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bstract

n this study, pure (with no additives) and mill scale (98.66 wt.% Fe2O3 content) added (up to 1.5 wt.%) natural dolomite of Selcuklu-Konya-
urkey fired at 1600–1700 ◦C for 2–6 h using the one-stage process. The resulting bulk densities and apparent porosities of the sintered doloma
re investigated. According to the results of experiments with 15 sintered samples, sintering temperature, soaking time and increase of mill scale
mount were found to increase the bulk density and thus decrease the observed apparent porosity.

In hydration resistance tests, it seemed that the same characteristics also increased the resistance. Furthermore, EDX analysis of the dolomas
hat were sintered at three different temperatures each with 0.5 wt.% mill scale additions and also at 1700 ◦C/2 h with 0–1 wt.% mill scale additions

ere performed. Quantities of Fe2+,3+ inside the periclase (MgO) were examined. Bulk density of pure doloma (CaO·MgO) was calculated using
ensity values of both pure CaO and MgO given in the literature. The difference between the extrapolated value of the measured densities and bulk
ensity of doloma, which is calculated from literature data without porosity is very close.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Dolomite is a refractory raw material with the ideal composi-
ion of [Mg, Ca(CO3)2]. Doloma, produced from the dolomite,
onsist of a phase mixture of lime (CaO) and periclase (MgO).
oloma is the semi product used to produce dolomite refractory.
hey have extremely high melting points, as the eutectic for the
aO–MgO binary system occurs at 2370 ◦C. Doloma is a mate-

ial that is susceptible to hydration and thus its free lime ratio
ust be lower than a critical value. A usable doloma should

ave a bulk density greater than 3 g/cm3. Varying amounts of
ther impurities, including SiO2, Al2O3, and Fe2O3 are usually
resent.1–5 The amounts and types of the accessory oxides may
ave a large effect on the extent of densification, as it has been
stablished that with these impurities sintering may occur by
liquid phase mechanism. It has been reported that the triva-

ent oxides, especially Fe2O3, enhance the sintering during the

ommercial manufacturing process.6 Doloma is one of attractive
teelmaking refractories because of its potential cost effective-
ess and worldwide abundance.7
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In liquid phase sintering, there should exist quite thin powders
n the environment which should be inversely proportional to the
apillary diameter to form capillary pressure which is a driving
orce of the process. Dihedral angle of the liquid phase should
e as small as possible in order for the liquid phase formed to
nfiltrate into the powder boundaries to form required capillary
ressure.8 When the liquid phase soaks the solid grains, gaps
mong the grains gains capillary feature and therefore the total
apillary pressure increases.9

Sintering occurs because the particle boundary energy of the
ubstituted surface is less than surface energy. Grain growth
epends on the particle boundary movement.10 Grain bound-
ry gap expands with the increasing temperature.11 When grain
rowth occurs in the ceramics, pores commonly become sep-
rated from particle boundary.10–12 During the sintering of
olomite, it was observed that CaO grains adhered to each other
row faster than MgO grains and as a result greater CaO grains
ere formed.13 It was suggested that the reason of this is the
ond energy of CaO molecules are lower than MgO molecules
nd they can move in the crystal structure. CaO activity, as a

esult of calcination, is the highest after the CaCO3 disaggrega-
ion; it reduces when both time and temperature increases.14,15

oloma is found to sinter more rapidly and more readily than
aO component.14 CaO has a perfect thermodynamic stability.

mailto:canaygul@gmx.net
dx.doi.org/10.1016/j.jeurceramsoc.2006.05.010
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Table 1
The chemical composition of the dolomite used in this study (without loss of
ignition)

CaO 29.46
SiO2 0.15
M
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he hydration degree and rate of the sintered CaO depends on
he absorption rate of water on the grain boundary surface.12

