An integrated model for materials in a fusion power plant: transmutation, gas production, and

helium embrittlement under neutron irradiation

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2012 Nucl. Fusion 52 083019
(http://iopscience.iop.org/0029-5515/52/8/083019)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 193.52.216.130
The article was downloaded on 13/11/2012 at 13:27

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0029-5515/52/8
http://iopscience.iop.org/0029-5515
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

IOP PuUBLISHING and INTERNATIONAL ATOMIC ENERGY AGENCY NucLEAR Fusion
Nucl. Fusion 52 (2012) 083019 (12pp) doi:10.1088/0029-5515/52/8/083019

\ Yoy died ~<'dIf',gpe A4 L a
X}s\‘ 3" e, | i \as«j?izi\‘ as

(ﬂ} ‘a" | \“l b, AP
¥ d w ,.,.ad 1

M. G“b-;i,SL D da‘.v,S ih;,Lw Pac v\a d
J.- .S' b

EURATOMI/CCFE Fusion Association, Culham Centre for Fusion Energy, Abingdon,
Oxfordshire OX14 3DB, UK

E-mail: mark.gilbert@ccfe.ac.uk

Received 16 January 2012, accepted for publication 11 July 2012
Published 1 August 2012
Online at stacks.iop.org/NF/52/083019

Abw_ad
The high-energy, high-intensity neutron fluxes produced by the fusion plasma will have a significant life-limiting
impact on reactor components in both experimental and commercial fusion devices. As well as producing defects,
the neutrons bombarding the materials initiate nuclear reactions, leading to transmutation of the elemental atoms.
Products of many of these reactions are gases, particularly helium, which can cause swelling and embrittlement of
materials.

This paper integrates several different computational techniques to produce a comprehensive picture of the
response of materials to neutron irradiation, enabling the assessment of structural integrity of components in a
fusion power plant. Neutron-transport calculations for a model of the next-step fusion device DEMO reveal
the variation in exposure conditions in different components of the vessel, while inventory calculations quantify
the associated implications for transmutation and gas production. The helium production rates are then used, in
conjunction with a simple model for He-induced grain-boundary embrittlement based on electronic-structure density
functional theory calculations, to estimate the timescales for susceptibility to grain-boundary failure in different
fusion-relevant materials. There is wide variation in the predicted grain-boundary-failure lifetimes as a function of
both microstructure and chemical composition, with some conservative predictions indicating much less than the
required lifetime for components in a fusion power plant.

(Some figures may appear in colour only in the online journal)

lf\I i‘;'d"' d‘“ Perhaps even more problematic are the nuclear reactions
" initiated by fusion neutrons that give rise to the transmutation

In magnetic-confinement fusion devices a large number production of gas atoms, such as helium (He) and hydrogen

of high-energy neutrons are generated in the plasma by

deuterium-tritium fusion reactions. These neutrons escape

from the plasma and irradiate the materials that make up the

reactor vessel. One of the key outstanding issues for the fusion

materials programme is in the understanding of how neutrons

influence the properties of materials over the projected lifetime

of a fusion power plant. Not only do the incident neutrons

cause atomic displacements within the materials, leading to

the generation and accumulation of radiation defects, which

cause hardening, embrittlement, and irradiation creep, but

they also initiate non-elastic nuclear reactions that alter the

nature of the constituent atoms. This process, known as

transmutation or burn-up, changes the chemical composition

of materials, leading in turn to measurable changes in structural

and mechanical properties.
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Note that in figure 3(b) the high concentration of W in
the divertor causes a visible self-shielding effect in the lower-
energy regions of the neutron spectra. The giant resonances
in the neutron-capture cross sections of W produce a much-
reduced flux at energies below the resonances [1], leading to
the troughs in the spectra around 10eV. In the divertor, this
does not cause any undesirable effects, but it could have a
significant impact on tritium breeding if too much tungsten,
in the form of pure material, say as plasma-facing tiles, or
as an alloying component in steel, is used near the blanket
because it would suppress, via self-shielding, the population
of low-energy neutrons in the blanket that give a significant
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three reduction is much greater than the 1.1 ratio between
the total fluxes in the FW and divertor.

The primary reactions contributing to the production
of Re, or heavier elements such as Os, from W are the
(n,y) reactions, which normally have a cross section that is
proportional to 1/ E, at low neutron energies Ey. In figure 3
the spectra associated with the divertor regions of the DEMO
model have a profile that is much less moderated than that in the
FW, which has a large contribution from moderated neutrons
that have back-scattered from the Be/Li blanket. Thus, the
proportion of neutrons at the lower energies is reduced in the
divertor, which leads to a smaller probability for the (n,y)
reactions (compared to other nuclear reactions), and so the
production of Re is disproportionately lower.

On the other hand, figure 8(c) suggests that the changes
in energy-spectrum profile between the FW and divertor do
not particularly alter the rate at which W transmutes into Ta
(tantalum). In the armour at location A, the Ta concentration
is calculated to be 5470 appm after a five-year exposure, while
in the divertor armour at E it is 4940 appm. The ratio between
these two values is exactly the same as the ratios of the total flux
(' 1.1), suggesting that this is the main reason for the variation,
despite the apparent differences in the energy spectra shown
in figure 3.

