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bstract

igh-temperature (1200–1350 ◦C) corrosion of fused-cast ZrO2–Al2O3–SiO2 (ZAS) refractory contacting lead silicate glass melt (LSG) containing
8.5 wt% PbO was investigated by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), differential scanning calorimetry
DSC), x-ray diffraction (XRD), thickness measurement and Archimedes density measurement. ZAS durability was improved by baddeliyete
ontent and deteriorated with open porosity proportion, corundum percentage and eutectic mixture presence. Diffusion of lead resulted in fusion-
emperature lowering of the glassy layers embedded within the ZAS particles. Heating caused viscosity drop across the interface, loosening the

nter-connected refractory particles and disrupted the crystalline particles residing adjacent to the refractory exterior. Among three ZAS refractories
ested in this research, the most durable material was the one with the utmost baddeliyete amount, the least open porosity and the minimum eutectic

ixture.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

Glass melting tanks require durable refractories resistant to
orrosive attack, thermal shock and creep conditions together
ith small thermal conductivity and controllable thermal expan-

ion coefficient.1–7 The rate of corrosion reactions that may
ccur between the refractory and the liquid phase depends
n the temperature of the glass melting tank, composition
f the melt and porosity of the solid phase. Fused cast
rO2–Al2O3–SiO2 (ZAS) refractories are superior because of

ow porosity, interconnected corundum–baddeleyite particles
nd interstitial glassy phase.

Lead silicate glass (LSG) has versatile applications in differ-

nt areas from radiation protection, video-screen manufacturing
nd glass electrode production to the ophthalmic biotechnol-
gy and life science. The lead content of the glass increases
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he fluidity of the melt and the corrosion rate of the refractory.
ifference in constituent chemical potentials of the LSG and

he ZAS embedded glass layers produces the driving force for
igration of the elements to achieve equilibrium. The migra-

ion rate depends on the chemical potential gradient and the
inding strength of the elements to their neighbors. Alkali, lead
nd alkaline earth elements have, for example, small obstacle to
he migration. Diffusion of these elements across the interface
roduces a glassy layer which differs in composition with the
AS glassy phase and slows down the migration of the diffusing
lements.5–11

Corrosive effect of the lead silicate glass on refracto-
ies has been the subject of many investigations. Pavlovskii
t al.,12 for example, have studied the corrosion of corundum,
ullite–corundum and mullite in different lead silicate melts.
orundum offered highest resistance to corrosion in all glass
elts; while enhancement of silica decreased the resistance.
uvierre et al.2 investigated the significance of using the ZAS
efractories for production of lead crystal glass. They compared
he quality of the glasses produced using both alumina–silicate
nd the ZAS and found that the ZAS met the present and the
uture quality requirements of the crystal manufacture. Sedlacek
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Table 1
Chemical composition, mineral analysis and physical properties of the refractories used in this research.

Sample Composition

ZrO2 Al2O3 SiO2 Na2O CaO TiO2 Fe2O3

Chemical analysis (wt%)
ER 32.5 ± 1 50.9 ± 2 15 ± 0.5 1.3 ± 0.1 0.3 ± 0.0
CS-3 34.5 ± 1 48.0 ± 2 15 ± 0.5 1.5 ± 0.1 0.2 ± 0.0
CS-4 37.2 ± 1 47.0 ± 2 14.2 ± 0.5 1.5 ± 0.1 0.2 ± ± 0.0

Sample Phase

Corundum Baddeleyite Glass

Mineral analysis (wt%)
ER 47 ± 1 32 ± 1 21 ± 1
CS-3 47 ± 1 33 ± 1 20 ± 1
CS-4 46 ± 1 36 ± 1 18 ± 1

Sample Property

Density (g/cm3) Porosity (%)

Physical properties
0.2
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correlation:

LR = (L − l) × 100

L
.

ER 3.80 ±
CS-3 3.78 ±
CS-4 3.79 ±

t al.6 studied corrosion of the ZAS refractories contacting lead
rystal glass melts. They concluded that the diffusion of the
etal ions of the lead glass into the glassy phase of the refrac-

ory originated the corrosion. Verlotski et al.13 investigated the
orrosion of the ZAS and some ceramic based Cr2O3 refrac-
ories contacting silicate glasses containing high and low lead
ontent. They found that the ZAS had relatively good chemical
urability.

In spite of all the above investigations, the effects of for-
ation of the secondary glassy layer and its microstructure on

orrosion behavior of the ZAS refractories contacting the LSG
elts have not yet been thoroughly elucidated. Present study

onsiders the corrosion of fused cast ZAS refractories contact-
ng the LSG melts of different temperatures. SEM, XRD, STA
nd EDS techniques were employed to characterize the products
f the corrosion process.

