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Abstract

The study of basic refractories corrosion by cement kiln materials was carried out with powder tests and coating tests at the typical temperature
range of the sintered material in the transition zone and the sintering zone (1200-1450 °C). The tested basic refractories were magnesia-spinel
(MSp) and magnesia—zirconia (MZ) refractory bricks. The industry cement kiln materials were rich of sulphur and chlorine. The microstructures of
the as-delivered and tested samples were researched by XRD and SEM-EDS techniques. The new phases detected in the samples with MSp (with
and without ZrO,) bricks after tests at the temperature of 1200 °C were binary (C2A7 tm, — 1392 °C, CaZrOs: ty,, — 2345 °C)!: and ternary
(C2AS: tmp — 1593 °C or C3MS,: tg, — 1573 °C) phases. After tests at the temperature of 1300 °C and higher, ternary phases of C;AsZ
(tmp — 1550 °C) and CaZrO3 and quaternary phases Q-C5pA13M3S3 or CcAL(M,)S (24, — 1380 °C) were detected. The C3A3-CaSO, phase was
formed in the samples after the corrosion tests performed up to the temperature of 1300 °C. The new phases formed in the sample with the MZ

bricks were clinker phases (3-C,S, C5A and C,(A,F)/C4AF) and the C;A3Z phase.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The secondary and subordinate phases of basic refractory
bricks in the sintering zone of cement rotary kilns are corroded
in the first instance by the cement clinker phases (C3S, C,S,
C3A, C4AF and liquid phase) [1-3]. This depends on the
temperature. The length of the sintering zone of cement rotary
kilns is usually identified by the presence of the liquid phase in
the clinker [4,5]. A liquid phase in the clinker appears at the
zero-point of the C3S—C,S—-C3;A—C4AF subsystem of the CaO-
Si0,-Al,03-Fe,05 system at the temperature of 1338 °C [6].
The liquid phase which can appear earlier, at the temperature of
ca. 1280 °C, is related to the eutectic in the C,S—C,A;—
C,(A,F) subsystem. The presence of MgO and R,0 (R = K, Na)
decreases the temperature of liquid phase appearance to
1260 °C [7]. Yet an earlier liquid phase may appear and could
be related to eutectic of CF-CF, at the temperature of ca.
1200 °C.

* Tel.: +48 12 6172501.
E-mail address: jszczerb@agh.edu.pl.
' C-Ca0; A-ALO3; S-SiO,; M-MgO; F-Fe,03; Z-ZrOy; f-FeO; tp,,, — melting
point; z4, — disintegration point.

Presently, the magnesia-spinel bricks can be observed
among the basic refractories to be used in the sintering zone of
cement rotary kilns [8—10]. The present research was under-
taken in order to better recognize the new phases formation as a
result of the chemical corrosion reaction between the phases
from the basic bricks (MSp and MZ) and the phases from the
cement clinker.

The research was carried out with powder tests and coating
tests at typical temperatures of the sintered cement material in
the transition zone and the sintering zone (1200-1450 °C). The
refractory materials were the magnesia-spinel bricks and the
magnesia—zirconia bricks. The industry cement materials (rich
in sulphur and in chlorine), were the hot kiln meal taken from
the precalciner cement kiln, and the Portland clinker obtained
afterwards.

2. Experimental procedure
2.1. Materials

Nowadays, in cement kilns, parallel to traditional fuels and
raw materials, alternative (secondary) fuels and raw materials

are used. Their utilization may influence the heat balance and
increase of chloride and sulphate or alkali oxides present in the

0272-8842/$36.00 © 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2010.03.019


mailto:jszczerb@agh.edu.pl
http://dx.doi.org/10.1016/j.ceramint.2010.03.019

1878

J. Szczerba/ Ceramics International 36 (2010) 1877-1885

Table 1
The standard chemical and physical average values of tested basic bricks.
MSp type MZ type
I 1I 111 v I 11
Physical properties®
BD, g/cm® ~2.94 ~2.99 ~2.91 ~2.9 ~3.0 ~3.1
OP, % 14-16 14-16 16-18 ~18 ~17 ~16.5
CCR, MPa 50-70 40-60 50-70 ~40 ~58.0 ~45.0
Chemical composition, wt.%
SiO, 0.3 04 1.1 0.9 0.3 0.3
CaO 0.9 0.8 0.6 0.6 4.5 5.5
Al,O3 5.5 12 12.6 7.0 0.2 0.2
Fe,04 0.5 0.4 1.9 1.3 0.4 0.2
710, - 2.7 - - 8.0 11.0
MgO 92.1 82.7 82.1 89.5 86.0 82.0
? BD - bulk density; OP — open porosity; CCR — cold crashing strength.
Table 2

