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ABSTRACT

W and W-alloys are among the primary candidate materialplisma facing components in the
design of Fusion reactors, particularly in high heat fluxeag such as the divertor. Under
neutron irradiation W, like all other elements, undergeassmutation to its near-neighbours in
the periodic table. Additionally He (and H) is produced ayghoduct of certain threshold
reactions, and this is particularly significant in fusiosearch since the presence of helium in a
material can cause both swelling and a strong increasetitebess. In this report we present the
results of inventory calculations on pure W and give quatiti¢ estimates for He production
rates. We also investigate transmutation reactions iicealloys, which are being considered in
an attempt to reduce the brittleness of pure W.

1. INTRODUCTION

In the design of fusion power plants and fusion experimesggices, such as ITER, Tungsten
(W) is being considered for various plasma facing compakeatause of its high melting point,
high thermal conductivity, and high resistance to spuitgand erosion [1,2]. As aresult, W is a
primary candidate material for the divertor armour. Aduhtally, these qualities also make
tungsten a desirable material for use in other parts of teevilall [3]. However, whereas the
divertor armour need only have a lifetime of around two fadlwer years to make fusion
commercially viable [4, 5], the first wall components mustyggcally able to withstand the
fusion environment for at least five years [3,4]. At thesaglemtimes, the irradiation-induced
embrittlement of W, which shows significant brittleness ¢égin with, will become a very serious
issue, and both modellers and experimentalists are seekipg/to make W more resilient to
these effects.

The ductility of W can be improved through the addition oftaar alloying elements such as
Re, Tc, Ru, Os, Ti, and Co [6]. Some of these, such as Co [7]|ldhmeiundesirable for fusion
applications because of their unfavourable activatiomadtaristics under neutron irradiation, but
others have shown promising results. Re, in particularpleas found to reduce the ductile-brittle
transition temperature (DBTT) and significantly improvetlity [6], and both mechanical
resistance and hardness at room temperature [8], even aetvations exceeding 25% [8, 9].
However, Nemotet al.[1] have questioned the suitability of such a material ummsbrtron
irradiation. At the same time, it has been observed thayiadpW with Re can dramatically
improve the swelling of tungsten under high dose-rate iatawh [10]. More recently, specifically
for structural applications in a fusion reactor, Ta, V, amntidve also been proposed as possible
alloying elements for W (for example, see [11-13]).

Of further significance in the design of W and W-alloy matisrfar fusion applications is the
effect that the neutrons produced by the nuclear reactioe tia the atoms of a material.
Specifically, the capture of a neutron by an atomic nucleus tae subsequent emission of other



particles (whose precise nature depends on the energy oifdident neutron), changes the
atomic number (number of protons) and/or the mass numbt@i (tomber of protons and
neutrons in the nucleus) of the original atomic nuclide.sTgriocess, known as transmutation,
may result in the accumulation of products that could bemetntal to the mechanical and
engineering properties of the original material [14]. Assweported by Cottrell [2], and

others [14-16], the fusion environment will cause W to ugdesignificant transmutation to first
Re and then Os. Cottrell [2] suggested that a 5-year irradiainder first wall conditions leads to
initially pure W transmuting into a W-OS-Re alloy with a coastion close to that of the
sigma-phase for the alloy, which is extremely brittle. Rerinore, the presence of Re as an
alloying element may in fact induce the precipitation of dtlersigma-phase [14].

It is worth realising that transmutation is not always umddsde. In fact, it is precisely this
process that will be harnessed in the breeder-blanketsusiarf reactor to produce Tritium
through the transmutation of Li. However, there are furgireblems associated with the
transmutation of large atomic nuclei. Many of the possildatron-capture reactions can lead to
the production of protons.€., Hydrogen) andv-particles (Helium). These small-nuclei elements
can diffuse through the bulk material and cluster in exgstiracks or in grain boundaries, leading
to an increased brittleness (or hardening) of the material.

There have been previous studies on the transmutation afidh, a&s the irradiation
experiments of Nodat al.[16], and the inventory calculations of Fory al.[14] (using an early
version of FISPACT - see below), but there is an urgent neeghdiate and clarify the situation in
W and its possible alloys. In this report, we re-evaluatéth#gansmutation calculations
introduced in [2], and consider the transmutation charesttes of various alloying elements -
both as isolated pure samples and as part of a possible W-Akdighlighted above, He and H
are important transmutation products and in this work we ¢inem special attention.

For comparison, the burn-up of other fusion relevant malgrnamely Fe, Fe-Cr, and SiC, are
also presented.

2. CALCULATION METHOD

To characterise the transmutation properties of W and W¥salin a fusion-like environment we
have made use of the inventory code developed and maintainduited Kingdom Atomic
Energy Authority for the last 20 years by Robin Forrest. Tdude, known as FISPACT, was
created to perform calculations of the activation inducgddutrons (and more recently
deuterons and protons [17]) bombarding materials in fudmrnces. As well as calculating the
activity in a material after a particular irradiation, odeed after a period of post-irradiation
cooling, it also keeps track of the number of atoms of eactiquédar nuclide present in the
system. As a result, it is possible to measure the burn-apgimutation) of the starting materials
during the irradiation calculation.



