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REFRACTORY AND GLASS INTERACTION
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REFRACTORY/GLASS DIFFUSION
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DIFFUSION EXPERIMENT
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DIFFUSION EXPERIMENT

5 / Saint-Gobain confidential & proprietary

1200°C
EPMA Profile
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MATRIX ANALYSIS AND EXCHANGE REACTION
Diffusion Matrix

Eigenvectors

Exchange reaction

𝟎. 𝟗𝟓 𝑵𝒂𝟐𝑶 ↔ 𝟏. 𝟏𝑪𝒂𝑶

𝟎. 𝟖 𝑺𝒊𝑶𝟐+ 𝟎. 𝟏 𝑨𝒍𝟐𝑶𝟑 ↔ 𝟏.𝟏 𝑪𝒂𝑶
0.9 𝑆𝑖𝑂2+ 0.7 𝐶𝑎𝑂 ↔ 0.65 𝐴𝑙2𝑂3+ 0.2 𝑍𝑟𝑂2+ 0.15 𝑁𝑎2𝑂

0.3 𝐶𝑎𝑂 + 0.5 𝑍𝑟𝑂2 ↔ 0.6 𝐴𝑙2𝑂3+ 0.2 𝑆𝑖𝑂2+ 0.15 𝑁𝑎2𝑂

3 wt% ZrO2
0 wt% ZrO2
(Claireaux et al 2016)

𝑵𝒂𝟐𝑶 ↔ 𝑪𝒂𝑶

𝟎. 𝟓 𝑺𝒊𝑶𝟐+ 𝟎. 𝟐𝟓 𝑨𝒍𝟐𝑶𝟑 ↔ 𝑪𝒂𝑶

𝟎. 𝟐 𝑺𝒊𝑶𝟐+ 𝑪𝒂𝑶 ↔ 𝟏 𝑨𝒍𝟐𝑶𝟑

Low perturbation of exchange reactions by Zr

𝐷𝑁𝑎,𝑁𝑎 𝐷𝑁𝑎,𝐶𝑎 𝐷𝑁𝑎,𝑍𝑟 𝐷𝑁𝑎,𝐴𝑙

𝐷𝐶𝑎,𝑁𝑎 𝐷𝐶𝑎,𝐶𝑎 𝐷𝐶𝑎,𝑍𝑟 𝐷𝐶𝑎,𝐴𝑙
𝐷𝑍𝑟,𝑁𝑎
𝐷𝐴𝑙,𝑁𝑎

𝐷𝑍𝑟,𝐶𝑎
𝐷𝐴𝑙,𝐶𝑎

𝐷𝑍𝑟,𝑍𝑟 𝐷𝑍𝑟,𝐴𝑙
𝐷𝐴𝑙,𝑍𝑟 𝐷𝐴𝑙,𝐴𝑙

= 𝐷 = 𝑃 Λ 𝑃 −1

λ = 43

λ = 1

λ = 0,1

λ = 0,06

Eigenvalues



MATRIX ANALYSIS AND EXCHANGE REACTION

𝟎. 𝟗𝟓 𝑵𝒂𝟐𝑶 ↔ 𝟏. 𝟏𝑪𝒂𝑶

𝟎. 𝟖 𝑺𝒊𝑶𝟐+ 𝟎. 𝟏 𝑨𝒍𝟐𝑶𝟑 ↔ 𝟏.𝟏 𝑪𝒂𝑶
0.9 𝑆𝑖𝑂2+ 0.7 𝐶𝑎𝑂 ↔ 0.65 𝐴𝑙2𝑂3+ 0.2 𝑍𝑟𝑂2+ 0.15 𝑁𝑎2𝑂

0.3 𝐶𝑎𝑂 + 0.5 𝑍𝑟𝑂2 ↔ 0.6 𝐴𝑙2𝑂3+ 0.2 𝑆𝑖𝑂2+ 0.15 𝑁𝑎2𝑂

3 wt% ZrO2
0 wt% ZrO2
(Claireaux et al 2016)

