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Abstract

A review of structural materials choices under irradiation in fusion environments is presented. Results on the neutron

source term and the intensities in the structural materials as a function of pulse time, energy, and protection is given. The
role of multiscale modeling for understanding the basic physics in irradiated materials is explained, and simulations of

metals under pulse irradiation and SiC are reported.
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1. INTRODUCTION intrinsic characteristic of HIF leads to pulsed radiation

damage, and the present knowledge in this area from using

It has been extensively remarked in the research into heavy, ,itiscale modelingMM ) is presented, showing the few
inertial fusion(HIF) energy that the selection of appropriate ;..umulated results to present a clear picture of the prob-

materials will certainly be one of the key issues in its de- o |n addition to the accumulated micro- and macroscopic
velopment. The radiation environmefrteutron, photons,  gynerimental results under the magnetic fusion program,
charged pgrncle)sn which the matena]s are vyorkmg isone 404 their supporting theorid# any), the MM approach is

of the basic problems. The effect of irradiation can changgeaching important results in understanding the final modi-
the expected responses from the materials. Inertial fusiofcation of the materials responses under irradiation from
technolog)_/ oﬁgrs sormaon.mat.gnal$olut|onsforsuch prob- basic principles. A key justification for MM is its predictive
lems considering the availability of blanket protectiogas,  character, which allows not only new understanding of the
|IC]LIId/thICk, fl|m) of the structural materials in the blanket link from basic to final mechanisms, but reliable extrapola-

and bulk structure. However, that is only one part of theyo from experiments. We are presenting results using MM
solution; the other is dependent on the right selection of the | sic and pulsed irradiation of Fe. The support of MM

material. The present choices of structural materials are based - jusions by experimental progratENUS-11, REVE)
both on low activation and resistance to irradiation; ferritic—iS actually a key aspe¢Perladcet al, 2002). ’

martensitic alloys, SiC as base of composites, and vanadium

alloys are the present proposals. The input parameters for

the evaluation of radiation damage is the time and energﬁ- MATERIALS IN THE FUSION PROGRAM

neutron flux distribution into the materials, which is de- |y hoth options, magnetic and inertial fusion, the structural

scribed below for two different blanket protections. The materials will be chosen in connection with the blanket

design that also can work as an efficient protective wall in
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together with the work developed by the ARIES te@Raf-  necessary to complement the data bank emerging from ex-
fray et al,, 2002 to arrive at conclusions about the specific perimental results in the fusion programs. Concerning va-
components of such reactors. Blankets in magnetic reactorsadium alloys, the main candidate is V-4Cr-4Ti, and a full
are a combination of breeder, coolant, and specific strucdescription of impurity redistribution and precipitation, de-
tural materials that include He or water-cooled ceramicformation, and irradiation effects is in progress.

breeder, self-cooled Li, LiPb, Flibe blankets, and ferritic,
vanadium, and composites structural materilleykamp

et al,, 2002.

Reduced-activation ferritignartensitic steels are the first
option from the point of view of applicability: F82Kl7.5  The first parameter to know when studying neutron damage
Cr-2WVTa), JLF-1(9Cr-2WVTa, EUROFER 97, and ad- in IFE chambers and structures is the neutron intensity and
ditional 7-9 Cr classes of steels. The effect of He, generateids dependence on time and energy. No specific references
by transmutation in fusion environments and producing seare given for these parameters in the designs and a short
vere embrittlement and swelling in these steels, is the maisummary of new evaluations performed at DENIM is here
question for final consideration. However, recent resultgpresented. A systematic analysis has been done which in-
(experiments up to 80 appm by using B-10 and moleculacludes:(1) different compression of the target when ignited
dynamics simulationseven at 600 appm He concentration and burning(constant density, two different densities that
show no enhanced embrittlement and hardening. It seentrrespond to spark and surrounding zones, and one uni-
that in ion implantation by Ni experiments the dominantform density including C layey (2) different types of pro-
effect came from the Ni itself, the reason for that goodtection(LiPb, Flibg), and(3) thickness of protectio(60 and
resistance being the high capacity for trapping of He atom4.00 cm as the main variables.
by dislocations, grain boundaries, and carlfidatrix inter- We show here results for time dependence of neutron flux
faces (Kimura et al, 2002. Another limitation of these in the Fe layer that represents the most internal structural
steels is the allowed temperature600°C) which guide to  layer. The liquid main protection is assumed to be at 4 m
the research on the Oxide Dispersion Std€®S). The radius of the center of the chambgarget positiopwith a
essence of ODS is the inclusion ob@; particles(with baseline thickness of 60 cm. After the protection, the struc-
concentrations 0.3 to 0.5 wtpdn the nanoscale range tural material§Fe) is included(10 cm thickness
(2-3 nm diameterwhich act as strong sinks for defects The results show a very different characteristic for both
generated by irradiation at the particle—matrix interfacesprotectiongFig. 1). The neutron source has an intensity of
Specifically, they pin dislocation and they are not dissolved2 X 10?° n/pulse. In the case of LiPb, the maximum is
at high temperatures, not arriving at recrystalization up taattained 0.2.s after a slow increase in the intensity, which is
1373 K. A gain in yield strength of 50% is demonstratednot observed in the case of Flibe. For Flibe the maximum
which is maintained for high temperatures. The advantageis obtained at the first arrival of neutrons in the layer after
in creep up to 700 and cycle fatigue with respect to the 0.1 us (Fig. 1). The neutron spectra are also different
conventional reduced-activation steels are also proved. Thigrig. 2). In the case of LiPb, a second maximum is observed
problem still remains the production techniques. Concernat 1us. We explain these differences for two reasghsthe
ing SiC and composites from it, their radiation stability is densities of Flibg2 g-cm™2) and LiPb(9.51 g cm™2) are
dominated by the differential swelling between the SiC fibervery much different,(2) the (n,2n) and (n,3n) are very
that are not fully dense or crystalline, carbon interphasesmportant nuclear reactions with Pb which strongly moder-
andg SiC matrix. An increase in the dedpasic understand- ate the neutron spectrum emerging from the protection with
ing of the damage mechanisms in this material is vitallya clear delay in the time of arrival.