process. Fuels combustion is conducted with an air extent. It
assures that the process of cement clinker firing goes generally
in an oxidizing atmosphere. Disturbances of fuel firing process
may be responsible for appearance of the local areas with
reducing conditions. The crucial for the proper course of
cement clinker firing process is assuring the balance between
alkali oxide and sulphur content. This balance is described as an
alkali-sulphate ratio (ASR = (K,0/94 + Na,0/62 — Cl,/71)/
(S05/80)). It is commonly accepted that optimal ASR value
should be situated in the range of 0.8—1.2. This determined the
choice of precalciner material and clinker cement taken from
the same precalciner cement kiln as materials for investiga-
tions.

The tested materials were the magnesia-spinel (MSp) and
the magnesia—zirconia (MZ) refractories (Table 1) the hot kiln
meal (rich in sulphur and chlorine) and the Portland clinker
(rich in sulphur) (Table 2) taken from the same precalciner

Volatile components of materials from cement kiln.

Component Hot kiln meal Portland clinker
K>O 1.7 1.1

Na,O 0.1 0.1

SO; 49 2.5

ClI- 3.5 -

cement kiln. The magnesia-spinel materials were manufactured
with magnesia clinker and fused spinel (MSpl, MSpIl and
MSplIII) or spinel clinker (MSpIV). The MSplI brick contained
a zirconia addition. The magnesia-zirconia bricks were
prepared with magnesia clinker and calcium zirconate clinker.

The microstructure of the tested magnesia-spinel bricks
showed periclase aggregates (sintered grains) and spinel
aggregates (fused or sintered grains) surrounded by the

Fig. 1. MSpI brick (Table 1). Magnesia clinker and spinel aggregates sur-
rounded by a periclase groundmass and pores (black spots). 1 — fused spinel; 2 —
CAg; 3 — sintered magnesia.

Fig. 2. MSpIII brick (Table 1). Magnesia clinker and spinel aggregates
surrounded by a periclase groundmass and pores (black spots). 1 — sintered
spinel; 2 — sintered magnesia.
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Fig. 3. MSplI brick (Table 1). The stabilized ZrO, (3) between the periclase
grains of the groundmass surrounded of magnesia clinker (2) and spinel (1)
aggregates. Black spots are pores.

periclase groundmass (Figs. 1 and 2). The subordinate phases as
the silicate phases [3-Ca,[SiO4] (C,S), CazMg[SiO4], (C3MS,),
CaMg[SiO4] (CMS), Mg,[SiO4] (M,S) and the calcium
aluminate phase CaAl,04 (CA), depending on the CaO/SiO,
and the CaO/Al,O; molar ratios, were homogeneously
distributed between periclase grains.

Dicalcium silicate B-Ca,[SiO4] and calcium aluminate
CaAl,04 were the bonding phases of MSpl. The bonding
phases of MSpIl were merwinite CazMg[SiO4], and mon-

Fig. 4. MSpIII brick (Table 1). Magnesia-spinel (MA — 2) as an interstitial
substance with subordinate silicate M,S (1) between the periclase grains and the
inclusions of solid solution MF in the periclase grains. Black spots are pores.

Fig. 5. MZ II brick (Table 1). Sintered magnesia (grey) and sintered calcium
zirconate (white) aggregates surrounded by the periclase groundmass and pores
(black spots).

ticellite CaMg[SiO4]. Besides silicates, stabilized ZrO, was
homogeneously distributed in the periclase groundmass of
MSplI brick (Fig. 3). Forsterite Mg,[SiO4] and monticellite
CaMg[SiO4] were the bonding phases of MSpIIl and MSpIV.
Magnesio-ferrite MgFe,O, (MF) could be seen as the
inclusions in periclase grains of the magnesia-spinel III and
IV bricks richer in the Fe,O; (Fig. 4).

