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ABSTRACT 

Bubble formation and removal within the molten glass is an important issue in glass 

industry. Various sources of bubbles have been identified in glass manufacturing: 

decomposition of the glass components, air trapping, oxidation/reduction reactions, 

precipitation resulting from insufficient refining, etc. It has been demonstrated in a previous 

paper that the blistering phenomenon at the interface between a molten glass and a zirconia-

based refractory can be ascribed to the oxygen semipermeability through the zirconia phase. 

The objective of this study is to clarify the role of temperature on the blistering process, and 

especially, below and above the phase transition temperature of zirconia (monoclinic/tetragonal 

transformation) and to evaluate the role of zirconia doping on the blistering level. The influence 

of the kinetics of the surface processes at the glass/refractory interface is emphasized. 

Quantitative measurement of the slight blistering ascribed to the so-called “redox shock” is also 

given. 
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1. Introduction 

 The refractory linings in glass melting furnaces are in direct contact with the glass 

melt, and, consequently, have to suffer the aggressive conditions during liquid processing of 

glass. Two types of refractories are used, those synthesized by high-temperature electrofusion 

of precursor oxides, and those obtained by sintering of oxide powders. The first generation of 

fused-cast refractories, referred to as AZS (Al2O3 (ca. 45 wt.%) – ZrO2 (ca. 35 wt.%) – SiO2 

(ca. 20 wt.%)) contains high amounts of alumina [1]. However, the necessity of producing high-

purity glasses, i.e., crystal glass, glass ceramics, solar cells, television, smartphone screens, etc., 

led to the development of a second generation of refractory materials referred to as High 

Zirconia Fused-Cast refractories (HZFC) [2]. The room-temperature microstructure of HZFC 

refractories, consists of monoclinic zirconia (ca. 90 vol.%) embedded in a three-dimensional 

interconnected aluminosilicate glass (ca. 10 vol.%) [3].  

During the fabrication of standard soda-lime-silica glasses, the melting of raw materials 

produces about 14 to 20 wt.% of carbon dioxide. Besides CO2, several wt.% of water vapor are 

also released [4, 5]. The production of gases results from vaporization, decomposition and 

chemical reactions within the batch [6]. Glass refining is required to remove these gas bubbles 

from the glass melt. Sodium sulphate (Na2SO4) is the most used chemical fining agent in soda-

lime glass industry. The refining process is an essential issue to obtain high-quality glasses. As 

an example, six bubbles per ton of glass leads to a 10 % rejection rate in television panel 

industry [7]. Insufficient fining can lead to a reboil phenomenon within the glass bulk, ascribed 

to sudden changes in temperature or in redox state [8, 9]. Moreover, bubbles can also be 

generated by the contact of refractory materials with glass melts. This effect referred to as 

blistering phenomenon has already been studied either with AZS (Al2O3 – ZrO2 – SiO2) fused-

cast refractories [10, 11] or dense zircon (ZrSiO4) [12, 13]. The formation of bubbles at the 
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refractory-glass interface has been also studied with ZrO2-Al2O3 refractories melted either 

under reducing or oxidizing conditions [14, 15]. The composition of the bubbles was mainly 

CO2 and SO2 with reduced refractory, and O2 and N2 with oxidized one, respectively. The 

mechanism proposed was the reduction of sulfur trioxide dissolved in the glass by iron or 

carbon impurities of the refractory forming sulfur and carbon dioxides, respectively. In case of 

oxidized refractory, the formation of bubbles would result from entry in the glass of air enclosed 

in the porosity of the refractory. We have demonstrated in a previous paper [16], for the first 

time, that the blistering phenomenon with oxidized HZFC refractories, at temperatures below 

1150°C, is ascribed to oxygen semipermeation through the zirconia phase. The role of oxidation 

state of the ceramic on the blistering phenomenon has also been emphasized. It has also been 

shown that, in case of monoclinic zirconia, which is a mixed ionic-electronic conductor, the 

permeation flux is controlled by the minority carriers that are ionic defects (either oxygen 

interstitials, 𝑂𝑖
′′, or oxygen vacancies, 𝑉𝑂

••). 

The aim of this paper was, first, to study the role of temperature, and of the phase transformation 

of zirconia on the blistering level and, second, to evaluate the role on the blistering process of 

doping zirconia with pentavalent oxides, such as Ta2O5. Using the set-up dedicated to the study 

of the blistering phenomenon, we also evaluated the slight blistering resulting from the so-

called “redox shock”.  

