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ABSTRACT:  

The contact between a glass melt and some refractories in glass industry is able to 

induce a blistering phenomenon, which is detrimental for obtaining high quality glasses. The 

objective of this study is to define the key parameters of the blistering process and to propose 

a mechanism for blistering of soda–lime–silica glass melts in contact with fused-cast zirconia-

based refractories. The roles of oxygen semipermeability through the zirconia skeleton and of 

temperature are emphasized.  

 

Introduction 

During the glass fabrication process, the contact between refractories and molten glass 

is sometimes subject to blistering phenomena: in addition to the release of few gases trapped 

in the closed porosity of the refractory, redox processes in glass and refractories can result in 

the production of gas. This blistering phenomenon occurs at different levels of intensity, 

depending on the glass/refractory couple, on the external conditions, i.e., temperature, 
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atmosphere, and on the thermal and chemical history, i.e., fining level, redox state of the 

refractories and of the glass, etc. The formation of gas bubbles is not acceptable in high-

quality glasses, both aesthetically and functionally. The first generation of materials for 

refractory linings in glass melting furnaces, referred to as AZS (Al2O3 (ca. 45 wt.%) – ZrO2 

(ca. 35 wt.%) – SiO2 (ca. 20 wt.%)), contained high amounts of alumina [1]. However, glass 

contamination by refractory material dissolution produces defects in the final product. The 

necessity of producing large amounts of high-purity glasses, such as glasses for flat LCD 

devices or plasma display panel (PDP) screens, led to the development of refractory materials 

referred to as High Zirconia Fused-Cast (HZFC) refractories. Owing to their good resistance 

to corrosion and high temperatures, zirconia-based refractories are, presently, widely used for 

building furnaces in case of production of glasses high-quality [2]. In order to limit the 

blistering phenomenon, it is crucial to understand the different parameters playing a role in 

the phenomenon. Many studies have already been performed in the last 45 years to 

understand the blistering phenomenon, whether it be on fused-cast zirconia-based refractories 

or on sintered zircon products. However, very few reports on these studies can be found in the 

open literature [3–5] and the proposed blistering mechanisms concern either dense zircon 

(ZrSiO4) [3, 6], or AZS fused-cast refractories.  

The objective of this paper is to provide a better insight on the blistering phenomenon of 

glasses in contact with high-zirconia fused-cast refractories, referred to as HZFC in the 

following, at temperatures below the phase transition of zirconia, using specific set-ups. For 

the first time, it is demonstrated that with fused-cast refractories, the blistering phenomenon at 

the glass/refractory interface is ascribed to oxygen semipermeation through the refractory 

material. 

 

2. Experimental 
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2.1. Studied material and characterization  

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

melted at 2250°C with electric energy created between graphite electrodes. The studied fused-

cast product contains 91 wt.% ZrO2 and 9 wt.% of a vitreous phase, referred to as “vph” 

composed of SiO2, Al2O3, Na2O and B2O3. The microstructure of HZFC refractories consists 

of monoclinic zirconia embedded in a three-dimensional interconnected amorphous phase, 

with a glass transition temperature generally around 800 °C [7]. The amorphous phase is 

crucial, as it increases the viscoplasticity of the refractory material and, hence, accommodates 

the large volume expansion (ca. 5 %) corresponding to the tetragonal to monoclinic transition 

of zirconia during the cooling step of the refractory, but also similar contraction during 

heating-up to reach the service temperature in the industrial furnace. The chemical 

composition of the vitreous phase is a key factor: its viscosity has to be low enough during 

zirconia phase transition, thanks to a suitable glass transition temperature. The cooling 

process is, also, a critical step in the fabrication process, that strongly influences the quality of 

the final product and has been widely studied [8,9].  

The tested refractory was either raw (“as-made material”) with a grey colour or 

studied after thermal treatment under air at high temperature (1350°C/30h), with a flesh-

colour. The tested glass is an industrial soda-lime-silicate glass provided by Saint-Gobain 

Glass. The AKM glass contains high amounts of alkaline oxides (Na2O + K2O ~ 15-22 wt.%), 

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

of iron (0.1wt.%) present in the raw powders, segregate in the vitreous phase during the 

fabrication process of the refractories. The pellets or crucibles studied were cut from internal 

parts of large blocks. 