3. NEUTRON SOURCE AND FLUX IN THE
STRUCTURAL WALLS
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Fig. 1. Flux (n-cm?-s™1) in Fe inner layer versus time after the source emiséinicrosecondsfor LiPB protection(left) and Flibe
protection(right) with 60 cm thickness.
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Fig. 2. Neutron spectra at times of maximum intensity for Fe inner layer in the case of(laRp0.2 us) and Flibe(right, 0.1 us)

protections.
4. MULTISCALE MODELING OF RADIATION well known (Marian et al,, 2002. First comparisons with
DAMAGE TO MATERIALS microstructure have been recently givedmeida et al.,

One of the most powerful tools for radiation damage studie%ggg; Diaz de la Rubiat al, 1999; Perladet al, 1999;
onedeet al,, 1999; Caturleet al., 2000; Wirth, 2001 and

actually is multiscale modeling, which is traced in all its o . . . .

steps in Figure 3. This is, with restrictions because of thespecmc national and international programs are being con-
L ’ ' . . ducted(VENUS Spanish, REVE Internationalhe situa-

reliability of the parameters used in the different levels of

o . - . ion is similar to that of the nuclear data buildup sometime
description, a unique tool to have predictive capability base ; . . )

T ) . ago in reactors physics. The connection with the macro-

on physics inside. The main goal is to follow the real mech-

anisms involved in the radiation damage from the enterin peopic has very scarcely been done but the basis for it has

of the neutron in the lattice up to the change in the macroQbeen establishetDiaz de la Rubizt al, 2000.

scopic properties requested to the matet@nductivity,

mechanical integrity, etg. 5. RESULTS ON RADIATION DAMAGE USING
Nuclear data for neutron reaction and kinematics giving MULTISCALE MODELING SIGNIFICANT

the primary knock-on atom distribution, cascades quantifi- FOR INERTIAL FUSION

cation, a}nd emerging freely r‘_mgratmg.defects, fj|ffus.|or.1 OfAmong the different results obtained by DENIM in the re-
defects in the lattice with their clustering and dissociation, s . 7 . .
cent past, we note two: pulsed irradiation simulation of a

gnd the final mtera_cqon ofthose defgcts with the dlslocatlc_)nsample of Fe by a ime dependent flerladt al, 2002);
in the crystal modifying the mechanical responses describe : o .
. ._andthe systematic research on the radiation damage physics

the full modeling. Present results from molecular dynamics _ .. S S
. o : ; . in SiC, which includes the development of quabiinitio
give good insights into physics mechanisms that cannot be . o .
. ) . . : . Calculations for obtaining the key parameters for correcting
observed in experiments. Connection with microscopic ob-

L o defect diffusion(Perladoet al., 200Z). In pulsed irradia-
servation is actually performed by kinetic Monte Carlo, and,. - h Ise f
defect structures and energetics are becoming progressivetllon’ we consider dose ra(8.1-0.01 dp#s), the pulse fre-
qYJency(l—lo H2 and the temperatu®00—-600 K. Each

object in the simulation box has an associated set of proba-
bilities corresponding to the potential events. All simula-

TSGR ey cetec haracon Macroscopic Propery tions have been conducted in a 300-nm cubical box. The
Displacement Cascade  S™1¢  Nucleation & Growth Embrittiement, etc.) resultswhiqh representthe miclrostructure are giveninterms
— m N of cluster size and concentration, and they have been ob-
P v.-f@//;ﬂ:\r { outemens N tained with the accumulation of 500 pulses in the “high”
L iretion i g * g H “ 1]
SR emmntN | cascate | “Charges | | peeion | Meral | dose rate case and of 5000 in the “low” dose rate case,
Agumiston \Enhanced Creeg/|,  UEEE - . 4
(AT T U AIB 110 A which gives a total dose 0f2 10" * dpa. From the compar-
| L] '“"']”; W | ene e ison between the pulsed and continuous irradiation, we con-
| : i
Molecular Dynamics Kinetic Dishimn H“JIW clude z_;tt thls_ Iqw dose that the cluster accumulatlon_w_as
{ab initio, tight-binding, => Monte Carlo =,  Dynamics & Plasticity essentially similar when the average dose rate were similar
classical) for rate equations) (or theory) Theory (F|g 4)
Experimental obsarvation impossible | oreeron WICT0SCoRy, | T;‘jgg:'c:*m;:;;t We developed a tight binding molecular dynamics scheme

(TBMD) with which we can simulate a perfect crystal of
Fig. 3. Scheme of multiscale modeling from the atom cell to the macro-B8-SIC and its evolution in time. We can manage a different
scopic. guantity of atoms in the crystal simulation box, with a max-
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