 

2. Electrical transport in zirconia and blistering mechanism 

There are three polymorphs for zirconia with two crystallographic transformations, i.e., 

monoclinic/tetragonal at ca. 1150°C and tetragonal/cubic at ca. 2375°C [17]. The temperatures 

of transformation depend on the particle size, stress, thermal history and impurities level. The 

monoclinic/tetragonal transformation has been studied using various techniques (X-Ray and 

electron diffraction, microscopy, differential thermal analysis (DTA), thermogravimetry, 
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electrical conductivity, spectroscopy, mechanical characterization, etc.), and reviewed by 

Subbarao [18, 19]. More recently, the transformation has been studied using Density Functional 

Theory Analysis [20, 21]. 

The electrical properties of pure zirconia have been studied since the beginning of the seventies 

[22–24]. However, there are disagreements in the published data, considering the methods of 

sample synthesis, their microstructure, the level of impurities, the thermal history of the sample, 

the techniques used for the electrical characterization, etc. It should be pointed out that the 

presence of foreign cations in the form of impurities significantly modifies the concentration of 

intrinsic defects [25, 26]. However, the intrinsic defect structure is approached as temperature 

increases [27]. It is also difficult to obtain dense, crack-free ZrO2 because of the ca. 5 % volume 

change associated with the monoclinic/tetragonal transformation [28]. However, pellets 

prepared by vacuum hot-pressing [23], or using nanosized powders [29] exhibit densities higher 

than 90 % of the theoretical one. 

The electrical conductivity has been measured using dc current [22], at constant frequency (ca. 

104 Hz) [23, 27, 30], or in the frequency range 20 Hz to 20 kHz [23]. It has been shown that, at 

temperatures higher than 1000°C, the conductivity is frequency independent. The ionic and 

electronic contributions from the total electrical conductivity have been generally determined 

using electromotive force measurements using oxygen activity gradient cell [27, 30, 31]. It 

should be pointed out that the emf method is often not appropriate for determination of 

electronic transport numbers higher than one percent [32]. The Patterson method [33, 34] may 

be preferred; however, the knowledge of the ionic conductivity is required, that is generally not 

possible with pure zirconia because the ionic conductivity is controlled by impurities, mainly 

at low temperature [27]. At low temperatures, the grain boundary contribution is important, but 

disappears at high temperature [27, 35]. 
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Various defect models have been proposed; the most recent experimental or theoretical works 

are consistent with the anti-Frenkel structure proposed initially by Douglas and Wagner [36], 

according to (using Kröger-Vink notation): 

    𝑂𝑂
×   =    𝑂𝑖

"  + 𝑉𝑂
••      (1) 

It has been demonstrated that the monoclinic phase is a mixed ionic-electronic conductor, with 

predominant electronic conductivity [23, 37]. On the contrary, the tetragonal phase is an ionic 

conductor [22, 24]. A noticeable increase of the electrical conductivity is observed at the 

monoclinic/tetragonal transition. This transition is martensitic in nature, with contraction on 

heating (5 vol. %) and a corresponding expansion on cooling [38]. The transformation exhibits 

a large thermal hysteresis. The forward transition occurs at 1170°C and the reverse one between 

850° and 1000°C, depending on grain sizes, thermal history, etc. [19, 39]. It is accomplished 

by a diffusionless mechanism in which some of the atoms move by distances lower than one 

interatomic distance while other atoms nearly retain their original positions. The increase of the 

ionic conductivity can be ascribed to the high mobility of oxygen in the tetragonal structure 

[40, 41]. Tetragonal zirconia is obtained after 1150°C, but it can be obtained at much lower 

temperatures by stresses, doping or reducing the crystallite size [42, 43].  

The equilibrium with the oxygen partial pressure can be written: 

    
1

2
 𝑂2   + 𝑉𝑂

••  =   𝑂𝑂
×  +    2 ℎ•      (2) 

or    
1

2
 𝑂2   =   𝑂𝑖

"  +    2 ℎ•       (3) 

For pure zirconia, under high oxygen pressure the defects concentrations, both oxygen 

interstitials and electron holes increase with oxygen partial pressure. The ionic conductivity can 

be modulated by doping with oxides, either a dopant with a valence lower than 4 (such as CaO 

or Y2O3) or a dopant with a valence higher than 4 (such as Ta2O5) [44].  

Doping pure zirconia with an oxide exhibiting a valence higher than 4, such as Ta2O5, induces 

a lowering in oxygen vacancy concentration, according to: 
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  𝑇𝑎2𝑂5 + 𝑉𝑂
•• =  2 𝑇𝑎𝑍𝑟

•  +  5 𝑂𝑂
𝑋    (4) 

Consequently, the ionic conductivity decreases significantly. The following experimental 

results demonstrate the role of both the zirconia phase transformation and zirconia doping with 

Ta2O5 on the blistering phenomenon. 