X-ray diffraction (XRD) characterizations were carried out on a diffractometer PANalytical 

X’PERT Pro MPD (Cu Kα radiation: 0.15419 nm). The microstructure of the refractory 
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materials was investigated by Scanning Electron Microscopy (SEM) images, with a SEM 

FEG JEOL IT500HR equipped with an energy dispersive X-ray spectrometer (EDX). 

The 3D connectivity of the phases (zirconia and vitreous phase) in the refractory was studied by 

tomography measurements with the EASYTOM XL Nanofoyer. Samples from 1 mm in diameter 

were characterized with a resolution of 1 μm voxel size. 

The redox state of the refractory and of the glass is key parameter in glass industry [6]. The 

oxidation states of the sample were characterized by measuring the redox state of the iron by 

X-ray Absorption Near Edge Structure (XANES) experiments performed at the European 

Synchrotron Radiation Facility (ESRF) – beamline BM30B, in Grenoble (France). Ex situ 

tests were performed, at ambient temperature, in fluorescence mode. The analysis spots were 

a 200 x 200 μm2 area, involving both vitreous phase zones and ZrO2 grains (see Figure 4 (a)). 

In order to consider that metallic iron might also be present in these materials, a “linear 

combination fitting” tool available in the software Athena [10] was used, with a set of 12 

different references ranking from metallic iron to Fe3+ based compounds. 

 

2.2. Electrical conductivity of the refractory vs. oxygen partial pressure 

Impedance spectroscopy was carried out with a symmetric cell under controlled 

atmosphere in a furnace able to reach 1500°C. The samples were in the form of cylinders (8 

mm in diameter, and 6 mm in thickness). 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 and 

fired at 1000 °C for 2 hours. The measurements were carried out with a 1260 Solartron 

frequency analyzer in the 0.1 – 107 Hz frequency range. The gas flowing the cell was pure 

oxygen, synthetic air, argon, or argon-hydrogen (5%), with a flow rate of 6 L/h. The oxygen 

partial pressure in argon and argon-hydrogen was controlled and monitored with a zirconia 
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oxygen pump-sensor device [11,12]. Thus, the oxygen partial pressure can be controlled 

between 1 and 10-25 atm.  

 

2.3. Oxygen semipermeability measurements 

By using a specific set-up previously developed, schematized in Figure 1, the oxygen 

semipermeability flux through the refractories has been measured [13-16]. The set-up was 

modified to reach temperatures up to 1500°C. Owing to the high temperature and the 

chemical reactivity of the vitreous phase of the refractory, it was not possible to measure the 

oxygen activity on the membrane surface with point electrodes as made in previous works 

[13, 15, 17, 18]. A pellet of the studied refractory, pre-treated under air at 1350°C for 30 

hours, with a 19 mm diameter, was pressed between two alumina tubes. 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. An oxygen 

partial pressure difference was created between the surfaces of the refractory material, i.e., an 

atmosphere rich in oxygen (0.2 bar) on one side and an argon atmosphere (less than 10-5 bar) 

on the other side. The oxygen pressures upstream (P1) and downstream (P2) the cell were 

measured precisely using zirconia oxygen sensors [19, 20].  
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Figure 1: Semipermeability set-up in gas | refractory | gas configuration.  

 

For in situ study of the blistering process, the semipermeability set-up was modified. As 

shown in Figure 2, the membrane was replaced by a crucible (19 mm in external diameter and 

25 mm in height). Solid glass was introduced in the crucible before heating the cell (around 5 

mm thick). The applied procedure is the following: heat at 100°C/h, from ambient 

temperature up to 1100°C with argon flowing in all the set-up, then air flux is applied in the 

chamber below the crucible for the blistering test. A control of the gas-tightness is always 

done at 820°C. The oxygen pressure on the rich side was generally 0.2 bar, but can be 

controlled and monitored in the range 1 bar – 10-5 bar, using a zirconia pump-sensor device 

(referred to as P3). The emf of the zirconia sensor (P2), downstream the cell was recorded 

continuously as shown in Figure 2. Each peak corresponds to one (or several) bubble(s) 

exploding on the surface of the molten glass and increasing the oxygen concentration in the 

flowing argon. 
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Figure 2: Semipermeability set-up to study the blistering process in a glass in contact with a refractory. 

