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bstract

he chemical reactions involved in the corrosion of MgO CaZrO3–calcium silicate materials by cement clinker were studied using a hot-stage
icroscope up to 1600 ◦C. The phases formed at 1500 ◦C were characterized by RLOM and SEM–EDS of the crystalline phases conducted near

he reaction front and on unreacted refractory area.
The general corrosion mechanism of attack on MgO CaZrO3–calcium silicate materials involves a mechanism of matter diffusion of the liquid

linker phase through the grain boundaries and pores into the refractory substrate. The liquid phases in the clinker mainly enriched in calcium,

ron and aluminium are rapidly diffused and preferentially react with magnesium spinel, calcium zirconate and magnesia, which are the major
onstituents in the refractory substrates. The dissolution of the CaZrO3 refractory phase produces the enrichment with zirconium of the liquid
hase increasing its viscosity and hindering the liquid phase diffusion.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Nowadays the burning zone of rotary cement kilns is exposed
o alkali salts and some waste by-products such as rubber or other
azardous products of animal origin, these materials enhance the
orrosion process of the kilns refractory.

Generally for a better corrosion resistance, the MgO-based
aterials were adopted as the main components of refractory

ricks because they are hard-wearing towards the liquefied
ement materials at high temperatures. MgO MgAl2O4 bricks
ere actually used mainly in the burning zone of rotary cement
ilns. These conventional materials, however, show an inade-
uate performance due to problems associated with corrosion
esistance and their easily developing hot points.1–3 Good alter-
atives for replacing the MgO MgAl2O4 materials until now
sed, are the MgO CaZrO3–calcium silicate composite materi-

ls due to their enhanced refractoriness, high mechanical proper-
ies and excellent corrosion resistance against alkali, earth alkali
xides and basic slags.4

∗ Corresponding author. Tel.: +34 91 7355840; fax: +34 91 7355843.
E-mail address: ppena@icv.csic.es (P. Pena).
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Kozuka et al.4,5 have studied the behaviour of MgO/CaZrO3
aterials as a refractory materials in rotary cement kilns. The

ost-mortem analyses presented in these papers proved that
he bricks showed superior corrosion resistance and coating
dherence, but they peeled off easily in areas which underwent
igh mechanical stresses. Hitherto, there is only one work that
escribes the corrosion behaviour of MgO/CaZrO3 materials
ith cement clinker, which was carried out by Serena et al.6

hese authors have investigated the corrosion behaviour in par-
icular of 80 wt.% MgO–20 wt.% CaZrO3 materials versus a
linker of Portland cement.

In contrast with the preliminary research works aforemen-
ioned, it was found that the use of natural raw materials con-
tituted by major elements such as, Mg, Ca, Si and Zr is an
ttractive route for the production at low cost of the MgO-based
igh temperature structural materials. The present authors in
revious works7–9 found the mechanisms involved in the reac-
ion sintering process for MgCa(CO3)2/ZrSiO4 mixtures, and

emonstrated that the reaction sintering is a feasible way to
btain MgO CaZrO3–calcium silicate dense composites with
ne-grained microstructure. These mixtures were prepared by
sing mineral dolomite (MgCa(CO3)2) and zircon (ZrSiO4)

mailto:ppena@icv.csic.es
dx.doi.org/10.1016/j.jeurceramsoc.2006.01.014
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aw materials. The composition of the mixtures prepared was
ailored on the basis of the information supplied by the qua-
ernary system MgO CaO ZrO2 SiO2

10–12 in order to obtain
gO CaZrO3–�-Ca2SiO4 and MgO CaZrO3 Ca3Mg(SiO4)2

omposites.
In the present work, we have explored the possibility of using

he composites mentioned above that belong to the quaternary
ystem MgO CaO ZrO2 SiO2, as refractory materials for the
urning zone in rotary cement kilns.

The MgO CaZrO3–�-Ca2SiO4 composition is located in the
olid-state compatibility plane MgO CaZrO3 Ca2SiO4 and lies
n the connecting line zircon-dolomite Fig. 1a. The formation of
he first liquid starts at 1750 ◦C; this temperature corresponds to
he invariant point of the subsystem MgO CaZrO3 Ca2SiO4.
rom the quaternary section ZrO2 SiO2 CaO/MgO = 1:1 mol,

t can be stated that the composition considered is located in the

rimary phase field of MgO7,8 (Fig. 1b).

In accordance with Fig. 1a, the MgO CaZrO3 Ca3Mg-
SiO4)2 composition also lies on the connecting line

ig. 1. Equilibrium diagram of the quaternary system MgO CaO ZrO2

iO2: (a) solid-state compatibility relationships and (b) quaternary section
rO2 SiO2 (CaO/MgO = 1 mol) section of the quaternary system showing pri-
ary phase fields of MgO, CaZrO3, Ca2SiO4, ZrO2 and the position of the

tudied compositions.
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gCa(CO3)2/ZrSiO4 and is located in the solid-state compati-
ility plane MgO CaZrO3 Ca3Mg(SiO4)2. This composition
s also located in the primary phase field of MgO and their
nvariant point is low (1550 ◦C) (Fig. 1b). Therefore, the tem-
erature of formation for the first liquid of compacts containing
a3Mg(SiO4)2 within this compatibility field, is lower than that
f those formulated with �-Ca2SiO4.