The blistering phenomenon involves various steps including bulk transport across the refractory 

and interface reactions. If we consider a HZC membrane, with air on one side and an inert gas 

on the other side, without molten glass, owing to the mixed ionic-electronic conductivity an 

oxygen transfer through the membrane is observed from the oxygen-rich side to the lean one 

[16]. A simplified mechanism of the oxygen permeation process involves three main steps, 

using Kröger-Vink notation [45-48]: 

- Oxygen reduction and incorporation in the refractory at the external oxygen-rich side: 

1

2
 𝑂2  +  𝑉𝑂

••  +   2 𝑒′  =    𝑂𝑂
×      (5) 

- Bulk diffusion of oxygen vacancies and electronic defect within the zirconia phase of 

the refractory wall, 

- Oxide ions oxidation and formation of oxygen at the glass/refractory interface: 

 𝑂𝑂
×   =    

1

2
 𝑂2  +  𝑉𝑂

••  +   2 𝑒′      (6) 

If one of these steps has finite kinetic constants and all other kinetic constants have infinite 

values, we deal with what is called a pure regime [49]. All the steps other than the limiting one 

equilibrate and the overall rate, common for all the steps, is fixed by the limiting one. As an 

example, in case of a permeation process limited by bulk diffusion, all the interface steps are at 

equilibrium and the blistering level is determined by the ambipolar conductivity value and the 

oxygen activity gradient across the membrane [16]. On the opposite, in case of the overall 

reaction rate is limited by an interface process, the ionic and electronic concentration gradients 

within the refractory wall are zero, the concentrations are constant in the refractory, and there 
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is no electric field in the refractory layer. Consequently, in case of air atmosphere outside the 

container, the oxygen activity at the interface Argon/refractory will be close to 0.2, and the 

permeation level will be very low.  

In a previous publication we have studied the oxygen permeation process through HZC 

refractory, with the configuration air/HZC refractory/Argon [16]. In Figure 1 (a) the ideal 

situation is illustrated: both surfaces of the membrane are in equilibrium with the gas phase 

(hypothesis of Wagner) and the permeation flux depends on the bulk properties of the 

refractory, i.e., the oxygen flux depends on the ambipolar conductivity and on the oxygen 

gradient across the membrane. However, as reported in [16], the oxygen permeation flux was 

negligible, demonstrating that, with HZC refractory, the oxygen permeation process is 

controlled by interface reactions on the lean side of the membrane. The increase of the oxygen 

activity in the surface layer on the lean side induces a noticeable lowering of the oxygen activity 

gradient across the membrane and, consequently, the permeation flux will be very small (see 

Figure 1 (b)). This behavior has been observed previously with BIMEVOX solid electrolyte 

[50]. 

 
Figure 1: Illustration of the oxygen permeation process, (a): ideal case, (b): surface limiting process. 

 

Obviously, in case of a mixed regime, the rate of the overall process is limited by more than 

one step. 

Considering the blistering phenomenon, additional steps have to be considered, i.e., oxygen 

dissolution in the molten glass up to saturation, followed by nucleation, growth and detachment 
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of bubbles. Obviously, these steps depend on glass composition, glass impurities and on 

temperature. As an example, the oxygen solubility in a molten glass decreases noticeably as 

temperature increases. As shown in a previous paper, the time necessary for a bubble to be 

formed, rises in the glass melt and burst is of the order of 1 hour/cm of molten glass at about 

1100°C [16].  

 

3. Experimental 

3.1.Studied materials 

High-zirconia fused-cast refractories are obtained by electrofusion: the raw materials are 

melted at about 2500°C with electric energy created between graphite electrodes. The studied 

fused-cast product contains 91 wt.% ZrO2 and 9 wt.% of a vitreous phase composed of SiO2, 

Al2O3, Na2O and B2O3. The tested AKM glass contains alkaline oxides (Na2O + K2O ~ 15–22 

wt.%), alkali-earth oxides (MgO + CaO > 5 wt.%) and also alumina (Al2O3 > 8 wt.%). The 

refractories were referred to as HZC and HZX (with ca. 1 wt.% Ta2O5), exhibiting a vitreous 

phase including 7 wt.% B2O3. 

 

3.2. Electrical conductivity measurements 

The electrical properties of the refractories were characterized by impedance 

spectroscopy. Conductivity measurements were carried out up to 1500°C. The sample holder, 

in alumina, can hold three samples, allowing simultaneous measurements in the same 

conditions. The samples were pre-treated at 1350°C for 30 hours under air. Both surfaces were 

coated with Pt paste (Pt ink 6926, Metalor), dried at 100°C and fired at 1000 °C for 2 hours. 

