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Abstract

The parameters influencing grain size of sintered magnesite such as temperature (1700 and 1800 °C), time (19 and 50 min), cooling rate (5,
10 and 25 °C min_l) and various particle size (—3; +3,—5; +5,—8; +8,—10 mm) were investigated using different sintering regimes to
improve grain growth. The effects of impurities (i.e. SiO,, CaO, Fe,O3, and CaO/SiO, ratio) on grain growth were also evaluated by EDX
analysis for each sample based on the variation of particle size, cooling rate and the change in the colour of samples (dark-light). For the

samples sintered at 1700 °C, the decrease in the cooling rate from 10 to 5 °C min™

! and the increase in the dwell time from 19 to 50 min

enhanced grain size significantly. The rise in sintering temperature to 1800 °C for 19 min, using cooling rate of 25 °C min™"', resulted in
maximum grain growth (~140 wm) for +3,—5 mm particle size of dark-coloured samples.

© 2004 Elsevier Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

Grain size and boundaries, impurities and/or additives,
porosity, sintering temperature and shaping practice play an
important role in controlling many physical, mechanical and
chemical properties of magnesia-based bricks [1-8]. It is
known [2,3] that porosity can alter or eliminate the appear-
ance of grain-size control of strength. As grains grow, grain
boundaries sweep past many pores, which are then within
the grains not at grain boundaries. This generally results in a
more regular pore shape, which may reduce stress concen-
trations. It is also stated [3,4] that impurities and/or additives
within the grains have quite different effects on strength,
depending on the mechanism of failure. With increasing
additive content and increasing grain size, which results in a
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decline in grain-boundary area, many grain boundaries
become covered with precipitates. At low temperatures,
solution or precipitates within the grains normally cannot
make significant changes in the elastic modulus or fracture
energy and thus in the stress to cause flaw failure. As the
temperature increases, some oxide impurities, especially
Si0,, start to soften and enhance grain-boundary sliding.
The increasing concentration of impurities at grain bound-
aries is therefore the cause of the lower relative strengths at
large grain sizes. The latest researchers [5-8] reported that
the amount of additive and its size are the major parameters
affecting mechanical and thermal properties of magnesia-
based materials, and the variation in magnesia grain size is
also a contributing factor influencing strength.

The size of the MgO crystals within the magnesia grains
is critically an important factor in controlling the resistance
to corrosive attack of basic bricks [9]. When the size of the
crystals increases, a corresponding decline occurs in crystal
surface area and open porosity, which makes the grains less
reactive for infiltrating iron oxide rich slag in MgO-based
refractories [10]. Furthermore, as the mean MgO grain size
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increases, the wear rate as a result of corrosive slag attack
decreases [10]. Magnesia-based refractories with a large
grain size (>100 wm) are used extensively where the corro-
sion resistance is required. In contrast, a high thermal shock
resistance in fused magnesia grain requires a fine crystal size
and a compromise may be required in applications where
thermal shock resistance is important [11].

Critical microstructural factors affecting properties and
performance of a brick are basically grain size, impurities
and CaO/SiO, ratios [9]. A standard brick contains varying
amounts of impurity arising from the raw materials or added
deliberately such as SiO,, Al,O;, Fe,03, FeO and CaO that
provide a silicate bonding phase. As the CaO/SiO; ratiois ~1, a
significant amount of liquid forms at relatively low temperature
in the bond between the magnesia clinker as a consequence of
the low melting point (7;, = 1495 °C) of the CaO-MgO-SiO,
composition, leading to a decrease in refractoriness [9,12,13].
The microstructure of a brick with CaO/SiO, ratio about 2
contains generally more refractory crystal phases such as
2Ca0-Si0, (T, = 2130 °C) and 3CaO-MgO-2SiO; (T, =
1575 °C) at grain boundaries on cooling [9,12,13]. The further
increase in the CaO/SiO, ratio (> 2) results in abrasion,
infiltration and a decline in refractoriness [13]. In general, a
high amount of CaO causes destruction and fracture of the
lining during firing due to the formation of low melting point
calcium aluminate [ 14]. Furthermore, a large amount of silicate
in the brick leads to a decline in the resistance to spalling and
refractoriness [ 15]. During firing at the outlet of sintering zone,
Fe,Os is also converted to FeO with a dramatic reduction in
volume, leading to spalling and destruction of the brick [14,16].
A magnesia-based brick refractory for the cement industry
should therefore have as little Fe,O5 as possible (<1%) [13]. A
significant amount of Al,O3 can also bring about an improve-
ment in thermal shock resistance of the brick, but decreases
refractoriness and causes spalling [13]. This is because maye-
nite (12Ca0-7Al,05) is formed by a reaction with CaO from
the kiln feed due to overheating, and thus the Al,O5 content

