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Formation, compressibility and sintering of
aggregated MgO powder

LI NAN

Department of Materials Science and Engineering, Wuhan Iron and Steel University, Wuhan,
China

The aggregates of MgO crystallites are formed during calcination. The compressibility of the
aggregated MgQ powder and the sintering of the compacts of the aggregated MgO powders,
as well as the grain growth of MgO were investigated.

1. Introduction

Magnesia is obtained by decomposition of magnesite
or magnesium hydrate. Usually the contour of par-
ticles of the originals remains after decomposition.
One calls them “pseudomorph”. In fact, pseudo-
morphs are MgO crystallite aggregates which hold the
contour of the original particles. China is rich in mag-
nesite. This paper is a review of the investigations on
sintering of aggregated MgQO powder obtained from
magnesite [1-3].

2. Sintering of MgO crystallite in the
aggregates during calcination

The chemical composition of magnesite used in this

study is given in Table 1. The particle size of magnesite

is in the range from 44 to 75 um.

The isothermal calcination of magnesite samples of
about 0.8g was carried out at 730, 880, 930 and
1030°C for 1.5, 3, 6, 10, 20, 50, 100 and 140 min,
respectively.

A typical TEM micrograph of MgO powder sample
is given in Fig. 1. It is an aggregate packed with MgO
crystallites.

The surface area and distribution of pores of the
powder were determined by the BET method. The
dependence of the surface area on soaking time is
shown in Fig. 2. It can be seen that in the first 20 min,
the surface area decreases very fast with increasing
soaking time, but the rate of decrease becomes less
lowers with increasing soaking time. It was found that
after calcination at 730°C for 1.5min, the Ig-loss of
magnesite powder reached 97% of the total amount of
Ig-loss, so that the calcination after 1.5 min should be
the sintering of the powders of MgO. The surface area
reduction models can be used to analyse data obtained
in our study.

Komatsu et al. [4] assumed that the neck growth
and surface flattening took place concurrently by
surface diffusion during sintering. The surface area

TABLE I The chemical composition of magnesite (wt %)

change AS is equal to the sum of two surface area
changes

AS = AS, + AS, (1)

where AS| is due to the neck growth and AS, to the
surface flattening

AS, G’ )
AS, = Hi'? 3)

where G and H are constants.
% = G+ H 4

The data obtained in our study do not obey
Equation 4 but obey Equation 5. (Fig. 3)

S = A+ G (5)

This demonstrates that the neck growth is the pre-
dominant factor and surface flattening is not important.
The changes of the slope of the straight lines at about
20min, (" = 2.35) might result from change of
mechanism.

German [5] reported that for initial-stage sintering
the surface area reduction kinetics can be expressed as

AS
<?0> r = k[

where r is the mechanism-dependent exponent, AS/S,
the loss in surface area AS divided by the initial
surface area S, ¢ the sintering time and & a constant.

The variations of (AS/S,) with soaking time are
shown in Fig. 4. This indicates that for calcination at
730°C, the data do not obey Equation 6, but for
calcination at 880° C, the plot of log (AS/S,) against
log t shows two straight lines with different slopes.
For line ‘1 (log ¢ < 1.24), the exponent r is equal to
about two; it is between 1.5 and 3.5 which were reported
by German for evaporation—condensation and surface

(6)

MgO CaO Fe,O, AlLO, Sio, Ig-loss
47.24-47.64 0.24-0.29 0.47-0.62 0.08-0.45 0.26-0.72 51.00-51.11
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Figure 1 TEM micrograph of MgO aggregates calcined at 1030°C
for 50 min.

diffusion, respectively. In addition, a limit established
by German for the initial-stage sintering is AS/S, =
0.5. In our study we have AS/S, = 0.58 for line 1.
However, line 2 (log 1 > 1.24) also is a satisfactory
straight line, even though AS/S, > 0.5, r is equal to
8.7, much more than any value of the exponent r
proposed by German.

The grain growth also shows some mechanism
transformations during calcination (Fig. 5).

To seck the transformation of mechanism during
calcination, the pore size distribution was determined
by the BET method, as shown in Fig. 6, and the data
are given in Table II. The pore diameters measured
by BET method are smaller than 40 nm, so that we
assume they are pores within the MgO aggregates.

