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bstract

hase relations in the clinker-rich region and the limits between the different stability fields of the isothermal section Clinker (CK)–MgO–CaZrO3 at

500 ◦C were experimentally established. The corrosion behavior by clinker of Portland cement of a CaZrO3-rich/MgO refractory matrix obtained
rom both natural and synthetic raw materials were also studied. The attack mechanism to CaZrO3-rich substrates was discussed in terms of
icrostructural features of the refractory matrix and the information supplied by the isothermal section Clinker–MgO–CaZrO3 at 1500 ◦C.
2009 Elsevier Ltd. All rights reserved.
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. Introduction

Magnesia–chromite bricks have been standard lining material
or the hot kiln zones since ∼1940. Their properties, e.g. thermal
onductivity, resistance to thermal shock and thermal expansion,
re mainly determined by the use of refractory grade chrome
res.1

However, the presence of alkalis in an oxidizing atmosphere
an cause the chrome-ore of magnesia–chromite bricks to degen-
rate producing the formation of toxic hexavalent chromates.2,3

ecently, an increase in environmental concerns has put pressure
n manufacture companies to strive for zero-emission status or
o achieve the environmental isocertification.

MgO and CaZrO3 are compatible phases and do not form a
iquid phase up to temperatures higher than 2060 ◦C.4,5 These

aterials have been suggested as chrome-free refractories for
ement kilns to replace not only magnesia–chromite, but also the
agnesia-oversaturated spinel now used as an alternative. MgO-

pinel bricks are highly resistant to thermal shock, non-sensitive

gainst reducing/oxidizing conditions, but are vulnerable to
hermal overload. Spinel also forms low-melting phases with
he result of premature wear. The analysis of MgO/CaZrO3
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s refractory materials in rotary cement kilns carried out by
ozuka et al.6,7 points out to a good behavior on service of

his material. More recently, the behavior against corrosion by
linker of MgO-rich/CaZrO3 matrices at high temperatures was
stablished by Serena et al.8 In this study, the authors put in
vidence that the corrosion process causes the formation of an
gO sintered layer on the substrates that stopped the progress

f the attack. Moreover, after the corrosion test, a clinker layer
emained adhered on the substrate surfaces that could contribute
o prevent the corrosion of the refractory brick under work con-
itions. These results underline the good corrosion behavior of
he MgO–CaZrO3 materials, and support their use as a matrix
n magnesia chrome-free bricks for the burning zone of rotary
ement kilns.

Recently Rodríguez-Galicia et al.,9 studied the chemi-
al reactions involved in the corrosion of magnesia–calcium
irconate–calcium silicate materials up to 1600 ◦C using a hot-
tage microscopy and SEM-EDS studies. They found that the
orrosion occurs by a diffusion mechanism of the clinker liquid
hase through grain boundary and open pores. These authors
lso claimed that materials containing 31 wt.% and 35 wt.%
aZrO3 react with the clinker liquid phase and form a zirconium-

ontaining silicate liquid boundary layer. The presence of Zr4+

n this liquid phase increases its viscosity and consequently the
orrosion resistance of these materials. Also they made a com-
arative study of an aluminum magnesium spinel sample and

mailto:acaballero@icv.csic.es
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Table 1
Compositions formulated in the Clinker–MgO–CaZrO3 system.

Name Composition (wt.%) Phase assemblage

Clinker MgO CaZrO3

CK70M1 70 15 15 Liquid, Ca3SiO5, CaZrO3, MgO
CK80M1 80 10 10 Liquid, Ca3SiO5, CaZrO3, MgO
CK85M1 85 1 14 Liquid, Ca3SiO5, CaZrO3

CK85M2 85 5 10 Liquid, Ca3SiO5, CaZrO3, MgO
CK85M3 85 7.5 7.5 Liquid, Ca3SiO5, CaZrO3, MgO
CK85M4 85 10 5 Liquid, Ca3SiO5, CaZrO3, MgO
CK85M5 85 14 1 Liquid, Ca3SiO5, MgO
CK90M1 90 2 8 Liquid, Ca3SiO5, CaZrO3

CK90M2 90 3.5 6.5 Liquid, Ca3SiO5, CaZrO3, MgO
CK90M3 90 5 5 Liquid, Ca3SiO5, CaZrO3, MgO
CK90M4 90 8 2 Liquid, Ca3SiO5, MgO
CK95M1 94 1 5 Liquid, Ca3SiO5, CaZrO3

CK95M2 94 3 3 Liquid, Ca3SiO5, CaZrO3, MgO
C
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ound that the spinel was markedly dissolved, up to 30 wt.%,
hich explains the limited corrosion behavior of spinel magne-

ia refractories currently used in the clinkering zone of the rotary
ement kilns.