should be sufficient for elastification of the brick, but as low as
possible [13]. In general, using the highest quality raw materi-
als, resulting in the optimum MgO and Al,O; content, the
minimised Fe,O5 and the optimum CaO/SiO, ratio prevent the
formation of low-melting compounds with brick and kiln feed
components. The raw materials for the individual brick grades
are therefore carefully selected so that the different bricks are
able to cope in the best possible way with the conditions
prevailing in the corresponding zones of rotary cement kilns.

Nowadays, one of the current research areas focused on
the improvement in the resistance of corrosive attack of
sintered magnesite with the greatest grain growth. As the
grain size increases, the penetration of slag through the grain
boundaries can be minimised. So that wear rate and weight
loss can be inhibited. The development in grain size leads to
a high resistance to fracture and erosion. To reach the
optimum grain size increases the quality and performance
of the refractory material, leading to an economical benefit
and longer service life for industrial applications in terms of
corrosion and thermal shock resistance. In this work, the
effects of parameters (i.e. temperature, time, cooling rate,
different particle size and the change in the colour of
samples) on grain growth of sintered magnesites were
investigated using different sintering regimes, and the rea-
sons for this are examined. The roles of existing impurities
(i.e. Si0,, Ca0, Fe,03, and Ca0/SiO; ratio) on the enlarge-
ment of grain size were also evaluated by EDX analysis. It is
considered that this paper will provide a platform to improve
understanding of relationships between microstructure and
those parameters, affecting grain size of the sintered mag-
nesite significantly.

2. Experimental procedure

Raw material magnesite was classified into four groups,
as arange of (in mm): (i) (—3), (ii) (+3,-5), (iii) (+5,—8) and

Table 1

EDX analysis and MgO mean grain size of sintered magnesite for a range of particle size, using different cooling rates (7 = 1700 °C and #4yen = 19 min)
Samples Particle size Mean grain size EDX analysis (%) Ca0/Si0, Cooling rate

(mm) (pm) MgO ALO, $i0, Ca0 Fe,0; (*Cmin™")

Light -3 29.6 97.717 0.93 0.74 0.34 0.22 0.46 5

Dark (-=3) 34.3 95.28 0.38 2.39 0.51 1.44 0.21 5

Light (+3,-5) 329 96.59 2.02 0.17 1.17 0.06 6.88 5

Dark (+3,-5) 36.9 97.48 0.19 0.59 1.26 0.48 2.14 5

Light (+5,-8) 337 96.60 0.77 2.19 0.54 0.10 0.25 5

Dark (+5,-8) 44.0 94.71 1.23 1.21 0.83 2.03 0.69 5

Light (+8,—10) 29.0 97.34 0.55 0.50 1.33 0.28 2.66 5

Dark (+8,—10) 32.4 97.40 0.20 0.56 0.98 0.87 1.75 5

Light -3 25.0 98.21 0.16 0.53 0.84 0.27 1.58 10

Dark (-3 37.8 97.30 0.30 0.80 0.12 1.49 0.15 10

Light (+3,-5) 29.7 96.61 1.52 0.60 1.16 0.12 1.93 10

Dark (+3,-5) 31.6 94.94 0.92 2.33 0.45 1.35 0.19 10

Light (+5,—8) 11.5 97.22 1.19 0.47 1.13 0.02 2.40 10

Dark (+5,-8) 30.9 96.93 0.84 0.58 0.66 0.99 1.14 10

Light (+8,—10) 15.8 97.84 0.11 0.24 1.48 0.33 6.17 10

Dark (+8,—10) 30.9 97.04 0.57 1.28 0.54 0.57 0.42 10
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Table 2

EDX analysis and MgO mean grain size of sintered magnesite for a range of particle size, using different cooling rates (7 = 1700 °C and gy = 50 min)