 

3. Results and discussion 

3.1. Physical-chemistry Characterization 

Various characterizations were made on the as-made refractory or after annealing 

under air. The objective was to follow the evolution of the refractory in terms of 

microstructure and chemical composition before the blistering tests. 

Figure 3 shows the XRD patterns of an as-made HZFC sample and after oxidation 

treatment under air, at 1350°C for 30 h. No shift of the peaks characterizing the monoclinic 

phase was observed after oxidation. However, additional peaks corresponding to the 

precipitation of traces of zircon (ZrSiO4) and SiO2 can be identified. ZrSiO4 results from a 

chemical reaction between zirconia and the vitreous phase. 
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Figure 3: (a): XRD diffractogram of HZFC refractory ((1):  As-made HZFC refractory, (2): HZFC refractory 

oxidized under air at 1350°C/30 h). 

. 

The microstructure of the studied refractory was characterized by scanning-electron 

microscopy. The grain size of zirconia phase was in the range 40 – 150 µm. SEM images of 

both samples, i.e., as-made and oxidized, (Figures 4 a and b) reveal that most of the 

monoclinic zirconia grains are surrounded by a thin layer (generally less than 2 µm thick) of 

the vitreous phase. However, direct contact between zirconia grains is also observed.  

 

  

(a) (b) 

Figure 4: SEM micrographs of the studied HZFC (a) As-made HZFC refractory, (b) HZFC refractory after 

oxidation under air (1350°C / 30 h) (zirconia phase in grey and vitreous phase in black) 
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It will be demonstrated in Section 3.3 that the oxygen flux, responsible of the blistering 

phenomenon, proceeds through the zirconia grains. On the contrary, the vitreous phase, which 

is a cationic conductor, prevents the oxygen flux occurring. Then, the connectivity of the 

zirconia phase, within the refractory, was studied by 3-dimensional reconstruction using X-

ray absorption tomography. As shown in Figure 5, the zirconia phase is well distributed 

within the bulk, leading to the percolation of zirconia. The connectivity of the zirconia phase 

has been considered as responsible of the mechanical properties of the HZFC refractories, 

such as high creep resistance at high temperature, or elastic stiffness [7]. It can be also 

concluded that, in the highly-doped zirconia refractory, the zirconia phase is a possible path 

for oxygen to be transferred from one side of the sample to the other. 

 

 

Figure 5: 3D microstructure of the refractory obtained by X-ray absorption tomography of HZFC (zirconia 

grains in red and glassy phase in yellow). 

 

The redox state of iron of the studied refractory as-made and after controlled heat treatment 

was characterized by XANES experiments. As shown in Figure 6, after heat treatment (10 

hours) under air at 1100°C, a partial oxidation of the pellet was obtained. It should be noted 

that in the oxidized flesh-coloured zones, no more metallic iron was observed since FeO and 
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Fe2O3, represent, respectively, 22 wt.% and 78 wt.%. Obviously, different iron oxidation 

states within the refractory are achieved depending on the treatment atmosphere, on the 

temperature and on the treatment duration. One can also assume that the color of the high 

zirconia fused-cast refractories (from dark grey to orange) is indicative of the iron oxidation 

state. To obtain a complete oxidation of the studied refractory, a heat treatment at 1350°C for 

30 h, under air, was carried out before blistering test. 

 

  

(a) (b) 

Figure 6: XANES analysis of the HZFC refractory at ESRF, Grenoble. (a) Analysis spot: 200x200 μm2 area, (b) 

Redox states of iron after heat treatment (10 hours, at 1100°C, under air). 

 

SEM observation shows that iron particles are mainly localized in the vitreous phase 

(Figure 7): less than 10 % of iron nodules is precipitated within the zirconia phase.  