Finally, Park10 has carried out computational and experi-
ental studies on the formation of CaZrO3 at the slag–MgO

nterface. They conclude that a ZrO2 addition produces CaZrO3
ormation at the interface, which increases the refractory life but
imits the refining ability of the slag.

The promising results observed in MgO-rich/CaZrO3 matri-
es and the cited results by Rodríguez-Galicia et al.,9 moved
he present authors to inquire into the effect of CaZrO3 con-
ent on the response of the matrix to the attack by clinker.
s pointed out in the previous work8 the reaction process
etween MgO/CaZrO3 refractory matrices and clinker can be
tudied and discussed in terms of the MgO–CaO–ZrO2–SiO2
ystem, and, more specifically, on the quaternary sys-
em MgO–CaZrO3–Ca2SiO4(C2S)–Ca3SiO5(C3S). However,
o advance in the knowledge of the real system the isother-

al section at 1500 ◦C of the clinker-rich region of the
linker–MgO–CaZrO3 system has been experimentally estab-

ished. After that, the behavior against corrosion of a matrix
onstituted by 80% CaZrO3 (wt.%) and 20% MgO (wt.%) was
nalyzed.

. Experimental procedure

The starting materials were high-purity powders of m-
rO2 (TZ-0, 99.9 wt.%, Tosoh Corp., Tokyo, Japan) with
n average size, d50 <0.87 �m; high-purity dolomite
MgCa(CO3)2; Micro15, 99.9 wt.%, Prodomasa, Málaga,
pain) with d50 < 4.87 �m; CaZrO3 (>97 wt.%, ALFA Aesam
onhson Matthey Company, Karlsruhe, Germany) with a
imodal size distribution centered in d50 = 0.27 �m and
50 = 1.3 �m; and MgO (>97 wt.%, MERCK, Darmstadt,
ermany) with a d50 <38.8 �m. The clinker (CK) used was
Portland cement with the following chemical (wt.%) and
ineralogical characteristics: Al2O3 5.70; MgO 1.50; CaO

6.06; SiO2 21.25; Fe2O3 3.90; SO4
2− 0.85; weight loss at

000 ◦C was 0.28%. At 1500 ◦C the clinker shows Ca3SiO5
C3S) and liquid as stables phases.

Calcium zirconate, magnesium oxide and clinker were
sed as raw materials for establishing phase relations in
he Clinker–MgO–CaZrO3 isothermal section at 1500 ◦C of
he MgO–CaZrO3–Ca4Al2Fe2O10–Ca3SiO5 system. The mixed
owders of each composition (Table 1) were homogenized in
cetone and dried at 60 ◦C. The powders were hand pressed in
Pt crucible and fired in a bottom loading elevator furnace at

500 ◦C. The heating rate was 5 ◦C/min up to 1500 ◦C and tem-
erature was held there for 12 h. After the thermal treatment,
he samples were air-quenched. Phase identification was based
n X-ray diffraction (Siemens D-5000) and scanning electron
icroscopy with energy-dispersive X-ray analyzer (SEM-EDS,

eiss DMS 950, Germany).

Several samples with final composition, 80 wt.% CaZrO3 and
0 wt.% MgO were prepared to be used as substrates during the
orrosion test. Substrates (20M–80CZ/D), (20M–80CZ/C) were

s
t
b
m

K95M3 94 5 1 Liquid, Ca3SiO5, MgO
K98M4 98 1 1 Liquid, Ca3SiO5

btained from mixtures of m-ZrO2 and dolomite CaMg(CO3)2
nd mixtures of commercial CaZrO3 and MgO respectively. The
rocessing route proposed was the following: the mixed pow-
ers of both compositions were first homogenized with isopropyl
lcohol in an attrition miller for 2 h, dried at 60 ◦C followed
y 60 �m sieving and isostatic pressing at 200 MPa to form a
reen compact. Dense substrates (>98 wt.% of theoretical den-
ity) were obtained by heating of the samples at 1600 ◦C for 2 h.
ense cylinders were cut to obtain discs 10 mm in diameter and
mm in height.