The gas flowing the cell was pure oxygen, synthetic air, argon, or argon-hydrogen (5%), with 

a flow rate of 6 L/h. The atmosphere around the samples was controlled and monitored using a 

laboratory-made zirconia pump-sensor device. Data acquisition was carried out by a 1260 



 9 

Solartron frequency analyser in the 0.1 – 107 Hz frequency range. All measurements were 

normalized by the geometric factor 𝑘 =  𝐿/𝑆 (L: thickness of the sample, S: surface area of the 

pellets). The standard size of the samples used is a cylinder of 8 mm of diameter and 6 mm of 

thickness.  

3.3. Self-crucible tests 

Blistering tests were also carried out in self-crucible of HZC refractory (50 mm in external 

diameter, 30 mm in height, with wall thickness of 10 mm), filled with glass and heated, at 

1100°C, and 1350°C for 30 h. and 200 h., under air. The crucibles were then cut transversely 

to form a slice 8 mm thick. Photos were taken and a bubble count performed to evaluate the 

role of temperature on the blistering, below and above the temperature of the 

monoclinic/tetragonal transformation. 

 

3.4. In-situ blistering measurements 

The set-up has been described in a previous paper [16]. As schematized in Figure 2, the studied 

refractory, sometimes pre-treated at 1350°C for 30 hours, was machined in the form of a 

crucible (external diameter: 19 mm, wall thickness: 3 mm, and 10 mm height), and inserted in 

the set-up. A solid glass pellet was introduced in the crucible before heating the cell (10 mm in 

diameter, around 1 mm thick). Nominally pure argon (P1 < 10-6 bar) was flowing in the upper 

part of the crucible, in contact with molten glass, at a 6 L/h flowrate. The gas-tightness was 

achieved by platinum O-rings. This cell was placed inside another alumina tube to create a 

guard-chamber with argon flow in order to limit the impact of eventual leakages. The 

atmosphere below the crucible was synthetic air (P3 = 0.2 bar).   
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Figure 2: Semi-permeability set-up to study the blistering process in a glass in contact with a refractory, from [16]. 

 

 

The procedure was the following: heat at 100°C/h, from ambient temperature up to 1100°C, 

then a temperature plateau at 1100°C for 20 h, a second heating at 100°C/h up to 1350°C, with 

a plateau at this temperature for 5 h.  

Laboratory-made zirconia sensors (reference: air) referred to as P1, and P2 were used for 

measuring the oxygen partial pressure upstream, and downstream the cell, respectively. The 

emf, E, of the zirconia sensor (P2), downstream the cell was recorded continuously (data 

acquisition every second), and shows various peaks (Figure 3 (a)). Each peak corresponds to 

one (or several) oxygen bubble(s) exploding on the surface of the molten glass and increasing 

the oxygen concentration in the flowing gas. According to the Nernst law, the oxygen mole 

fraction, x2, in the flowing gas, can be calculated from: 

  𝑥2  =   0.2 ×  1020183 × 𝐸 𝑇⁄       (7) 

where E is in V., and T is the sensor temperature, in K. As an example, for E = - 0.15 V, at 

700°C, the oxygen mole fraction is 1.55 x 10-4 (often referred to as 155 ppm). If D is the argon 

gas flowrate, the oxygen flux can be calculated (see Figure 3 (b)): 
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  𝑣𝑂2
 =   𝑥2  ×  𝐷       (8) 

It should be pointed out that the basis line in Figure 3 (a) corresponded always to an oxygen 

content lower than 10 ppm indicating the high gas-tightness of the set-up. 

 

Figure 3: Data treatment of the sensor emf: (a) sensor emf vs. time, (b) oxygen flux, in mm3.s-1. Blistering 

experiments with AKM glass in contact with a HZC refractory (pO2 (3) = 0.2 bar), at 1100°C. 

 

4. Results and discussion 

4.1. Electrical transport 

 Figure 4 shows the evolution of the impedance diagrams as a function of the 

measuring temperature obtained for the HZC refractory, under air, in the 700–1200°C range. 

The Nyquist diagram of the sample recorded at 700°C with the respective fitting results are 

given in Figure 4 (a). The spectra are composed of three depressed semicircles. The high 

frequency one, referred to as "Bulk", is the characteristic response of the matrix. In the case of 

homogenous and dense ceramics, it is quasi-identical to that of a single crystal of the same 
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composition and the medium frequency semicircle (“Blocking”) describes the blocking 

contribution. The medium frequency contribution can be related to the zirconia/vitreous phase 

interface, or to zirconia/zirconia grains contacts. In addition, the low frequency semicircle (f < 