 

 

Figure 7: SEM observation of iron nodules in the glassy phase of the as-made HZFC refractory 
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The oxidation of iron particles within the refractory can be explained by the high temperature 

metallic corrosion concept [21]. The vitreous phase is an ionic conductor avoiding oxygen 

transport. The oxygen transport involves exclusively the zirconia phase (ZrO2-x) which is a 

mixed ionic-electronic conductor at high temperature (through oxygen vacancies and 

electrons). If we consider an iron particle precipitated at the interface between the vitreous 

phase and a zirconia grain, a simplified oxidation mechanism can be described in three steps, 

using Kröger-Vink notation (see Figure 8): 

1. At the external interface (refractory/air interface): oxygen reduction, referred to as 

“external half-reaction”: 

�

�
	�� 	� 		��

•• 	� 2	
� →	��
   (1) 

2. At the internal interface (refractory/iron particle interface): iron oxidation, referred to 

as “internal half-reaction”: 

Fe  → �
��
�� 	� 	2	��

•• � 		2	
� (2) 

3. Diffusion of oxygen vacancies and electrons through monoclinic zirconia. 

 

 

Figure 8: Simplified mechanism of the oxidation of an iron particle in contact with a zirconia grain. 

 

3.2. Transport properties of the refractories 

Figure 9 gives examples of impedance diagrams of the HZFC refractory, at 1100°C, 

under three oxygen partial pressures (pO2), i.e., 1 bar, 0.2 bar, and 10-5 bar. The separation 
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between the sample response and the electrode contribution is easy and it can be observed that 

the total sample resistance (Rtot) increases as the pO2 decreases. The total conductivity of the 

material (σtot) can be calculated from the Rtot values and the geometrical factor of the sample. 

 

 

Figure 9: Nyquist diagram of the HZFC refractory, at 1100°C under three oxygen partial pressures. The numbers 

1, 2, etc. indicate the log10 of the measuring frequency. 

 

Figure 10 shows the variation of the total electrical conductivity of HZFC refractory as a 

function of the oxygen partial pressure, at 1100°C, referred to as a Patterson diagram [22, 23]. 

The plot is characteristic of a mixed ionic-electronic conductor: under oxygen partial 

pressures lower than 10-5 bar, the conductivity plateau indicates that the material can be 

considered as a purely ionic conductor, whereas, at high oxygen pressure an additional p-type 

electronic conductivity is observed. The conductivity plateau can be ascribed to intrinsic 

defects (either oxygen vacancies or oxygen interstitials [24]) or impurities (oxides with a 

valence of the cation lower than 4, such as CaO or Y2O3) [25,26]. In any case, according to 

previously published results, the additional electronic conductivity can be ascribed to 

monoclinic zirconia [27–30].  
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Figure 10: Patterson diagram of the HZFC refractory, at 1100°C. 

 

It should be pointed out that, with the composite material studied, the pressure independent 

plateau, ascribed to ionic conductivity is a contribution of both the zirconia and the vitreous 

phases. The vitreous phase is an alumino-silicate compound which is either an insulator or an 

ionic conductor by cation. Thus, the mixed ionic-electronic conductivity can be ascribed to 

the zirconia phase. Various authors have demonstrated that monoclinic zirconia is a mixed 

ionic-electronic conductor, with predominant electronic conductivity [27–30]. Consequently, 

according to the slowness rule [21], the semipermeation flux is controlled by the anionic 

defects which are the minority carriers (see Section 3.3). 

 

3.3. Blistering vs. oxygen semipermeability 

 

The oxidized refractory was tested in the semipermeability set-up described in Figure 

1. Air was flowing in the lower chamber of the cell and pure Argon (oxygen partial pressure 

of the order of 10-6 bar) in the upper chamber. As it will be shown hereafter, in case of 

blistering within a glass melt, the oxygen content downstream the cell was, generally, of a few 
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hundred ppm or even more, compared with less than 10 ppm with a gas/refractory/gas 

configuration, which corresponds to a very low oxygen permeation flux (Table 1). According 

to previous studies, this low oxygen flux can be ascribed to a polarization phenomenon at the 

lean side of the surface of the membrane [31, 32].  

 

Table 1: Oxygen content (in ppm) in flowing argon downstream the semipermeability cell as a function of 

temperature (gas | refractory | gas configuration). 

