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TAURO 
blanket 
design, 
(EU)

• L. Giancarli, H. Golfier, 
S. Nishio, A.R. Raffray, 
C.P.C. Wong, and R. 
Yamada,  Progress In 
Blanket Designs Using 
SiCf/SiC Composites, 
Fus. Eng. Des.,  Vol 61-
62, 2002, p 307-318.

Joining SiC/SiC 
for Nuclear Applications: DEMO ?

• several meters long
joints

• Neutron irradiation 
resistance

• Low activation and 
transmutation

• Thermo-mechanical 
reliability 

• pressure-less
methods

• Localized heating

•T = 700-1000°C
•hermeticity

•Shear strength of the joint = 
40-60 MPa
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silicon carbide-based 
components:

fuel cladding tubes in 
advanced light water 
reactor (LWR) 

control rod sleeves in a 
very high temperature 
reactor/next generation 
nuclear power reactors

NITE SiC/SiC fuel pin or fuel plate for GFR; 
courtesy of Ceramic Tubular Products (CTP, USA)  
triplex tube

Joining SiC/SiC for new generation fission
reactors components?
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• SiC/SiC have been 
considered as part of 
components and/or as 
structural materials in 
several conceptual 
design studies of 
nuclear fusion 
reactors beyond ITER 
(DEMO)

M.Ferraris
HT-CMC 7 Bayreuth, Germany 2010

Joining SiC Ceramics and Composites
for Nuclear Reactors beyond ITER: DEMO

development 
of joining 

materials and 
technology

….?
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Examples of Potential Materials and Techniques 
for Joining SiC-based Materials for Nuclear 

Applications
Method Typical strength Radiation performance On-going / recent 

R&D

Diffusion bonding 
w/ metallic inserts

>~150 MPa 
shear

Expectedly good with adequate 
insert materials

NASA, Bettis, 
EU fusion

Transient eutectic-phase 
joining

~250 MPa 
tensile

Expectedly good with process 
optimization

Kyoto U., Dresden, 
etc.

Glass-ceramics Joining ~50 MPa 
apparent shear

Positive result from 
EU program

Politecnico di 
Torino

Brazing N/A Generally poor
High induced activation

Snecma, ENEA, 
etc.

Reaction bonding (SiC+Si) ~200 MPa shear Unstable due to residual silicon NASA

Reaction bonding (TiSiC) 50 MPa Unknown PNNL, Politecnico 
di Torino

Polymer joining ~10 MPa shear Unstable due to residual oxygen and 
nano-crystalline phase PNNL, etc.

Transient Liquid Phase 
Metal Joining N/A Unknown Politecnico di 

Torino

Selective area CVD N/A Should be good U.Conn, etc.

Y. Katoh (Oak Ridge National Laboratory, USA) et al. -- 33nd International Conference on Advanced 
Ceramics and Composites January 2009 Daytona Beach, Florida (USA)

US/Japan TITAN CollaborationTask 2-2 SiC/SiC Joining and Coating
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Fabrication of SiC/SiC Flow Channel Insert
nested-Design for a DCLL fusion reactor 

(courtesy of R.J. Shinavski Hyper-Therm HTC, USA)
• Edges of thermal 

panels must be 
sealed

• Plan is to bond 
Nuclear Grade 
SiC/SiC inserts in 
the edges using 
Ti3SiC2 MAX phase

• MAX phase has 
unproven irradiation 
resistance
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Test the behavior of brazed joint and SiC/SiC 
minicomposite mechanical behavior after irradiation at 
high temperature (courtesy of A. Michoux-CEA, France)

- Assisted laser brazing of 
SiC/SiC minicomposites

Irradiation conditions :

Temperature ~ 900-950°C

1,7 dpa and 3,2 dpa

Mechanical protection of the samples with zirconia shells (inert / 
SiC)

Sealed capsule with Ne (1 bar)

Sample = minicomposite + monolithic SiC grips + SiC ½ shells for g 
heating

Brazed zone

 

No dimensional change - Good behavior of the brazed joint
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Sintering aid: oxides
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“in-situ” crystallized NITE SiC/SiC
after heavy ion irradiation at DuET facility of Kyoto 
University (courtesy of Prof. A. Kohyama Muroran Univ. Japan)