. Experimental procedure

Fused cast ZAS refractories “Cs-3”, “Cs-4”, Monofrax and
R1681 of France with specifications given in Table 1 were used

n this research. Open porosities were measured by immers-
ng refractory samples into deionized water and weighing
ith Mettler Toledo AG204 balance having ±0.0001 g accu-

acy. The refractory probes were cut by a diamond saw into
.01 × 0.01 × 0.05 m3 rectangular blocks and dipped into liquid
ead silicate glass for determination of their corrosion rate.

Technical grades silica >99.9 (Iran, Hamedan), Pb3O4 (Iran)
nd reagent grades Na2O, K2O, ZrO2, TiO2 and As2O3 (Aldrich
hemical Co.) were melted in several alumina crucibles to
roduce LSG samples weighing 0.5 Kg and containing PbO

68.5 wt%), SiO2 (24 wt%), ZrO2 (2.4 wt%), TiO2 (1 wt%),
l2O3 (2.2 wt%), Na2O (1.6 wt%) and As2O3 (0.3 wt%) con-

tituents. Electric furnace (Exciton Co., Iran) was used to melt
he samples and keep them at 1200–1300 ◦C for 2 h under atmo- F
0.51 ± 0.1
0.77 ± 0.1
1.15 ± 0.1

pheric conditions. Glass melts were quenched in water and then
round in a ceramic mortar.

The corrosion of the ZAS refractory immersed in the LSG
elt was carried out according to the ASTM C-62114 standard.
efractory probes were hung from alumina cap into the LSG

rit charged into alumina crucibles, as indicated in Fig. 1. The
rucibles were heated simultaneously by the electric furnace to
btain the different pre-determined temperatures (1200, 1250,
300 and 1350 ◦C) under the atmospheric pressure. The set-
p was maintained for 100 h at the specified temperatures. The
rucibles were pulled-out of the furnace at the end of each exper-
ment. The refractory probes were removed from the LSG melt
nd laid down on alumina substrates sitting within the furnace
hamber. The furnace was turned off and the probes were cooled
own to the room temperature.

Corroded refractory probes were cut into small pieces with
iamond saw for characterization purposes. Relative reduction
n the refractory thicknesses was evaluated from the following
ig. 1. Schematics of the experimental setup used for corrosion measurements.8
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Table 2
Chemical compositions of the matrix glassy phases of the refractories before
corrosion tests.

Sample Composition

SiO2 Al2O3 Na2O

ER
wt% 51.8 ± 5.0 37.8 ± 7 10.5 ± 1.5
mol% 60.5 ± 5.9 26.2 ± 4.9 12.5 ± 1.8

CS-3
wt% 55.7 ± 3.6 39.7 ± 4.0 4.5 ± 0.6
mol% 66.5 ± 4.2 28.1 ± 2.8 5.3 ± 0.7

CS-4
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Fig. 2. SEM micrographs of the: (a) ER, (b) CS-3 and (c) CS-4 refractories
before corrosion tests: B, baddeleyite; C, corundum; E, Al2O3–ZrO2 laths near
e

wt% 64.8 ± 0.9 28.9 ± 0.8 6.3 ± 0.1
mol% 73.9 ± 1.0 73.9 ± 1.0 6.9 ± 0.1

here “LR” is the relative thickness reduction, “L” is thicknesses
f the specimen before the corrosion test and “l” is thicknesses
f the specimen after the corrosion test measured from their
ut face. Mean thickness reductions were determined via five
ndependent measurements.

The preceding glassy phase of the ZAS refractory con-
ained SiO2, Al2O3 and Na2O oxides (Table 2). From
l2O3–SiO2–Na2O equilibrium ternary diagram, the melting
oint of the glassy layer was determined. The points highlighted
n the diagram indicated the chemical composition of different
efractory materials used in this research (Table 2).

Three glassy samples were prepared with the same com-
ositions as that of the glass layers formed on the surface of
he ER, Cs-3 and Cs-4 refractory probes during the corrosion
ests (Table 4). Transition temperatures of these layers were
etermined by Rheometric Scientific, STA 1500 thermal ana-
yzer. Scanning rate of temperature was 10 ◦C/min raising from
mbient to 1400 ◦C under flowing dry air.

Microstructure, elemental analyses and crystalline phases of
he refractory probes before and after corrosion tests conducted
t 1350 ◦C were determined by scanning electron microscopy
Philips, XL30) equipped with energy dispersive spectroscopy
EDS) and x-ray diffractometry (XRD, Philips, PW 1800, Cu
a radiation).