It is found that calcination process at 880° C can be
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Figure 2 Dependence of the surface area of MgO powder on soak-
ing time. (x calcined at 730°C, O calcined at 880°C, A calcined at
930°C, O calcined at 1030°C)
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Figure 3 The dependence of AS on soaking time for samples cal-
cined at 730°C (x) (f, = 3min, S, = 139.8m’g™') at 880°C
(0) (t, = 1.5min, S, = 85.8m*g~') and at 930°C (z, = 1.5min,
Sy =73.Im?g™").

divided in to three stages. In the period between 1.5
and 3.0min, the specific volume of pores and the
porosity decrease accompanied by an increment of
median, mode and shrinkage for magnesite particle.
In this short period, the adjustment of MgO crystal-
lites may be the predominant mechanism. In the
period from 3.0 to 20.0min, the specific volume of
pores, the shrinkage for magnesite and porosity
of aggregates changes little, accompanied by an
increment of median and mode, that means the small
pores grow rapidly. The evaporation-condensation
and surface diffusion mechanisms may take place con-
currently in this stage; the evaporation-condensation
mechanism should be more important as r in Equation
6 is equal to two. From 20 to 50min, the specific
volume of pore, median and porosity decrease accom-
panied by an increment of shrinkage for magnesite.
The volume diffusion and/or grain boundary diffusion
should be considered to have effects in this stage.
Althugh the data obtained in our studies obey
Equation 5, proposed by Komatsu er al. [4], the
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Figure 4 Variation of log (AS/S,) with log 7 (x 730°C, O 880°C).
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Figure 5 Grain size as a function of soaking time (x 730°C,
O 880°C).

diffusion coefficients calculated from G in Equation 5
not only include the contribution of surface diffusion
but also the contribution of other mechanisms. In
addition, the surface diffusion coefficient, D, = 1.51 x
10 %exp (— 163/RT) (kJ mol "), which we reported in
an earlier paper [6] should involve the contribution of
other mechanisms.

3. Compression of aggregated MgO

powder and sintering of compacts
The aggregated MgO powder was pressed without a
binder. As the aggregates themselves are made up of
MgO crystallites, and the aggregates pack together to
form a compact, there are two classes of pores in the
compacts: (1) pores inside the aggregates and between
the crystallites, they are thought to be smaller than
40nm, (2) pores between the aggregates. We call the
former “first pore” and the latter “secondary pore”.
Van de Ben and Hunter [7], Sacks and Pask [8], and
Lang [9] studied sintering of agglomerated powders,
they proposed that three classes of pores exist in
the compacts. However, in our study the aggregates
of MgO crystallites were partially sintered and diffi-
cult to hold together by Van der Waals force to
form agglomerates, so only two classes of pore are
considered.

The specific volume of secondary pores was obtained
by Equation 7, assuming that the aggregates do not

break down.
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Figure 6 Distribution of pore size in the aggregates of MgO, cal-
cined at (a) 1030° C for 50 min, (b) 730° C for 50 min, (c) 880° C for
50 min, (d) 880°C for 20 min, (¢) 880°C for 6 min, (f) 880°C for
3min and (g) 880°C for 1.5min.

where C is the specific volume of secondary pores
(cm’g™'), 7 the bulk density of green compacts
(gcm™?), o the density of MgO, 3.58 (gcm ™), V, is the
specific volume of first pores (cm® g™1).

The dependence of bulk density of the compacts
and specific volume of secondary pores on the pres-
sure is illustrated in Fig. 7. It is shown that with
increasing the pressure, the bulk density increases and
the specific volume of secondary pores decreases. In

TABLE II The statistical data of pore distribution in MgO aggregates

Time (min) Temperature (°C)
880 730 1030
1.5 3.0 6.0 20 50 ;0_— T
Specific volume 0.207 0.168 0.164 0.159 0.138 0.215 0.0803
of pore (mlg~")
Median (nm) 33 4.5 5.5 9.3 8.8 7.9 12.0
Mode (nm) 2.7 33 4.5 — 8.8 — —
Shrinkage for 28.68 34.37 34.95 35.66 38.75 27.43 47.25
magnesite (%)
Porosity of 42.55 37.56 37.00 36.31 33.09 45.33 22.32

aggregates (%)

487



2 4 6 8;‘\K~10

P {1000 NV cm~?)

Figure 7 Dependence of bulk density and specific volume of second-
ary pores on pressure (a calcined at 1030°C for 50min, O 880°C
for 50 min, x 730°C for 50 min).

addition, when the pressure is smaller than 107’ N
cm 2, the specific volumes of secondary pores decrease
rapidly with increasing pressure, but the differences
between specific volumes of secondary pores of the
samples calcined at 1030°C and that at 730°C are
slight. It means that the pressure causes rearrange-
ment of aggregates which results in a decrement of
secondary pores. However, when pressure is more
than 10° Ncm 2, the specific volume of the sample
calcined at 730°C is smalier than that of samples
calcined at 1030° C, which indicates that MgO powder
obtained at 730°C has better compressibility, even
though the bulk density of compacts made out of
powder obtained at 1030°C is greater than obtained
at 730°C. This implies that the MgO aggregates
obtained at 730° C can be crushed more easily to fill
the secondary pores, so that it is not reasonable to
use green density as a parameter to evaluate the
compressibility of the aggregated powder. The nega-
tives at high pressure in Fig. 7 indicate that Equation
7 is not valid because a lot of aggregates are broken
down.