It was seen in the previous studies that Fe2O3 is an important
ddition which increases the sintering ability of the dolomite,
ecause it forms compounds with lime (CaO) which have low
elting points and as a result reduces the sintering temperature.

t has been mentioned that especially Fe2O3 addition smaller
han 100 �m diameters affects the sintering ability, because this
ddition forms compounds which have low melting points such
s C4AF (C = CaO, A = Al2O3, F = Fe2O3) and C2F. In addi-
ion it increases the resistance against the hydration which is the
iggest disadvantage of the dolomite.1,16–21 Besides, iron oxide
ddition results in the increase of the density.16,19,21–23 Sin-
ered dolomite including iron oxide is termed as “dead burnt”.5

earle and Grimshaw24 mentioned in their article that in the
revious studies of stabilizing dolomite when iron oxide was
dded it usually formed C4AF (brownmillerite) and when the
ffects of this phase at high temperatures were analyzed, liq-
id phase increased with the increasing temperature. Shi and
olleagues25 mentioned in their studies of CaCO3 that, when
he content of Fe2O3 is more than 1.7 wt.%, especially in high
intering temperatures, there is no change or little increase in the
ensity.

Although FeO is completely soluble in MgO, it has not
een proved that Fe2O3 formed solid solution with MgO below
000 ◦C. In the normal atmosphere, Fe2O3 solubility in MgO has
een found to be 10% at 1200 ◦C and 35% at 1400 ◦C. While Fe-
ons diffuse into periclase grains and forms solid solution, they
hange the crystal structure and increase the inner crystal energy
y developing thin inclusions. This provides the growth of per-
clase (MgO) grain and facilitates the sintering by increasing
he recrystallization ability.26,27 During the Fe2+/Fe3+ chang-

ng, high ion density of O2− that provides the electrical stability
auses the Fe-compounds to increase the MgO grain growth
ate even at very low rates.28 The structure formed when the
ron compounds exist in the periclase is magnesiowustite [(Fe,

w
h
d

able 2
ariation of bulk density, apparent porosity and hydration degree due to sintering con

intering conditions of dolomas Bulk density (g/cm3)a

atural and with iron oxide
600 ◦C/2 h, natural 1.57 ± 0.01
600 ◦C/2 h, 0.5% iron oxide 1.56 ± 0.01
600 ◦C/2 h, 1% iron oxide 1.57 ± 0.07
600 ◦C/2 h, 1.5% iron oxide 1.57 ± 0.01
650 ◦C/2 h, natural 2.00 ± 0.01
700 ◦C/2 h, natural 2.10 ± 0.01
600 ◦C/4 h, 0.5% iron oxide 2.95 ± 0.01
600 ◦C/6 h, 0.5% iron oxide 2.95 ± 0.03
600 ◦C/6 h, 1.5% iron oxide 3.10 ± 0.10
650 ◦C/2 h, 0.5% iron oxide 2.82 ± 0.13
650 ◦C/4 h, 0.5% iron oxide 3.02 ± 0.04
650 ◦C/4 h, 1.5% iron oxide 3.17 ± 0.12
650 ◦C/6 h, 0.5% iron oxide 3.17 ± 0.01
700 ◦C/2 h, 0.5% iron oxide 2.83 ± 0.00
700 ◦C/2 h, 1% iron oxide 3.13 ± 0.02

a Standard deviation estimated for 10 measurements.
b In an autoclave under the action of steam at 120 ◦C, a pressure of 1.5 kg f/cm2 an
gO 22.52
e2O3 0.04
l2O3 0.15

g)(O)].29 MgO (periclase) development is known to inhibit
he hydration in dolomas.16,30

