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The effect of phase equilibrium and microstructure of magnesite—chromite batches
containing from 0 to 100% Egyptian chrome ore, with intervals of 10%, on their physical
properties was studied. The phase equilibrium data were calculated using the phase
relationships within the system M-M,S-CMS-MR (M =Mg0, S=S8i0,, C=Ca0, R=R,0;).
A computerized electron-probe microanalyser was applied to study the microstructure as
well as microchemistry of the fired magnesite-chromite co-clinkers. Some physical and
technological properties of the co-clinkered briquettes were also investigated by
determining densification parameters, spalling resistance and load-bearing capacity.

It is concluded that dense, spalling resistant and refractory magnesite, magnesite—-chrome
and chrome-magnesite refractories could be produced by co-clinkering of
magnesite—chromite batches of 100:0, 70:30 and 30:70 weight ratios, respectively, at
1600 °C. The prepared co-clinkers were subsequently graded, moulded and refired up to
1700 °C in order to obtain direct-bonded bricks. Meanwhile, dense chromite refractories with
lower refractory quality could be processed by firing the Egyptian chrome ore up to 1600 °C.

1. Introduction

Composite magnesite—chromite bricks are basic re-
fractories which were used successfully in lining open-
hearth roofs and for the clinkering zone of rotary
cement kilns. For about three decades the conven-
tional types of these refractories, that were suffering
from bursting expansion in service, have been replaced
by the direct-bonded bricks. The new type of bricks
exhibits a variable degree of direct periclase—periclase
and periclase—spinel bonding, replacing partially the
silicate matrix of the conventional types. The direct
bonding is developed on cooling by precipitation of
exsolved spinel in the periclase and/or by crystalliza-
tion of secondary periclase and spinel from solution in
the liquid silicates that formed at the highest firing
temperatures [1-3].

The direct-bonded magnesite—chromite refractories
are produced by hard firing up to 1800 °C in order to
develop refractory solid solution bonds between peri-
clase and spinel. Also, purer magnesite and/or chrome
ores with controlled lime/silica ratio are required in
order to reduce the amount of interstitial liquid phase
and to provide more refractory bonds. However, in
commercial bricks containing significant amounts of
silica and lime, direct bonding may predominate at
relatively lower temperatures of 1700°C or below
[4-6].

The microstructure of magnesite—chromite bricks
plays a decisive role in controlling their properties and
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performance. Generally, as the degree of direct bond-
ing enhances, the mechanical and refractory proper-
ties are consequently improved. Magnesite—chromite
bricks with a high degree of direct bonding are charac-
terized by high hot temperature strength, improved
resistance to slag attack and dimensional stability at
temperatures as high as 1800 °C [7-107.

The aim of the present work is to study the phase
equilibrium and microstructure of some magnesite—
chromite batches and their effect on the technological
properties of the fired briquettes. The phase composi-
tion in the solid state and the liquid phase contents
that could be formed in the fired batches were cal-
culated. The microstructure and microchemistry of
the fired samples were investigated using a
computerized X-ray electron-probe microanalyser
(EPMA). The physical and technological properties
by means of densification parameters, thermal shock
resistance and load-bearing capacity, were deter-
mined. The effect of phase equilibrium and micro-
structure on the technological properties of the fired
briquettes was discussed.

2. Experimental procedure

As materials, dead-burned Turkish magnesite and
Egyptian chrome ore were used in this investigation.
These materials were both finely ground in a steel ball
mill to pass a 0.1 mm ‘sieve. Eleven batches were
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prepared by adding chrome ore to the dead-burned
magnesite from 0 to 100 mass % with an interval of
10%. The prepared batches were wet mixed, dried and
semi-dry pressed into 5-cm cubes under a load of
100 N'mm ~2. The formed pellets were dried overnight
at 110°C and subsequently co-clinkered for 1h at
1600°C. The densification parameters of the fired
magnesite—chromite co-clinkers were determined by
means of bulk density and apparent porosity using the
paraffin displacement method [3].

Two samples of magnesite—chromite co-clinkers,
containing 30 and 70% chrome ore, were selected to
represent magnesite-chrome and chrome-magnesite
refractories, respectively. The selected clinkers, as well
as magnesite and chromite clinkers, were separately
crushed, graded, mixed and semi-dry pressed to pre-
pare test briquettes from each clinker. Grain batches
of 55% coarse (2-0.25mm), 15% medium
(0.25-0.1 mm) and 30% fine ( <0.1 mm) were mixed
and semi-dry pressed into cylinders of 2.5 cm diameter
and about 2.5 cm height under 100 N mm ™2 pressure.
The prepared briquettes were dried and refired for 1 h
at 1600 and 1700°C.