Tpellet (°C)  
Oxygen content, downstream 

the cell (ppm)  

1127 5.4 

1227 7.2 

1328 10.8 

 

The modified set-up involving a refractory crucible, shown in Figure 2, was used instead of 

the standard pellet, and the crucible was filled with glass. The variation with time of the 

oxygen content in flowing argon, downstream the cell, at 1100°C, starting with a raw 

refractory crucible is given in Figure 11. The sensor emf was recorded continuously and a 

calculation of the oxygen pressure and then of the oxygen flow was made every second 

(Figure 11 (a)). Figure 11 (b) was obtained by integration over one hour of the oxygen 

evolving from the glass melt.  
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Figure 11: Blistering phenomenon at 1100°C of a glass in contact with a raw refractory – pO2(rich) = 0.2 bar.  

(a) Instantaneous oxygen volume, (b) integration of the blistering oxygen volume over one hour 

 

It should be pointed out that the basis line was always lower than 10 ppm indicating the high 

gas-tightness of the set-up. Each peak observed in Figure 11 (a) corresponds to the oxygen 

released by a bubble (or a few bubbles) when it explodes. It is also noted in Figure 11 (b) that 

the blistering process started only after 13 hours experiment with a raw refractory. The 

comparison of this incubation time is given in Figure 12: with a raw refractory, the incubation 

time before blistering start was 13 hours (Figure 12 (a)) while it was only two hours with a 

previously oxidized crucible (1350°C, 30 hours under air) (Figure 12 (b)). The longer 

incubation time observed with the raw refractory can be ascribed to the presence of metallic 

iron. As long as all metallic iron present in the raw refractory is not fully oxidized to iron (II) 

or (III), according to the proposed mechanism previously described, the oxygen entering the 

refractory from the oxygen-rich side is consumed. Fe(II) is being oxidized, as long as the 

Fe(II)/Fe(III) equilibrium is not reached. Then, oxide ions cannot reach the glass/refractory 

interface, and, consequently the blistering cannot start.  
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Figure 12: Blistering of the tested glass in contact with a raw (a) and oxidized (b) HZC refractory – pO2 = 0.2 

bar, at 1100°C. 

 

Various experiments were carried out to precise the key parameters of the blistering process. 

As the semipermeability measurements were characterized by an oxygen zirconia sensor, only 

the oxygen mole fraction within the bubbles was measured and it was not possible to ensure 

that the gas contained in bubbles is only oxygen. For analysing the various components of the 

permeating gas, a mass spectrometer was added downstream the oxygen sensor. As shown in 

Figure 13, negligible nitrogen content was detected within the produced bubbles. This result 

confirms that the permeation flux is not a physical one through the open porosity or micro-

cracks of the pellet but an electrochemical semipermeability across the zirconia phase. 
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Figure 13: Mass spectrometer analysis of the gases released by the bubble explosion of HZC tested at 1100°C in 

the semipermeability set-up (pO2 = 0.2 bar) 

 

To visualize the blistering phenomenon, a sessile drop design was used [33]. A piece of glass 

on a refractory pellet is melted in a horizontal tubular resistance furnace. The vessel is a high-

purity gas-tight alumina tube with water-cooled seals. An alumina holder, sliding inside the 

alumina tube, allows to set the sample in the center of the furnace. The temperature of the 

sample is determined with a Pt-Pt (10 %) Rh thermocouple located under it. Two windows at 

each side of the tube allow the drop to be illuminated and its shadow to be observed on a 

camera (monochrome camera BASLER CMOS 2/3 35i/s). An example of observation of 

bubble formation within a glass droplet at the interface with an oxidized refractory pellet is 

shown in Figure 14. Air was flowing around the glass drop. At the interface glass/refractory 

the oxygen activity is low. Consequently, an oxygen activity gradient is established between 

the center of the drop and its periphery. The situation resembles the corrosion by differential 

aeration observed for a drop of water under air, placed on a steel plate: the oxidation occurs in 

the center of the drop [34, 35]. The situation can also be compared to the semipermeability 

set-up shown in Figure 2. The photographs demonstrate that the time necessary for a bubble 

to be formed at the glass/refractory interface, to go up till the surface, and to blast, liberating 
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oxygen which is measured by the oxygen sensor, requires one hour, or more, according to the 

temperature and the height of glass on the refractory. This time can be compared to the 

incubation time observed with oxidized refractories (Figure 12 (b)).  