𝑵𝒂𝟐𝑶 ↔ 𝑪𝒂𝑶

𝟎. 𝟓 𝑺𝒊𝑶𝟐+ 𝟎. 𝟐𝟓 𝑨𝒍𝟐𝑶𝟑 ↔ 𝑪𝒂𝑶

𝟎. 𝟐 𝑺𝒊𝑶𝟐+ 𝑪𝒂𝑶 ↔ 𝟏 𝑨𝒍𝟐𝑶𝟑

Zr increases the glass viscosity

But

Increases the alkali exchange 

λ = 47.2

λ = 1.07

λ = 0,18

λ = 0,06

Eigenvalues

λ = 24.5

λ = 0.58

λ = 0.3

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 2 ∶ 0,8 𝑆𝑖𝑂2+ 0,1𝐴𝑙2𝑂3 ↔ 1𝐶𝑎𝑂

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 3

𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 1 ∶ 𝑁𝑎2𝑂 ↔ 1𝐶𝑎𝑂
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ZIRCONIUM IMPACT ON THE SODIUM MOBILITY

ZrO2

Na2O CaO

ZrO2 = 3 wt%

ZrO2 = 4,5 wt%

ZrO2 = 6 wt%

𝑪 𝒙 =
𝑪𝟏 − 𝑪𝟐

𝟐
𝒆𝒓𝒇

𝒙

𝟐 𝑫𝒕
+
𝑪𝟏 − 𝑪𝟐

𝟐

Claireaux 2016 wt% ZrO2

In aluminosilicate glass Zr increases Na mobility
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STRUCTURE MODIFICATIONS : Zr L2 EDGE XANES & RAMAN

Ficheux et al., J. Geoch. Cosm. Acta, 2019

Wt% Na2O
Wt% Na2O

ZrO2 Na2O Al2O3   Na2O

 More Na available = Zr site better defined

 Al and Zr use Na as charge compensator.

Constant 6 fold coordination

 Competition between Al and Zr for Na as charge compensator

Structural Analysis

980cm-1 : 

Si-O-Zr bending vibration1

1 Angeli et al Am Ceram Soc (2010) 

ZrO6
2- + 2 Na+

2 AlO2
- + 2 Na+



STRUCTURE MODIFICATIONS: Zr K EDGE EXAFS & RAMAN

Ficheux et al., J. Geoch. Cosm. Acta, soumis

980cm-1 :

Si-O-Zr bending vibration1
1100cm-1 :

Q3(Si) vibration 

decrease

ZrO6
2- + 2 Na+ 2 Q3(Si) + 2 Na+

Charge compensator

Network modifier

 Some Na move from network modifier 

to charge compensator

CN(Zr-Zr) = 1.4

 Zirconium is not randomly distributed

CN(Zr-Si/Al) = 4



PREDICTION CAPABILITY OF THE MODEL: MULTI GRADIENT 
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PREDICTION CAPABILITY OF THE MODEL: MULTI GRADIENT 
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Good prediction



PREDICTION CAPABILITY OF THE MODEL
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𝟑𝟗, 𝟖 −𝟔, 𝟐𝟒 −𝟏, 𝟎𝟕 −𝟎, 𝟗𝟑
−𝟒𝟐, 𝟑𝟖 𝟕, 𝟑𝟖 𝟏, 𝟒𝟐 𝟏𝟎, 𝟐𝟔
𝟎, 𝟓𝟏
−𝟎, 𝟐𝟑

𝟎, 𝟎𝟔
−𝟎, 𝟏𝟐

𝟎, 𝟏𝟕
𝟎, 𝟎𝟓

−𝟎, 𝟎𝟔
𝟎, 𝟎𝟑

D

Na
Ca
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Al

Na Ca Zr Al

 Globally acceptable

 Decrease with ZrO2 content 

40h 

1250°C
200µm

36 wt% ZrO2
40 wt% ZrO2 70 wt% ZrO2

SiO2 + 

Al2O3

CaO

+ Na2O

ZrO2

Glass 

12wt% Al2O3

AZS

70 wt% ZrO2

40 wt% ZrO2

36 wt% ZrO2



PREDICTION CAPABILITY OF THE MODEL
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𝟑𝟗, 𝟖 −𝟔, 𝟐𝟒 −𝟏, 𝟎𝟕 −𝟎, 𝟗𝟑
−𝟒𝟐, 𝟑𝟖 𝟕, 𝟑𝟖 𝟏, 𝟒𝟐 𝟏𝟎, 𝟐𝟔
𝟎, 𝟓𝟏
−𝟎, 𝟐𝟑

