26], we incorporated our data into Equation 1 by 
assuming the value of n to be 2. The logarithmic 
relationship between (d 2 - d~) and time (t) for speci- 
mens A(ll)-G(261) fired at 1700~ for 1 to 5 h are 
shown in Fig. 9. The plots for these specimens were 
expressed as straight lines with a slope near unity, 
specimens except for A(11)-C(32) fired for 5 h or longer. 

As shown above, the present data follow the square 
growth law, except for the cases of specimens 
A(11)-C(32) fired for 5 h or longer. The fitting of the 
data to the square growth law indicates that the pore 
migration which controls the grain-boundary motion 
or grain growth may be preceded by vapour transport, 
i.e. the evaporation/condensation of material within 
the pores [20]. The deviation of the slope from unity, 
which is observed for specimens A(11)-C(32) fired for 
5 h or longer, is attributed to the creation of pores 
during the firing (Fig. 2b). 

The grain size decreases as the primary particle size 
decreases from 32 to 11 nm (Figs 3, 4, 5 and 7). This 
phenomenon is contrary to what we had expected: 
grain growth should be promoted with decreasing 
primary particle size, because smaller particles have 
higher surface energies which act as a driving force in 
sintering: however, since the number of pores created 
during firing increases when primary particle size de- 
creases, the grain growth may be retarded due to the 
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Figure 9 Logarithmic reIationship between (d z - d~) and time for 
specimens A(11) G(261) fired at 1700 ~ d: Grain size at time = t, 
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creation of these pores. On the other hand, the grain 
size decreases as primary particle size increases from 
44 to 261 nm (Figs 3, 4, 5 and 7), which suggests that 
the grain growth as well as the densification of the 
specimen may be slowed down when the primary 
particle size increases. 

4.3. Bending strength of the sintered 
specimen 

The bending strengths of specimens A(11) C(32) fired 
at 1600 ~ for 5 h are ~ 140 MPa (Fig. 5). Although 
the relative densities of these sintered specimens rose 
slightly from ~ 97% to ~ 98% with firing temper- 
ature from 1600 to 1700 ~ the bending strengths of 
the specimens fired at 1700~ for 5 h are reduced to 

120 MPa (Fig. 7). Such reduction of the bending 
strengths may be attributed to the increases in grain 
sizes with firing temperature from 1600 to 1700~ 
(Figs 2a, 3a and 4) [27]. 

The bending strength of specimen E(57) is the high- 
est (175 MPa) among the specimens (Fig. 5) fired at 
1600 ~ for 5 h, this may result from the low porosity 
(1.5%) and small grain size (10.3 gin). On the other 
hand, the bending strength of specimen G(261) fired at 
1600 ~ for 5 h is as low as 140 MPa (Fig. 5), partly 
because the relative density is only 95.2% and partly 
because the pores are located not within grains but on 
grain boundaries (Fig. 6d) [27]. The relative density of 
specimen G(261), however, increases up to ~ 98% 
and the bending strength is enhanced up to 183 MPa 
when the firing temperature is raised up to 1700 ~ 
(Fig. 7). 
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Figure 10 Relationship between bending strength and grain size. 
(a) Data  on hot-pressed specimens reported by Yasnda et al. [15]. 
(b) The present data, 0 :  1600~ �9 1700~ 

Yasuda e t  al. [15] hot pressed the MgO powders 
prepared by the vapour-phase oxidation process and 
measured the bending strengths of the high-density 
sintered MgO specimens; they found that the relation- 
ship between bending strength (a) and grain size (d) 
follows the Petch equation [28]: 

1 
a = a + b d - 5  (2) 

1. When the compressed powders (specimens) were 
fired at 1600 or 1700~ for 5 h, the relative densit- 
ies were in the range of 96-98%. On prolonged 
firing, the relative densities of the specimens de- 
rived from the powders with primary particle sizes 
of 11 32 nm decreased down to ~ 94%, because 
pores were created when residual H20/CO2 mol- 
ecules, which had dissolved into the grains, were 
released from the specimen during firing. 

2. The relationships between relative density, grain 
size and bending strength of specimens fired at 
1700 ~ for 5 h could be classified into two catego- 
ries, according to the primary particle size. In re- 
gion (i), at and below 32 nm, the bending strengths 
of the sintered specimens were as low as 

120 MPa; the grain size was reduced from 50.7 
to 35.8 gm as the primary particle size decreased 
from 32 to 11 nm. In region (ii), 44-261 nm, as the 
primary particle size increased from 44 to 261 nm, 
the bending strength of the sintered specimen was 
enhanced from 162 to 183 MPa, while the grain size 
was reduced from 28.3 to 13.7 gm. 
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where a and b are constants. 
The Petch equation is valid when the grain sizes of 

MgO specimens are below ~ 60 ~m [28]. On the 
basis of Equation 2, the bending strengths of the 
specimens fired at 1600 and 1700 ~ for 5 h are plotted 
against d -~. The results are shown in Fig. 10, together 
with the data on hot-pressed MgO specimens [15]. 
The relationship between relative density and grain 
size is expressed as two straight lines with the break 
point at a grain size of 15 gm. The bending strength 
increases with decreasing grain size. At grain sizes of 
15 gm or smaller, little difference in the bending 
strengths is observed between the present and hot- 
pressed specimens. The bending strength of the pres- 
ent MgO specimen is estimated to be ~ 180 MPa 
with a grain size of 10 gm. 

The crack-propagation path changes from inter- 
granular (Fig. 6d) to transgranular (Fig. 6a-c and 
Fig. 8a-d) when the grain size exceeds ~ 20 gm. This 
fact may be confirmed by Shiono e t  al. [29], who 
found that the fracture path changes from intergranu- 
lar to transgranular when the grains have grown to be 
1-10 gm or larger. 

5. Conclusion 
The relationship between powder properties and be- 
nding strengths of the sintered magnesium oxide 
(MgO) specimens was examined using seven kinds of 
MgO powders prepared by the vapour-phase oxida- 
tion process; the primary particle sizes were in the 
range of 11 to 261 nm. The results are summarized as 
follows: 
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