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Phase CTE (10-6/K) at 20 C 

SiO2  
II = 7.9  
 = 13.3 

MgSiO3 (Enstatite) 9.0-12.0 

MgSiO3 (Clinoenstatite) 7.8-13.5 

MgSiO3 (Protoenstatite) 9.8 

Mg2SiO3 (Forsterite) 9.4 

CaSiO3 (Wollastonite) 9.4 

Ca2SiO4 (Calcium orthosilicate) 10.8-14.4 

BaSiO3 (Barium silicate) 9-13 

BaSi2O5 (Barium disilicate) 14.1  

Ba2Si3O8 (Barium silicate) 12.6  

Ba3CaSi2O8  12-14 

BaZrO3 (Barium zirconate) 7.9 

BaB2O4 (Barium borate) 
a = 4.0  

c = 36.0 

BaAl2Si2O8 (Hexacelsian) 7-8 

BaAl2Si2O8 (Monocelsian) 2-3 

BaAl2Si2O8 (Orthocelsian) 5-7 

Mg2Al4Si4O18 (Cordierite) 2 



























Glass sealant 
Joining 

partner 

Joining 

conditions 
Test type Result Reference 

Glass 58 

BaO-CaO-Al2O3-

SiO2 

1.4742 steel 
as joined 

Shear test RT1 
Shear stress  

8.6 - 10.5 MPa 

[Sch 2002b] 

1.4742 steel2 

Tensile 

strength RT1 

3.6  15.2 MPa 

 Glass 73 

BaO-CaO-B2O3-

SiO2 

HNA2 as joined 32.9  38.1 MPa 

1.4742 steel2 as joined 8.9  35.9 MPa 

Glass S25 

BaO-CaO-Al2O3-

SiO2 

HNA2 as joined 21.2  27.7 MPa  

1.4742 steel2 as joined 10.5  424 MPa 

NAS 

Na2O-Al2O3-SiO2 

addition of 30 

vol. % MgO as 

filler 

Crofer22APU 

coated 
Various Shear test RT1 0.92 - 2.09 MPa  

[Nie 2008] Sandvik 

experimental 

batch 

Various Shear test RT1 1.21  2.36 MPa 

SiO2-CaO-BaO Crofer22APU 

as joined 
Shear test 

 at 800°C 

Critical shear stress  

3 MPa; Shear 

modulus 1 GPa 

[Mal 2007] 

Annealed 
Shear test 

 at 800°C 

Critical shear stress  

4 MPa; Shear 

modulus 15 GPa 

[Mal 2007] 

YSO75  

(SrO,CaO)-Y2O3-

B2O3-SiO2  

Crofer22APU as joined 
Tensile 

strength RT1 
6.3 ± 0.9 MPa [Chou 2008a] 

YSO75  

(SrO,CaO)-Y2O3-

B2O3-SiO2  

Crofer22APU as joined 
Tensile 

strength RT1 
6.3 ± 0.9 MPa [Chou 2008a] 

BaO-SiO2-Al2O3-

CaO-B2O3 

Sintered 

cylinders  

10 mm 

length, 5 mm 

diameter 

as joined 

Creep test 

under 

compression 

load 

Creep strain of 43% 

at 800 °C with 58.5 

kg load 

[Liu 2011] 

SACN  

SiO2-Al2O3-CaO-

Na2O  

Crofer22APU as joined 
Tensile 

strength RT1 
6 MPa [Sme 2008] 

      

      

      

      



Glass sealant  
Joining 

partner 

Joining 

conditions 
Test type Result Reference 

Glass 87  

BaO-CaO-SiO2 

Crofer22H as joined 
Tensile 

strength RT1 
3.8 ± 0.03 MPa [Gro 2011] 

Sintered bars 

as joined 

Microhardness 

RT1 

E = 72 ± 5 GPa;  

H = 5.6 ± 0.7 GPa;  

KIC 0.99 Mpa  m0.5 
[ZHa 2011] 

Annealed 

E = 80 ± 9 GPa;  

H = 5.5 ± 1.3 GPa;  

KIC 1.12 Mpa  m0.5 

Crofer22APU 
Laser 

joined 
Shear test RT1 

Shear stress ~ 12 

MPa 
[Fai 2012] 

Crofer22APU 

as joined 

Four-point 

bending test 

RT1 

Fracture stress  

52 ± 1 MPa 

[Mal 2012a] 