𝟎, 𝟎𝟔
−𝟎, 𝟏𝟐

𝟎, 𝟏𝟕
𝟎, 𝟎𝟓

−𝟎, 𝟎𝟔
𝟎, 𝟎𝟑

D
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Ca
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Na Ca Zr Al

 ZrO2 diffusion is overestimated by model

 Data fit  with constant D doesn’t give 

perfect result

36 wt% ZrO2 40 wt% ZrO2 70 wt% ZrO2

𝑪 𝒙 =
𝑪𝟏 − 𝑪𝟐

𝟐
𝒆𝒓𝒇

𝒙

𝟐 𝑫𝒕
+
𝑪𝟏 − 𝑪𝟐

𝟐

Model prediction
Data fit

SiO2 + 

Al2O3

CaO

+ Na2O

ZrO2

Glass 

12wt% Al2O3

AZS

70 wt% ZrO2

40 wt% ZrO2

36 wt% ZrO2



PREDICTION CAPABILITY OF THE MODEL: VISCOSITY
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𝟑𝟗, 𝟖 −𝟔, 𝟐𝟒 −𝟏, 𝟎𝟕 −𝟎, 𝟗𝟑
−𝟒𝟐, 𝟑𝟖 𝟕, 𝟑𝟖 𝟏, 𝟒𝟐 𝟏𝟎, 𝟐𝟔
𝟎, 𝟓𝟏
−𝟎, 𝟐𝟑

𝟎, 𝟎𝟔
−𝟎, 𝟏𝟐

𝟎, 𝟏𝟕
𝟎, 𝟎𝟓

−𝟎, 𝟎𝟔
𝟎, 𝟎𝟑

D
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 Data fit  with  D scaled by viscosity gives 

better result

36 Wt% ZrO2

Model prediction

Data fit with D=const

𝑪 𝒙 = 𝟎, 𝟓𝑪𝒈𝒍𝒂𝒔𝒔 𝟏 + 𝒆𝒓𝒇
𝒙

𝟐 𝑫 𝒙 𝒕
𝑫 𝐱 = 𝑫𝒁𝒓,𝒈𝒍𝒂𝒔𝒔

𝜼𝒈𝒍𝒂𝒔𝒔

𝜼(𝒙)

SiO2 + 

Al2O3

CaO + Na2O

ZrO2

Glass 

12wt% Al2O3

AZS

36 wt% ZrO2

Viscosity variation



PREDICTION CAPABILITY OF THE MODEL
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𝟑𝟗, 𝟖 −𝟔, 𝟐𝟒 −𝟏, 𝟎𝟕 −𝟎, 𝟗𝟑
−𝟒𝟐, 𝟑𝟖 𝟕, 𝟑𝟖 𝟏, 𝟒𝟐 𝟏𝟎, 𝟐𝟔
𝟎, 𝟓𝟏
−𝟎, 𝟐𝟑

𝟎, 𝟎𝟔
−𝟎, 𝟏𝟐

𝟎, 𝟏𝟕
𝟎, 𝟎𝟓

−𝟎, 𝟎𝟔
𝟎, 𝟎𝟑

D

Na
Ca

Zr

Al

Na Ca Zr Al

 Good prediction of ZrO2 profile

 For others elements: behaviors not 

correctly predicted (high Al variation?)

40h 1250°C
200µm

95 wt% ZrO2

SiO2 + 

Al2O3

CaO + Na2O

ZrO2

Glass 

0,64wt% Al2O3



ALUMINIUM IMPACT ON THE DIFFUSION MATRIX
MAXIME JACQUEMIN, PHD, 2021

17 / Saint-Gobain confidential & proprietary



CONCLUSION
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• Good prediction

• Zr increases the 

mobility of alkali

• Globally good prediction of 

mobility 

• Quality deceases with Zr content

• Viscosity gradient should be 

taken into account to increase 

the prediction quality

• Good prediction of ZrO2 profile

• Some complex behaviors not 

correctly predicted: Al impact   

SiO2 + Al2O3 CaO + Na2O

ZrO2

Glass 

0,64wt% Al2O3

Glass 

12wt% Al2O3
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