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Materials Challenge for Advanced Nuclear Energy System

Ceramic Matrix Composites (CMCs)

« High strength & modulus

 High temperature stability in ’ Improvem_ent o
oxidative environments. fracture resistance

« Very brittle in nature (Fiber reinforcement...)

Metals and Ceramics are quite different materials
Ceramic Composites are also very different materials

Ceramics

Y
» »

Kyorto University
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Properties of SiC (-based) Fibers

SCFber | Aomc Coment Svengih Modlys OTg2ton Densty - Diamete
Ratio (wt%) (GPa) (Gpa)
Nicalon 1.31 11.7 3.0 220 1.4 2.55 14
Tyrrano Lox M 1.37 11 3.3 187 1.8 2.48 11
Hi-Nicalon 1.39 0.5 2.8 270 1.0 2.74 14
Tyranno TE 1.59 5.0 3.4 206 1.7 2.55 11
Hi-Nicalon Type-S| 1.05 0.2 2.6 420 0.6 3.10 12
Tyranno SA 1.08 <1 2.8 380 0.7 3.10 10, 7.5

Kyoto University




High Temperature Properties of SiC fibers

.|>

Tyranno—AM

B Tyranno—ZE <

A Tyranno—SA

< Nicalon
1Hi—Nicalon

A Hi—Nicalon Type—-S

0 500 1000 1500 2000
Heat Treatment Temperature (C)

w

<
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Tensile Strength ( Gpa)
I\J

o

Crystallinity
St0|ch|ometry

Reduction in excess Oxygen
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Fracture Mechanics of Continuous Fiber-Reinforced
Ceramic Matrix Composites (CFCCs)

Stress — ~—— _—
A Ulfimate tensile strength (UTS) | Jzn |
S¢ T
Pull-out ‘\~ 4 C;:rgct:’l:
"""""" > Debonding
| e
—
o Residual
ZUE A AR ] 3 Resiow
Matrix \
Crack Wake Debonding/| | Fo€"
> Sliding
\ Strain A~ A AL~

Proportional limit stress

Frictional Dissipation

Kyoto University




SiC/5iC Composites

e SIC/SIC composites are considered as attractive structural
materials in fission and fusion energy systems

—High Temperature properties, High Heat Flux resistance,
Radiation Damage tolerance

can provide intrinsic safety features to the systems

A
2
—

UL

!1)

Tt

Vg

mVHTR / NGNP aGFR mFusion

w Control rods m Core structures m Blanket structures
m Control rod supports m Fuel pins m Blanket channel liners
m HX m HX m Diverters
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ENENDERBESIREGHT /=55 D
MR E & RE RN E DETR

65 e Advantages
a0 HCES Tungsten alloys — Elevated temperature strength
50 | 3: CREST-| — Irradiation damage tolerance
4 ARIES-ST — Corrosion resistance
5. EU-DEMO WCLL . .
6: EL-DEMO A-DC — Low activation / low decay heat
o 55 1 7:FFHR 1
X °
N 8: ARIES-RS SiC/SiC composites RISkS” ick iated with
3 9: FFHR-2 3y — All risks associated with new
& 50 A " material deployment
= < These risks are shared with
O other industries
o 45 -
° o R&D status
S — Conventional materials (CVI,
0 40 A 10: ARIES-AT PIP, MI) are commercialized
< ODS steels 11: EDEMO A-HCPB : ot
12+ EU-DEMO SCLL — Extensive characterization &
13 ASSTR.2 test standard development
]2 E\S/OVI\_/\//E/He — Cost limits applications
30 . . . — . — Proposed applications for
400 600 800 1000 1200 1400 energy, transportation,

aerospace and defense
industries (Fusion is the most
demanding)

Maximum temperature in blanket structures (C)

Kyoto University
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BFRFDIECEH LEBEGET/
(Kinchin-Pease Model)

« N=REFDIZLEHLH
=T/ 2E, &

- T=miEFhoBERINEZRFICE
AZbNT=TxJLF— (PKA energy)

S
— Ey=IZLEHLOLENIRILF— E \M Eq
e RE=DIGZE: 8 —— PKA position
- E;4=25¢€V _
_ T =4 MM /(M.+M)2-E. -cos2a Formation energy of Frenkel defect
= ~4MeV per neutron collision
— N =4MeV/2/25eV =¢80,00E)_ T:PKA energy
— > 80,000 DERFHMEIOEHEETIE N KA
LEHEID ° T

Kyoto University
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4 appmHe/dpa

1 appmHe/dpa

15 appmHe/dpa 50 appmHe/dpa

unirrad.