Samples Particle size Mean grain EDX analysis (%) Ca0/SiO, Cooling rate
(mm) size (pum) MgO ALO, Si0, Ca0 Fe,0s (*Cmin"")
Light (-3 41.8 98.76 0.13 0.36 0.66 0.10 1.83 5
Dark (-3 442 96.49 0.47 1.73 0.43 0.88 0.25 5
Light (+3,-5) 355 97.96 0.18 0.57 1.22 0.07 2.14 5
Dark (+3,-5) 37.8 97.69 0.14 1.29 0.77 0.10 0.60 5
Light (+5,-8) 37.1 98.22 0.02 0.61 1.14 0.05 1.87 5
Dark (+5,-8) 42.6 91.06 0.24 6.39 1.12 1.18 0.18 5
Light (+8,—10) 46.6 87.04 0.23 11.04 1.15 0.54 0.10 5
Dark (+8,—10) 49.2 97.80 0.01 0.35 1.65 0.20 471 5
Light (-3) 29.3 98.63 0.44 0.34 0.25 0.34 0.74 10
Dark (-3 30.1 98.52 0.22 0.40 0.17 0.70 0.43 10
Light (+3,-5) 36.4 97.64 0.40 1.20 0.51 0.21 0.43 10
Dark (+3,-5) 36.8 94.13 0.49 241 0.42 2.53 0.17 10
Light (+5,—8) 342 97.26 0.26 1.05 1.05 0.38 1.00 10
Dark (+5,-8) 41.3 97.01 0.50 0.89 0.80 0.80 0.90 10
Light (+8,—10) 46.2 96.78 0.17 0.48 2.32 0.25 4.83 10
Dark (+8,—10) 48.2 96.50 0.23 1.37 1.06 0.85 0.77 10

(iv) (+8,—10) particle size. A sintering procedure similar to
industrial conditions was carried out at 1700 °C for 19 min
using cooling rates of 5 and 10 °C min ' for each particle
range. The soaking time was then increased to 50 min using
the same sintering route to observe the effect of dwell time
on grain growth of magnesites. Furthermore, two types of
magnesite (samples A and B) with a different chemical
composition were sintered at 1800 °C for 19 min, where the
cooling rate was 25 °C min~"'. The chemical composition of
each sintered sample as a function of particle size using
EDX analysis was given in Tables 1-3. After sintering,
samples were in general categorised into two groups in
terms of colour change (e.g. dark or light colour samples).
The effects of impurities leading to colour change, cooling
rate and particle size on the development of grain size were

Table 3

then examined for each sample. Then, bulk density values
were measured using the standard water immersion method
[17]. Samples were placed in polyethylene moulds using a
mixture of epoxy resin and hardener. Surfaces of samples
were ground using progressively finer SiC papers. The
polishing of specimens for SEM-EDX examination was
carried out using a 1 wm diamond spray at the final stage
in a “Planopol/Pedemax” automatic polishing machine.
Chemical etching was then carried out in a HNO; and
distilled water (1:1) solution at room temperature for
~5 min [18]. After gold coating, microstructural examina-
tion of the relevant samples was carried out using a CamS-
can-S4 Scanning Electron Microscopy (SEM).

Grain sizes of polished and chemically etched surfaces
were then measured from photographs taken in SEM, using a

EDX analysis and MgO mean grain size of sintered magnesite for a range of particle size (75 = 1800 °C, #4wen = 19 min and cooling rate = 25 °C min~")

Samples Particle size (mm) Mean grain size (um) EDX analysis (%)
MgO AlLO; SiO, CaO Fe,03

Sample A
Light (=3) 98.8 96.20 2.33 0.07 0.85 0.69
Dark (-3) 74.3 97.67 0.27 0.77 1.23 0.05
Light (+3,-5) 99.8 97.11 0.60 1.02 0.86 0.40
Dark (+3,-5) 138.8 95.64 1.27 1.50 1.24 0.34
Light (+5,-8) 64.0 97.35 0.06 0.91 1.20 0.60
Dark (+5,-8) 91.9 96.10 0.29 1.50 1.39 0.72
Light (+8,—10) 100.0 98.03 0.15 0.48 1.09 0.25
Dark (+8,—10) 1234 96.99 0.20 0.85 1.73 0.22