The study described here, was focused to reveal details
f the reaction behaviour at the interface of cement
linker/MgO CaZrO3–calcium silicate materials. In addition,
icrostructural characteristics of the reaction interface between

ement clinker/MgO CaZrO3–calcium silicate materials, after
orrosion treatments, were observed on specimens treated at
500 ◦C for reaction intervals up to 360 min. The conditions
nder which different phases are formed at the interface and in
he bulk of the MgO CaZrO3–calcium silicate materials, were
iscussed taking into account the phase equilibrium data of the
ystems MgO Al2O3 CaO and MgO CaO SiO2 ZrO2 and
ompared with MgO and MgAl2O4 ceramic materials with sim-
lar density (≈98%) and grain size (≈4 �m).

. Experimental

.1. Substrate synthesis

The MgO CaZrO3–calcium silicate materials obtained in
his study were prepared from a high-purity CaMg(CO3)2 pow-
er (>99.9% purity, average grain size 4.9 �m, Prodomasa,
pain) and high-purity ZrSiO4 powder (99.8 purity, average
rain size 1.23 �m, Zircosil, Cookson Ltd.). Homogeneous
ense MgO CaZrO3–calcium silicate based specimens were
btained by reaction sintering of isostatically pressed stoi-
hiometric dolomite-zircon mixtures. The two compositions of
aterials were differentiated by the presence and the amount

f the ternary phase �-Ca2SiO4 (42 vol.%) or Ca3Mg(SiO4)2
45 vol.%), hereafter referred to as S2 and S4, respectively.
he compact density was measured by the Archimede’s prin-
iple using mercury immersion. The densities thus measured
or S2 and S4 specimens prepared at the temperatures (1550
nd 1740 ◦C) reported elsewhere,8 were 96 and 98% of the the-
retical value and their average grain size measured by linear
ntersection method was from 1 to 6 �m. In Table 1 are summa-
ized some typical structural properties of the materials used for
he corrosion test.

A dense polycrystalline spinel (MgAl2O4) specimen with a
rain size of few microns was produced by heating at 1600 ◦C
pellet isostatically pressed (200 MPa), this specimen was

repared by using high-purity spinel powders (size 7.5 �m,
aikalox, USA). Furthermore, a dense polycrystalline magnesia
ompact with a medium grain size of 6 ± 2 �m, was obtained
y employing high purity magnesia powders (average grain size
.4 �m, Merck, Darmstadt, Germany). The powders were iso-
tatically pressed at 200 MPa and then sintered at 1550 ◦C for

h. Additional details of these specimens are given in Table 1.

Cylindrical plate specimens, 15 mm diameter and 4 mm thick
ere prepared from the four materials selected by cutting with a
iamond blade. The corresponding surfaces were subsequently
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Table 1
Typical compositional and properties of the materials studied

MgAl2O4 MgO S2 S4

Chemical composition (wt.%)
Al2O3 71.9 – – –
MgO 26.0 99.9 25.6 23.75
CaO 0.02 0.02 35.60 33.05
SiO2 0.16 – 14.50 16.10
ZrO2 – – 24.30 27.10
K2O 0.011 0.08 – –

Physical Properties:
Modulus of Young (GPa) 251 ± 13 270 194 181
Cold flexure strength (MPa) 200 n.d. 222 200
Toughness KIc (MPa m−1/2) 3.0 3.0 2.1 2.6
Linear thermal expansion at 1000 ◦C (10−6 K−1) 8 12 12.85 9.94

Bulk Density (g/cm3) 3.46 ± 0.03 3.58 ± 0.05 3.797 ± 0.005 3.828 ± 0.005

Crystalline phase composition (wt.%)
MgAl2O4 100 – – –
MgO – 100 27 20
CaZrO3 – – 31 35
Ca2SiO4 – – 42 –
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Ca3Mg(SiO4)2 –

olished to a mirror finish using diamond paste 1 �m and then
leaned in an ultrasonic bath.

In Table 2 are summarized details of the composition for
he Portland cement used in this study. The cement is com-
osed of several minerals in which the major constituent is alite
Ca3SiO6). The cement raw material produced in rotary kilns,
s commonly heated at 1450 ◦C in the burning zone. Therefore,
he temperature selected to carry out the corrosion tests was
500 ◦C.