. Results and discussion

Chemical composition of the initial glassy phase is summa-

ized in Table 2. SEM micrographs of the un-corroded refractory
robes are shown in Fig. 2 highlighting baddeleyite (B), corun-
um (C), near-eutectic Al2O3–ZrO2 mixture (E: fine zirconia

able 3
elative thickness reduction of the “ER”, the “Cs-3” and the “Cs-4” refractories
fter corrosion tests conducted at different temperatures.

efractory prob. Temperature (◦C)

1200 1250 1300 1350

R 0.70 ± 0.03 1.06 ± 0.09 1.88 ± 0.04 3.96 ± 0.13
s-3 0.94 ± 0.07 3.76 ± 0.05 5.42 ± 0.04 6.12 ± 0.17
s-4 2.62 ± 0.06 6.30 ± 0.07 12.62 ± 0.12 17.92 ± 0.17

a
F
a
t
t
T

t
c
s
i
T
t

utectic structure; and G, glass matrix.

nd corundum crystals mixture) and the initial glassy phase (G).
ig. 3 shows the EDS pattern of the baddeleyite, the corundum
nd the eutectic mixture (E) recognized by elemental analysis of
he surface layer of the ZAS. The relative reduction in the refrac-
ory mean thicknesses at different temperatures is illustrated in
able 3.

SEM micrographs of the cross-section of the corroded refrac-
ory probes are shown in Fig. 4. Table 4 indicates the chemical
omposition of the secondary glassy layer. Diminution of both
ilica and alumina contents concomitant with presence of the
ncoming lead are inspected at the surface of the corroded ZAS.

he formation of a new glassy phase in the superficial layer of

he ZAS is, therefore, assessed.
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Table 4
Chemical composition of secondary glass phases produced on surface of the “ER”, the “Cs-3” and the “Cs-4” refractories after corrosion tests conducted at 1350 ◦C.

Sample Composition

SiO2PbO PbO Al2O3 Na2O

ER
wt% 37.0 ± 3.6 37.9 ± 4.5 19.7 ± 1.8 5.4 ± 0.4
mol% 57.7 ± 5.6 15.9 ± 1.9 18.2 ± 1.7 8.2 ± 0.6

Cs-3
wt% 32.5 ± 2.5 43.0 ± 4.5 18.4 ± 3.2 6.1 ± 0.6
mol% 53.6 ± 4.1 18.8 ± 2.0 17.8 ± 3.1 9.8 ± 1.0

Cs-4
wt% 32.0 ± 1.4 45.8 ± 3.0
mol% 53.5 ± 2.3 20.0 ± 1.3

Fig. 3. EDS patterns of (a): Al2O3 (corundum), (b): ZrO2 (baddeleyite) and (c):
Al2O3–ZrO2 (eutectic mixture) particles indicated in Fig. 2.

n
t
t
s
g
u
i

F
1
a

16.3 ± 2.2 5.9 ± 0.6
16 ± 2.2 10.5 ± 1.1

The melting temperature of the secondary glassy phase sig-
ificantly influences the corrosion rate of the ZAS. The melting
emperatures of the preceding ZAS glassy phase estimated from
he ternary phase diagram of the Al2O3–SiO2–Na2O3 system,
hown in Fig. 5. The melting temperature of the secondary

lassy phase is measured by thermal analysis (Fig. 6). All val-
es are highlighted in the ternary phase diagram, as illustrated
n Fig. 5. The melting ranges are estimated from the isothermal

ig. 4. SEM micrographs of Cs-3 cross-section corroded with the LSG melt at
350 ◦C taken from a region adjacent to the LSG melt: (a): lower magnification
nd (b): higher magnification.
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ig. 5. DSC pattern of the secondary glassy phases produced at the surface of
he “ER”, the “Cs-3” and the “Cs-4” refractories during the corrosion tests.

est fit lines of the highlighted points. These temperatures are
stimated above 1600 ◦C. The range of the Tg values (Fig. 5)
ndicates that all the secondary glassy phases are molten during
he experiments. The viscosity of the secondary glassy phase
s thus situated between that of the LSG and the initial glassy

hase.

Formation of the secondary glassy phase significantly influ-
nces the corrosion of the ZAS. Contact of the LSG melt with

i
m
a

ig. 6. Ternary phase diagram of Na2O–Al2O3–SiO2. The spots marked with (�),
urface of the Cs-4, the Cs-3 and the ER refractories, respectively.
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he ZAS refractory results in migration of the attacking elements
uch as lead. Diffusion coefficient of the migrating element
epends on the temperature. Mobility and passed over distances
ncrease by temperature. Diffusion continues until the glassy
oundary layer saturates. At the glassy boundary layer, the
igrating element occupies a new chemical state. The thick-

ess of the glassy boundary (secondary) layer depends on the
igration distance of the diffusing element into the glassy phase
hich enhances with temperature. Presence of lead considerably

educes the melting temperature of the secondary glassy phase
ell below the initial glassy phase of the ZAS.
Corrosion of the ZAS refractory in the LSG melt is carried out

y detaching of the refractory particles (baddeleyite, corundum
nd eutectic mixture) adhered to each other by the glassy phase.
t higher temperatures, viscosity decreases loosening connec-

ions between particles. Particle detachments are induced by
echanical forces facilitating their entrance into the LSG melt.
urther content change of the secondary layer causes more ZAS
isruption.