Sample B
Light (=3) 40.1 98.24 0.07 0.43 0.68 0.57
Dark (=3) 59.8 98.54 0.04 0.72 0.23 0.47
Light (+3,-5) 33.7 97.94 0.06 0.49 0.68 0.90
Dark (+3,-5) 343 97.47 0.24 0.83 0.96 0.51
Light (+5,—8) 37.6 97.85 0.03 1.03 0.82 0.26
Dark (+5,-8) 60.4 97.20 0.09 1.08 0.46 1.17
Light (+8,—10) 57.0 97.54 0.30 0.97 1.12 0.08
Dark (+8,—10) 61.5 97.41 0.21 1.02 0.79 0.56
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standard line mean intercept method [19]. Average grain size
was determined from intercept measurements on the
observed plane, by using the following:

D=156L (1

where D is the average grain size and L is the average
intercept length, taken over a large number of grains and
measured on the plane of polish. Assumptions for the grain
size variables, made in order to specify an average grain size,
were that the structure consisted of nontextured, equiaxed
grains of regular polyhedral shape. All the values calculated
for each sample were the average value of ~100 measure-
ments of three SEM micrographs. According to those values,
the improvement in grain growth was investigated for each
sample based on the effect of impurities, colour change,
cooling rate, temperature, time and particle size.

3. Results and discussion

Fig. 1 shows mean grain size of sintered magnesite for a
range of particle sizes, using different cooling rates from the
production temperature of 1700 °C, where the dwell time
was 19 min. There was a significant fluctuation in grain size
as a function of particle size. The observed trend in general
indicates that the grain size of sintered magnesite using a low
cooling rate increased with increasing particle size apart
from the coarsest one; however, samples with a high cooling
rate exhibited a marked decline in grain size as a function of
rising particle size. Figs. 2 and 3 demonstrated the greatest
and smallest mean grain size for the range of +5,—8 mm
particle size, respectively. This variation was as a conse-
quence of the decline in the cooling rate from 10 to
5°C min~', which caused an increase in the grain size by
a factor of ~4. The lower the cooling rate, the larger the grain
growth was obtained using this sintering regime. Sintered
materials with darker colour were in general illustrated a
marked improvement in grain size, as compared to materials
with lighter colour (Fig. 1 and Table 1). EDX analysis given
in Table 1 showed that the reason for the change to the dark
colour is the presence of a considerable amount of Fe,O3
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Fig. 1. MgO mean grain size as a function of particle size (7 = 1700 °C and
Tdwell = 19 mln)

Fig. 2. SEM micrograph of sintered magnesite (+5,—8 mm dark, 7, =
1700 °C, fgwen = 19 min and cooling rate = 5 °C min ™).

(£2%). CaO content in light-coloured materials using faster
cooling rate was also higher than that of dark samples;
however, use of lower cooling rate reduced the amount of
CaO significantly in the light-coloured samples. In general,
the amount of SiO, was higher, and CaO/SiO, ratios were
smaller for the dark-coloured samples than those of light-
coloured sintered materials for each particle size and cooling
rate. A high amount of CaO/SiO, ratios for light-coloured
samples resulted in relatively low densification. The den-
sities of light- and dark-coloured samples were in the range
of 3.0 and 3.2 mg m >, respectively. It is considered that
19 min dwell time at 1700 °C was not enough to obtain a
high densification rate. Therefore, sintering time (¢4yer) Was
increased from 19 to 50 min, and the effect of different
cooling rates in grain growth was then investigated using a
similar sintering scheme.

Fig. 3. SEM micrograph of sintered magnesite (+5,—8 mm light, 7, =
1700 °C, tgwen = 19 min and cooling rate = 10 °C min~ ).



C. Aksel et al./Ceramics International 31 (2005) 121-127 125

50
E 45 \ /‘/,—ﬂ'fp
2 a0 N &
£ 35 ‘/’ .0
= 4
& 30 o

25 T T T

(-3)  (¥3,-5) (+5,-8) (+8,-10)
Particle Size (mm)

—&— 5 °C/min - Dark —— 5 °C/min - Light
- ®- 10 °C/min - Dark - O- 10 °C/min - Light

Fig. 4. MgO mean grain size as a function of particle size (T, = 1700 °C and
tawen = 50 min).