103 Hz) corresponds to the electrode response.  The deconvolution of the material response into 

two contributions, i.e., bulk and blocking, were easy at low temperature (Figure 4 (a)). As 

illustrated by Figures 4 (a) to (d), the higher the temperature, the smaller the grain boundary 

contribution. At temperatures higher than 850°C, the grain boundary contribution becomes 

negligible, and, consequently, the high frequency contribution can be ascribed to the material 

property (Rtot). A shift towards the high frequencies of the observed responses can be observed 

when temperature increases. At 1200°C, the high frequency region of the diagram is modified 

by inductive effects of the set-up. However, as shown previously [16], it should be pointed out 

that the refractory is a heterogeneous material constituted by zirconia grains and a vitreous 

phase, and it has been demonstrated that the bulk response results from a combination of the 

electrical properties of the two phases contained in the material, i.e., the semi-circle 

corresponding to the bulk is the overall electrical properties of the conductive matrix modified 

by the presence of a second phase [51–53]. Consequently, only an apparent zirconia 

conductivity (app) can be obtained. However, in case of poor conductivity of the minority 

vitreous phase (less than 10 wt. %), the electrical behaviour of the refractory can be ascribed 

mainly to the zirconia phase.  
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Figure 4: Normalized impedance diagrams of HZC refractory, under air atmosphere (pO2 = 0.2 bar) at (a) 700 °C, 

(b) 850°C, (c) 1100°C, and (d) 1200°C. Rtot is estimated with an error of 5%. (The numbers 1, 2, etc. indicate the 

logarithms of the measuring frequencies in Hz). The fitting result in Figure 4 (a) is shown as a solid black line. 

 

Figure 5 shows Arrhenius plots of the total electrical conductivity  of the studied 

samples, with increasing temperatures.  Three domains are evidenced that can be related to the 

crystalline phase changes of zirconia: monoclinic phase at low temperatures, phase transition 

and tetragonal phase at high temperatures. The phase transition is clearly observed around 

1150°C. It should be pointed out, by heating temperature measurements, that the transition 

temperature of the tested refractories coincides with the results obtained by Vest et al. [24] with 

pure zirconia. 
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Figure 5: Arrhenius plot of HZC and HZX refractories, between 550°C and 1450°C (heating), under air 

atmosphere, with platinum electrodes. The results obtained by Vest et al. [24] with pure zirconia are plotted for 

comparison. 

 

Above the transition temperature, the conductivity of the HZX refractory is a power of ten lower 

than pure tetragonal zirconia which is an ionic conductor, due to lowering of the intrinsic 

oxygen vacancies concentration by Ta2O5 doping (see equation (4)).  

The calculated activation energy values are shown in Table 1. Kwon et al. [29] have compared 

the previously published activation energy of the electrical conductivity of monoclinic and 

tetragonal zirconia. As recalled in Section 2, the conductivity results are very scattered. 

However, our results agree well with those obtained by Muccillo et al. with highly pure zirconia 

[39], i.e., 0.9 eV and 1.1 eV, respectively, for the tetragonal and monoclinic phases.  

Table 1: Activation energy, Ea, of the electrical conductivity below and above the transition temperature, under 

air. 

Reference Ea /eV 

below 1150°C 

Ea / kJ.mol-1 

below 1150°C 

Ea /eV 

 above 1150°C 

Ea / kJ.mol-1 

 above 1150°C 

HZC 1.1 106 1.1 106 

HZX 1.1 106 0.9 87 
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The variation of the electrical conductivity of the HZC refractory as function of the oxygen 

partial pressure, referred to as a Patterson diagram, at 1100°C, is given Figure 6. The monoclinic 

phase was obtained on the first heating of the sample. The tetragonal phase was obtained after 

first heating at 1400°C, cooled at 1100°C after that, which is noticeably above the 

tetragonal/monoclinic transformation under cooling. Below ca. 10-5 bar, a conductivity plateau 

was observed for both samples indicating a pure ionic conductivity, which is fixed by intrinsic 

defects and impurities of the sample. The apparent ionic conductivity of the tetragonal phase is 

ca. 2 times higher than that of the monoclinic one, owing to a higher mobility of the oxygen 

vacancies. Under air, as expected, the apparent electronic transport number of monoclinic HZC 

is noticeably higher than that of the tetragonal phase, i.e., 0.68 and 0.46, respectively. 

 

Figure 6: Variation of the electrical conductivity with oxygen partial pressure of monoclinic and tetragonal HZC 

refractory, at 1100°C. 

 

Figures 7 (a) and (b) compare the variations of the apparent electrical conductivity of HZC and 

HZX refractories as a function of the oxygen partial pressure, at 1100°C and 1200°C.  
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Figure 7: Patterson diagrams at 1100°C (a) and 1200°C (b) for HZC and HZX. (The lines are only a guide for the 

eye). 