The phase equilibrium, microstructure and proper-
ties of the fired briquettes were investigated. The solid
phase composition was calculated according to White
[13] and quantitatively determined by X-ray diffrac-
tion (XRD). The amounts of liquid phase that would
develop on firing such clinkers up to 1600°C were
calculated from the available phase relationships
given by Solacolu [14]. The microstructure was
studied, after gradual polishing of sample surfaces and
its coating with a carbon thin film for achieving elec-
trical conductivity, using a computerized electron-
probe microanalyser of type CAMEBAX SX 50 at-
tached with an energy dispersive detecting system
(EDS) for tracing light elements. The overall picture of
microstructure was revealed by back-scattered elec-
tron images (BSE), on which line scans for individual
elements were superimposed to show qualitatively its
distribution within the microstructure. The properties
of the studied briquettes in terms of densification
parameters, thermal shock resistance and load-bear-
ing capacity were also determined. The results were
interpreted in- the light of phase composition and
microstructure of the magnesite-chromite samples.

3. Results and discussion

Table I summarizes the calculated chemical as well
as phase compositions of the magnesite-chromite
batches which referred toas MK 1, MK 2, ... MK 1L
The solid phase composition is calculated according
to White [13], assuming that the equilibrium condi-
tions have been attained on firing these batches in
normal atmosphere up to 1600°C. Also, the liquid
phase content that would be developed at 1600 °C is
calculated according to Solacolu [14]. It is evident
that Turkish magnesite (MK 1) has about 94 mass %
MgO and the other oxides are Si0O,, CaO and R,0;
in decreasing order of abundance. The addition of
Egyptian chromite to magnesite, at 10% interval up to
90% (MK 10), leads to a gradual increase of R,0O3 and
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TABLE 1 Chemical and phase composition of magnesite—chromite batches

Liquid phase content

(mass %)

Phase composition (mass %)

Ca0/Si0,

Chemical composition (mass %)

Batch composition

Batch

molar ratio

at 1600°C

M,S MK MF MA MgO

MS

C

CaO MgO

Cr;05 Fe,05 AlLO,

Si0,

Chromite

Magnesite

15.7

91.40
81.14
70.92
60.66

0.34
2.24
412
5.40
7.92
9.81
11.72
13.62
15.52

0.60

0.08
5.80
11.52
17.24

2298

1.57
2.71
3.79
493
6.08
7.16
8.28
9.38
10.53

6.02
579
5.63
540
5.21
5.01
4.79
4.60
4.37

78
66
57

0.

94.07

2.16
2.08
202
1.94
1.87
1.80
1.72
1.65
1.57
1.51
143

0.24

0.48
1.85
322
4.59
5.96
7.33
8.70
10.07
11.44

12.81

0.06
4.59
9.12
13.65
18.19

22.72

299
3.39
3.79
4.19
4.59
4.99
539
5.79
6.19
6.59
6.99

100

MK 1
MK 2
MK 3
MK 4
MK 5
MK 6
MK 7
MK 8
MK 9
MK10
MKI11

214

2.31
4.

0.

86.48
78.89
71.30
63.70
56.11
48.52

1.61
2.96

10
20
30
40
50
60
70
80
90
100

90
80

23.8
2

02

0.

5.3

5.86
7.45

0.50
0.

4.33

70

277

50.40
40.16

44

5.69
7.05
8.42
9.78

60

29.5

9.16
10.88
12.58
14.30

28.70
34.41

0.39
0.34

50
40

29.8

29.92

27.24
31.78

36.31

30.3

19.68
9.41

40.15

31
27

0.

40.93

30
20

30.8

45.87

0.

33.33
25.75

11.15
12.50
13.87

not calculated
not calculated

0.25
0.

40.84
45.37

10

22

18.15

14.18
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Figure 1 Densification curves of magnesite—chromite co-clinker fired at 1600 °C.

SiO, contents of the batches at the expense of their —

contents of MgO and CaO. The Egyptian chrome ore Co Ka-Radiation O Periclase

(MK 11) has a higher Cr,O5 content (45.4%) relative g EP‘"SI 8.8.

to the iron oxides as Fe,O3 (14.2%) and Al,O; - Iv?c:itt?c:gl‘fite

(13.9%) contents. It contains also higher SiO, (7.0%) & Gehlenite

and CaO (1.4%) than those of the well-known chrome MK 1

A e’

ores [1-3].

The CaO/SiO, molar ratio of all batches (MK 1 to
MK 11) is less than 1. Therefore, its solid-phase
composition comprises: monticellite (CMS), forsterite
(M,S), spinel solid solution (MR} and free MgO, ex-
cept MK 10 and MK 11 batches which contain excess
Fe,O5 and/or Al,O5 and no free MgO [13]. Hence,
the phase composition of the latter batches could not
be calculated. From Table I it is also illustrated that as
the addition of chrome ore is increased up to 80%
(MK 9), more forsterite is formed at the expense of
monticellite due to the subsequent decrease of its
CaO/Si0O, ratio. Meanwhile, the amount of spinel
solid solution (MK-MF-MA) is increased at the ex-
pense of free periclase, by increasing the addition of
chromite. This leads to the gradual development of
liquid phase content from 15.7% in magnesite (MK 1)
up to 30.3% in MK 9, as calculated by plotting the
studied compositions by means of their moduli of
calcia and silica on the modular system given by
Solacolu [14] for the phase diagram of the
MgO-M,S-CMS-MR subsystem.