Fig. 4 illustrates that the increase in the dwell time
resulted in a considerable enlargement in MgO mean grain
size for each particle size in comparison with Fig. 1. Fig. 5
shows the greatest mean grain size achieved using longer
dwell time and lower cooling rate. Fig. 4 shows that the
increase in each particle size in general led to a marked
improvement in grain growth, but the change in the cooling
rate as a function of particle size did not improve grain size
significantly. The particle size of —3 mm, using cooling rate
of 5°C min~!, demonstrated a different trend from the
samples sintered with a cooling rate of 10 °C min~". It is
known that [20,21] particle size is a densification-rate
determining factor, and finer particles react faster. It is,
therefore, possible that both the decline in cooling rate
and the increase in dwell time, making reaction time longer,
led to greater enhancement in grain size.

The average grain size values of dark and light coloured
samples for both 19 and 50 min dwell time were then
calculated separately based on the lowest cooling rate, which
showed the greatest improvement in grain growth. The
significant increase in average grain size with increasing

Fig. 5. SEM micrograph of sintered magnesite (+8,—10 mm dark, 7 =
1700 °C, tgwen = 50 min and cooling rate = 5 °C min~Y).
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Fig. 6. The average grain size of dark and light coloured samples for each
dwell time, as a function of particle size (75 = 1700 °C and cooling rate =
5°C min~ Y.

dwell time as a function of particle size was given in Fig. 6.
The improvement in grain size in terms of cooling rate was
especially significant for the smallest (35%) and coarsest
(>55%) particle size, though medium particles showed a
similar trend to each other. It can be concluded that the rise
in dwell time was a major factor affecting grain growth as a
function of particle size (Fig. 6).

EDX analysis of sintered magnesite samples demonstrated
asimilar trend for impurities as shown in Tables 1 and 2, except
for CaO content. Table 2 illustrates that the amount of CaO did
not show a marked change based on the cooling rate for each
particle size, where the amount of CaO in dark-coloured
sintered magnesites was lower than that of light-coloured
samples. It is reported that [14] keeping the level of CaO
low prevents the formation of low melting point calcium
aluminate, which can lead to fractures and destruction of
the lining, in the magnesia-based brick structure during firing.
A carefully adjusted CaO content forms a protective coating in
the sintering zone. In addition, a larger amount of silicate in the
microstructure forms interconnected silicate networks, which
can act as crack propagation paths, and decrease refractoriness
and the resistance to spalling [15]. In general, the SiO, and
Fe,O; content were relatively higher, but CaO/SiO, ratios
were predominantly lower in the dark colour samples than
those of light colour materials for each particle size. Bulk
density values of light and dark-coloured samples were about
~3.3 mg m >, and a high densification rate was obtained with
increasing dwell time.