Four-point 

bending test 

800 °C 

Fracture stress 

 ~  1 MPa 

Sintered bars 

Four-point 

bending test 

RT1 

Fracture stress  

55 ± 7 MPa 

Four-point 

bending test 

800 °C 

Fracture stress 

10 ± 2 MPa 

Glass 48 

BaO-CaO-SiO2 

Sintered bars 

as joined 

Microhardness 

RT1 

E = 77 ± 3 GPa; 

H = 5.5 ±  1.3 GPa; 

KIC 0.64 Mpa  m0.5 
[ZHa 2011] 

Annealed 

E = 77 ± 3 GPa;  

H = 7.5 ± 0.5 GPa;  

KIC 0.69 MPa m0.5 

Sintered bars 

as joined 
4 point 

bending test 

RT1 

4 point 

bending test 

800 °C 

Fracture stress 

91 ± 12 MPa 

[Mal 2012a] 

Annealed 
Fracture stress ~ 90 

MPa 

GC-9 

BaO-B2O3-Al2O3-

SiO2  

Crofer22H 

as joined 
Tensile 

strength RT1 
16.7  23 MPa 

[Lin 2012] as joined 

Tensile 

strength 

800 °C 

4.3  12.7 MPa 

as joined 
Shear test RT1 4.9 - 6.6 MPa 

Shear test  4.4  4.7 MPa 



Glass sealant  
Joining 

partner 

Joining 

conditions 
Test type Result Reference 

Composite glass 

87 + 20% YSZ 

particles (wt.- %) 

Crofer22H as joined 
Tensile 

strength RT1 
2.9 ± 0.03 MPa [Gro 2011] 

Sintered bars 

as joined 

Microhardness 

RT1 

E = 73 ± 8 GPa; 

H = 5.5 ± 1.2 GPa;  

KIC 0.92 Mpa  m0.5 
[ZHa 2011] 

Annealed 

E = 79 ± 6 GPa; 

H = 5.1 ± 0.9 GPa;  

KIC 1.5 MPa m0.5 

Crofer22APU as joined 

E = 80 ± 15 GPa; 

H = 6 ± 2 GPa;  

KIC 1.0 MPa m0.5 

[Mal 2012b] 

Crofer22APU 

Stack 

operated 

800°C for 

1056 h 

E = 70  ± 12 GPa; 

H = 5 ± 1 GPa;  

KIC 2 MPa m0.5 

Crofer22APU 

Stack 

operated 

800°C for 

1559 h 

E = 48  ± 10 GPa; 

H = 4 ± 1 GPa; KIC 

1.5 MPa m0.5 

Crofer22APU 

Stack 

operated 

800°C for 

19,000 h 

E = 100  ± 10 GPa; 

H = 7 ± 1 GPa; KIC 

1.6 MPa m0.5 

Composite glass 

87 + 20% Ag 

particles (wt.- %) 

Crofer22H as joined 
Tensile 

strength RT1 
5.2 ± 0.29 MPa [Gro 2011] 

Sintered bars 

as joined 

Microhardness 

RT1 

E = 75 ± 5 GPa;  

H = 4.2 ± 0.8 GPa;  

KIC 1.1 MPa m0.5 
[ZHa 2011] 

 

 
Annealed 

E = 74 ± 8 GPa;  

H = 3.4 ± 1 GPa;  

KIC 1.55 MPa m0.5 

Composite glass 

87 + 13% YSZ 

fibers (wt.-%) 

Crofer22H as joined 
Tensile 

strength RT1 
3.18 ± 0.03 MPa [Gro 2011] 

Sintered bars 

as joined 

Microhardness 

RT1 

E = 74 ± 5 GPa;  

H = 6.21 ± 0.7 GPa;  

KIC 0.82 Mpa  m0.5 

[ZHa 2011] 

Annealed 

E = 86 ± 5 GPa;  

H = 6.5 ± 0.8 GPa;  

KIC 1.3 MPa m0.5 



Glass sealant  
Joining 

partner 

Joining 

conditions 
Test type Result Reference 

GC-9 

BaO-B2O3-Al2O3-

SiO2  

Crofer22H 

as joined 
Tensile 

strength RT1 
16.7  23 MPa 

[Lin 2012] 
as joined 

Tensile 

strength 

800 °C 

4.3  12.7 MPa 

as joined 

Shear test RT1 4.9 - 6.6 MPa 

Shear test 800 

°C 
4.4  4.7 MPa 



















References [Gro 2011] [Sme 2008b] [Lin 2012] [Cho 2008a] 