 

 

Figure 14: Bubble rise within a glass droplet, at 1100°C, under air atmosphere, at t1 = 0 min, t2 = 10 min, and t3 = 

25 min 

 

The role of the oxygen-rich atmosphere on the blistering phenomenon was demonstrated by a 

sharp lowering of the partial pressure of oxygen at the rich side (P3): when the oxygen partial 

pressure was changed from pO2 = 0.2 bar down to pO2 = 10-5 bar (in argon) the blistering 

decreases and disappears after a while. However, the blistering switch-off is not instantaneous 

after lowering the pO2 since bubbles already formed in the glass are still growing and rising 

up in the glass until they burst. As explained before, the time is dependent on the glass 

viscosity. Once the blistering phenomenon is completely stopped it can start again while 

increasing again the oxygen partial pressure at the rich side of the semipermeability set-up. 

The role of temperature on the blistering phenomenon is complex because the molten glass 

and the refractory are concerned [36]. 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 [37-39]: 

  ��� �
�

�����
	� ����	����
� �
!"#$

� �
%&'(		

    (3) 

where, 

- L: thickness of the membrane 
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- ���
)*�+: oxygen chemical potential on the lean side of the refractory 

- ���
�,-.: chemical potential on the rich side of the refractory 

- σamb:  ambipolar conductivity which is defined as	���� = 
/"	/&
/"	0	/&

 

- �,	and �* are the ionic and electronic conductivity 

In case of an oxide in which the ionic conductivity �, is predominant (referred to as “solid 

electrolyte”) the ambipolar conductivity can be approximated as σe; on the contrary, for a 

semi-conductor (�, ≪ 	�*), the ambipolar conductivity can be reduced to σi. Consequently, 

according to Wagner’s theory, the semipermeation flux is governed by the minority charge 

carriers. It should be noted that many steps have to be considered in the permeation process, 

i.e., gas transfer to and from the gas/solid interface, oxygen exchange at both interfaces of the 

membrane, etc. [39]. It is not the aim of this work to recall in detail all the steps of the 

process. 

The ambipolar conductivity, and consequently, the permeation flux increases exponentially 

with temperature. Figure 15 compares the blistering phenomenon with a raw refractory, at 

1050°C and 1100°C, respectively. The results show that the incubation time is noticeably 

lower at 1100°C than at 1050°C: 14 hours and more than 35 hours, respectively. The oxygen 

flux being noticeably higher at 1100°C, the oxidation of metallic iron particles within the 

refractory are oxidized more rapidly than at 1050°C, consequently, the blistering phenomenon 

starts more rapidly. Obviously, as shown in Figure 15, the blistering is also more intense at 

high temperature.   
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Figure 15: Semipermeability experiments at two temperatures with raw HZFC refractory: (a) 1050°C, (b) 

1100°C 

 

Considering that the density of the bubble is very low compared to the density of the molten 

glass (ρglass >> ρgas), the expression for the rising velocity of a bubble in a viscous liquid, 

called the Hadamard-Rybczynski velocity, 234 is [40, 41]: 

    234 �
56%'77	8	�

�

9	�6%'77
    (4) 

 

where ρglass and µglass are the glass density and the glass viscosity, respectively, g is the 

gravitational acceleration, and r the bubble radius. 

 

According to equation (4), the higher the bubble size, the higher the rising rate. Moreover, the 

glass properties play an important role in the blistering process, and, mainly, the glass 

viscosity which decreases exponentially with temperature [42]. Consequently, the rising 

velocity of the bubbles increases, and the incubation time with an oxidized refractory 

decreases, as the temperature increases.  

 

4. Conclusion 
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This work demonstrates for the first time the role of the oxygen semipermeation 

process through refractory in the blistering process, in the case of a high zirconia fused-cast 

refractory below the allotropic transformation of zirconia, owing to the connectivity of the 

zirconia phase. The vitreous phase only plays a mechanical role, allowing the refractory to 

withstand the monoclinic-tetragonal phase transformation without cracking both on heating 

and cooling. The study also demonstrates the role of refractory iron oxidation state, and of 

temperature, on the delayed initiation of the blistering mechanism. These results are also 

important from an industrial point of view because they make it possible to provide ways for 

reducing or even canceling the phenomenon of blistering.  
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