Hand-pressed pieces of 1.5 mm × 1.5 mm and 2 mm of
linker of cement were deposited on both substrate sur-
aces. The couples clinker–substrate were thermally treated
t 5 ◦C/min up to 1500 ◦C/and maintained for 1 min or 3 h,
hen cooled at 10 ◦C/min. Microstructural analysis and phase
dentification were done by optical microscopy and Scanning
lectron Microscopy (Zeiss DMS 950, Germany) with Energy-
ispersive X-ray Analyzer (SEM-EDS).

. Results and discussion

.1. Isoplethal section Clinker (CK)–MgO–CaZrO3 at
500 ◦C

At 1500 ◦C the clinker is constituted by Ca3SiO5 (C3S)
nd a liquid phase. The liquid phase contains not only cal-
ium and silicon oxides but also other main impurities,
uch as iron oxide, aluminum oxide and magnesium oxide
Table 2). The primary volume of crystallization of C3S in
he CaO–SiO2–MgO–Al2O3–Fe2O3 system is very useful for
proper understanding of the corrosion behavior of refractory
atrices by clinker. Fig. 1 shows the primary volume of C3S in

he CaO–Ca2SiO4 (C2S)–Ca4Al2Fe2O10 (C4AF)–Al2O3 sub-
11–17
ystem constructed from bibliographic information. From

his figure it can be deduced that C4AF phase is compati-
le with C3S and C2S and that Al2O3 and Fe2O3 are the
ain impurities in the clinker, since drastically decrease the
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Table 2
Composition of solid phases and liquids at 1500 ◦C/12 h determined by EDS.
(n.d., not determined).

Sample Phase Oxide (wt.%)

MgO Al2O3 SiO2 CaO Fe2O3 ZrO2 TiO2

Clinker Liquid 2.8 23.7 3. 50.1 19.5 – n.d.
Ca3SiO5

CK90M1 Liquid 3.4 15.8 4.8 51.6 16.5 6.3 1.6
CaZrO3 – – – 38.3 – 61.7 –
Ca3SiO5 2.0 0.6 24.5 72.4 0.5 – –

CK90M3 Liquid 2.6 14.9 4.5 49.4 15.9 11.2 1.5
MgO 97.1 – – 1.7 1.2 – –
CaZrO3 – – – 38.0 – 62.0 –
Ca3SiO5 1.8 1.0 25.5 71.4 0.3 – –

CK90M4 Liquid 2.6 16.2 6.8 49.5 14.7 8.8 1.4
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MgO 97.2 – – 1.5 1.3 – –
Ca3SiO5 1.9 1.0 23.4 72.7 1.0 – –

emperature of first liquid formation in the system. Conse-
uently C4AF is the first solid phase dissolved in the liquid
hase and is not present in the clinker at temperatures higher
han 1350 ◦C. Fig. 2a shows the primary crystallization volume
f C3S and C2S in the MgO–CaO–C4AF–C2S subsystem.18,19

ig. 2b schematically shows the location of clinker composi-
ion in the C4AF–MgO–C3S/C2S pseudoternary system and the
hase assemblages at temperatures higher than 1350 ◦C. The
3S/C2S corner corresponds with clinker ratio and L is liquid.
rom the quaternary system, Fig. 2a, it can be deduced the lim-

ted effect of MgO on the first—liquid formation temperature
f clinker. Finally from both diagrams it can be deduced that
4AF, C2S, C3S, and MgO phases are compatible in the solid
tate.
Since calcium zirconate (CZ) is compatible in the solid state

ith C3S, C2S and C4AF, a schematic representation (Fig. 3a)
howing the primary crystallization volumes of C3S and C2S

ig. 1. Schematic representation showing primary volume of crystallization of
a3SiO5 in the subsystem CaO–Ca2SiO4–Ca12Al14O33–Ca4Al2Fe2O10.

Fig. 2. (a) Schematic representation showing primary volume of crystalliza-
tion of Ca3SiO5 in the subsystem MgO–Ca4Al2Fe2O10–CaO–Ca2SiO4. (b)
Schematic representation of an isothermal section at temperatures between
1
T
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395 ◦C and 1790 ◦C of the isoplethal section Clinker–MgO–Ca4Al2Fe2O10.
he point (•) represents clinker composition.

n the CaZrO3 (CZ)–C2S–C3S–C4AF quaternary subsystem
as been made.8,20–22 Fig. 3b shows the pseudoternary section
3S/C2S–CaZrO3–C4AF at temperatures higher than 1350 ◦C.

n this figure, the C3S/C2S corner corresponds with clinker ratio,
nd MgO has been not considered in this representation due to
he fact that clinkers usually present small amounts of this phase,
nd its effect on the temperature of clinker melting is almost neg-
igible. Given that the temperatures of the invariant points are
xtremely high in the C3S–C2S–CZ ternary subsystem, C4AF
s the phase which drastically reduces the temperature of first
iquid formation in the CZ–C2S–C3S–C4AF quaternary subsys-
em, and consequently is the first solid phase dissolved in the
iquid phase at high temperature.