Table 111 shows the pore distribution of compacts
obtained by mercury porosimetry. The specific volumes
of secondary pores (39.82~6237.0 nm) for the samples
calcined at 730 and 880° C are almost the same, but
the specific volume of secondary pores of sample
calcined at 1030° C is larger; the reason is that the
MgO aggregates formed at 1030°C are difficult to
break down during compression.

TABLE III Distribution of pore volume of compacts (mlg™")
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Figure 8 Dependences of specific volume of pores on sintering time
(calcination temperature 730°C, sintering temperature 1180°C).
(1) 2.19-39.82nm, (2) 39.82-200.78 nm, (3) 200.78-396.78 nm,
(4) 396.78-6237.0 nm, (5) 2.19-6237.0 nm.

4. Sintering of aggregated MgO
compacts

The compacts were sintered at 1100, 1180, 1284 and
1397° C for the soaking times from 25 to 150 min. The
pore distribution of compacts sintered was determined
by mercury porosimetry. The results are shown in
Figs 8 and 9. From Fig. 8, it can be seen that the
specific volume of pores inside the aggregates reduces
rapidly in the first 20 min, accompanied by an increase
in the specific volume of the biggest pores (396.78-
6237.0nm), which means that the sintering of MgO
crystallites within aggregates takes place rapidly. This
sintering results in shrinkage of aggregates and causes
rearrangement of aggregates and redistribution of
pores. The rearrangement of aggregates and redistri-
bution of pores were affected by the calcination tem-
perature of magnesite. Fig. 9 compares the specific pore
volume of compacts obtained at various calcination

Calcination Pore size (nm)

temperature (°C)

2.19-39.82 39.82-200.78 200.78-396.78 396.78-623.70
730 0.22844 0.05432 0.02747 0.006 36
880 0.17135 0.054 34 0.02770 0.006 56
1030 0.09471 0.05201 0.03008 0.02370
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Figure 9 Dependence of specific volume of pores on sintering temperature ((a) calcined at 730° C, (b) at 880° C, {(c) at 1030° C, sintering time
60 min. The figures in brackets at the starting end of lines are the specific values before sintering.)

temperatures. The aggregates were almost completely
dense after sintering at 1200°C for 60min. The
samples obtained at various calcination temperatures
display different features (Fig. 9). With increasing
sintering temperature, the specific volume of big
pores (396.78-6237.0nm) of samples calcined at
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Figure 10 Total specific volume of pores as a function of sintered
temperature (x 730°C (0.3166), © 880°C (0.2599), a 1030°C
(0.2003)) The figures in brackets are the values before sintering.

730° C decreases, but that of samples calcined at 880
and 1030°C increases. The reason may be that the
aggregates in the compacts made out of the powder
calcined at 730° C were easily crushed during compac-
tion to cause the changes of pore distribution and
its coordination numbers which in turn influences
sintering of aggregate compacts. Another reason may
be that the differences of sinterability of MgO crystal-
lites results in differences of shrinkage and rearrange-
ment of aggregates.

Fig. 10 illustrates the total specific volume of pores
of the samples made of the powders calcined at 730,

3.1
y (g cm™3)

29

Figure 11 Standard deviation, oy, plotted against bulk density, y, of
samples. (O planar, x spatial).
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Figure 12 Shape parameter as a function of sintering time
(0 1500°C, x 1550°C, a 1600°C).

880 and 1030°C as a function of sintering tempera-
ture. It can be expected that the end-point density of
the sample made of the powder obtained at 730° C will
be the largest among those of the three samples. The
surface area of powder obtained at 730°C is equal to
58.30m? g ', being very close to the optimum surface
area value of about 60m” g2, [10].

5. Grain size distribution and growth
To study the kinetics of grain growth, the compacts
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were preheated at 1200° C for 2h and then isothermally
sintered at 1500, 1550 and 1600° C for 0.25, 0.5, 1, 2,
4 and 8h. The specimens were photomicrographed
after they had been polished and HF etched. The
two-dimensional diameter D, and distribution were
measured using a Magiscan-2 image analyser. The
spatial diameter D, and distribution were obtained by
Schwartz-Saltikov transformation [11]. The number
of grains measured were more than 1200.