600°C

Fe- 15Cr-20Ni 873K 2E-.§ dpa/sec. 25 Ei;a_

Cavity production in stainless steel by ion

Neutron-induced . o
irradiation

swelling of V-alloys
(H. Matsui, et al.)

Kyoto University
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- DuFET -
for advanced multiple beam irradiation experiments

|.mrm

Target Station Target Station
TS -y

4MeV Ni
1dpa at 333K

-
.
L
-

surface

Advanced Multiple-Beam Facility:
: e E DUET(Kyoto Univ.) Provides
' Sk N | : _ Varieties of data

‘ Irradiatiqn’ =5 Se SRl With high accuracy

\ ' o ¥ g & oV R Under excellent control

Point defect accumulation Deformation
by swelling

(critical condition for amorphization)

Kyoto University



Evaluation Procedure of Swelling by Ion Irradiation

anfh

) \

N Irradiated §§
surface
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Fluence Dependence of Swelling in SiC

10

Swelling / %

under Ion Irradiation
Single Dual *

333K -o- -

473K -O-

673K
873K
1073K
1273K
1473K
1673K
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Irradiation Effect on Swelling of CVD- and
NITE-5iC and Tyranno SA fiber

3 A HFIR-14], CVD, neutron
® Snead, CVD, neutron(1998)
/\32'5 ] o ¢ Price, neutron(1969)
< e Katoh & Kondo, CVD, ion (2002, 2005)
e 2 F % CVD, neutron (2005)
0] .4 ® NITE, neutron (2005)
% 1.5 F ¢ Tyranno SA, ion (2005)
S “~
s
) oA
g 1 r e o o
e 4 A °
| oL
*& °
0 I ? I
0 500 1000 1500 2000

Irradiation temperature (°C)
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Neutron irradiation
Interphase Crack
N /

-
II

h Matrix:

Neutron irradiation effect - =
e Non-high purity fiber > densify Degradation of mechanical
e Matrix SiC = slightly swell properties with long fiber pull-out
i ,- Fracture surface of SiC/SiC composites
reinforced with non-high purity fiber (Hi-
Fiber/matrix interfacial debonding Nicalon) following neutron irradiation

(10dpa, 500°C)

Kyoto University
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Neutron irradiation
Interphase

High purity fiber

Matrix

High purity fiber

T T T T

Neutron irradiation effect
e High purity fiber - slightly swell

e Matrix SiC - slightly swell e
i Fracture surface of SiC/SiC composites
reinforced with high purity fiber (Hi-Nicalon
No interfacial debonding Type-S) following neutron irradiation
(10dpa, 200/350°C)

No degradtion o
mechanical properties

Kyoto University



FEFE ST & FEFRESEDCVD SiCE
SiC/SICREAR T H DI - F' AR

600
Type-S
B CVD SiC comp.
>00 ! (high purity)

Hi-Nicalor
comp.
(non-high purity)

AN
o
o

Flexural Stress (MPa)
W
o
o

e Non-irradiated
® Trradiated

0 0.005 0.01
Flexural strain (%)

Kyoto University

Irr. temp: 800°C
Dose: 2.1~2.2dpa



Neutron Irradiation Effects on
Tensile Stress-Strain Curve of NITE-S5iC/5iC Composites

500

400

w

o

o
|

N

o

o
|

Tensile stress [MPa]

RN

o

o
|

HFIR-18J

- TySA(7.5um)

/500nm PyC
INITE (PG3)  Unirrad.