From all previously deductions a schematic representation of

he C3S/C2S–MgO–CZ–C4AF system has been done (Fig. 4).
rom this figure and taking into account that C4AF is dissolved

n the liquid phase at temperatures higher than 1350 ◦C and
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Fig. 3. (a) Schematic representation showing primary volume of Ca3SiO5 in the
subsystem CaZrO3–Ca4Al2Fe2O10–CaO–Ca2SiO4. (b) Schematic representa-
tion of an isothermal section at temperatures between 1350 ◦C and 2000 ◦C of
the isoplethal section Clinker–MgO–Ca4Al2Fe2O10. The point (•) represents
clinker composition.

Fig. 4. Schematic representation showing primary volumes of crystalliza-
tion of compatible phases and the liquid volume at 1500 ◦C in the
subsystem MgO–CaZrO3–Ca3SiO5–Ca4Al2Fe2O10. The isoplethal section
Clinker–CaZrO3–MgO also is shown.

Fig. 5. The Clinker–MgO–CaZrO3 system at 1500 ◦C. The figure shows
the compatibility fields intersected by the section. The fine line defines the
CaZrO /MgO ratio (1.5 wt.%) which produces the precipitation of calcium zir-
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onate (>1.5 wt.%) or magnesia (<1.5 wt.%), as secondary crystalline phase, in
he clinker.

hat clinker is constituted at 1500 ◦C by C3S and Liquid,23

he isoplethal section CK–MgO–CaZrO3 is a clinker-specific
seudo-ternary section constituted by C3S, MgO, CaZrO3 and
iquid phase, where the composition of the liquid will change as
function of Clinker–MgO–CaZrO3 starting composition.

Phase relations in the clinker-rich region of this section
ere experimentally established at 1500 ◦C for the compositions

hown in Table 1. This table also shows the phase assem-
lages for each composition. XRD was decisive for determining
he presence of crystalline phases while SEM observation was
ssential to establish the presence of a liquid phase in the sam-
les.

The solid solution of magnesia (MgO), alumina (Al2O3)
nd iron oxide (Fe2O3) in tricalcium silicate (Ca3SiO5); cal-
ium oxide (CaO) and iron oxide (Fe2O3) in magnesium oxide
nd the composition of the liquid phase in selected samples
ocated in the (C3S + Liq + CaZrO3), (C3S + Liq + MgO) and
C3S + Liq + CaZrO3 + MgO) fields were determined by SEM-
DS at 1500 ◦C (Table 2). No solid solution of CaO, MgO and/or
rO2 was found in calcium zirconate (CaZrO3). No binary or

ernary compounds were found, since magnesium oxide, cal-
ium zirconate and tricalcium silicates are compatible phases as
reviously established.

The isothermal section of the clinker-rich CK–MgO–CaZrO3
t 1500 ◦C deduced from these experimental results is depicted
n Fig. 5. The section shows a large four-phase area
C3S–MgO–CaZrO3–Liq), two narrow three-phase regions,
CaZrO3–C3S–Liq), (C3S–MgO–Liq) and one two-phase area
C3S + Liq). The small size of two-phase and three-phase regions
nd the big size of the four-phase area put in evidence that clinker
reated at 1500 ◦C (C3S + Liq), shows a very limited solubility
or MgO and CaZrO3. Nevertheless, the MgO dissolved in the

iquid phase is clearly less than CaZrO3, as can be deduced from
he ZrO2 content in the liquid phase (Table 2). No field of liquid
hase region as lonely phase was found in the isothermal section.
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Fig. 6. SEM micrographs showing the microstructure of the 20M–80CZ/D
sample treated at 1600 ◦C/2 h. Bright grains are CaZrO3 and dark grains are
MgO.

Fig. 7. SEM micrographs showing the microstructure of the 20M–80CZ/C sam-
ple treated at 1600 ◦C/2 h. Bright grains are CaZrO3, dark grains are MgO and
smallest and brightest grains are ZrO2.