Chemical reactions speed up with the surface area of the
SG/ZAS interface. Open porosity and interface surface area
f the ER probe is lower than the others. Zirconia content
lso influences the chemical durability of the ZAS. Previous
cal durability against dissolution of various glass melts. This
aterial appears in two microstructural forms of baddeleyite (B)

nd eutectic mixture (E) which significantly influence the ZAS

(�) and (�) indicate chemical composition of the preceding glassy phase on
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Fig. 7. The XRD patterns of th

hemical durability.15 Cs-4 and Cs-3 refractory probes contain,
or example, mostly eutectic mixture; but ER refractory includes
addeleyite particles. The experimental and analytical results
how that ER presents better chemical durability than the Cs-4
nd Cs-3 samples (Table 3).

The chemical durability of the eutectic mixture depends on
ehaviors of the two components (i.e. corundum and zirconia).
t is obvious from the SEM micrographs (Figs. 2 and 4) that the
irconia phase has porous structure. Due to its poor chemical
urability, corundum dissolves first into the liquid LSG phase.
his produces a relatively large amount of contact area between

he glassy phase and the zirconia particles. This process together
ith the mechanical forces caused detachment of the zirconia
articles and expedited the corrosion procedure. The dense struc-
ure of the baddeliyete particles displays, however, an extremely

mall interface between zirconia and the glassy melt. Superior
hemical durability and lack of strong mechanical forces cause
egligible disruption of the refractory material adjacent to these
articles.

t
t

(

sed and corroded refractories.

Another factor which influences the chemical durability of
he refractory materials is the size of the eutectic particles. Both
s-3 and Cs-4 samples contain, for example, approximately the

ame amount of the eutectic mixture; while the lower size of
he eutectic particles causes larger contact areas and relatively
ower chemical durability of the Cs-4 probe as compared to that
f the Cs-3 probe.

Fig. 7 shows the XRD patterns of the different refractory
robes before and after corrosion experiments. In all refrac-
ory probes (corroded and un-corroded), it is observable that
he diffraction peaks appear at the same 2θ angles; while rel-
tive intensities of the individual peaks are not the same. The
RD patterns of all refractory probes indicate the presence of

he baddeleyite and the corundum phases. While they show no
ther crystalline phases in the unused and the corroded refrac-

ory samples. The patterns clearly show intensity reduction in
he baddeleyite and corundum peaks after the corrosion tests.

The SEM micrographs (Fig. 4) and the EDS analyses
Table 4) of the refractories verify partial dissolution of the
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orundum particles into the glassy boundary layer; but they
o not show any dissolution of the baddeleyite phase. Perme-
tion into the refractory porosities of the LSG melt together with
he formation of the Pb-rich glassy boundary layer causes the
ncrease of the weight percent of the glass constituents of the
efractory sample. Due to this phenomenon, the concentration
f the baddeleyite phase adjacent to the surface layer of the
efractory probe reduces and the intensity of the correspond-
ng peaks becomes lower. Intensity reduction of the corundum
eaks is also related to the dissolution of the corundum into the
econdary glassy phase and the glass phase enhancement of the
AS sample.

. Conclusion

Diffusion of lead into the interface layer of the ZAS refractory
roduces a secondary glassy phase adjoining to the LSG melt.
ue to its higher modifier content, the glassy boundary layer
as lower viscosity than the preceding parent refractory sam-
le especially at the high corrosion temperatures. Temperature
ncreases both diffusion affected zone of the modifying cations
nd the thickness of the created secondary glassy phase. Low-
ring with temperature of the boundary layer viscosity causes
oosening of the refractory particles (baddeliyete and eutectic

ixture) initially adhered to the ZAS with the help of the pen-
trating glassy phase. Due to this phenomenon and presence of
he mechanical forces, the refractory particles are disrupted from
ne another and from the ZAS to freely enter into the LSG melt.
AS durability increases, hence, by the baddeleyite content and

ecreases by the open pore percentage, eutectic ratio, corundum
ontent and the working temperature. The ER refractory shows
he highest chemical durability of three refractories investigated
n this research.
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