Sealant Glass 87 SACN GC-9 YSO75 

Glass 

system 
BaO-CaO-SiO2 

SiO2-Al2O3-

CaO-Na2O 

BaO-B2O3-Al2O3-

SiO2 

(SrO,CaO)-Y2O3-

B2O3-SiO2 

Joining 

partner 
Crofer22H Crofer22APU Crofer22H Crofer22APU 

Sample 

dimensions 

32 outer  x 

12 inner  x 

6 mm thickness 

6 x 6 x 2 mm3 95 x 25 x 2.5 mm3 12.5 x 12.5 x 1 mm3 

Tensile 

strength 
3.8  0.03 MPa 6 MPa 16.7  23 MPa 6.3  0.9 MPa 

Fracture 

through 
glass ceramic glass ceramic 

glass ceramic / 

interface 
glass ceramic 





 
Oxide compositions [wt.-%] 

Additions 
BaO SiO2 CaO 

Glass 87 48.2 29.8 6.1 Al2O3, B2O3, V2O5, ZnO 



 Oxide compositions [wt.-%] 

 BaO SiO2 CaO B2O3 Al2O3 

Glass 104 50.6 31.3 6.4 7.9 3.8 









Characteristic fixed points 

Corresponding viscosity log  / dPa s 

[Sch 1962] [PAb 1997] [Pas 2005] 

First shrinkage 10.0 ± 0.3 10 9.1 ± 0.1 

Maximum shrinkage 8.2 ± 0.5 - 7.8 ± 0.1 

Deformation / Softening 6.1 ± 0.2 6.8 ± 0.8 6.3 ± 0.1 

Sphere - - 5.4 ± 0.1 

Half ball 4.6 ± 0.1 4.5 ± 0.3 4.1 ± 0.1 

Flow 4.1 ± 0.1 3.1 ± 0.3 3.4 ± 0.1 





















Basic materials 

properties 
Ag Cu Ni 

NiCr 

(80-20) 
CGO10 CGO20 YSZ  

Mont- 

morillonite 

Crystalline structure FCC FCC FCC __ FCC FCC Fluorite 
Monoclinic 

prismatic 

 at   20 °C) 19.0 16.5  13.3 13 12 12 10 __ 

Density (g/cm³ at 20 °C)   10.5 8.9  8.9 8.3 7.2 7.2 6.1 2-3 

Cost  741.44 6.2 13.7 12.3 1100 1100 230 100 

a) 72 140 207 214 200-240 190-230 220-260 __ 

Tensile strength (MPa) 150-360 220-320 380-620 730 __ __ __ __ 

Yield strength (MPa) 55 50-270 100-480 350 __ __ __ __ 





Sample type Layer 1 Layer 2 Layer 3 

Double layer 
YSZ fiber Ag ---- 

YSZ particle Ag ---- 

Triple layer 

YSZ fiber Ag YSZ fiber 

Ag YSZ fiber Ag 

YSZ particle Ag YSZ particle 

Ag YSZ particle Ag 

Glass Matrix Ag Glass Matrix 

Ag Glass Matrix Ag 















Point O Al Si Ca Cu Zn Ba Observation 

1 71.3  10.9  11.7  6.1 
Light color phase 

(Ba-Cu-Si) 
2 70.6  11.1  12.0  6.3 
3 70.6  11.3  11.8  6.3 

4 62.9    37.1   Agglomerate 
(Cu) 5 63.4  0.3 0.2 35.4 0.2 0.5 

6 74.0 8.7 10.6  0.6 0.5 5.6 Dark gray phase 
 (Ba-Si) 7 74.1 8.7 10.6 0.2 0.4 0.4 5.6 

8 74.0 0.9 7.2 5.0 3.8 2.1 7.0 Remain glassy phase (Ba-
Si-Ca-Cu-Zn-Al) 9 74.2 0.7 7.2 5.0 3.5 2.2 7.2 





30 m 

60 m 60 m 

60 m 

30 m 30 m 



20 m 



10 m 



10 m 



20 µm 60 µm 



30 m 



20 m 



Composite 
Softening point (°C) 

(as sintered) 

Technical alpha [10-6 K-1] 