(
o
a
i
m
c
r
l

t
a
p
c

t
n
c
c

3

3

2
s
a
b
9
t
b
I
b
t
a
r
t
t

n
m
p

Fig. 8. Polished cross-sections observed by reflected light optical microscopy
eramic Society 29 (2009) 2199–2209 2203

The thin line of Fig. 5 defines the CaZrO3/MgO ratio
1.50 wt.% ± 0.15), which produces the precipitation of CaZrO3
r MgO as secondary crystalline phase in the clinker (C3S is
lways the primary crystalline phase). An important practical
mplication can be deduced from the results obtained; the for-

ation of the MgO or CaZrO3 layer at the interface of the
linker–substrate will depend on the CaZrO3/MgO ratio, since
atios higher or lower than 1.5 wt.% will give CaZrO3 or MgO
ayer at the interface.

An error around 10 wt.% has been assessed considering that
he point which defines the ratio is closer to the clinker corner
nd consequently small variations in the limits of the field will
roduce big deviations on the projection of this point on the
alcium zirconate/magnesia side of the system.

Finally, remark that the section studied (1500 ◦C) is specific
o the clinker used, but big differences for others clinkers are
ot expected considering the relatively high similitude of the
hemical and mineralogical compositions of the commercial
linkers.

.2. Clinker–substrate corrosion test

.2.1. Microstructural feature of substrates
The microstructure of the substrates, 20M–80CZ/D and

0M–80CZ/C, observed by SEM is shown in Figs. 6 and 7. The
ubstrates can be described as a matrix of CaZrO3 (bright phase)
nd MgO grains (dark phase) generally located at matrix grain
oundaries and triple points. Both substrates presented about
8% theoretical density and mainly intergranular porosity. In
he substrate 20M–80CZ/D (Fig. 6), CaZrO3 grains with a size
etween 0.5 and 4 �m and MgO grains <2 �m were observed.
n 20M–80CZ/C sample, the size of the CaZrO3 grains varied
etween 5 and 15 �m while MgO grains usually varied from 2
o 5 �m. Occasionally MgO agglomerates were also found with
size between 10 and 15 �m (Fig. 7). In this substrate is also

emarkable the presence of bright grains, <1 �m, corresponding
o zirconia, resulting of an excess of ZrO2 in the formulation of
he commercial CaZrO3.
The differences observed between both substrates are related
ot only with the composition of the raw materials and the
icrostructural features development, but also with the reaction

rocess. In the case of 20M–80CZ/C composition, the sub-

of the sample Clinker–20M–80CZ/D substrate treated at 1500 ◦C/1 min.
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but not significant changes in the MgO content of this phase. This
dissolution process also makes the Al2O3 and Fe2O3 content in
the liquid in the zone 2 to decrease with respect to the corre-
sponding liquid in zone 1. The higher ZrO2 content observed in
Fig. 9. Polished cross-sections observed by reflected light optical micros

trate was obtained by a sintering process on samples previously
ynthesized (rich-ZrO2 calcium zirconate), while in the case of
he 20M–80CZ/D composition, the substrate was obtained by

reaction-sintering process which produces a finer and more
omogeneus microstructural development.24,25

.2.2. Corrosion test 1500 ◦C/1 min
Figs. 8 and 9 show the polished cross-sections observed by

ptical microscopy of both substrates reacted with clinker at
500 ◦C/1 min. Note that the pictures are actually compositions
f two photographs showing all the relevant features of the cross-
ection. In both cases the bulk clinker appears separated of the
ubstrates by a breaking line. In the 20M–80CZ/C sample there
s a homogeneous layer (200–300 �m) of clinker adhered to the
ubstrate under the breaking line, while in the 20M–80CZ/D sub-
trate the breaking line is closer or in the interphase. In this case,
he thickness of the adhered layer was clearly inhomogeneous,
eaching 30 �m, in some places.

Figs. 10 and 11 show the polished cross-sections observed
y SEM whereby the reaction between clinker and substrates
ere more easily observed. As a consequence of the reaction
etween clinker and substrate, different interaction areas can
e recognized (Figs. 10a and 11a). Zone 1 corresponds to the
riginal clinker; zone 2 is defined by the clinker layer adhered to
he substrate surface and zone 3 is the reaction area, that occurs
t the interphase. SEM-EDS technique was used to determine
he composition of the liquid and solid phases in the defined
ones (Table 3).