. Experimental procedure

Average grain size of the dolomite extracted from a dolomite
eserve which is local and not used for refractory industry before
as found to be 200 �m by taking a thin cross-section in the

mage analysis LEICA Q 550 CW optical microscope, and it
as granulated in the 3–6 mm fraction range after wet chemical

nalysis. The composition of dolomite is given in Table 1. Natu-
al and 0.5–1.5 wt.% mill scale (98.66 wt.% Fe2O3 under 45 �m
ize) added mixture was produced using distilled water as a bind-
ng material.6 Then they were put into pure magnesite crucibles
nd dried at 110 ◦C for 2 h and sintered at a heating speed of
0 ◦C/min, for 2–6 h in the temperature range of 1600–1700 ◦C.
fter that the bulk density and hydration resistance of acquired
olomas were measured. The tests were performed in air in a
aboratory furnace with MoSi2 heating elements. Sintering con-
itions, bulk densities, apparent porosities and hydration resis-
ance results are shown in Table 2. Bulk density and apparent
orosity of dolomas were measured by “Archimedes” method
sing ethyl alcohol media.
The dolomas were mounted in acrylic resin and then ground
ith SiC from 320 to 1000 grit in the presence of ethyl alco-
ol. The polishing of the specimen was carried out with 3 �m
iamond paste. During the specimen preparation, water was not

ditions of dolomas

Apparent porosity (%) Hydration degree (%)b

(−2500 + 2000) range of sieves
56.04 ± 0.34 Hydrated
55.01 ± 0.33 Hydrated
56.57 ± 1.17 Hydrated
55.24 ± 0.34 Hydrated
42.92 ± 0.26 Hydrated
36.65 ± 2.23 Hydrated
19.71 ± 9.63 1.16

8.62 ± 0.63 0.75
8.24 ± 3.91 0.09

23.01 ± 9.85 1.55
13.14 ± 7.38 0.91

6.05 ± 3.61 0.26
3.72 ± 0.08 0.62

15.38 ± 0.22 1.05
2.60 ± 2.49 0.63

d time period of 5 h.
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sed because the lime phase rapidly hydrates, causing cracks in
he lime grains of the doloma microstructure. Fe2+,3+ amounts
ere determined in the periclase existing in doloma with three
ifferent additions in the range of 0–1 wt.% at 1700 ◦C/2 h and
ith addition of 0.5 wt.% mill scale at three different temper-

tures by using SEM/EDX. About 25–30 microanalysis were
one for each sample and each analysis reported in this study is
he mean value of three analysis conducted in periclase. EDX
nalysis are performed by ignoring O2. Microstructure of some
elected dense samples was investigated using a scanning elec-
ron microscope Jeol JSM (SEM) of model 5410 LV equipped
ith an energy dispersive X-ray microanalysis (EDX) unit of

ystem 5480 IXRF.

. Results and discussion

The effects of mill scale additions and sintering temperatures
n bulk density of doloma are shown in Table 2. As it is seen,
ill scale addition is not effective at 1600 ◦C/2 h condition in
hich sintering occurs partially. However in other groups it is

een that the increase of addition ratio together with time and
emperature is effective on the increase of bulk density. The
ncrease in bulk density implies that sintering has occurred; it
lso shows that sintering temperature has been reduced. It is
een that this increase is higher especially between 0–0.5 wt.%
ddition and at 1650 ◦C/2 h sintering. The bulk density increases
pproximately 41% while passing from non-added sample to the
.5 wt.% added sample. This increase continues nearly up to 6%
etween 0.5–1 wt.% addition range, and there is hardly ever an
ncrease between 1 and 1.5 wt.% addition range. It appears that
ptimum values for mill scale ratio is in the range of 0.5–1 wt.%.
t is also seen in previous studies that higher additions above this
evel does not have much effect on the bulk density.31

To compare the doloma with the pure one obtained from
ure CaO and MgO, as seen in Fig. 1, the density of all the

olomas is presented. They all give a regression line equa-
ion y = 104.36 − 30.952x. The bulk density of doloma accepted
ithout pores when y = 0 is B = 3.37 g/cm3. The bulk den-

ities of CaO and MgO obtained from the literature32 are:

Fig. 1. The relationship of bulk density with apparent porosity.
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MgO = 3.65 g/cm3, BCaO = 3.32 g/cm3. The 40.37 wt.% MgO
nd 59.63 wt.% CaO values were obtained by taking the mean
alue of chemical analysis of pure dolomas used in the study
t three different temperatures and by equilibrating it to 100%.
ulk density was found to be

= 0.4037 × 3.65 + 0.5963 × 3.32 = 3.45 g/cm3 (1)

The difference between the bulk density of the doloma cal-
ulated from extrapolation (B = 3.37 g/cm3) and the density cal-
ulated from individual pure oxide densities (B = 3.45 g/cm3)
iffers only by 2.3%, which shows an encouraging result.

We can see in Table 2 that mill scale addition secures strength
gainst hydration resistance (except the samples sintered at
600 ◦C/2 h condition in which sintering does not occur) after
he appropriate temperatures and time at which sintering occurs.
n the hydration test of samples with 0.5 and 1.5 wt.% addition
nd sintered at 1650 ◦C/4 h, it is seen that the resistance of sam-
le with 1.5 wt.% addition against hydration is approximately
00% higher compared to the sample with 0.5 wt.% addition. A
imilar situation is observed in the samples under 1600 ◦C/6 h
intering conditions. However, as it is known that excessive iron
xide addition results in slag erosion33 and the effect of this
ncrease in iron oxide amount on bulk density – as also seen in
he results of the experiments – is not too much, it was not rec-
mmended to use mill scale more than 0.5 wt.% in practice. It
s seen in Fig. 2 that hydration resistance increases rapidly with
he increasing time in the range of 2–4 h sintering periods, and
hat further increase with time is asymptotic. It can be concluded
rom data presented in Table 2 that for the hydration resistance
ncrease in sintering time seems to be more effective than the
emperature increase.

The microstructures of doloma granules with 0.5 wt.% mill
cale addition are given in Fig. 3 for three different tempera-
ures, where grain growth is evident. The changes of iron amount
f periclase are given in Fig. 4. Iron amount in the periclase
ncreases when the temperature increases. This increase is sig-
ificant in the lower temperature range and gets smaller with
ncreasing temperature. Periclase shows grain growth and takes

he form of magnesiowustite during the growth with the increase
f temperature and also an increase of its inner energy is given
ith iron diffusion. This iron amount is bound to the iron oxide

mount in doloma. The linear increase in the amount of iron

Fig. 2. The relationship of soaking time with hydration degree.
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Fig. 4. The relationship between the iron in periclase and temperature.
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ig. 3. ((a)–(c)) SEM images of dolomas with the addition of 0.5 wt.% iron
xide at different temperatures (the darkest phase is periclase).

n the periclase together with the mill scale addition increase is
een in Fig. 5. Here it can easily be seen that with increasing
ddition ratio, periclase, in other words magnesiowustite, takes

he iron into its structure at the same proportion with addition
atio. Although the range of 1 and 1.5 wt.% addition is not stud-
ed it is thought that the addition ratio could have little effect

R

ig. 5. The relationship between the iron in periclase and amount of mill scale.

n iron content of periclase as the same trend was observed in
ensity values in the same addition range.

. Conclusions

It has been seen that the mill scale addition increases the bulk
density and provides resistance against hydration.
After sintering, some iron is also found in the periclase (MgO),
so that the phase becomes magnesiowustite [(Mg, Fe)O],
which introduces the destabilization of the periclase phase.
Periclase shows a higher growth tendency with the iron oxide
addition.
It has been found that optimal and economic sintering condi-
tions are 4–6 h at 1650 ◦C with 0.5 wt.% mill scale additions.
It has been proved that the average CaO and MgO amounts
of dolomas obtained in this study is very close to the value
generally given in the literature.
The results of this study show that dolomite received from
Konya-Turkey can be used for refractory brick making.
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