It was found that the grain size parameters, both D,
and D,, could be described by a log normal distri-
bution. Equations 8 and 9 [12, 13] were used to
calculate the parameters

D = (D) ®)

op = Dpege”(e” — 1) 9)
where D is the mean diameter, D, the mediam of the
log normal distribution of D, and oy, is the standard
deviation of the normal distribution of In D. Fig. 11
shows the relation between the standard deviation oy
and bulk density. It indicates that with increasing
density ¢, increases, which means that the distri-

bution curve broadens.
The shape parameters D,/D, as a function of sin-

tering time are shown in Fig. 12. Here D, and D, were
calculated from the intersection area g and perimeter
s, respectively.

_ a2 /2
= ¢ Dmed

D, = (4a/m)'”
D, =

(10)
(1D

It can be seen that the shape parameters decrease
rapidly in the first 1 or 2h of sintering.

A parabolic growth law was confirmed for both
two- and three-dimensional parameters

(DY = Kt
For spatial DX, =

Sim

(12)
(13)

The linear regression was used to fit the straight
lines in Fig. 13, and the expressions are given as

For planar

Gmt

Figure 13 Plots of the square of grain size parameter, s, as a function
of sintering time (O (D),, A Dinedys X D35, O Diy,) (2) 1500°C,
(b) 1600°C and (c) 1550°C.
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Figure 14 Arrhenius plot of the rate constant for <D};. (1) Dense
Mg0, AH = 81kcalmol™' [14], (2) Porous Mg0, AH = 60kcal
mol~'[15], (3) Porous Mg0, AH = 75.5kecal mol~! {16], (4) Porous
Mg0, AH = 70.9 kcalmol ™' (present study).
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follows. For planar size parameters sintered at 1500° C,

D,f,edz = 28.11 + 20.83¢ (14)

(DY = 3277 + 24.33¢ (15)
sintered at 1550°C

Df,,ed2 = 29,75 + 35.27t (16)

(D>} = 33.65 + 42.55¢ a7
sintered at 1600°C

Dl = 43.05 + 61.53¢ (18)

(D> = 51.65 + 72.93¢ (19)
For spatial size parameters sintered at 1500°C

D,f,ed3 = 74.65 + 58.18¢ (20)

(DY = 79.96 + 61.51¢ n
sintered at 1550°C

Déedj = 85.96 + 92.73¢ (22)

(DY = 90.41 + 100.63¢ (23)
sintered at 1600°C

D,Zm,dl = 118.99 4 167.18¢ (24)

(D> = 125.55 + 180.36¢ (25)

The Arrhenius plot of the rate constant was shown
in Fig. 14 compared with other authors’ results
[14-16].

From Fig. 14, the least squares gives

K = RT

(kcalmol™! ¢m? sec™!) (26)

9.24 x 10~ % exp ( — 70'9>

and

G ==
" RT

(kcal mol™' cm? sec™") 27

592 x 1072 exp < "69'6)

The activation energy obtained here is close to the
values reported by Daniels (60kcalmol™'), Gupta
(75.5kcalmol ') and Kapadia (66 kcalmol=") [17].
However, it was found that K was two orders of
magnitude smaller than the value reported by Kapa-
dia [17] and one order larger than the value for MgO
from alkoxide [18]. Besides the effect of composition,
there may be another reason why the size distribution
of particles and aggregates affect the size distribution
and coordination number of pores which in turn in-
fluences the grain growth.

6. Summary

The sintering of MgO derived from natural magnesite
was studied systematically. The important results are
summarized as follows.

(1) The decomposition of magnesite takes place
rapidly to form MgO crystallite aggregates which are
sintered in further calcination. The sintering of MgO
crystallites within aggregates can be divided into three
stages: adjustment of structure, a process with few
shrinkage of aggregates and a process with consider-
able shrinkage.

(2) It is not reasonable to use green density as a
parameter to evaluate the compressibility of aggregate
powder because the original difference of aggregate
density causes error. The aggregated powder calcined
at low temperature has good compressibility because
the aggregates are easily broken down.

(3) MgO crystallites inside the aggregate have high
sinterability. The pores in the aggregates almost disap-
pear by sintering at temperatures as low as 1200°C.
The rapid sintering of MgO crystallites inside the
aggregates results in the shrinkage of aggregates and
rearrangement of aggregates which causes the change
of distribution of the pore size. This rearrangement
depends upon the calcination condition and distribu-
tion of the size of the magnesite particles.

(4) The grain size distributions can be described by
a log normal distribution. The grain growth obeys a
parabolic law for both mean diameter and median
diameter

(DY = Kt
Drzned = G1
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