.2. Corrosion diffusion couple pair systems
In order to measure the corrosion of refractory substrates
y cement clinker, the reaction test method was used. For the
orrosion test, cylindrical specimens (1.5 mm diameter × 4 mm
hickness) were used. These small and low compacted cylinders

P
t
p
w

able 2
ypical characteristics of Portland cement used in reaction studies

roperty Raw clinker

ineralogical composition Mineral
Calcite (CaCO3)
Quartz (SiO2)
Kaolinite (Al2(Si2O5)·(OH)4)
Gypsum (CaSO4·2H2O)

hemical analysis (wt.%)
Weigh loss 35.08
Al2O3 3.91
MgO 0.96
CaO 42.96
SiO2 13.30
Fe2O3 2.46
SO4

2− 0.11
Density (g/cm3) 2.7329
– – 45

ere placed in contact with the polished surfaces of the four
eramic materials selected in this study. Any chemical reaction
etween the refractory and the partially melted solid (clinker)
ight lead to a reactant contact, which enables the reaction to

ake place resulting in a matter product transport that allows the
orrosion chemical reaction to proceed.

The couple diffusion systems were fired up to 1650 ◦C
t a constant heating rate of 5 ◦C/min. The experiments
ere conducted inside a hot-stage microscope (HSM) EM
01 equipped with image analysis system and electrical fur-
ace 1750/15 (Leica, Germany). The temperature measure-
ents were conducted in the vicinity of the specimens with a

t3%Rh–Pt/Pt10%Rh thermocouple, which was placed in con-

act with the ceramic plate used as support. The microscope
rojects the image of the sample through a transparent quartz
indow and the images were taken by a recording device. The

Clinker

Mineral wt.%
Alite (Ca3SiO5) 50
Belite (Ca2SiO4) 26
Tricalcium aluminate (Ca3Al2O6) 9
Ferrite (Ca4Al2Fe2O10) 9

0.28
5.70
1.50

66.06
21.25

3.90
0.85
3.2259
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Fig. 2. (a) Variation in area of ceramic/clinker samples during hot-stage
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microscopy. As it can be seen from Fig. 3, after 1 min of reac-
tion at 1500 ◦C, no chemical reaction can be detected between
the MgO substrate and the clinker specimen by this technique.

Table 3
Temperatures for the fixed points in HSM (◦C)

Substrate Initial
shrinkage

Maximum
shrinkage

Reaction
clinker/substrate

Flow
2 J.L. Rodrı́guez-Galicia et al. / Journal of t

omputerized image analysis system automatically records and
nalyzes the geometrical changes of the sample during heating.
he HSM software calculates geometrical variations, such as
eight, width, and area of the sample; from the images and con-
act angle between sample and substrate.

After firing, the specimens were mounted in epoxy resin,
nd then cut perpendicular to the clinker–ceramic interface.
he cross-section of each specimen was polished down to 1 �m

oughness. Analyses of the crystalline phases were performed
sing reflected light optical microscopy (hereafter referred as to
LOM), and scanning electron microscopy with energy disper-

ive X-ray analysis (SEM/EDS) (Model DSM 950, Karl Zeiss,
hornwood, NY, USA; series, Tracor Northern, Middleton, WI,
SA). Microchemical analysis of the new layer formed at the

eaction interface, was carried out by SEM/EDS on samples
eat treated at 1500 ◦C for reaction between 1 min to 2 h. Com-
ositional line scans of CaO, Al2O3, Fe2O3, ZrO2 and SiO2
onducted across the clinker–ceramic interface, were made by
emiquantitative analyses (SQ) using the ZAF (atomic num-
er, absorption fluorescence) furnished software with theoretical
nternal standards, following the SQ program. The square area
elected for microanalysis was 50 �m. More details regarding
he chemical compositional analyses are given elsewhere.13 In
ddition, grain size measurements, of the different crystalline
hases, were carried out by using the linear interception method
n representative SEM micrographs.

. Results and discussion

.1. Couple diffusion experiment

The reaction patterns for all the ceramic–clinker diffusion
ouple specimens were studied by a series of evaluations con-
ucted on the area of the couple diffusion ceramic–clinker spec-
men. In each case the observation was carried out in situ during
he heat treatment inside the HSM, as was explained in Section 2.
rom these data, the reaction temperatures at the interface on the
ouple ceramic–clinker were established, and because of the dif-
erence in the chemical composition of the substrates (ceramic
art of the couple), it is therefore expected that different types
f chemical reactions at the ceramic/clinker interface might
ccur.

The variation in area of the clinker specimen as a function of
he temperature and substrate is shown in Fig. 2a. Photomicro-
raphs of the shape sample evolution associated to Fig. 2a are
hown in Fig. 2b, these correspond to the S2–clinker, S4–clinker,
nd MgAl2O4–clinker couple diffusion pairs. In this figure the
ypical changes in shape of three of the specimens studied for
he same heating schedule can be seen. Table 3 summarizes the
alues of temperature at which the first and maximum shrinkage
f clinker, 1350 and near 1400 ◦C, respectively, was observed.

n the case of the sample pair MgAl2O4-clinker, an important
eaction between the clinker and substrate took place at a temper-
ture of 1450 ◦C (Fig. 2b). In contrast, any significant chemical
eaction occurs between clinker and the other substrates (S4, S2
nd MgO) even at temperatures up to 1600 ◦C (Fig. 2a and b).