(200 600°C) 

sintered annealed 

Glass 87 pure 605 9.6 8.1 

Glass 87 + 10 wt.-% Ni 600 10.6 8.9 

Glass 87 + 20 wt.-% Ni 610 10.8 9.8 

Glass 87 + 10 wt.-% NiCr 615 10.6 9.2 

Glass 87 + 20 wt.-% NiCr 635 10.6 not measured 

Glass 87 + 20 wt.-% Ag 570 11.5 8.8 

Glass 87 + 13 wt.-% YSZ fibers 630 9.3 9.3 

Glass 87 + 10 wt.-% CGO1 600 10.2 8.8 

Glass 87 + 20 wt.-% CGO1 605 10.2 9.3 

Glass 87 + 10 wt.-% CGO2 600 10.2 8.7 

Glass 87 + 20 wt.-% CGO2 605 10.2 9.5 



Sample 

Fixed viscosity (lo  

9.1 7.8 6.3 5.4 4.1 3.4 

Thermal parameter [± 10 °C] 

TFS TMS TDF TS THB TF 

Pure glass 87 610 725 730 795 844 ----- 

Glass 87 plus filler in wt.-% 

20 YSZ 650 731 745 820 900 ----- 

13 YSZ Fibers 615 730 740 840 900 ----- 

20 CGO20 650 750 765 828 890 ----- 

20 Ag 610 700 710 791 880 ----- 

10 NiCr 635 740 745 835 900 ----- 

10 Ni 645 725 730 790 864 ----- 

20 Ni 625 716 719 825 880 ----- 



Pure glas 87 

 

20 wt.-% YSZ 

 

13 wt.-%YSZ Fibers 

 

20 wt.-% GCO20 

 

20 wt.-% Ag 

 

10 wt.-% NiCr 

 

10 wt.-% Ni 

 

          20 wt.-% Ni 

 









Sample 
Calculated Rglass for 
100 cm² cells stack ( ) 

Current losses through 
the sealant (%) 

Sandwich samples screen printing 

Glass 87 as joined 0.13 E-02 

Glass 87 aged 0.05 E-01 

20 % Ni as joined 128 E-05 

20 % Ni aged 0.69 E-02 

Reproduction sandwich samples 

dispenser 87 277 E-05 

screen print 87 41 E-04 

dispenser 87 aged 95 E-05 

screen print 87 aged 74 E-05 

Sintered bars 

Glass 87 sintered 152777 E-08 

Glass 87 aged 11337 E-07 

20 % Ni sintered 934 E-06 

20 % Ni aged 7936 E-07 







Height of 
Crofer cylinder 

 (mm) 

Outer-/ Inner-  
of the glass 
sealant layer 

(mm) 

Measured 
force 

Fmax 

(N) 

Measured average 
tensile strength 

Fmax/Asealant 

(MPa) 

Calculated maximal 
tensile strength at 

failure (MPa) 

without 
thermal 
stresses 

with 
thermal 
stresses 

6 32 / 24 1788 5 85 82 

22 32 / 24 9715 28 95 91 

6 24 / 12 1997 6 85 82 

22 24 / 12 11255 33 103 99 















80 m 

100 m 



100 m 

80 m 

100 m 



100 m 

100 m 

100 m 



20 µm 



2 mm 



10 m 





Multilayer samples 
Thickness  

(cm) 

Resistance from measurement 

( ) 

Current losses through the 

sealant (%) 

As-

joined 
Annealed 

Thermal 

cycled 

(30 cycles) 

As-

joined 
Annealed 

Thermal 

cycled 

(30 cycles) 

YSZ fiber + Ag + 

YSZ fiber 
0.026 16083 40900 9730 E-06 E-06 E-06 

YSZ  + Ag + YSZ 0.032 23245 8300 15770 E-06 E-06 E-06 

YSZ fiber + Ag 0.025 5474 45870 16500 E-06 E-06 E-06 

YSZ  + Ag 0.023 9643 9156 229.6 E-06 E-06 0.0001 

Matrix + Ag + 

Matrix 
0.029 0.604 short circuit 0.335 0.01 short circuit 0.1 

Ag + Matrix + Ag 0.020 713 44.8 412.3 E-05 0.001 0.0001 

Ag + YSZ fiber + Ag 0.029 3.5 short circuit 0.9 0.01 short circuit 0.01 

Ag + YSZ particle + 

Ag 
0.029 0.372 short circuit 0.41 0.1 short circuit 0.1 











20 µm 

20 µm 

20 µm 

200 µm 

100 µm 

100 µm 



40 µm 20 µm 
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