 

The same shape is observed for all the refractories below and above the monoclinic/tetragonal 

transformation of zirconia with a plateau in the low oxygen pressure range and an additional p-

type electronic conductivity under high oxygen partial pressures. Even if, as expected, the 

apparent ionic conductivity of HZX is lower than that of HZC, owing to the Ta2O5 doping, it 

should be recalled, as shown in a previous publication [16], that the vitreous phase modulates 

the conductivity of the zirconia phase. The lower the conductivity of the vitreous phase, the 

lower the difference between the measured apparent conductivity and the actual conductivity 

of the zirconia phase. The vitreous phase in both studied refractories including ca. 7 wt.% of 

B2O3 is insulating, consequently, as recalled previously, the electrical behaviour of the HZC 

refractory approaches the one of zirconia and the conductivity increase at high oxygen partial 

pressure can be ascribed mainly to the additional p-type conductivity. 

According to Wagner’s theory, assuming that bulk diffusion within the refractory is the rate 

limiting process, the oxygen semipermeation flux is proportional to the ambipolar conductivity 

σamb, with σamb = σi σe/(σi + σe). From the apparent ionic and electronic conductivities obtained 

using Figure 7, the resulting apparent ambipolar conductivity was evaluated. For the HZC 

refractory, the ambipolar conductivity was, respectively, 2.4 x 10-4 -1.cm-1 and 1100°C, and 
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8.4 x 10-4 -1.cm-1, at 1200°C, indicating an increase of the ambipolar conductivity beyond the 

monoclinic/tetragonal transformation. 

 

4.2 Redox shock and thermal reboil 

Glass may contain impurities or additives introduced during the glass fabrication which 

exist in more than one oxidation state, such as iron, copper, antimony or sulphate ions. The 

blistering phenomenon at high temperature has been ascribed in the literature to an 

electrochemical reaction between the glass and the refractory and is referred to as a “redox 

shock” between the refractory and the glass. This phenomenon results from a significant 

difference in redox state between the glass and the vitreous phase of the refractory. As an 

example, as demonstrated in a previous publication [16], a raw refractory contains some 

metallic iron that can react with sodium sulphate used in the fining process: sodium sulphate 

may be reduced to form SO2 bubbles, with exhibit a low solubility in glass, according to the 

following reaction: 

𝑁𝑎2𝑆𝑂4,𝑔𝑙𝑎𝑠𝑠 + 𝐹𝑒𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦 → 𝑆𝑂2,𝑔𝑙𝑎𝑠𝑠 + 𝐹𝑒𝑂𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦 + 𝑁𝑎2𝑂𝑔𝑙𝑎𝑠𝑠   (9) 

Formation of bubbles within the glass can also be ascribed to the thermal "reboil" phenomenon, 

which is the formation of bubbles in supersaturated glass when heated to a high temperature 

[54]. This phenomenon may be observed in case of reheating glasses. Gases for which there is 

an increase in solubility with increasing temperature do not contribute to reboil, since 

supersaturation occurs because the solubility of the dissolved gas is lower at the higher 

temperature. Krämer [55] has reviewed the solubility of various gases in molten glasses. The 

solubility of SO3 and CO2 decreases as the temperature increases. Consequently, if bubbles of 

SO3 remain in the molten glass after the refining process, increasing solubility at lower 

temperature will lead to their dissolution during the cooling process. However, the solubility of 
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SO3 in commercial soda-lime-silicate melts decreases by three orders of magnitude on heating 

from 1000 to 1400°C. Under these conditions, a small increase in temperature can convert a 

previously plain unsaturated melt into a highly supersaturated one, which induces formation of 

bubbles. Some glasses are much more inclined than others to show this instability, which 

depends on glass composition, redox state, etc. 

 The fining process for the tested glasses was carried out using sodium sulphate (Na2SO4), 

consequently, the gases that could evolve according to redox shock or reboil phenomena are 

mainly oxygen and sulfur dioxide. The gases that eventually evolve were analysed by coupling 

the semipermeability set-up (Figure 2) with a mass-spectrometer for analysing simultaneously 

O2 and SO2. To avoid a blistering phenomenon due to the presence of oxygen, the three 

chambers of the set-up (see Figure 2), were flushed with pure argon. Consequently, in case of 

redox shock process, the gas that could evolve is mainly sulphur dioxide. Figures 8 and 9 

compare the SO2 and O2 levels, for a raw HZC refractory in contact with AKM glass under 

argon atmosphere (pO2 = 10-5 bar), at 1250°C. About 20 peaks ascribed to SO2 were observed 

during the first 20 minutes and no peaks corresponding to oxygen. As shown in a previous 

publication [16], the mass spectrometry intensity for oxygen corresponds to an oxygen content 

in the flowing argon lower than 10 ppm.  
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Figure 8: Mass spectrometry analysis of SO2: AKM glass in contact with a raw HZC refractory at 1250°C under 

argon atmosphere. 

 

Figure 9: Mass spectrometry analysis of O2: AKM glass in contact with a raw HZC refractory at 1250°C under 

argon atmosphere. 