M
M
S
S

icroscopy (HSM) measurements and (b) series of photomicrographs showing
ilhouettes corresponding to the high temperature typical behaviour pattern of
he ceramic–clinker couple diffusion samples. Maximum temperature 1625 ◦C.

.2. Kinetic study of the reactions at ceramic
ubstrate/clinker interface

This study was carried out in order to make a quantitative
tudy of the cement-clinker corrosion behaviour of different
eramic substrates with potential refractory properties. Thus,
he four ceramic specimens were subjected to a chemical attack
ith clinker for various reaction intervals, ranging from 1 up

o 120 min. The experiments were conducted inside an electric
urnace following the same heat treatment conditions used in the
SM (constant heating rate of 5 ◦C/min and heating temperature
f 1500 ◦C).

Fig. 3 shows the variation on thickness of the diffusion dis-
ance as a function of the reaction time, which resulted after
he corrosion process between the ceramic and clinker phases.
he measurements were carried out on the cross-section of pol-

shed couple diffusion samples studied by reflected light optical
of clinker of clinker

gAl2O4 1350 1400 1450 1500
gO 1350 ≈1400 >1500 >1600

2 1350 1400 >1600 >1600
4 1350 1400 1600 >1600
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ig. 3. Kinetic study of the corrosion measured as the variation with time of the
iffusion layer thickness at 1500 ◦C.

fter 30 min a partial reaction was determined even by naked
ye observations on couple diffusion specimens, while a charac-
eristic clinker diffusion pattern was determined by the RLOM
bservations. The reaction took place mainly in the ceramic part,
nd the diffusion of clinker constituents towards the MgO sub-
trate, was detected by the formation of a dense brown-coloured

ayer near the MgO/clinker interface. Based on our prelimi-
ary results and clinker compositional analyses (Table 2), it is
uggested that, the coloration at the substrate part was mainly
aused by iron diffusion. Furthermore, the formation of micro-

t
3
d
[

ig. 4. (a) Sketch of the reaction mechanism; typical SEM micrographs, (b) and (c),
500 ◦C for 1 min.
ropean Ceramic Society 27 (2007) 79–89 83

racks was not detected at the interface. After the treatment for
0 min, the continuous dense and mechanically stable reaction
ayer resulting by the chemical interdiffusion at high temperature
etween clinker and ceramic substrate (MgO), had a thickness
f ∼600 �m (Fig. 3).

In contrast, for the MgAl2O4/clinker couple diffusion sample,
he spinel was reacted with the clinker. When the experiment was
onducted at a temperature (1430 ◦C) even lower than that used
or the pair MgO/clinker (1500 ◦C), a complete fusion proceeded
t the interface of the coupling pair MgAl2O4/clinker (Fig. 2b).
he increase of the reaction time increased the penetration of

he liquid phase in the spinel substrate and observations showed
hat the penetration of the liquid phase occurred preferentially at
rain boundaries and at the residual porosity inside the substrate.
hus, in all the pair samples spinel/clinker during the course of

he heating stage, it was revealed that the clinker further reacted
ith the ceramic substrate, in consequence the sample reached a

aturation state for a reaction interval as short as 30 min (Fig. 3).
he coloured layer corresponding to the reaction products is
ne order in magnitude higher than the reaction layer obtained
n magnesia substrates, because the thickness of this layer was
pproximately 1600 �m.

On the other hand, for the MgO CaZrO3–calcium sili-
ate ceramic material/clinker couple diffusion pairs, the results
howed that only a partial reaction took place. The results given
n Fig. 3, however, show that the reaction between clinker and

gO CaZrO3–calcium silicate materials is slightly faster than

hat exhibited by MgO substrate. After firing at 1500 C for
0 min, a dense reaction layer of ∼1050 �m thick was pro-
uced at the interface of both MgO CaZrO3 based substrates
S2, S4]/clinker. For the MgO CaZrO3–Ca3Mg(SiO4)2/clinker

of the cross-section for the clinker–MgAl2O4 interface of the sample fired at
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pecimen, bonding was also achieved over the whole interfacial
rea (Fig. 7), but transverse microcracking was preferentially
roduced along the reaction interface near the unreacted sub-
trate part. This microcracking might occur as a consequence
f the residual stresses, which may be produced during cooling
tage, due to the differences in the thermal expansion coefficients
f the sintered clinker and the ceramic substrate. In the case
f MgO CaZrO3 Ca2SiO4/clinker specimen, a stronger bond-
ng at the reaction interface of the coupling pair was achieved
etween the sintered clinker and substrate, in comparison with
ther MgO CaZrO3–calcium silicate specimens studied in this
ork.
The results obtained in the present study, bear clear evidence

egarding the corrosion resistance of refractory substrates with
ement clinker. It is proposed that the corrosion resistance of the
g-based ceramic increases in the following sequence:

gAl2O4

< MgO CaZrO4–calcium silicate based materials < MgO

.3. Microstructural and microchemistry studies of reaction
nterface of couple diffusion pairs