In both samples, EDS microanalysis performed in the zone

, far enough from the interaction area, allowed us to establish
hat C3S and a liquid phase were the only stable phases. In the
one 2 the layer was also constituted by C3S and liquid, although
on-dissolved, isolated round grains of CaZrO3 and MgO were

able 3
verage composition of the liquid phase, in the clinker near the interaction

zone 2 in Figs. 10 and 11), determined by EDS, after the thermal treatment at
500 ◦C/1 min.

ubstrate Zone Composition of the liquid phase (wt.%)

CaO Al2O3 Fe2O3 SiO2 MgO ZrO2

0M–80CZ/D Zone 2 62.5 6.1 7.5 17.3 2.1 4.4
0M–80CZ/C Zone 2 60.4 5.2 6.8 17.1 0.9 9.6

F
C
i
m

of the sample Clinker–20M–80CZ/C substrate treated at 1500 ◦C/1 min.

etected, especially in the 20M–80CZ/C sample because of the
arger grain size of this substrate. The composition of the liquid
hase measured in this zone is also shown in Table 3. The dis-
olution of CaZrO3 from the substrate and C3S from the clinker
roduces an increase in ZrO2, CaO and SiO2 in the liquid phase,
ig. 10. (a) General view by SEM of the different interaction areas in the sample
linker–20M–80CZ/D treated at 1500 ◦C/1 min. (b) SEM micrographs show-

ng the interface and the interaction between clinker and substrate at higher
agnification.



S. Serena et al. / Journal of the European Ceramic Society 29 (2009) 2199–2209 2205

Fig. 11. (a) General view by SEM of the different interaction areas in the sample
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2

linker–20M–80CZ/C treated at 1500 C/1 min. (b) SEM micrographs show-
ng the interface and the interaction between clinker and substrate at higher

agnification.

he liquid phase in 20M–80CZ/C sample is due to the excess of
rO2 in the original substrate.

The thickness of the reaction area, zone 3 in Figs. 10 and 11,
as around 10 �m in the 20M–80CZ/D sample and hardly
etectable in 20M–80CZ/C substrate. The reaction area in the
ample 20M–80CZ/D was characterized by the absence of MgO
rains and the presence of rounded shape CaZrO3 grains evolved

n the liquid phase (Fig. 10b). No other phases were observed in
his area and the small amount of the liquid phase made it impos-
ible to obtain reliable EDS-values for this phase. The reaction
rea in the second sample (Fig. 11b) shows a weak interaction

s
3
p

able 4
verage composition of the liquid phase near the interaction zone (zone 1 in Figs. 12
etermined by EDS after the thermal treatment at 1500 ◦C/3 h.

ubstrate Zone Composition of the liquid phase (oxi

CaO Al2O3

0M–80CZ/D Zone 1 50.1 24.1
Zone 2 49.2 22.9

0M–80CZ/C Zone 1 53.6 15.0
Zone 2 48.6 11.3
ig. 12. (a) General view of the sample Clinker–20M–80CZ/D treated at
500 ◦C/3 h. (b) SEM micrographs showing the interface and the interaction
reas between clinker and substrate at higher magnification.

etween the sample and the clinker and only two o three layers
f grains showed corrosion features. In both samples, under the
nteraction zone, the substrates maintain their initial microstruc-
ure, and only a small quantity of liquid phase, diffused through
rain boundaries and pores, was observed.

.2.3. Corrosion test 1500 ◦C/3 h

Figs. 12 and 13 show SEM micrographs of the polished cross-

ection of clinker–substrates samples after firing at 1500 ◦C for
h. It is important to remark that, in both samples, the clinker
enetrated about 50 �m into the substrates (Figs. 12a and 13a),

and 13) and interaction zone inside the substrates (zone 2 in Figs. 12 and 13),

de (wt.%))

Fe2O3 SiO2 MgO ZrO2

18.2 3.9 2.8 0.8
20.4 3.9 2.6 0.9

21.6 4.4 2.1 3.4
18.4 4.4 5.4 11.9
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ig. 13. (a) General view of the sample Clinker–20M–80CZ/C treated at
500 ◦C/3 h. (b) SEM micrographs showing the interface and the interaction
reas between clinker and substrate at higher magnification.

ut appears completely separated from them. No longitudinal
r transversal cracks at the interfaces, or clinker adhered on the
urface could be observed at higher magnifications (Figs. 12b
nd 13b). In these experiments only two differential areas can
e recognized. The first area (zone 1) corresponds to the clinker
nd the second one (zone 2) is the reaction zone that occurs in
he interface clinker–substrate.

In both samples, the SEM-EDS analysis of the original clinker
Table 4) confirmed that the C3S phase and the liquid were the
rincipal phases existing in the clinker.