 

It should be noted that, in agreement with equation (9), the redox shock was observed only with 

raw refractories, containing metallic iron impurities. Figure 10 compares the mass spectrometer 

signals obtained for SO2 (Figure 8), with the blistering phenomenon observed, at 1100°C with 

air outside the HZC crucible. It should be noted that the oxygen flux is more than 1000 times 

higher than the SO2 blistering. Moreover, a continuous and intense O2 blistering was observed 

while only few SO2 peaks were observed during the first 20 minutes of the test (Figure 8). With 
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oxidized refractory, no SO2 was detected, indicating that the blistering can be ascribed to a 

redox shock and not to a reboil phenomenon.  

 

Figure 10: Comparison of O2 analysis by mass spectrometry during a blistering test of HZC, at 1100°C under 

pO2 = 0.2 bar in the semipermeability set-up with the SO2 blistering of AKM glass in contact with a raw HZC at 

1250°C under argon atmosphere. 

 

4.3. Blistering tests 

In a previous publication [16] we have demonstrated the feasibility of continuous 

monitoring of oxygen blistering of HZC refractory at temperature below the 

monoclinic/tetragonal transformation of zirconia. We have also shown that an incubation period 

is observed before the beginning of the blistering process. With the set-up described in Section 

3.4, at 1100°C, this incubation time can be broken down into two periods: the first one, of 

around ten hours, corresponds to the oxidation of metallic impurities in the refractory when the 

refractory is in its pristine state, and a second period which corresponds to the time required 

(about 1 hour) so that the first bubbles form, rise to the surface of the molten glass and burst. 

The aim of the following experiments was to compare the behaviour of the HZC refractory 

below and above the monoclinic-tetragonal transformation and to evaluate the role of the 

refractory composition on the blistering process. 
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Influence of temperature 

Figures 11 (a) and (b) show the result of the blistering test at 1100°C, below the monoclinic / 

tetragonal transition. The crucible was an as-made HZC product and, as demonstrated 

previously [16], an incubation period of ca. 10 h was necessary for totally oxidize the refractory 

and allow the permeation flux to reach the glass / refractory interface. Moreover, one hour is 

necessary for the formed bubbles to reach the surface of the molten glass and burst. As shown 

previously, an intense blistering was observed at 1100°C. 

  

Figure 11: Blistering test of as-made HZC refractory, at 1100°C with AKM glass – pO2 = 0.2 bar.  

(a) variation of the sensor emf downstream the set-up; (b) corresponding oxygen flux in flowing argon.   
 

Then, temperature was raised with a ramp of 100 °C/h followed by a plateau at 1350 °C. As 

shown in Figures 12 (a) and (b), an intense blistering was observed during ca. 2.5 hour and then 

stopped. It should be recalled that the time necessary for a bubble to be formed, to rise in the 

molten glass layer and to burst is of the order of 1 hour. Consequently, according to Figure 12, 

the blistering phenomenon stopped above the monoclinic/tetragonal transformation. 
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Figure 12: Blistering test during a temperature ramp (100°C/h) from 1100°C to 1350°C, with AKM glass – 

pO2 = 0.2 bar. (a): variation of the sensor emf downstream the set-up, (b): corresponding oxygen flux in flowing 

argon.   
 

 

This result was confirmed with blistering tests using self-crucibles, below and above the 

temperature of the monoclinic/tetragonal transformation, at 1100°C and 1350°C, respectively, 

are shown, Figures 13 (a) and (b). 
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Figure 13: Self-crucible with HZC refractory and AKM glass. (a) 1100°C, 30 h); (b) 1350°C, 200 h) 

 

An intense blistering (foaming) was observed at 1100°C, i.e., many bubbles were observed in 

the glass phase (see Figure 13 a). On the contrary, at 1350°C, the glass appears transparent with 

less than 2 bubbles/cm2 (Figure 13 b). These observations confirm the results obtained with the 

blistering set-up.  

 

The behaviour of the HZC refractory can be linked to the change of the electrical transport 

properties at the monoclinic/tetragonal transformation. As recalled in Section 2, the blistering 

phenomenon can be decomposed in various steps involving bulk diffusion and interface 

reactions. The overall process can be limited by one step which depends on the experimental 

conditions. This feature is illustrated in Figure 14. Below the transition temperature, the 

zirconia phase is monoclinic, and the majority carriers are electronic defects. Consequently, the 

semipermeation flux is controlled by the minority carriers, i.e., the oxygen vacancies or 

interstitial oxygen. Above the transition temperature, the zirconia phase becomes tetragonal, 

with a noticeable increase of the oxygen vacancies mobility and a decrease of the electron holes 

mobility: the minority carriers become the electronic defects. In both cases, the ambipolar 

conductivity increases noticeably with temperature with an activation energy of ca. 1 eV. 