.3.1. MgAl2O4 substrate
Fig. 4a shows a schematic representation of the reaction

ccurring at the interface (clinker–MgAl2O4) at high temper-
ture (1500 ◦C) for 1 min. It is worth noting that the inter-
ace inside the MgAl2O4 substrate is well-defined, because it
s different in composition and microstructure as preliminary
aked eye observations had revealed. Furthermore, details of
he microstructure and composition of the phases revealed that
he reaction interface is located inside the ceramic substrate
Fig. 4b and c). Microstructures of Fig. 4 showed the presence
f a devitrified glassy phase, liquid at the experiment tempera-
ure, which was produced by the chemical reaction between the
linker and MgAl2O4 (Fig. 4b). Some primary spinel crystals
hat precipitated in the glassy phase/substrate interface are also
isible (Fig. 4c). The mentioned liquid phase diffused through
he spinel grain boundaries and pores forming a tiny layer sur-
ounding the spinel grains. This liquid layer is likely to dissolve
he spinel crystals.

.3.2. MgO substrate
An SEM micrograph of MgO specimen treated at 1500 ◦C

or 1 min is shown in Fig. 5. In this micrograph the formation
f a reaction layer between substrate and partially fused clinker
as revealed (Fig. 5a). Energy dispersive X-ray point analy-

es showed that the partially melted clinker contains primary
a3Al2O6 crystals and a white glassy phase with a composition
f 50 wt.% CaO, 24 wt.% Al2O3, 19 wt.% Fe2O3, 4 wt.% SiO2
nd 3 wt.% of MgO. This glassy phase was produced by melting
he secondary crystalline phases, Ca2SiO4 and Ca4Al2Fe2O10,

f the clinker. The micrograph of the clinker–magnesia interface
hows the presence of a thin liquid phase layer at the MgO grain
oundaries (Fig. 5b). This liquid phase is mainly constituted by
e, Al, Mg, Si and Ca. The concentration profile determined

Fig. 5. (a) General SEM observations of the cross-section of the clinker–MgO
sample fired at 1500 ◦C for 1 min; (b) micrograph of the interface clinker-spinel
showing the bright triple point phases; and (c) compositional profiles of reacted
zone – reaction product – slag.
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long the boundary clinker/substrate indicates that the value of
aO/SiO2 ratio was increased at the inner MgO interface. Iron
nd silica diffusion was observed even at a distance of 1400 �m
Fig. 5c). The presence of liquid phases in the grain bound-
ries produced a marked growth of magnesia grains, because
he size of the MgO grains at the unreacted zone measured at
distance of 1400 �m was smaller (6 ± 2 �m) than that at the
agnesia/clinker interface (13.7 ± 2 �m).

.3.3. MgO CaZrO3–calcium silicate based substrates
Fig. 6 shows typical SEM micrographs taken at the cross-

ection of the MgO CaZrO3–�-Ca2SiO4/clinker specimen fired
t 1500 ◦C for 1 min. In this micrograph the formation of sev-
ral layers between substrate and clinker occurred, as can be
bserved in Fig. 6a. The microstructure near to the reaction
oundary clinker/substrate exhibits the presence of the par-

ially melted clinker Fig. 6b, which is constituted by primary
a3Al2O6 crystals and a glassy phase. The composition of the
lassy phase was about 50 wt.% CaO, 24 wt.% Al2O3, 19 wt.%
e2O3, 4 wt.% SiO2 and 3 wt.% of MgO. Furthermore, a marked

i
p
r

ig. 6. (a) General SEM view of the cross-section of the clinker/S2 sample fired at 1
rains; (c) details of reacted zone showing the liquid phase detected in the CaZrO3 gr
ropean Ceramic Society 27 (2007) 79–89 85

ormation of dark semi-spherical MgO grains which align par-
llel to the reaction interphase occurred near the reaction front.
his MgO grain layer has a thickness of about 20 �m Fig. 6b.
he main constituents determined in this thin layer were identi-
ed as MgO and liquid. In addition, SEM micrographs of Fig. 6a
howed a broad zone, ∼500 �m thick, constituted according to

EB-EDS microanalyses and XRD analyses by the following
rystalline phases: continuous and twinned grey grains of �-
a2SiO4, 4 �m size; dark periclase (MgO) grains with a size
f 2 �m and white semi-spherical 2 �m size grains of CaZrO3
ocated at the grain boundaries or triple points (Fig. 6c). The
nalysis of the liquid phase, isolated glassy phase (GF) islands,
rrows in Fig. 6c, showed that it contained Fe, Al, Mg, Si, Ca
nd a small amount of Zr. This glassy phase was detected in the
gO/CaZrO3 boundaries or triple junctions, but not at CaSiO4

rain boundaries.

