Structural Materials Database and
Operating Temperature Limits

S.J. Zinkle! and A. El-Azab?

10ak Ridzgé National Lab
UCLA

presented at APEX Study Meeting
UCLA, January 12-14, 1998

o,
™



o ()

Factors Affecting Selection of Structural Materials

e Unirradiated thermophysical properties

e Chemical compatibility/corrosion effects

e Material availability / fabricability / joining technology
e Radiation effects

e Safety aspects (decay heat, induced radioactivity, etc.)



Possible Structural Materials for High Wall Loading Concepts

e Low-activation materials
Vanadium alloys
Ferritic/martensitic (8-9%Cr) steels, ODS steels

SiC/SiC composites
e Refractory alloys e Intermetallics
Nb-1Zr TiAl
Nb-18W-8Hf Fe,Al
T-111 (Ta-8W-2HY)
TZM (Mo-0.5Ti-0.1Zr-0.02C) e Composites
Mo-Re C/C
W-25Re metal matrix composites

Cu-graphite
Ti,SiC, composites
e Ni-based superalloys

e Porous-matrix metals and ceramics
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Tensile Properties of Unirradiated V-4%Cr-4%Ti
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Tensile Propertles of Umrradlated V-4%Cr-4%Ti
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Ultimate Tensile Strength (MPa)

Effect of Dose and Irradiation Temperature on
the Tensile Strength of V-(4-5%)Cr-(4-5%)Ti Alloys
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Yield Strength (MPa)
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Yield Strength (MPa)

Dose Dependence of Radiation Hardening
in V-4Cr-4Ti Irradiated at Low Temperatures
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Total Elongation of Unirradiated and Irradiated V-4Cr-4Ti

Total Elongation (%)
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Reduction in Area (%)
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Engineering Stress, MPa
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Engineering Stress, MPa
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Load-Elongation Curves for V-4Cr-4Ti

Irradiated in HFBR to 0.4 dpa
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Low-Temperature Radiation Hardening Causes a Large Increase in
the Ductile-to-Brittle-Transition Temperature in V-4%Cr-4%Ti Alloys
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Absorbed Energy (J)

Effect of Neutron Irradiation at ~400°C on
the Charpy Impact Properties of V-4%Cr-4%Ti
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Summary of V-4Cr-4Ti Properties

Ultimate Tensile Strength (unirradiated)
Oyrs(MPa)= 446 - 0.806*T + 0.00221*T? - 1.79e-06*T> + 1.82e-10*T* (T in°C)

Yield Strength (Unirradiated)
oy(MPa)= 377 - 0.704*T + 0.00090*T? - 1.23e-07*T* - 1.98e-10*T* (T in °C)

Elongation

€. » RA are high in unirradiated and irradiated conditions

e, is high in unirradiated conditions, moderate (>2%) after irradiation at T>430°C
and low (<1%) for irradiation at T<400°C

Elastic constants
E, GPa) =128 - 0.00961*T (T in Kelvin)

G (GPa) =48.8 - 0.00843 *T (T in Kelvin) v=(E,/2G) - 1

Thermophysical properties
o, = 9.03767 + 0.00301422*T + 4.95937x107 * T> ppm/°C (T in °C)

Co= 0.5755-21.1/T J/g-K (T in Kelvin)
k,=27.8+0.0086 T W/m-K (T in Kelvin)

Recommended operating temperature limits (structural applications)
Tmin = 400°C (due to rad.-induced increase in DBTT at low T,,)
Tmax = 700°C (corrosion/chemical compatibility and thermal creep) ]



Ultimate Tensile Strength (MPa)
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Yield Strength, MPa
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Uniform Elongation (%)
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8-9Cr Steels: Yield Strength as Function
of Temperature, 0.1 - 94 dpa
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Uniform and Total Elongation in Irradiated Fe-8%Cr Steels
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Engineering Stress, MPa
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Reduction in Area (%)

Reduction of Area in Unirradiated
and Irradiated Fe-(8-9%)Cr Alloys
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Charpy Impact Test Results / 1.5mm CVN }
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9CR-2WVTa IS IMPROVEMENT OVER
CONVENTIONAL STEELS
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Summary of 8-9Cr Ferritic/Martensitic Steel Properties

Ultimate Tensile Strength (unirradiated)
Ours(MPa)= 683 - 1.162*T + 0.00547*T2 - 1.17e-05*T> + 6.24e-09*T* (T in °C)

Yield Strength (Unirradiated) |
oy(MPa)= 531 - 0.388*T + 0.00148*T? - 2.40e-06*T° - 1.45e-10*T" (Tin°C)

Elongation
e, » RA are moderate to high in unirradiated and irradiated conditions (e,~8-10% for T;,<400°C)
e, is low in unirradiated (0.2-7%) and irradiated (<3%) conditions

Elastic constants
E, GPa) =233 - 0.0558*T 20- 450°C (T in Kelvin)

G (GPa) =90.1 - 0.0209 *T 20-450°C (T in Kelvin) v=(E,/2G) - 1

Thermophysical properties
o, = 10.4 ppm/°C (20°C) to 12.4 ppm/°C (700°C)

C, = 0.47 J/g-K (20°C) to 0.81 J/g-K (700°C)
k,=33 WmK  (20-700°C)

Recommended operating temperature limits (structural applications)
Tmin = 250°C (due to rad.-induced increase in DBTT at low T)
Tmax = 550°C (thermal creep); Tmax~700°C for ODS steels?
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Summary of SiC/SiC Properties

Ultimate Tensile Strength (unirradiated)
Oyrs ~ 220-240 MPa  (20-1000°C)

Proportional limit Strength (Unirradiated)
oy(MPa) ~70 MPa (20-1000°C)

Elongation
€., . eu, RA are very low in unirradiated and irradiated conditions

Elastic constants
E, GPa) ~400 GPa  20- 1000°C (Sylramic or Hi-Nicalon type S fibers, 10% matrix porosity)

G (GPa) =~165 GPa 20- 1000°C
v=0.20

Thermophysical properties
o, ~ 2.5 ppm/°C (20°C) to 4.5 ppm/°C (1000°C)

C,= 1.13 J/g-K (500°C) to 1.22 J/g-K (1000°C)
k, =12.5-10 W/m-K (400-1000°C, after irradiation at 1000°C)

th

Recommended operating temperature limits (structural applications)
Tmin ~ 400°C (due to rad.-induced decrease in thermal conductivity)
Tmax = 1000°C? (due to cavity swelling)



Large Improvements in the Thermal Conductivity
of SiC have been Achieved in the Past Five Years
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Low-Temperature Neutron Irradiation Causes
a Dramatic Decrease in SiC Thermal Conductivity
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Ti3SiC2/SiC Composite Bend Strength

as a function of test temperature in air.
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NWL Limit (MW/m?)

V-4Cr-4Ti
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NWL Limit (MW/m?)
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NWL Limit (MW/m?)

Ferritic Steel
Wall thickness = 5 mm
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NWL Limit (MW/m?)

Ferritic Steel
Wall thickness = 4 mm
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NWL Limit (MW/m?)

(
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Comparison of Classical Bremsstrahlung Radiation Incident on Several Materials
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