Fig. 1 exhibits the densification curves of the mag-
nesite—chromite co-clinkers fired at 1600 °C as a func-
tion of chromite content. It is evident that the addition
of chromite up to 30% gradually deteriorates the
densification process, as indicated from the lower bulk
density and the higher apparent porosity shown by
sample MK 4, as compared with magnesite (MK 1).
The increase of chromite content up to 70% leads to
a slight deterioration of densification. This is mainly
attributed to the bursting expansion that occurs dur-
ing firing magnesite—chromite batches with the forma-
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Figure 2 XRD patterns of magnesite (MK 1), magnesite—chrome
(MK 4), chrome-magnesite (MK 8) and chromite (MK 11) co-
clinkers fired at 1600 °C.

tion of discrete pores [15,16]. These pores are formed
during the recrystallization of spinel solid solution
(s-s.) as a result of the unequal diffusion rates of its
components. At temperatures higher than 1000 °C,
iron oxides (Fe** and Fe®**) occupy both tetrahedral
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Figure 3 Back-scattered electron images (BSE) of magnesite (MK 1), magnesite—chrome (MK 4), chrome-magnesite (MK 8) and chromite
(MK 11) co-clinkers fired at 1600 °C.
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Figure 4 Line scans for Mg, Fe, Ca and Si superimposed on BSE images of magnesite clinker (MK 1).
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Figure 5 Line scans for Mg, Cr, Fe, Al, Ca and Si superimposed on BSE images of magnesite-chrome co-clinker (MK 4).

and octahedral positions in the spinel lattice, whereas
Cr** ions occupy only its octahedral positions
[15,16]. Hence, iron ions diffuse faster than Cr** jons,
and the firing of magnesite—chromite batches up to
1600 °C leads to the formation of discrete pores with
the deterioration of its densification. This deteriora-
tion occurs rapidly on increasing chromite content up
to 30% and then steadily up to 70% chromite, as
shown in Fig. 1. On raising the chromite content up to
100%, a gradual improvement in densification is evi-
dent. This 1s mainly due to the insufficient magnesite
(MgO) content required for the reaction with the ses-
quioxides of chrome ore to form spinel s.s. phase.
Hence, excess free sesquioxides, namely Fe,O5 and/or
Al,0,, coexist with the spinel s.s. phase, leading to the
development of higher liquid phase contents that par-
ticipate in the densification of magnesite-chromite

batches containing 80, 90 and 100% chromite
[14-16]. According to the above results, magnesite—
chromite batches containing 30% (MK 4) and 70%
(MK 8) chrome ore are selected to represent magnesite—
chrome and chrome-magnesite refractories for further
investigations in comparison with magnesite (MK 1)
as well as chromite (MK 11) samples.

Fig. 2 shows the XRD patterns of the selected mag-
nesite—chromite co-clinkers MK 1, MK 3, MK 8 and
MK 11. These patterns confirm the calculated phase
composition as given in Table I. Magnesite (MK 1)
composes mainly of periclase in addition to some lines
of monticellite. Also MK 4 (magnesite-chrome) is
composed mainly of periclase with some spinel s.s.,
whereas spinel s.s. becomes predominant in MK
8 (chrome-magnesite) with some periclase and for-
sterite phases. Forsterite and monticellite phases are
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Figure 6 Line scans for Mg, Cr, Fe, Al, Ca and Si superimposed on BSE images of chrome-magnesite co-clinker (MK 8).

also detected in MK 3 and MK 8. Meanwhile, fired
chromite (MK 11) is mainly composed of spinel s.s. in
addition to some gehlenite (C,AS) phase. The forma-
tion of the latter phase may be due to excess Al,O5
and Fe,O; over that required for spinel solid solution
on firing up to 1600°C. This leads to the reaction of
surplus Al,O5 and Fe,O3 with CaO and SiO, to form
gehlenite phase [10].

Figs 3-7 exhibit the microstructure and microchem-
istry of MK 1, MK 4, MK 8 and MK 11 clinkers as
shown from the secondary electron images obtained
by the electron-probe microanalyser. Fig. 3 shows the
overall microstructure of the clinker samples whereas
Figs 4, 5,6 and 7 illustrate the distribution of chemical
constituents within the phases of samples MK 1, MK
4, MK 8 and MK 11, respectively.