The microstructure of the magnesia—zirconia MZI brick
shows periclase sintered grains and calcium zirconate sintered

Fig. 6. MZ 1 brick (Table 1). The calcium zirconate (white) between the
periclase (grey) grains of the groundmass surrounded of sintered magnesia
aggregates. Black spots are pores.
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grains surrounded by the periclase groundmass (Fig. 5).
Contrary to this, the microstructure of magnesia—zirconia MZII
brick showed periclase sintered grains surrounded by the
periclase and calcium zirconate groundmass (Fig. 6). The
subordinate phases, such as $-Ca,[SiO,4] and CazMg[SiO4],
silicate phases, were homogeneously distributed between
periclase grains.

The phases of the hot kiln meal identified by the X-ray
analysis were belite B-C,S, mayenite Ca;;Al;40,; (Ci2A7),
anhydrite CaSQ,, sylvine KCI and the remains of quartz SiO,
and calcite CaCO3. The main phases of the Portland clinker
were alite Cas3[Si04]O (C5S), belite B-C,S, calcium aluminate
Ca3Al,0q4 (C3A) and calcium alumino-ferrite phase Ca,AlFeOs
(C4AF).

2.2. Sample preparation and analysis technique

The powder tests were carried out with mixes of brick
(MSpl, MSplI and MZII) to hot kiln meal or Portland clinker,
with a mass ratio 3:1. The tested materials were ground below
0.063 mm. Pellets, 20 mm in diameter and 10 mm in height,
were pressed at 100 MPa. The samples with the hot kiln meal
were heated up to 1200 °C and those with Portland clinker to
1300 and 1400 °C with a 2 h soaking time at each temperature
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and cooled down together within the laboratory electric
furnace. The phases were identified by XRD analysis.

The coating tests were carried out with bricks disks (30 mm
in diameter and 20 mm in height) covered with powder (below
0.063 mm) of hot kiln meal or Portland clinker. The surface of
each disks was polished before being pressed with the hot kiln
meal or the Portland clinker, in the mold of 50 mm diameter,
under a pressure of 50 MPa. The samples with the hot kiln meal
were heated up to the temperature of 1300 °C, and the samples
with the Portland clinker were heated up to the temperature of
1450 °C with 5 h soaking time at each temperature and cooled
down together with the laboratory electric furnace. Then, the
prepared microsections were observed by scanning electron
microscopy (SEM) equipped with EDS chemical microana-
lyser.

3. Results and discussion
3.1. The powder tests

The new phases formed as a result of chemical reactions
between components of the hot kiln meal and components of
basic bricks at the powder tests were the calcium sulphate
aluminate CayAlgO1,(S04) (C3A5-CaSO,) (in the samples of

(b) CsA4(M,1)S (point 3)
Al
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MM Si

T e im im » i ) han
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(c) C3A3'CaSOy (point 4)
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Fig. 7. The C3A;3-CaSO, (4) phase surrounded by calcium aluminates phases: C¢A4(M,)S (2, 3) and C,(A,F) (1): (a) SEM image; (b) EDS analysis suggesting the
presence of CsA4(M,)S phase (point 3-SEM image); (c) EDS analysis suggesting the presence of C3A3-CaSO, phase (point 4-SEM image).
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Table 3
Identified phases by XRD analysis of mixes of a brick and the hot kiln meal.
Temperature of 1200 °C.

Brick Phases

MSpI MgO, B-Ca,Si04, C3MS,, Ci2A7, C3A5-CaSOy4
MSpII MgO, B—Ca25i04, CaZrO3, MgAl204, C12A7, C';A';CaSO4
MZII MgO, CaZrOs;, B-Ca,SiO,, C4AF, C3A5-CaSOy, C3A

MSpl, MSplI and MZ) and calcium zirconate CaZrO; (in the
samples of MSpll and MZ) (Table 3). The primary phases of the
spinel and the zirconia from the magnesia-spinel bricks have
disappeared. The formation of the C3;A3-CaSO, phase was
probably due to the reactions between the spinel from the bricks
and phases from the hot kiln meal (e.g. CaSO4 and CaO) or
between the hot kiln meal: CaSO,, CazAl,O4, CaO and SiO,
and ZrO, from the MZ brick, according to the following
equations:

CaSO,4 + 3Ca0 + 3MgAl,04 — CasAlgO12(SO4) + 3MgO
D

CaS04 + CazAl,O¢ + 7Si0, + CaO + 2Zr0O,
— CayAlg012(SO4) + 7Cay[SiO4] + 2CaZrO; 1D

(a)

(b) C2(AF) (point 1)

i id s A

100 200 300 asa 500

The C3A5-CaSOy4 phase is stable up to the temperature of
1350 °C [12]. The CaZrO; is the result of the chemical
reaction between the zirconia from the MSplI brick and the
CaO oxide from the hot kiln meal. Silicate and aluminate
phases found in the samples were compatible with the
periclase [13].

The new phases formation was a result of chemical
reactions between components of the Portland clinker and
components of basic bricks at the powder tests—the calcium
aluminate C;;A7, the calcium sulphate aluminate CajA-
16012(SO,) (C3A53-CaSQ,), calcium zirconate CaZrOs; and
the C20A13M;S; phase, at the applied temperature of 1300 °C
(Table 4). The quaternary C,oA[3M;3S; phase is also a new
phase at the tested temperature of 1400 °C (Table 4). This phase
was reported in the previous investigations, which were carried
out with the mixtures of the cement clinker and the sintered
spinel [2]. The primary phases of the spinel and the zirconia
from the magnesia-spinel bricks and the silicate C3S phase and
the C3A phase from the Portland clinker disappeared. Silicate
and aluminate phases found in the samples were compatible
with the periclase [13].

The formation of calcium sulphate aluminate in the samples
with the Portland clinker at the temperature of 1300 °C took
place, probably due to the reactions between spinel from the

(c) B-C2S (point 4)

Ca

S0 ) 120

w0 eV

Fig. 8. The tabular form of the C3A3-CaSOy (2, 5), the alumino-ferrites: C,(A,F) (1) and CsA4(M,f)S) (3) and the silicate $-C,S (4) as interstitial substances between
periclase grains (dark grey): (a) SEM image; (b) EDS analysis suggesting the presence of C,(A,F) phase (point 1-SEM image): (c) EDS analysis suggesting the

presence of 3-C,S phase with Mg and Al admixtures (point 4-SEM image).
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Table 4
Identified phases by XRD analysis of mixes of a brick and Portland clinker.

Brick

Phases

Temperature of 1300 °C
MSpl
MSpll
MzII

Temperature of 1400 °C
MSpl
MSpll
MzIl

MgO, B-Ca,Si0,, Ci2A;, C3A5-CaSOy, C3A, C4AF
MgO, B—CaZSiO4, CaZrO3, MgA1204, C20A]3M3S3, C12A7, C3A3-CaSO4, C4AF
MgO, CaZrO;, Ca3SiOs, C3A, C4AF

MgO, B-CaZSiO4, C12A7, C4AF
MgO, B—CaZSiO4, CaZrO3, MgA1204, C20A13M3S3, C4AF
MgO, CaZrO3, Ca3Si05, C3A, C4AF

bricks and C3S and C3A phases and the SO3 oxide, which could
form K,SO,4 and CaSO, and could dissolved in the cement
phases [4], from the clinker, in the presence of the liquid phase
(L), according to the following equations:

4Ca3Si05 + 3MgAl,O4 + SO;
— Ca4A16012(SO4) + 4Ca,Si04 + 3MgO (IID)

(b) CsA4(M, DS (point 1)
Al

lieFe

540 630 T30 210 kev

Fig. 9. The elongated crystals of the C¢A4(M,f)S phase (1) and the CcA,F phase
(2) as interstitial substances between periclase grains (dark grey). Black spots
are pores. (a) SEM image; (b) EDS analysis suggesting the presence of
CeA4(M,)S phase (point 1-SEM image).

or

Ca3zAl,O¢ 4 Ca3SiOs + 2MgAl,O4 4 SO3
— Ca4A16012(SO4) + Ca,Si04 + MgO aIv)

The C3A3-CaSO, phase was reported in some of the used
magnesia-spinel bricks taken from burning and transition zones
of rotary cement kilns [14,15].