This is somewhat surprising because many of the nuclear
reactions on W that produce Ta, either directly or indirectly,
including the (n,2n) reaction on 182W, have thresholds. Based
on the high-energy regions of the spectra in figure 3, one
might expect these threshold reactions to be reduced in the
divertor, leading to a reduction in Ta production compared
to the FW armour that is greater than a simple scaling of
the total fluxes. However, the average neutron energies
associated with the spectra in the armour layers at A and E
are quite similar (2.23 MeV versus 1.83 MeV, respectively)
suggesting a proportional reduction of neutrons at all energies
in the divertor and thus the 1.1 flux-factor difference in Ta
production. On the other hand, this then contradicts our
explanation above for the changes in Re production, although
we have not considered the fact that the two spectra have
similar fluxes in the 0.1-1 MeV range. Further investigation
is needed to fully quantify these subtle complexities
associated with neutron-transport and inventory calculations of
this kind.

~.,. B7 Beryllium, as the primary constituent of
the blanket in the present DEMO model, has been found
previously [1] to produce significant concentrations of He
under neutron irradiation. For the present model, the inventory
calculations indicate He concentrations in Be after five-year
irradiations of between 19300 appm in the first 1cm of the
equatorial blanket at position A in figure 2, to only 200 appm
in the final 5 cm (see figure 9). As noted previously,
this extreme range of values, which is even greater than
the drop observed for Fe in figure 7, is likely to be time-
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Tab! +-2. Table of calculated critical boundary densities vf,, critical bulk concentrations G¢,, for He in various elements, and the approximate
critical embrittlement-lifetimes t® in DEMO full-power time and equivalent integral dpa. Results for two different grain sizes a shown.

Critical times and dpa for GB embrittlement in DEMO

FW armour blanket at depth of 17-19cm

Ve a G,
Element (cm™2) (um)  (appm) t° dpa® te dpa®
Fe 6.90 < 10* 5 48.8 4 months 4.79 2 years 9.57
\% 6.75x10*%* 5 56.1 1.5years 25.07 7 years 41,52
Cr 5.52x10% 5 39.8 5 months 6.27 2.5 years 12.75
Mo 8.05x 10 5 75.3 2 years 19.12 10 years 31.26
Nb 7.41x10% 5 80.0 2years 31.99 10 years 51.61
Ta 777 x10% 5 84.1 19 years 107.60 137 years 304.17
W 9.16 x10* 5 87.2 20 years 88.89 228 years 357.37
Be 7.94%x10% 5 38.5 4days 0.08 11 days 0.09
Zr 8.11x10%* 5 1132 4years 61.99 21 years 108.80
Fe 6.90 < 10* 0.5 488.0 4 years 57.47 18 years 86.13
\Y% 6.75x 10 0.5 560.5 12 years 200.60 69 years 409.29
Cr 5,53 % 10 05 397.8  4years 60.20 23 years 117.34
Mo 8.05x 10 05 753.2 18 years 172.10 114 years 356.42
Nb 7.41<10% 05 800.1 17 years 271.94 100 years 516.12
Ta 7.77x<10% 05 841.3 216 years 1223.20 > 300 years >666.00
W 9.16 x 10** 0.5 8715 >300years >1333.00 =>300years >470.00
Be 7.94x10% 05 385.2 1 month 0.60 4 months 1.00
Zr 8.11 < 10* 05 1131.7 37 years 573.39 217 years 1124.29
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period of service. Further work in this area, including investi-
gations of the influence of He traps (such as dislocations and
voids), which can cause swelling, interaction with hydrogen,
preferential accumulation, and temperature effects, are needed
to provide accurate predictions of He-embrittlement-limited
component lifetimes. The present wor»k is a first step in this in-
vestigation, and, despite the w . -~ “scenarios envisaged in
the modelling, demonstrates the possibility of linking neutron-
transport and inventory calculations to engineering relevant
mechanical properties.

4.8 an

The combined MCNP-based neutron-transport simulations
and FISPACT-based inventory calculations for the neutron-
irradiation conditions expected in the DEMO concept reactor
demonstrate that He accumulation rates, and transmutation
rates in general, can vary dramatically, even within the same
component of a fusion reactor. In Fe, the production of He
is likely to be significant and severe within the first wall
armour of a reactor, but will fall off rapidly in deeper radial
locations, through the tritium-breeding blanket, due to the
effective moderation and absorption of neutrons required for
efficient production of tritium (*H). By the time neutrons reach
the outer vessel components, such as the shield and vacuum-
vessel walls, the quantities of He predicted are at such a low
level that they are unlikely to pose a serious threat to the
structural integrity of components.

In W the predicted He concentrations are probably too
low to have any impact on component lifetime, and it is more
likely that the build-up of defects due to neutron-irradiation
cascades, leading to hardening and embrittlement, will be the
life-limiting mechanism for W-based materials. In this respect,
further work is needed to assess the acceptable levels of other
transmutation products in W, such as Re, Ta and Os, because
these can reach non-negligible levels, and might influence
the evolution of radiation damage, causing both desirable and
undesirable changes to mechanical properties.

In Be, on the other hand, the inventory calculations
confirm the previous findings [
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