Fig. 6d shows the compositional profile of S2–clinker spec-

men determined by EDS at the area where the reaction took
lace. The content of different elements, as oxides, was rep-
esented as a function of the penetration distance from the

500 ◦C for 1 min; (b) micrograph of the interface clinker-S2 showing periclase
ain boundaries; (d) compositional profiles of reacted zone.
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ig. 7. (a) General SEM view of the cross-section of the clinker/S4 sample fired
one showing the liquid phase detected in the CaZrO3 grain boundaries; (d) com

linker/substrate interface. The diffusion of the clinker liquid
hase proceeded trough the grain boundaries, as it was sug-
ested by the presence of Fe and Al traces that can be observed
ntil 400 �m depth. At a distance 1200 �m from the reaction
nterphase, the microanalysis showed no further compositional
hanges in comparison with the nominal amount of the crys-
alline phases in the raw ceramic substrate. The microstructure
s in good agreement with the chemical compositional measure-

ents, because at this area the raw microstructure of the ceramic
ubstrate was observed after the high temperature corrosion
est.

Fig. 7a shows a macroscopic SEM view of the cross-section
f coupling pair MgO CaZrO3 Ca3Mg(SiO4)2/clinker sample,
red at 1500 ◦C for 1 min. Further, microstructural details at the
eaction interphase are shown in Fig. 7b. It was found that in

his particular case, the microstructure of clinker was composed
y a crystalline Ca3SiO5, primary phase of clinker and a white
lassy phase containing Ca, Al, Fe, Si, and Mg as the dominant
hemical constituents. This glassy phase was homogeneously

w
y
M
C

0 ◦C for 1 min; (b) micrograph of the interface clinker-S4; (c) details of reacted
tional profiles of reacted zone.

istributed around Ca3SiO5 grains (see Fig. 7c). Fig. 7d shows a
ompositional profile for the S4-clinker specimen. The presence
f Fe and Al, which act as tracing elements for the liquid clinker
iffusion, was only determined up to a penetration distance of
00 �m. Beyond this distance, no further migration of the liquid
hase was detected in the ceramic substrate, as was determined
y both compositional and microstructural analyses.

In Fig. 7a–c the formation of a MgO CaZrO3 Ca3Mg-
SiO4)2 liquid layer between S4 substrate and clinker was
bserved. According to SEM–EDS microanalyses and XRD
nalyses, the crystalline phases identified in this zone of the
ample were as follows: corroded light grey areas (4 �m size) of
erwinite crystals (Ca3Mg(SiO4)2) and a liquid phase, formed

y partial dissolution of merwinite by the diffusing liquid phase;
ark rounded periclase grains with a grain size of 2 �m, and

hite rounded CaZrO3 grains of 2 �m. In the liquid phases anal-
sed Fe, Al, Mg, Si, Ca and small amounts of Zr were detected.
oreover, small amounts of glassy phase were detected in
aZrO3 and magnesia/CaZrO3 boundaries or triple junctions.
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their grain growth, and also achieves the substrate densification
in the reaction zone by a liquid reaction sintering process.
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One point that deserves emphasize is that when S4 sample
as subjected to long time experiments (120 min) it exhibited a
usting process. This phenomenon did not allow completing the
orrosion ceramic–clinker interface microscopic study because
he interface falls apart during the diamond polishing stage.

. Corrosion mechanism

In general, the corrosion study conducted on various ceramic
ubstrates, indicated that at the initial stages of the corrosion
rocess, interdiffusion and chemical reaction processes between
arious components of the liquid phase formed in the clinker and
he refractory materials (substrates) markedly occurred. There-
ore, the results obtained were discussed in terms of the phases
redicted in the respective equilibrium diagrams.14,15

In all samples the corrosion took place by diffusion of the
linker liquid phase through grain boundaries and the residual
orosity. This inference was also supported by all composi-
ional profiles where the elements such as Al, Ca, Si and Fe
ad marked diffusion patterns. In accordance with the chemical
omposition of the liquid phase formed by fusing the clinker,
he constituents are 50 wt.% CaO, 24 wt.% Al2O3, 19 wt.%
e2O3, 4 wt.% SiO2 and 3 wt.% of MgO. The chemical com-
osition of the liquid phase will be similar to that of the qua-
ernary invariant point corresponding to the Portland cement
linker,16 Ca2SiO4 Ca3SiO5 Ca3Al2O6 Ca4Al2Fe2O10 (peri-
ectic, 1338 ◦C). Therefore, as a first approach we suggested that
his composition is nearly similar to that for the ternary invari-
nt point Ca3SiO5 Ca2SiO4 Ca3Al2O6 (peritectic at 60 wt.%
aO, 30 wt.% Al2O3, 10 wt.% SiO2 and ∼1455 ◦C) of the

ernary system CaO SiO2 Al2O3.17

.1. MgAl2O4 substrate

In this particular case, it was found that the spinel substrate
eacts with clinker at 1450 ◦C forming a liquid phase. This liquid
hase wetted the spinel grains and diffused inside the specimen
y a grain boundary mechanism, as can be seen in Fig. 4, fill-
ng open pores and triple points. The major constituents of the
ement clinker liquid phase17 are Ca, Al, Si, and Fe oxides,
nd minor Mg. As a first approach, it is suggested that the most
orrosive component in the liquid is calcium oxide. We explain
his inference by analysing the reactions predicted in the ternary
ystem Al2O3 CaO MgO,18 in order to interpret the corrosion
ehaviour of the spinel substrate with clinker.