(b) CsA (point 2)
Al Ca

Fe
e

540 630 720 e10 keV

Fig. 10. Between periclase grains (dark grey) are the aluminates C¢ALF (1),
C3A (2) and CgA4(M,f)S (3) phases and the B-Ca,SiO,4 phases (4): (a) SEM
image; (b) EDS analysis suggesting the presence of C3A phase with Si and Fe
admixtures (point 2-SEM image).
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3.2. The coating tests

The new phases formation, in the bricks in the coating tests
with the hot kiln meal at 1300 °C were mayenite Cj,A-,
calcium alumino-ferrite C,(A,F), calcium sulphate aluminate
C3A3-CaSO, and the quaternary CagAlg(Mg,Fe)SiOy3
(CsA4(M,)S) phase (Figs. 7 and 8). The primary subordinated
phases of the bricks disappeared. The corrosion reaction at the
tested temperature could proceed in the presence of the liquid
phase.

The formation of the C3A3-CaSQO, phase could proceed in
the analogous way as the chemical corrosion reactions
according to Eq. (I). The C3A5-CaSO, phase and calcium
aluminates (C3A, Cj,A; and CA) were compatible up to
1350 °C, the temperature of disintegration point of calcium
sulphate aluminate, of the CaO—CaAl,04—CaSO, system [12].

The (CgA4(M,f)S) phase was also a new one in the
magnesia-spinel bricks as the product of the reaction with
Portland clinker at the temperature of 1450 °C (Figs. 9 and 10).
Besides Parker’s phase, others phases, such as the aluminate
CagAl,FeO 5 (CsAF) phase and the C3A phase and the silicate
B-Ca,SiO,4 phase (Fig. 10) could be formed. The primary
subordinated phases of the bricks disappeared.

The presence of (CsA4(M,f)S) phase, besides other calcium
aluminates C3A, C;,A7 and C¢A,F/C4AF, was probably due to
the high temperature dissociation of Fe,O5; under low oxygen

@Q.

-

(b) CaZrOs (point 1)

Ir

Ca
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partial pressure [11]. The CsA4(M,)S phase, melting incon-
gruently at the temperature of 1380 °C [16], was found in the
post-mortem magnesia-spinel bricks [15]. The other quaternary
phase Q-CyoAl,sMg30gg which was identified by the XRD
analysis in the sample of the powder tests (Table 4) and in the
previous research of corrosive reaction, which were carried out
with the mixtures of the clinker with the spinel (MA) [2], was
not found in the coating tests.

Besides the aluminate phases, the high-refractory calcium
zirconate (CZ) and the calcium zirconium aluminate
Ca;AlgZrO,g (C7A3Z) could be formed in the magnesia-spinel
bricks as the reaction products with the hot kiln meal (at
1300 °C) and the Portland clinker (at 1450 °C) (Fig. 11) as new
phases in the magnesia-spinel bricks with the ZrO, oxide.

The ternary Ca;AlgZrO,g (C;A3Z) phase was also a new
phase formed at the contact zone of the magnesia—zirconia
bricks, with the hot kiln meal and the Portland clinker (Fig. 12).

The new phases in the tested bricks are a calcium sulphate
aluminate, binary, ternary and quaternary phases of calcium
aluminates and calcium alumino-ferrites and silicate phases.

The formation of the calcium sulphate aluminate

(C3A5-CaS0O,) was due to the presence of sulphur in the hot
kiln meal and the Portland clinker. The formation of the
quaternary phase of the calcium alumino-ferrites (CsA4(M,f)S)
was due to a dissociation of the Fe,O; oxide [11], at a high
temperature.