Consequently, in case of blistering process limited by bulk transport, the blistering phenomenon 
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would increase with temperature. This is the case below the monoclinic/tetragonal 

transformation of zirconia. As illustrated in Figure 14 (a), the monoclinic zirconia phase being 

a mixed ionic/electronic conductor, the oxidation process of O2- ions is not the limiting step and 

the blistering is proportional to the ambipolar conductivity of the refractory. Indeed, it has been 

demonstrated in solid oxide cells, such as electrolysers, fuel cells, permeation membranes, etc., 

that the kinetics of electrode reaction of oxygen is very high, provided the electrode material is 

a mixed ionic electronic conductor [56–58]. The improvement of the oxygen reaction kinetics 

is due to extension of reaction sites to the whole electrode surface [59–62]. The monoclinic 

zirconia phase being a mixed ionic-electronic conductor, the surface processes at the 

glass/refractory interface are not blocking, leading to an intense blistering phenomenon. 

 

Figure 14: Illustration of the blistering process below (a) and above (b) the monoclinic/tetragonal transformation 

of zirconia. 

However, above the monoclinic/tetragonal transformation, the blistering decreased drastically 

even if the ambipolar conductivity increases. This feature indicates that the limiting step of the 

overall process is not the bulk transport but interface processes. As recalled in Section 2, 

zirconia in a tetragonal phase is mainly an ionic conductor, leading to a poor rate of the surface 

processes which become limiting. Obviously, the limiting step concerns mainly the oxygen lean 

side of the refractory. Moreover, the oxygen solubility in molten glass decreases as temperature 

increases that could increase the sensitivity of the glass/refractory interface to be polarized. If 

we consider the oxygen electrochemical reaction on an oxide electrolyte with a metallic 
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electrode, it has been demonstrated experimentally that the polarization phenomenon is higher 

the lower the solubility of oxygen in the metal: with gold in which oxygen is not soluble, the 

polarization is very high, in comparison with silver, in which oxygen dissolves easily, which is 

very little polarized [59, 63]. This feature has been ascribed to the role of delocalization of the 

oxidation process. In case of very small solubility in the molten glass, the glass/refractory 

interface can be compared to the Argon/refractory interface for which no oxygen permeation is 

observed. These two simultaneous phenomena could explain that the oxygen activity at the 

glass/refractory interface increases up to the oxygen activity of the oxygen-rich side of the 

refractory. Consequently, the blistering will be very low (see Figure 14 (b)). This result is 

important industrially because the temperature of glass making furnaces are generally 

noticeably higher than 1400°C. 

 

Ta2O5 doping 

With the objective to increase the electrical resistivity of the HZFC products, it has been 

proposed to dope the zirconia-based refractories with a dopant with a valence higher than 4, 

such as Nb2O5 or Ta2O5 [64]. Below the phase transformation, the zirconia phase in HZC is 

monoclinic and the majority carriers are electron holes under high oxygen pressure. The 

observed blistering is controlled by the semipermeability flux, proportional to the oxygen 

vacancy conductivity, which is the minority carrier. As recalled in Section 2, doping with 

Ta2O5, strongly decreases the ionic conductivity of the zirconia phase, suppressing the oxygen 

semipermeability flux, and then impeding the blistering process. As an example, Figure 15, 

compares the blistering capacity of HZC and Ta2O5 doped HZC refractory (HZX), at 1100°C. 

No visible peaks are observed with Ta2O5-doped refractory, as compared with intense blistering 

observed with HZC. 
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Figure 15: Blistering comparison of HZC and HZX in contact with AKM glass, at 1100°C – pO2 = 0.2 bar. 

 

5. Conclusion 

This work shows that with undoped HZC refractory, the blistering process is observed below 

the monoclinic/tetragonal transformation of zirconia, and decrease drastically above the 

transition temperature. The oxygen blistering is linked to the semipermeability phenomenon of 

zirconia and to the kinetics of the surface processes at the glass/refractory interface. Its intensity 

depends on the electrical properties of the refractory: in case of mixed ionic-electronic 

conductivity (monoclinic zirconia), the blistering level is noticeable, while in case of ionic 

conductivity (tetragonal zirconia) the blistering is very small or even negligible, even if in both 

cases the ambipolar conductivity increases with temperature. This feature is ascribed to the 

kinetics of the oxide ions oxidation at the molten glass / refractory interface. It is also shown 

that appropriate doping of the zirconia phase can suppress the blistering phenomenon. 

However, with some raw high-zirconia fused cast refractories, especially the most reduced, a 

temporary blistering phenomenon, with low intensity, ascribed to a redox shock can also be 

observed.  
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