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OUTLINE

 Fundamental Studies of Radiation-induced Defects
and Their Effects on Material Properties

—Multiscale modeling
—Point defect properties
—Mechanical deformation and fracture mechanisms

* Development of Improved Materials
—Nanocomposited ferritic steel
—Refractory alloys
—Ceramic composites

* Development of Novel Experimental Techniques
—Miniaturized specimens



Radiation damage 1s inherently multiscale with

interacting phenomena ranging from ps-decades and nm-m
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Displacement Damage Mechanisms are being
investigated with Molecular Dynamics Simulations

20 ke¥ cascade in iron at 100K
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PKAs oriented in the close packed
planes produce enhanced damage
efficiency at low energies compared to
other orientations, due to a planar
defect creation process
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Experimental evidence for nanoscale melting during atomic
collisions has been obtained

Zr0,-S10, Phase Diagram Microstructure of Zircon Irradiated at 800 °C
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One of the Most Important Scientific Results From Fusion Materials Research has
been the Demonstration of Equivalency of Displacement Damage Produced by
Fission and Fusion Neutrons

MD computer simulations show that subcascades and

Similar defect clusters produced by fission and defect production are comparable for fission and fusion

fusion neutrons as observed by TEM 50 keV PKA
(ave. fusion)
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Determination of interstitial migration energies in ceramics

Defect-free zones in ion- Defect-free grain boundary
irradiated MgAl O, zones in ion-irradiated Al,O,
. — - _...2Solve steady state rate eqns: -
2
p. L% _4cc -DC.C +P=0
dx?
2
D, aC, ~aC,C, -D,C,C, +P=0
dx?

* For sink-dominant conditions (Cg>10"/m?),
the defect-free zone width is related to the
~ diffusivity (D;) and damage rate (P) by:
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Effect of annealing on the properties of bulk amorphous SiC

 Amorphization causes large changes
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--> density change, -10.8 %

--> hardness change, -46 %
--> elastic modulus change, -45 %
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Physics of phonon transport & scattering are
being investigated in neutron-irradiated ceramics

[ ] Thermal resistance of different phonon scattering
[ K (T)]_l _ 1 + 1 + 1 + ! centers can be simply added if their characteristic
I_Ku (T) K, (T) K, KrdJ phonon interaction frequencies are well-separated

from one another

© . 12 oh? -2 Thermal resistance due to radiation-induced defects
- ( ) tan'l( ) (vacancies, dislocation loops, etc.) is proportional to

K, .. ISJTZQ@DK .C 187°Q0 K C
e P their concentration
Effect of Low-Temperature Neutron Irradiation Increase in Thermal Resistivity in 5iC
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Irradiated materials undergo plastic instability

and failure due to dislocation channel formation

Plastic flow localization in irradiated metals - An unresolved issue for >30 yrs
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Outstanding questions:
- What governs the appearance of a yield point?
- What governs the dose and temperature dependence of yield point onset?
- What governs dislocation channel initiation?
- What governs dislocation channel growth? (cross-slip in fcc metals is

not well understood)
- What controls channel width?

Shear Strain



Atomistic simulations model the unit interaction of an

edge dislocation with a radiation-induced defect cluster

MD simulation by Brian Wirth at LLNL Experimental TEM image
by Ian Robertson at UIUC

The simulations are in

excellent qualitative

Atomistic simulations supported by OFES and ASCI, agreement with experiments

In-situ TEM supported by OBES




Plastic flow localization in defect free bands appears

in the Dislocation Dynamics (DD) simulations

The implementation of cross-slip into DD gives rise to the formation of
defect free bands (channels) with a width of 200-300 nm

Spreading of the channels is
restrained by the formation
of dipole segments and the
remaining radiation induced
defect distribution

Nature, August 24, 2000



Normalized Shear Stress, ©/1(20°C)

6 1
o 10
S
=1
} 10-2
@
3
pud -3
&z 10
s
2 10
n
O -5
g
T
E 10°
o
=

1073

Deformation mechanisms in FCC metals

Deformation Map for 316 Stainless Steel
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Irradiation is a useful tool to produce
controlled microstructures for