In Fig. 8 is shown an isothermal section corresponding to the
l2O3 CaO MgO system at 1500 ◦C. In this system the com-
osition of clinker glassy phase, is almost Ca3Al2O6. Therefore,
he working compositions for the liquid clinker corrosion may
e represented by a line going from the Ca3Al2O6 up to the
gAl2O4. Hence, the liquid must gradually dissolve the spinel

ubstrate, and a change on composition of the liquid phase is
ikely to occur along this line. In addition, based on our observa-

ions, the primary spinel phase is in equilibrium with the calcium
luminate liquid phase, LB, at 1500 ◦C. The dissolution of spinel
y this glassy phase continues until it reaches the equilibrium
nd at this point about 30% of liquid, LR, might coexist with

A
g
o

ig. 8. Isothermal section of Al2O3 CaO MgO ternary diagram at 1500 ◦C.

gAl2O4 as indicated by the following equation:

gAl2O4 + LC3A{Ca, Al, Si, Fe} → 30%LR + 70%MgAl2O4

(1)

.2. MgO substrate

In contrast, in periclase substrates, at temperatures higher
han 1500 ◦C, some extent of reaction with clinker is observed.
ikewise in the clinker–MgAl2O4 substrates, the reaction inter-

ace clinker–MgO may be interpreted from the 1500 ◦C isother-
al section of MgO CaO Al2O3 ternary phase diagram Fig. 8.

n this case, the working compositions are represented by the
ompatibility line going from Ca3Al2O6 to MgO, therefore no
iquid phase formation would occur at 1500 ◦C.

The presence of SiO2 in the clinker liquid phase,
owever, decreases the temperature for the first liquid
ormation18–20 up to approximately 1380 ◦C, so the discus-
ion stated on the basis of the MgO CaO Al2O3 SiO2
hase diagram. The phases identified at the interface, liq-
id + MgO + Ca3SiO5, are those predicted from the MgO-rich
egion in the MgO CaO Al2O3 SiO2 quaternary phase equi-
ibrium diagram.21,22 The eutectic in the quaternary subsystem

gO Ca3SiO5 Ca2SiO4 Ca3Al2O5 takes place at 1380 ◦C,
ut the amount of liquid phase might be very small due to
he big size of periclase primary phase field. So, the presence
f small amounts of liquid phase at periclase grain boundaries
ight be explained in terms of a diffusion mechanism of the qua-

ernary liquid phase.20 This liquid phase, at high temperatures,
artially dissolves primary MgO grains enhancing subsequently
The presence of small amounts of liquid phases, rich in Ca2+,
l3+, Si4+, and Fe2+,3+, which penetrate through the periclase
rain boundaries, is explained in terms of a diffusion mechanism
f the clinker liquid phase.
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.3. MgO CaZrO3–calcium silicate substrates

The two derived MgO CaZrO3–calcium silicate substrates
omposite materials have similar microstructural parameters
Table 3), grain size and shape, the main difference between
hem is the composition of the ternary phase, which was in sim-
lar amounts in both composites.

In the two MgO CaZrO3–calcium silicate substrates/clinker
nterfaces the presence of a thick layer formed by MgO grains
as detected. The enrichment in MgO at the clinker–ceramic

nterface can be explained in terms of the quaternary sys-
em MgO CaO ZrO2 SiO2 (Fig. 1b). Based on this dia-
ram, it is suggested that at clinker/substrate interface the
rst liquid formation for the two compositions consid-
red, S2 and S4, occurs at the invariant point temperature
or the subsystems MgO CaZrO3 Ca2SiO4 (1750 ◦C) and

gO CaZrO3 Ca3Mg(SiO4)2 (1550 ◦C), respectively. From
his diagram, it can be seen also that the two compositions
re located in the MgO primary phase field. Therefore, the last
hase that is dissolved in the diffusing clinker Ca Si rich liquid
hase must be MgO. The presence of Al2O3 and Fe2O3, how-
ver, decreases the temperature for the first liquid formation18–20

p to approximately 1200 ◦C, so the discussion stated on the
asis of the MgO CaO ZrO2 SiO2 phase diagram allows to
nterpret correctly the corrosion behaviour of the samples, but
he temperatures of first liquid formation must be significantly
ower.