The EDS microanalysis of the liquid phase nearest to the reac-
ion zone (Table 4, zone 1), were very similar to the composition
f the liquid phase of the original clinker for both substrates.
nrichments in ZrO2 contents were detected, especially in the
0M–80CZ/C substrate, due to the presence of ZrO2 small grains
n the original substrate.

The thickness of the interaction zone (zone 2) in the

0M–80CZ/D substrate (Fig. 12b) was ∼10 �m. This zone was
onstituted by small amount of liquid phase, sintered CaZrO3
rains and a small amount of stable liquid phase trapped in triple
oints. The composition of this liquid phase is also shown in

o
c
(
c

eramic Society 29 (2009) 2199–2209

able 4. As it can be observed, the composition of this phase
as close to that of the liquid in zone 1 and only a little amount
f ZrO2 was detected. Small amounts of iron oxide, alumina,
ilica and magnesium oxide were detected in solid solutions in
alcium zirconate grains.

In Fig. 14 an EDS mapping of Mg, Ca and Zr elements in the
nteraction zone of the 20M–80CZ/D sample is shown. Fig. 15
hows a complementary compositional profile (10 �m × 60 �m)
n a perpendicular direction to the interaction zone. The com-
ositional profile and the EDS mapping reveal small amounts
f MgO remaining in the interaction zone. No significant dif-
erences in the content of Ca and Zr elements were observed by
DS mapping. However, the concentration profile evidences an

ncrease in the CaO content as well as small amounts of Al2O3
nd Fe2O3 in the interaction zone. These data can be related
o the presence of a liquid phase (Table 4) located at the grain
oundaries between the calcium zirconate grains, as described
efore. These results evidence the formation of a calcium zir-
onate layer at the interaction zone.

In the 20M–80CZ/C substrate (Fig. 13b) there was not evi-
ence of any reaction zone formation. In fact, in the region closer
o the clinker, only two or three layers of rounded CaZrO3 grains
nd very small quantities of a liquid phase, compared with the
revious sample, were observed; no MgO grains were observed.
he composition of the liquid phase (Table 4) shows a consid-
rable quantity of ZrO2 due to the dissolution of ZrO2 present
n the substrate into the liquid. Silicon oxide and calcium oxide
ontent in the liquid were also higher than those observed in
he original clinker, since iron oxide and alumina diffused to
he substrate and enter in solid solution in calcium zirconate
rains. Small amounts of silica and magnesium oxide were also
etected in solid solution in calcium zirconate grains.

In both samples, below the interaction zone, the substrates
eep their initial microstructure, and only the presence of
small quantity of liquid phase diffused from the zone 2,

hrough grain boundaries and porosity, was observed specially
n 20M–80CZ/D sample. The preferential diffusion of Fe2O3
aused the coloration of the substrates, specially marked in
0M–80CZ/D due to relatively higher liquid content of this
ubstrate.

These results together with the composition of the liquid
hase determined by EDS (Table 2) in different fields, reveal,
n good agreement with phase equilibrium studies, that MgO is
ess soluble in the liquid phase than CaZrO3. The ZrO2 content
n the liquid phase varied from 6.5 to 11.5 wt.%, which is in
ood agreement with the solubility limit of zirconium oxide in
ilicate melts, while MgO content in liquid phase varied between
.0 and 5.0 wt.%, values clearly less than the previous ones.

.3. Clinker–substrates corrosion process

From the established isothermal section at 1500 ◦C, the cor-
osion behavior of both substrates can be described in terms

f the connection line between the clinker and the substrate
ompositions (Fig. 5), which passes through the (C3S + L),
C3S + CaZrO3 + L) and (C3S + CaZrO3 + MgO + L) stability
ompatibility fields.
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Fig. 14. Sample Clinker–20M–80CZ/D substrate treated at 1500 ◦C/3 h. SEM image o

Fig. 15. Compositional profiles (10 �m × 60 �m) of the Clinker–20M–80CZ/D
substrate treated at 1500 ◦C/3 h. Substrate surface has been taken as reference.
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f the interaction zone (a) EDS mappings of Mg (b), Ca (c) and Zr (d) elements.

At the beginning of the corrosion process (1500 ◦C/1 min),
he liquid phase of clinker penetrates into substrates through
he open porosity and grain boundaries. Then, according to the
redictions of the isothermal section, in a very narrow zone on
he substrate surfaces, MgO is fully dissolved while CaZrO3
s only partially dissolved (Figs. 10 and 11). At this point, the
nteraction between clinker and substrates lies on the line which
eparates the (C3S + L) and (C3S + CaZrO3 + L) fields (Fig. 5).

