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New advanced reactor design concepts demand a

reassessment of structural materials

A General Atomics is developing the
Energy Multiplier Module (EM  2) small
modular reactor concept

d High temperature helium gas cooled
reactor

d Fast neutron spectrum
0 Long lifetime, decades between

refueling
d Can burn depleted uranium, spent
nuclear fuel
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A SiC composites will be used in fuel clad
and other components exposed to high
temperature and neutron flux

SiC-SIC structures
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SIC-SIC composite properties are well suited for

harsh reactor environments
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A Irradiation behavior Strain (%)
d R-SiC exhibits resistance to irradiation damage 2 ol CVD b-SiC

0 Low neutron cross -section

A Few fabrication pathways to make SiC materials

suitable for nuclear environment

d Chemical Vapor Infiltration (CVI) - SIC-SiC composite

& Hot pressing SiC precursor fibers - Ube Tyrannohex — *'o 40 80 1200 1600
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This study examines the effect of CVI composite

density on mechanical and thermal behavior

A CVI Composite samples from

7 batches were examined

d Carbon fiber and SiC fiber reinforced
A Both PyC coated (100 nm) prior to infiltration

0 Samples ~55-80% theoretical density

d Nominal composite thickness is 1mm 5mm H— _omm —
CVI SIC-SIC comp.

A Determine property -density relationships

0 Flexural properties

A 4 point bend testing - ASTM1341
0 Thermal conductivity

A Laser flash analysis - ASTM1461

Ube Tyrannohex SA

A Identify and assess the mechanisms responsible for mechanical and
thermal properties and compare to Ube Tyrannohex
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GA uses chemical vapor infiltration to fabricate
SiIC-matrix composites

SiC matrix is deposited by the decomposition of MTS
(methyltrichlorosilane) F :

CH3SICly () + Hy) B
SIC 5 + 3HCI () + Hyg
900-1200°C, 2-200mbar
~0.05-1517 nhour SIC

Reactants infiltrate fabric
0 Held with graphite fixtures

X400  50pm 11/JAN/11
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Mechanical and thermal properties deteriorate with

presence of voids created during infiltration

A Bimodal distribution of pores in CVI composite
0 Small (1-10 7 m) voids between fiber in bundle (slow CVI)
O Lar ge {r)@dds lsetween fabric  plys fill throughout CVI

A Mass gain is proportional to surface area %. : frr "
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Flexural strength and modulus increase significantly

with increasing CVI composite density

CVI composites

A Increase in strength due to decrease 0
In void size and concentration with g
- : : : =% sic-sic
increasing composite density 7
§200
A Crack growth dictated by poor gwo C-SiC
Intra -bundle infiltration and larger i

inter -bundle pores % 0.001 0.002 0.003
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More circuitous crack propagation in high density
CVI composites is due to lower void concentration

Low density High density

byl | A,

A Low density CVI composites

0 Crack propagation dominated by
large inter -bundle pores

0 Lower energy crack path
0 Lower fracture toughness

A High density CVI composites

d Show interfacial de -bonding and
intra -bundle cracking
~ 0 Higher fracture toughness
. el // . B o . - F i

Crack propagation through Interfacial de-bonding
large inter-bundle pore
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Transverse thermal conductivity increases 30% with

10% increase in CVI composite density

A Thermal conductivity requires measurement of C » and thermal
diffusivity, which both depend on density

A GA monolithic SiC achieves ~ 59 W/m*K SIC-SIC composites
- CVI C-SiC composites achieve only 13% have 350% higher
- CVI SiC-SiC composites exhibit nearly 46% ki than C -SiC
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CVI SIC-SIC composites provide nearly 50% higher

strength than Tyrannohex , but lower thermal conductivity

400 CVI SiC-SiC Composite Tyrannohex -SA
CVISICSiC comp. | - Higher s - Higher ki,
g 300 | - Matrix cracking, fiber sliding - Extensive crack deflection
2 - Crack propagates through - delamination
5200 | fiber bundles - Crack growth dictated by
e -Along path of least inter -ply de -bonding
gt | fereririahig resistance - Lower strength because less
fiber sliding prior to fiber
0 : : : fracture
o s = 320 MPa s = 220 MPa
PLS =160 MPa PLS = 155 MPa
50 E = 325 GPa E = 380 GPa
r =2.6 g/cc r =3.1g/cc
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CVI SIC-SIC failure mechanisms suggest improvement
can be achieved through optimization of infiltration
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More complete infiltration

of voids would further

improve performance % :
'_if."r"zi;w X1, oob’ Jm e &

Interfacial fracture Matrix cracking
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Dense hexagonal fiber packing limits potential for

further performance enhancement in Tyrannohex

Low Mag Fracture Surface

Fiber pull -out \
Ridged ply interface

Hexagonal fiber morphology Extensive fiber fracture /
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