At the test temperature, 1500 ◦C, in the MgO CaZrO3– cal-
ium silicate substrates the liquid phase of clinker containing Si,
a, Al, Mg and Fe also diffuses through the grain boundaries.
his liquid phase coming from the clinker reacts by different
athways: (a) the Ca3Mg(SiO4)2 is dissolved by the liquid form-
ng a CaO-rich liquid phase which promoted precipitation and
rowing of the stable phase �-Ca2SiO2; (b) the CaZrO3 grains
re partially dissolved causing an enrichment in Zr4+ of the
iquid phase; (c) the periclase (MgO) grains slightly dissolve
n the liquid; and (d) the diffusing liquid phase partially dis-
olves Ca2SiO4 increasing the amount of liquid at the reaction
one.

One point that deserves emphasis is one related to the CaZrO3
issolution, because this phase increases Zr4+ in the liquid.
he presence of Zr4+ in the liquid phase increases its vis-
osity and hinders the liquid phase diffusion resulting in a
igh corrosion resistance of these materials. In addition, both
gO CaZrO3–calcium silicate materials, differentiated by the

rystalline constituents �-Ca2SiO4 or Ca3Mg(SiO4)2, in accor-
ance with the stoichiometry of the starting mixture and the
elated reactions at clinker/substrate interfaces, it is suggested
hat those phenomena strongly depend on the calcium silicate
hase constitution.

The microscopic study of corrosion interface could not
e conducted due to the dusting process during post-
ortem analyses for long-term experiments (120 min) in

gO CaZrO3 Ca3Mg(SiO4)2 samples. The disintegration of

he reaction interface is attributed to the polymorphic, marten-
itic type crystalline transformation of �-Ca2SiO4 to �-Ca2SiO4
uring the cooling stage. This particular crystalline transfor-

t
c
M
t
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ation occurs at 675 ◦C and the volume change associated is
pproximately of 12%. The change in volume affects markedly
rains with sizes higher than 5 �m.23 This effect may be
xplained in terms of a grain growth, which might occur if the
orrosion goes through a dissolution of Ca3Mg(SiO4)2 and a
recipitation of the high calcium content phase �-Ca2SiO4. Fur-
hermore, the mentioned dusting phenomenon was not observed
n MgO CaZrO3–�-Ca2SiO4 sample (S2). This is attributed to
he size of �-Ca2SiO4 grains, which remain small even after
ong time corrosion experiments. It is therefore suggested that
his reaction occurs in the presence of significant amounts of
lassy phase.

From the results obtained in the present post-mortem study it
s clear that the corrosion behaviour of the substrates by cement
linker can be classified as:

gO very good, S4 and S2 good and MgAl2O4 bad.

In summary, at the initial step of the corrosion process, the
iquid phase of clinker penetrates inside the substrates through
pen porosity and grain boundaries. This liquid phase pro-
uces a significant reactive sintering process in porous substrates
MgO, MgAl2O4) while a partial dissolution of Ca3Mg(SiO4)2,
aZrO3 and MgO occurs. The marked dissolution of CaZrO3
rains promoted the enrichment of the liquid phase with Zr4+,
hich increased its viscosity. The phases identified in the inter-

ace Ca3SiO3 + MgO + liquid are as expected to form from the
aO SiO2 MgO major oxides at this point of the diffusion
oupling pair samples. Finally, in MgO CaZrO3 substrates the
resence of secondary phases is also beneficial to prevent the
xaggerated grain growth by pinning.

. Conclusions

The mechanism of corrosion in MgO CaZrO3–calcium sil-
cate based materials by clinker has been clarified in situ by
ot-stage microscopy up to 1600 ◦C and scanning electron
icroscopy with energy dispersive microanalyses on corroded

nd quenched samples. From the post-mortem microstructural
tudy, it has been found that the corrosion occurs by a diffu-
ion mechanism of the clinker liquid phase through the grain
oundaries and open pores in all the studied refractory substrate
aterials. This liquid phase partially dissolves the MgAl2O4,
a3Mg(SiO4)2, CaZrO3 and MgO phases.

In CaZrO3 containing materials, the reaction with the clinker
iquid phase allows the formation of a zirconium containing sil-
cate liquid boundary layer, which is adjacent to the calcium
irconate grains near to the clinker–substrate interface. The pres-
nce of Zr4+ in this liquid phase increases its viscosity and
inders the liquid phase diffusion enhancing the corrosion resis-
ance of these materials.

In contrast, the aluminum magnesium spinel material is
arkedly dissolved, up to 30%, explaining the behaviour

f spinel magnesia refractories, which are currently used in

he clinkering zone of the rotary cement kilns. It is hence
oncluded that the good corrosion resistance of the derived
gO CaZrO3–calcium silicate materials makes them an attrac-

ive material to produce binder fine filler for magnesia chrome-
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ree refractory bricks, which are used at the burning zone of
otary cement kilns.
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