Amorphous SiC fiber: 200 nm step 
by the shrinkage of amorphous 
SiC fiber by radiation
induced crystallization 

“in-situ” crystallized NITE SiC/SiC:
no step formation at the surface, no 
decrease of fiber diameter observed. 
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Examples of Potential Materials and Techniques 
for Joining SiC-based Materials for Nuclear 

Applications
Method Typical strength Radiation performance On-going / recent 

R&D

Diffusion bonding 
w/ metallic inserts

>~150 MPa 
shear

Expectedly good with adequate 
insert materials

NASA, Bettis, 
EU fusion

Transient eutectic-phase 
joining (NITE)

~250 MPa 
tensile

Expectedly good with process 
optimization

Kyoto U., Dresden, 
etc.

Glass-ceramics Joining ~50 MPa 
apparent shear

Positive result from 
EU program

Politecnico di 
Torino

Brazing (Ti,Si,C etc.) N/A Generally poor
High induced activation

Snecma, ENEA, 
etc.

Reaction bonding (SiC+Si) ~200 MPa shear Unstable due to residual silicon NASA

Reaction bonding 
(Ti3SiC2/SiC) 50 MPa Unknown PNNL, Politecnico 

di Torino

Polymer joining ~10 MPa shear Unstable due to residual oxygen and 
nano-crystalline phase PNNL, etc.

Transient Liquid Phase 
Metal Joining N/A Unknown Politecnico di 

Torino

Selective area CVD N/A Should be good U.Conn, etc.

Y. Katoh (Oak Ridge National Laboratory, USA) et al. -- 33nd International Conference on Advanced 
Ceramics and Composites January 2009 Daytona Beach, Florida (USA)

US/Japan TITAN CollaborationTask 2-2 SiC/SiC Joining and Coating
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Glasses and glass-ceramics 
as joining materials for 
nuclear applications?

Cons
• Creep @ T>Tg
• Thermodynamic 

stability
• nuclear irradiation 

issues

Pros
• Pressure-less joining 

process
• Tailored composition and 

thermo-mechanical 
properties

• Crystallization improves 
creep behavior
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Glasses and glass-ceramics as 
joining materials for nuclear 

applications?
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Figure 2. Differential Thermal Analysis of SAY (a) glass (grain size 38< μm)
and (b) SAY glass-ceramic obtained by heat treatment at 1375°C for 20 min

and at 1235°C for 1 hour. DTA heating rate of 20°C/min.
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SiO2 - Al2O3 - Y2O3

PRESSURE-LESS JOINING PROCESS: slurry and heat treatment

1375°C 20 min ; 1235°C 1 hour

CTE (400-700°C)= 
5.49 10-6 °C-1

SAY glass-ceramic

SiC/SiC

SiC/SiC

50μm

Glasses and glass-ceramics as joining 
materials for nuclear applications?* neutron-induced radioactivity of 

elements present simulated by European 
Activation System EASY-2007 code 
package
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Glasses and glass-ceramics as joining 
materials for nuclear applications?SiO2 - Al2O3 - Y2O3

Glass ceramic
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• Reliability of 
mechanical joints

• sealant properties of 
suitable joining 
materials

• Pressure-less 
process

• Robust, pressure-
less jointing 
technology for 
SiC/SiC

Joining not-flat surfaces
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Joining not-flat surfaces

M. Ferraris, M. Salvo, V. Casalegno, A. 
Ciampichetti, F. Smeacetto, and M. Zucchetti,  
Joining of Machined SiC/SiC Composites for 
Thermonuclear Fusion Reactors, J.  Nucl. 
Mater., Vol 375 (No. 3), 2008, p 410-415.
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EU projects: Extremat 
and FEMaS
• Extremat I : 300 - 550°C
• Extremat II : 600 - 900°C

• Irradiation: High Flux Reactor (HFR) Petten, NRG

• Post irradiation tests (FEMaS): Hot Cell Laboratory 
(HCL), Petten, NRG 
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EU project Extremat

• SiC/SiC (MTA- Germany): 2D ,Tyranno 
Type S fibers, CVI SiC matrix, C 
interface