800°C
dpa
e

5.9

1300°C
5.8dpa
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Basic Properties of NITE-SiC/5iC Composites

Highly crystalline fiber and matrix

T

Requirement for nuclear application

Tensile stress [MPa]

0 o 0.1 0.2 0.3 0.4
Strain [%]

Inexpensive/

Time-saving New Process

B Excellent mechanical
properties

B High thermal conductivity

B Excellent hermeticity /
helium-tightness

B Complex shapes and thin-
wall production

B Excellent radiation

St

Kyoto University



Thermal Stress Figure of Merit, M

In Ceramics _
M — GYS Kth (1 1_[) I > M — O-PLS Kth (1 l_l)
r'mE Fth E
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2 5 ™ R { E:Elastic modulus
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Temperature (°C)
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NITE-SiC/5iC Composite

1780C/20MPa '

1 L UL AL LU L

Inexpensive/Time-saving New Process
B Excellent mechanical properties
B High thermal conductivity

B Excellent hermeticity / helium-tightness

B Complex shapes and thin-wall production
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FExperimental Procedure for W coating on SiC

Materials
Hexoloy-SA SiC
(Saint-Gobain Ceramics, Tokyo KK, Japan)

Poly-crystallize W
(Nilaco. Co., Japan)

Hot-pressing
Joining temperature: 1300-1900 °C
Holding time: 1-100 h
Bonding pressure: 0-20 MPa

Hot-pressing '

SiC plate

Graphite module

Microstructure characterization
Interfacial microstructure
Fracture surface

...........

Hot-press facility

Kyoto University




Interfacial Microstructure Analysis

Direct diffusion bonding of SiC to W was successful.

W,Si, <

WC—

- Joining temperature: 1600 °C
- Holding time: 10 h
- Pressure: 20 MPa
- Atmosphere: Ar

| SiC reacted with W and formed W.Si, and WC.

Kyoto University




Effect of Joining Temperature on
Interphase Microstructure

1500 °C [& tsoc. 10 §11600 °C B8

As-bonded sample : '

’Machining BT

SiC e e 10 pm

Holding time: 1 h
Pressure: 20 MPa
Temperature:

1500-1900 °C

(1900 °C

A

’ | ’ e PE g0 Dy 8 ' ©66.1um
Observation el c :

¢ SiC/W joint was successfully obtained.
¢ Some small defects (micro-sized pores) were observed at the interface.

| K yoto | Um versity



Effect of Holding Time on
Interphase Microstructure

To evaluate the effect of holding time on the mechanical property of SiC/W joint.

ok 1500°C, 1 h

Holding time: 1-100 h
Pressure: 20 MPa

Gt Temperature: 1500 °C
W W
20 h | A s00°c,20n B9 00 1
w. w

Nr - . 1 L 41 K -' ame] .‘

K y-‘oté Um Vef:sity




Joint Shear Strength

160 140

140 T _ Effect of joining temperature - Effect of holding time
. i Holding time: 10 h 120 - Joining temperature: 1500 °C
) —_
% 120 1 E‘LB 1
< N = 1004
5 g £
S 80- } { 80
@ 60 | *3
g 5 60-
5 40 2
@ n

T 40 -
204
0 T T T T 20 T ! !
1300 1400 1500 1600 1 10 100
Joining temperature (°C) Holding time (h)

High strength joints were obtained.

e The joining temperature or holding time has insignificant effect
on the strength of the joint.
— Small difference in interfacial microstructure.
— The similarity of defects distribution.

Kyoto University
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Examples of Envisioned Aerospace Applications

—
Scramjet engine

(Mach 6-12)

[ AR Courtesy: JAXA
Strut vane made of SiC composite

Courtesy: JAXA Turbine engine

or rocket engine (Mach -6)

Courtesy: HHTC

_ _ SiC Composite Blisk for Turbine Engine
S1C Composite Nozzle

Kyoto University
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FCT Material Options — US proposal -

« SiC-fiber / SIC-matrix composite (SIC/SIC) is the most promising
candidate material. This is also the material we have the most
experience/radiation effects data on.

« Other forms of SiC (e.g. SiIC-foam) are considered as potential
alternatives.

« Radiation instability severely limits choices of non-SiC materials.
Mock-up ITERH-H/D-D ITERD-T  DEMO/FPR

Year ~2010 ~2015 ~2020 >2030
Neutron fluence 0 0 ~0.1 MWa/m? ~20 MWa/m?
T . fOr Pb-Li 470°C 470°C 470°C ~700°C
Radiation-resistant <~1200V3;m_ Read Need Need Need major
SiC/SiC K y verification verification R&D
Property-adjusted, : :
radiation-resistant +100 S/m NEEE) oL Need R&D Need R&D MR el
: : 2 W/m-K R&D R&D
SiC/SiC
m%igfi;il((:ébasé?c <1S/m Need R&D Need major Need major  Need major
-9 < 4 W/m-K R&D R&D R&D

foam
Kyoro University
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