Uniaxial Tensile Stress, MPa

Twinning occurs
at lower
temperatures
(<200°C) and high
strain rates

Uniaxial Tensile Stress, MPa
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OUTLINE

* Development of Improved Materials
—Nanocomposited ferritic steel
—Refractory alloys
—Ceramic composites



Discovery of Unprecedented Strength Properties in
Iron Base Alloy
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« Time to failure is increased by several orders of magnitude

« Potential for increasing the upper operating temperature of iron
based alloys by ~200°C
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Recent work suggests that thermodynamics may be
significantly altered at the nanoscale
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Atomic analysis of new nanocomposited
ferritic steel (12YWT) provides clues to its
outstanding creep strength (6 orders of
magnitude lower creep rate than
conventional steels at 600-900°C)

0 1 2 3 4 5
Radius of Gyration, nm

Original Y,0, particles convert to thermally
stable nanoscale (Ti,Y, Cr, O) particles
during processing

(Ti,Y,Cr)mixed oxide: R=2.0 nm; N=1.4x10%24/m3 (before and after thermal creep testing)
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Refractory Alloys
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Atom Probe Tomography Reveals Zr, B and C Segregation
to Grain Boundaries Produces Ductile Mo Weldments

‘B, Zr (and C) segregation inhibits O embrittlement of grain boundaries
—E,,+~20%, transgranular fracture mode instead of typical e, ,~3%,
intergranular fracture for Mo welds

‘Bulk alloy composition: 1600 appm Zr, 96 appm C, 53 appm B, 250 appm O

BASE METAL HEAT AFFECTED ZONE
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The fusion materials welding program has successfully
resolved one of the key feasibility issues for V alloys
300 — ST &

200

GTA welds (no
heat treatment)
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Success is due to simultaneous control of impurity pickup, grain size

—Results are applicable to other Group V refractory alloys (Nb, Ta)
— Use of ultra-high purity weld wire may reduce atmospheric purity requirements
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We Now Have First Radiation-Resistant SiC Composite

€ ORNL Stoichiometric Eiber?ic Compos-ite: I.-Ei-l-ﬂicaloi”""Tj,fpe.-S.FCVI-SiC Bend Strength Of irradiated
B ORNL05% Oxygen Fiber SiC Composite: Hi-Nicalon™/CVI-SiC - ’ .
AR , | _ advanced” composites show
A 15% Oxygen Fiber SiC Composite: CG-Nicalon™/CVI SiC .
(O ORNL Tyranno S. A. Fiber Composite no degradatlon Up tO 10 dpa
1 [
1st- and 2nd generation
irradiated SiC/SiC
composites show
large strength loss after
doses >1 dpa
1: 300-500°C, HFIR 1 A4
2:500°C, JMTR
3:270°C, HFIR _
4:430-500°C, Various US/Monbusho “Jupiter” Program
0 5:800°C, HFIR
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Neutron dose (dpa-SiC) Snead, 3/2001



OUTLINE

 Fundamental Studies of Radiation-induced Defects
and Their Effects on Material Properties

—Multiscale modeling
—Point defect properties
—Mechanical deformation and fracture mechanisms

* Development of Improved Materials
—Nanocomposited ferritic steel
—Refractory alloys
—Ceramic composites

* Development of Novel Experimental Techniques
—Miniaturized specimens
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Fabrication of Miniature Specimen
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SSTT Push-pull fatigue

The miniaturized specimen
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Miniaturized push-pull fatigue specimen R&D

von Mises Stress
G (MPa)
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IFMIF type specimen
Finite-Element Analysis

* Stress coupling on head surface
in vertical direction

* Mesh-size ~ 50 um

* Young's Modulus E = 207000 N/m?