Corrosion continues with the dissolution of more MgO and
aZrO3 until the liquid is saturated in MgO, CaO and ZrO2.
t this point, the liquid composition is in equilibrium with
3S, MgO and CaZrO3 and consequently the attack process

s ending. The composition at the interface reaches the (MgO
C3S + CaZrO3 + L) field.

The dissolution of MgO in a very narrow area of substrates
eads to the formation and sintering of a layer of CaZrO3 layer,
ith liquid phase in triple points. Under this layer, the substrates
re constituted by CaZrO3, MgO and a small amount of liquid
hase.

In spite of these similarities, some differences were observed
n the corrosion behavior between both substrates. These
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ifferences are strongly related not only with their microstruc-
ural features, but also with the presence of free-ZrO2 in the
0M–80CZ/C substrate. The fine grain size of 20M–80CZ/D
ubstrate facilities the penetration of liquid phase and the dis-
olution processes producing a faster corrosion process and a
arger size of the reaction zone. A larger colored region was also
bserved into this substrate, which is justified by the mentioned
icrostructural characteristics.
The bigger grain size of both MgO and CaZrO3 and the pres-

nce of free ZrO2 in the 20M–80CZ/C substrate leads to a slower
issolution process. The presence of Zr4+ in the liquid phase
ncreases its viscosity and hinders the diffusion mechanism,
mproving the corrosion behavior of this material.

In addition, it is important to remark, that the attack does
ot cause the formation of cracks inside the substrate in any
tep of the process. However, a longitudinal crack is present
n the samples after thermal treatments. These cracks are pro-
uced by the differences in the thermal expansion coefficients
uring the sample cooling. At the beginning of the corrosion
rocess, the crack is located on the clinker–substrate interface,
o that, a layer of clinker remains adhered to the surface of
he substrates. In contrast, at the end of the corrosion process,
he crack is located between the clinker and the substrate. This
ifferent behavior is related to the microstructure developed in
he clinker–substrate interface during the attack. At the begin-
ing of the corrosion process there is a continuos region where
aZrO3, C3S and a continuous liquid phase coexist at the inter-

ace, so that the crack produced by cooling appears in the clinker.
t the end of the attack, the formation of the CaZrO3 sintered

ayer on top of the substrates interrupts the continuity of the
nterface and propitiates the appearance of the crack along the
linker–substrate interface during cooling. Consequently, it is
ery important that at high temperature, liquid and solid phases
oexist in equilibrium in a continuous region so that no cracks
ill appear. This mechanism is essential to prevent the corrosion
f the refractory brick under work conditions6,7 since the clinker
ayer will be formed whenever microstructural continuity exists
t the interface.

From results previously reported by the present authors8

nd these herein reported, valuables practical implications
an be obtained. The ratio CaZrO3/MgO in the matrix
an be selected to form a dense layer of CaZrO3 + L or
gO + L to prevent the attack. Matrix formulation must

onsider the limits defined by the isothermal section stud-
ed. At the interface, low CaZrO3/MgO ratios produce

gO layer while high CaZrO3/MgO ratios produce CaZrO3
ayer.

The sintered layer of CaZrO3 formed on the rich-CaZrO3
ubstrate is thicker than the sintered MgO layer formed on the
ich-MgO substrate, and moreover the dissolution of CaZrO3 in
fresh clinker” is higher than MgO. This means that the forma-
ion of an MgO layer is more advantageous to prevent attack
o the refractory, from a practical point of view. Calcium zir-

onate must be added to refractory matrices to saturate liquid
hase in zirconium oxide to increase its viscosity and hence
inder its diffusion thorough the grain boundary and poros-
ty.

1

eramic Society 29 (2009) 2199–2209

. Conclusions

The isothermal section Clinker–MgO–CaZrO3 at 1500 ◦C
as been experimentally established. In this section, the
aZrO3/MgO ratio (1.5 ± 0.5), which defines the precipitation
f CaZrO3 or MgO as a secondary crystalline phase, has been
educed.

The results evidence that calcium zirconate is more soluble
han MgO in clinker at 1500 ◦C and that the microstructural
eatures of the substrates determine the corrosion rate. The cor-
osion process of refractory matrices (20% MgO–80% CaZrO3)
y clinker yields a CaZrO3 sintered layer at the interaction zone.

An important practical implication has been deduced; the
aZrO3/MgO ratio in the refractory matrix determines the for-
ation of a dense layer of CaZrO3 or MgO at the clinker

nterface.
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