(¢) C7AsZ (point 3)
Al

Ca

wkeV

a ke‘fh

Fig. 11. The elongated crystals of the CcA4(M,f)S phase (2) and the C;A3Z phase (3) as interstitial substances between periclase grains (dark grey) and calcium
zirconate grains (1): (a) SEM image; (b) EDS analysis suggesting the presence of CaZrO; phase with Mg, Si, Fe and K admixtures (point 1 — SEM image); (c) EDS
analysis suggesting the presence of C;A3Z phase with Mg, Si, Fe and K admixtures (point 3 — SEM image).
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(b) C7AsZ (point 5)
0
Al
G
Ca
Zr
Na Ca

ikl b s Ut bl e s e
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- ™ 143 am i wn am e

Fig. 12. The periclase crystals (1) surrounded by the calcium zirconate (2) and
the aluminates: the C3A (3) phase and the C;A3Z phase (4, 5): (a) SEM image;
(b) EDS analysis suggesting the presence of C;A3Z phase with Mg, Si, Fe and K
admixtures (point 5 — SEM image).

4. Summary and conclusions

The investigation of corrosion of basic refractories in the
presence of the precalciner material, rich in sulphur, and
Portland clinker taken from the precalciner cement kiln were
made at 1200, 1300, 1400 and 1450 °C.

The new phases formation as a result of chemical reactions
in the tested samples with MSp bricks were binary phases
(Ci2A7: typ — 1392 °C, CaZrOs: ty, — 2345 °C) and ternary
phases (CAS: t,, — 1593 °C or CsMS;: tq, — 1573 °C) after
the tests at the temperature of 1200 °C and ternary phases
of C7A3Z (tmp — 1550 °C) and CaZrO; and quaternary phases
Q-C0A13M3S;3 or CeA4M,D)S (tgp — 1380 °C) after the tests
in the temperature range of 1300-1450°C. The Q-
Cr0AlLcMg30¢s phase was identified by the XRD analysis in
the sample of the powder tests. But the CqA4(M,f)S phase was
formed in the samples of the coating tests and in the post-
mortem MSp bricks by SEM-EDS analysis. The new
C3A5-CaSO; phase (tq, — 1350 °C) was formed in the sample
of the corrosion tests up to the temperature of 1300 °C. The
formation of calcium sulphate aluminate (C3A5-CaSO,) is due
to the presence of sulphur in the cement kiln materials. The
quaternary phase formation of the calcium alumino-ferrites

(CsA4(M,1)S) is due to the high temperature dissociation of the
Fe,0; oxide. The new phases formation in the sample with the
magnesia—zirconia bricks are clinker phases (3-C,S, C3A and
C,(A,F)/C4AF) and the C;A3Z phase. The formation of the
CaZrO; and the C;A3Z phases were the result of the chemical
reaction between the zirconia from the bricks and the CaO
oxide from the cement kiln materials. Silicate and aluminate
phases found in the samples are compatible with the periclase.

In the system: cement kiln materials—magnesia-spinel
bricks the appearance of a binary, ternary and quaternary
aluminates phases was detected. These phases have appeared as
a result of the chemical reaction between the phases present in
cement kiln materials (e.g. CaO, CaSO,, Ca3SiOy4, CazAl,Og)
and MgAl,0, from refractories.

The presence of sulphur in cement kiln materials was the
reason of CayAlg0;,(S0,) creation at 1200 and 1300 °C. At
higher temperatures this phase was not detected, due to its
disintegration [12]. The presence of CasAlgO2(SO,) was
detected in post-mortem magnesia-spinel bricks taken from the
transition zone of the cement rotary kilns [17].

Zirconia in magnesia-spinel bricks determined the creation
of high-refractory CaZrO5; phase and aluminate Ca;Al¢ZrO;g
phase.

In the system of magnasia-zirconia bricks and cement kiln
materials the new phase was aluminate Ca;Al¢ZrO;g which
appeared as the result of chemical reaction between CaZrO;
from bricks and phases of cement kiln materials.

On the basis of the conducted tests some practical
conclusions can be drawn. The most important one is the
statement that an application of alternative, rich in sulphur fuels
in the cement kilns intensifies the chemical corrosion of
the spinel phase in basic refractories. It leads to the creation of
low-melting aluminate phases (Caj,Al140;,;, CazAl,Og,
CagAlg(Mg,Fe)Si0,3 or CaygAl,sMgsSiOgg) and calcium
sulphate aluminate CasAlgO2(SQOy).

The presence of ZrO, and CaZrO; in magnesia refractory
products should improve their resistance to chemical corrosion
caused by cement clinker.
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