Main design requirements

* Radius R as large as possible

* Surface roughness <+ 0.6 pum
careful specimen polishing

* Precise specimen alignment
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Newly Developed Techniques Allow Greater Materials
Science Output From Smaller Irradiation Volumes

Shear punch test yields mechanical properties data

3 mm TEM disk is He and H analyses that correlate with tensile data and can be correlated

irradiated in fission reactor on outer rim

with data on conventional (full size) specimens
_® i\
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radioactivity levels and waste generation in | [ o BT\ e
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Conclusions

* There have been strong contributions from fundamental studies
(“modelling”) adding to the understanding of behavior of irradiated
materials.

e Similar methodologies(mixture of applied and fundamental R&D) have been
successful in the development of improved materials of technological
significance.
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Backup viewgraphs
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Confinement Quality, n_tm ™ s)

Fusion materials research must rely heavily on modeling due
to maccessibility of fusion-relevant operating regime

 Extrapolation from currently available parameter space to fusion
regime 1s much larger for fusion materials science than for plasma
physics program
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Yield Strength and Uniform Strain in Neutron-Irradiated V-4Cr-4Ti
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Irradiated Materials Suffer Plastic Instability
due to Dislocation Channeling

Load-Elongation Curves for V-4Cr-4Ti
Irradiated in HFBR to 0.5 dpa
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Crack Growth in Ceramic Composites is a Potential Lifetime-
Limiting Mechanism Controlled by Microscale Phenomena

Analytical modeling of internal stresses  Experimentally determined, semi-empirical,

microscale

macroscale
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Micromechanical Modeling Allows Prediction of
Component Lifetime of Ceramic Composites

Model verification

0.05

0.00

0.01 T

0.008

0.006

0.004

0.002

Midpoint Displacement (mm)

0

|
1200°C

ooooooo
000000000000000
XX
X

argon (< 2 Pa OZ)

XK
%5

" l " PR " I "
110°
Time (s)

" " l " " " "
T
1.5 10° 210°

—_— T
Oxidation-Induced

Recession Plus Fiber Creep:

linear, time-depend pliance

Fiber Creep Only
Non-linear, time dependent compliance

L L L
0 510* 110° 1.510° 210°
Time(s)

Oxygen atmosphere investigated in
conjunction with DOE office of Basic
Energy Science Program

Batlelle

Predictive capabilities

Irradiation-
enhanced creep of
fibers controls

Crack 0.0024 [ 1
crack growth below = tesn ¢ ]
0.0022 -
~ 1073 K
0.002
0.0018

Model predicts
crack velocity and
crack length

0.003 ,

T
1473K

00028 |-

0.0026 |

— T T T T T T T
At 1323K thermal and irradiation creep rates 1

are roughly equal

T > 1323K Thermal Creep Dominates 1
T < 1323K Irradiation Creep Dominates

Crack Velocity = 1.7 x 10" m/s
at 800-900 C (1073-1173K)

Il Il
0 2 10° 410°

Il
6 10°

Il
8 10°

Time (s) 1 -
Lois2x10's
106 L (230 days) Cl‘acks\
o T ifots : grow less
NOTE: Lifetime predicted for older / e

generation material properties. I in this region

More recent materials have
enhanced lifetimes.

110°
Time (s)
Time to grow a bridged crack 0.5 mm
at 800°C in 10 ppm 02 (1.01 Pa)
10% e et 107
E Cracks
grow more
than 0.5 mm 10°
in this region El
10’ F  Estimatéd g \Average ] Av
F life at 1.01 Pa Crack ‘fg-
[ pam o) Velocity | o0 V¢
(m/s)
Lot
10° PR L] 1 107!
0 1 10 1’ 10°
PO, (Pa)

U.S. Department of Energy
Pacific Northwest National Laboratory



Multiscale Research on Fracture Mechanisms, Mechanics,
Models and Structural Integrity Assessment Methods

Fracture involves multiple processes interacting from atomic to
structural scales. UCSB 1s developing multiscale physical fracture
models and new engineering methods of fracture control using small-
scale tests. Research combines theory, models, measurements and
characterization of key processes at all pertinent length scales.
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