From Figs 3(a) and 4 it is shown that magnesite
clinker (MK 1) is composed mainly of rounded to
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subrounded periclase grains (dark) of variable sizes
having an appreciable degree of direct bonding. The
periclase grains are bonded with a calcium-magne-
sium silicate phase (bright) which is detected by
XRD (Fig. 2) as monticellite. Both the periclase and
monticellite phases contain some iron oxides in solid
solution with higher content in periclase, as is evident
from Fig. 4.

Figs 3(b) and 5 show fine spinel solid solution par-
ticles (bright) precipitated within the periclase grains
of the magnesite—chrome sample (MK 4). The matrix
is composed of monticellite (bright) and forsterite
(grey) enclosing some secondary euhedral spinel crys-
tals which contain relatively higher Al,O3;, and lower
Cr,0; and Fe, 05, than the spinel s.s. precipitated as
ex-solution inside the periclase. This is mainly due to
the lower rate of dissolution of Al,O3 in the periclase
as compared with Cr,O; and Fe,O; in the chrome ore



Figure 7 Line scans for Mg, Cr, Fe, Al, Ca and Si superimposed on BSE images of chromite clinker (MK 11).

[16]. Therefore, more Al,Oj; has existed in the silicate
liquid phase at 1600°C from which the secondary
spinel s.s. phase is crystallized on cooling.

The microstructure and microchemistry of the
chrome-magnesite sample (MK 8) is exhibited in
Figs 3(c) and 6, respectively. From these figures it
is shown that spinel solid solution grains with vari-
able sizes are predominant and bonded mainly by
periclase s.s. and forsterite phases. Some minor
monticellite phase is also detected. The higher amount
of calcium and/or magnesium silicate phases present
in the latter sample, as well as the relatively lower
firing temperature are responsible for the very low
degree of direct bonding shown between spinel s.s. and
periclase phases [ 16]. It is also interesting to note here
that the concentration of iron oxides is higher at
spinel-grain edges than at its centre as previously
reported [16,17].

The chromite sample (Fig. 7) shows rounded to
subrounded spinel grains with variable sizes, having
a very low degree of direct bonding. Calcium alumi-
nium silicate and magnesium silicate phases (black)
exist in the interstitial spaces of the spinel grains which
enclose some rounded pores due to its discontinuous
grain growth in the presence of liquid phase [15]. This
liquid contains higher amounts of Al,0O5 and Fe, O,
together with CaO, MgO and Si0O,. Therefore,
2Ca0-Al,0;-Si0, (gehlenite), as well as 2MgO-Si0,
(forsterite) phases containing some iron in solid solu-
tion, are recrystallized from such a liquid phase on
cooling. This is confirmed by the results of XRD, as
shown in Fig. 2.

The densification properties, thermal shock resis-
tance and load-bearing capacity of briquettes made
from the selected magnesite—chromite co-clinkers and
fired at 1600 and 1700 °C are summarized in Table II.
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TABLE II Properties of magnesite—chromite briquettes fired at 1600 and 1700°C

Properties MK 1 MK 4 MK 8 MK 11
1600°C 1700°C 1600°C 1700°C 1600°C 1700°C 1600°C 1700°C

Bulk density (g cm ™) 2.60 291 2.59 3.18 2.57 3.24 3.18 -
Apparent porosity (%) 233 15.0 234 8.6 28.7 10.3 050 -
Thermal shock resistance + 20 +20 + 20 + 20 + 20 + 20 + 20 -

(No. of cycles)
Temperature corresponding > 1500 > 1500 1470 > 1500 1450 > 1500 1370 -

to the beginning of

subsidence: T, (°C)
From these results it is clear that the densification References

parameters and the load-bearing capacity of the mag-
nesite (MK 1), magnesite—chrome (MK 4} and chrome—
magnesite (MK 8) briquettes are appreciably im-
proved by raising the firing temperature from 1600 to
1700 °C. This indicates that these briquettes should be
fired at temperatures higher than 1700 °C in order to
enhance the direct-bonding effect of such briquettes
containing high amounts of lime and silica [1-10].
Meanwhile, dense chromite briquettes of low refrac-
tory quality could be produced by firing MK 11 bri-
quettes at 1600 °C. The high thermal shock resistance
of all briquettes studied is mainly-due to its coarse
grading with only 30% fine powder [1].

In conclusion, dense, spalling-resistant and refrac-
tory magnesite, magnesite—chrome and chrome-mag-
nesite refractories could be produced by firstly co-
clinkering of magnesite—chromite batches of 100:0,
70:30 and 30:70 weight ratios, respectively, at
1600°C, and secondly by subsequently grading the
prepared co-clinkers, then moulding and firing at
1700°C in order to produce direct-bonded bricks. On
the other hand, dense chromite refractories with low
grade could be manufactured by firing the Egyptian
chrome ore up to 1600 °C.
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