Furthermore, two types of sintered magnesite were used
in order to investigate the effect of grain growth using a
different sintering regime, but similar to industrial condi-
tions, where each sample was sintered at ~1800 °C for
19 min, with a cooling rate of 25 °C min~'. Bulk density
values of all samples increased with increasing sintering
temperature, and they were approximately 3.4 mg m . The
chemical composition of samples A and B for each particle
size was given in Table 3. On the basis of EDX analysis, the
average values of light- and dark-coloured samples includ-
ing each particle size are as follows: (i) 0.89% SiO,, 1.20%
Ca0, 0.41% Fe,03, and Ca0/SiO, ratio 1.35, designated as
sample A, and (ii) 0.82% SiO,, 0.72% CaO, 0.57% Fe,03,
and CaO/SiO, ratio 0.87, illustrated as sample B.
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Table 3 indicates that the amount of SiO, in dark-
coloured samples (for A and B) was higher than that of
light-coloured samples. For sample A, CaO content in dark-
coloured samples was higher than that of light-coloured
samples; however, the amount of CaO in dark-coloured
samples was generally lower than that of light-coloured
sintered magnesites for sample B. EDX analysis showed
that the amounts of Fe,O3 were <0.7 and <1.2% for samples
A and B, respectively. It is known that [22] magnesia-based
bricks increase coating stability and corrosion resistance by
the addition of pure iron oxides, ~1%. In addition, the bricks
show significant development of direct bonding by the
formation of MgO-Fe,03, which provides more strength
at high temperatures and less deterioration due to a great
diffusibility of ferric oxide [23]. On the other hand, the effect
of phase changes from MgO-FeO to MgO-Fe,O; on the
bonded texture might be disadvantageous in developing high
thermal spalling resistance with the addition of a high
amount of iron oxides, >1% [16]. A reducing atmosphere
accelerates the decomposition of alkaline salts, which causes
their corrosive power to be increased [24]. It is reported that
[25,26] when MgO-FeO is oxidised, the volumetric expan-
sion is about 8-23%, depending on the amount of FeO. The
dissolution of Fe,O3 in MgO leads to the formation of cation
vacancies, which introduces defects in the host lattice. This
condition affects the brick severely and may lead to pre-
mature wear. During ferrite formation, the reaction rate
depends on temperature, grain size distribution, density
and also on the partial oxygen pressure, because the con-
centration gradients over the reaction layer increase with
decreasing partial oxygen pressure. The ferrous content of
the final product depends on the homogeneity of the starting
mixture. A magnesia-based brick for the cement industry
should therefore have as little Fe,Oj3 as possible (preferably
under 1%) [13]. Furthermore, the average value of CaO/SiO,
ratio in sample A was found to be significantly higher than
that of sample B. These ratios given in Table 3 were in
general good agreement with a literature value of ~1.7-2.2,
if S°(Ca0 + Si0,) > 1.25 [13]. It is stated that [13] much
higher and lower values of CaO/SiO, ratios leads to abrasion
and a decrease in refractoriness, and minimised CaO/SiO,
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Fig. 7. MgO mean grain size as a function of particle size (7 = 1800 °C,
fawenn = 19 min and cooling rate = 25 °C min ).

Fig. 8. SEM micrograph of sintered magnesite (sample B: +8,—10 mm
dark, T = 1800 °C, t4wen = 19 min and cooling rate = 25 °C min~h).

ratio prevents the formation of low-melting compounds with
brick and kiln feed components.

Fig. 7 shows that there was in general a marked improve-
ment in grain size with increasing sintering temperature for
samples A and B, in comparison with Figs. 1 and 4. The
grain size of dark-coloured samples was considerably higher
than that of light-coloured samples (Fig. 7). Fig. 8 illustrates
that the most favourable grain growth (~62 um) was
obtained from +8,—10 mm particle size for sample B, with
a CaO/Si0; ratio of ~0.9. The +3,—5 mm particle size was
found to be an optimum range to attain maximum grain size
(~140 pwm) in the dark-coloured samples ‘A’ (Fig. 9), where
the average CaO/SiO, ratio is about ~1.4. There was a
marked improvement in mean grain size of sample A, as
compared to sample B, by a factor of 2.3. It is considered
that the rise in the sintering temperature and chemical purity

Fig. 9. SEM micrograph of sintered magnesite (sample A: +3,—5 mm dark,
T, = 1800 °C, tgwen = 19 min and cooling rate = 25 °C min~h).
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with the optimum CaO/SiO, ratio were found to be major
important parameters affecting grain growth of sintered
magnesites markedly.

4. Conclusions

For the samples sintered at 1700 °C for 19 min, the lowest
cooling rate (5 °C min~") led to a significant improvement
in grain growth. Furthermore, the increased dwell time up to
50 min resulted in a marked enlargement in mean grain size,
but reduced the effect of cooling rate considerably. In
addition, the rise in the sintering temperature up to
~1800 °C improved the densification and gave rise to max-
imum enhancement in grain size. Sample A with a relatively
low Fe,03 content and high CaO/SiO, ratio showed the
greatest development in grain size in comparison with
sample B. In general, dark-coloured samples with a high
amount of SiO, content illustrated a significant increase in
grain growth as compared to light-coloured samples, which
consist of relatively high CaO/SiO, ratios. Dark-coloured
sample A, sintered at 1800 °C, with a +3,—5 mm particle
range showed a maximum grain growth. There was a marked
fluctuation in grain size of sintered magnesite samples as a
function of particle size, and thus the change in particle size
used in this work was not entirely an effective parameter to
increase grain size. The lowest cooling rate, the longest
dwell time and the increased sintering temperature, with
optimum CaQO/SiO, ratio, were subsequently found to be
major parameters improving grain growth of magnesites
substantially.
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