• Joined SiC/SiC

• Glass-ceramic joining materials: 
SiO2 - Al2O3 - Y2O3 ; 
SiO2 - Al2O3 – MgO; 
SiO2 - Al2O3 - Y2O3 -20% SiC 

16-22* 10 24 m -2

16-22* 10 24 m -2

31-32* 10 24 m -2

9-11 * 10 24 m -2



M.Ferraris-Rosenheim – May 2011
13th International Workshop on Plasma- Facing Materials and Components for Fusion Applications

1st International Conference on Fusion Energy Materials Science

bending tests on glass-ceramic 
joined SiC/SiC after irradiation
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Before 
irradiation

After irradiation 
(NRG, Petten, NL)

bending 
strength, s 
(MPa)

550 °C 
9-11 * 10 24 m -2

600°C 
16-22* 10 24 m -2

820 °C 
31-32* 10 24 m -2

As received
SiC/SiC 418 ±

45
240-304 289 -

SiC/SiC 
(1420 °C, 30 
min, Ar, 
1240 1H)

283 ± 8 - - -

SiC/SiC 
type2 122 ±

10
- 118  80-87

SiC/SiC 
type3 149 ± ? - 65

Fusion grade 2D 
SiC/SiC composite 
(MTA, Germany).
Tyranno Type S, 
crystalline CVI SiC 
matrix, carbon 
interface.

SiO2-Al2O3-Y2O3
glass ceramic as 
joining material
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before irradiation
σ bending 149 MPa

after irradiation 600 °C
σ bending 65 MPa

Fluence 16.3 * 10 24 m -2

Glass-ceramic as pressure-less 
joining material for nuclear 

applications
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before irradiation
σ bending 149 MPa

after irradiation 600 °C
σ bending 65 MPa

Fluence 16.3 * 10 24 m -2

Glass-ceramic as pressure-less 
joining material for nuclear 

applications
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Glass-ceramic as pressure-less 
joining material for nuclear 

applications
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before irradiation
σ bending 149 MPa

after irradiation 600 °C
σ bending 65 MPa

Fluence 16.3 * 10 24 m -2
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Glass-ceramic as pressure-less 
joining material for nuclear 

applications

before irradiation
σ bending 122 MPa

after irradiation 600 °C 

σ bending 118 MPa
Fluence 21.6 * 10 24 m -2
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Concluding remarks:
• Wittels et al, 1954; Primark et al. 1955, 

crystalline silica swells about 15 vol%, 2x1024

n/m2 , vitreous silica densifies about 3 vol%
• Fowler et al.1981, MACOR glass-ceramic, 

Corning (SiO2-Al2O3-MgO-K2O-F-B2O3) (50 % 
vol. fluorophlogopite mica crystals -
KMg3AlSi3010F2 - embedded in a borosilicate 
glass matrix)(room T, fluence=1x1020-1x1022

n/m2)
• Porter et al. 1981, (400-500 °C, fluence=2.4x1022

n/m2) eight glass-ceramics containg
KMg3AlSi3010F2 or Li2Si2O5 in a glass matrix

• Coghlan et al. 1991, MACOR )(room T, 
fluence=1x1023 n/m2): expansion of mica phase 
and contraction of glass matrix

Three low activation 
glass ceramics 
suitable to join 
SiC/SiC without 
using pressure

SiO2 - Al2O3 - Y2O3;
SiO2 - Al2O3 - MgO ;
CaO - Al2O3

before irradiation
σ bending 122 MPa

after irradiation 600 °C 

σ bending 118 MPa
Fluence 21.6 * 10 24 m -2



M.Ferraris-Rosenheim – May 2011
13th International Workshop on Plasma- Facing Materials and Components for Fusion Applications

1st International Conference on Fusion Energy Materials Science

Thanks !

monica.ferraris@polito.it
http://www.composites.polito.it

M. Salvo, 
V. Casalegno, 
S. Han,
S. Rizzo,
A. Ventrella,
F. Smeacetto,
& students

P. van Idsert,  T. van Staveren (NRG)
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EU project Extremat: 
irradiation plan
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EU project Extremat: 
irradiation plan