Together with external libraries of reaction cross-sexdiand decay data on all relevant
nuclides, FISPACT forms the European Activation System$FRN[18]. FISPACT uses these
libraries to calculate the inventory of nuclides (atom®)duced during the irradiation of a
starting material composition with a specified flux and spawutof neutrons (or deuterons or
protons). The current versions of the reference libranesallectively known as the European
Activation File EAF-2007, which, together with FISPACT&D[17], form EASY-2007 [18].
However, each version of FISPACT is backwards compatibte piievious versions of EAF, and
so in the present work we have used EAF-2003 in conjunctidim RISPACT-2007 (although
both FISPACT-2005 [19], and FISPACT-2003 [20] give ideatiesults with these libraries). The
older libraries have been used due to recent validity issugsunding the newer versions,
particularly concerning some of the important He producteactions (usually neutron capture
followed by a-particle emissiorin, «)) for W and its periodic-table neighbours. Further
information on the 2003 libraries can be found in [21] for thess-sections, and [22] for the
decay data.

To perform calculations on a given set of starting materl@ISPACT requires a neutron
spectrum for the incident particles. This spectrum, whechupplied by the user, is combined
with the cross-section data to produce an effective 1-goovags-section library for all reactions
available in EAF. This library is then used for all subseduwaiculations with the given
spectrum [17]. Following previous work to describe theatton characteristics of all naturally
occurring elements [7, 23], in the present study we have tieethost relevant first wall (of a
fusion device) spectrum from the recent Power Plant Cone¢@tudy (PPCS) [3,4].
Specifically, a neutron spectrum calculated for the first dModel B has been used, which has
a total flux of1.04 x 10 n cm2s~! [24]. In line with the expected life-time of first wall
components, the total irradiation time was five years inaltalations.

Figure 1 shows the neutron spectra, plotted as neutron flubetbargy interval against energy
in eV. A lethargy interval is the standard measure for speatthis type, and is equal to the
natural logarithm of the current energy group’s upper badisdied by its lower bound. In [24]
the neutron flux was tallied using the 175-group "Vitamin tiusture (see [17] for more details),
with the lowest group bounded above by 0.1 eV, whilst the ésglenergy group has an upper
bound of 19.64 MeV. The energy profile of the source neutr@eslin the calculations
(performed with MCNP, version 4C3 - see [25, 26] for more digtéollowed a Gaussian
distribution with a peak at the correct 14.1 MeV for the DTifusreaction [24]. As a result there
was no neutron flux associated with the highest energy-group

The total energy fluence produced by the spectrum at the geetion flux was 4.39 MW
m~2. We can use this value in the graphs presented later to ddghedrradiation time into MWy
m~—2 (MegaWatt years per metre squared), which is perhaps a rsefalwguantity. Note that this
total energy fluence is greater than the 2 MW?rfor the 14.1 MeV neutron wall loading
associated with PPCS Model B [3, 4] because it takes intouatateutrons passing through the
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Figure 1: Neutron spectra for the first wall of the Model B ceptual power plant design [3, 4, 24].

first wall in all directions. Specifically, it includes neatrs that may have back-scattered from
other parts of the reactor, as well as those coming diretiyn the plasma, because any neutron
entering the first wall can cause transmutation.

In Figure 1 we see that there is a pronounced peak in the flinedt4.1 MeV mark, which is
produced by neutrons hitting the wall directly from the ptas There is, however, a broad
spectrum of reduced energy neutrons at a lower level of flines€& neutrons are produced by the
scattering of neutrons from other parts of the reactor.

Using the spectrum described above we have performed FIBRAlCulations to measure the
transmutation of 1 kilogram pure samples of W and possilbdgialg elements, including V, Ti,
Ta, and Re, as well as specific alloy compositions. For cormpamwe have also considered 1 kg
samples of Fe, Fe-Cr, and SiC. Note that in all cases thergfaxdmposition of a particular
element follows the naturally occurring abundances ofiidide isotopes. Table 1 shows the
naturally occurring nuclide make-up of the elements cargid in the present study. For
example, pure W is made up of five different isotopes, one o€lwhW180, forms only a very
small fraction (0.12%), while the other four are more abumd#/184 is the most common,
making up 30.64% of naturally occurring W.

We also note that in the present calculations, the well-kmplaenomenon of self-shielding
has not been considered. Self-shielding is the name giveretoverestimation of the

!Note that the exact scaling relation between the wall loading directly from 14.1 MeV plasma neutrons
and the total neutron energy fluence in the first wall will depend on the details of the first wall and blanket
materials used in a particular reactor design, which will control the energy spectrum and direction of scattered
neutrons.



Table 1: Isotropic Abundance of the naturally-occurringhguosition of elements considered in this study.
Taken from [7]

Element| Atomic number| Atomic Mass Isotopes (% Abundance)

Ti46 (8.25), Ti47 (7.44), Ti48 (73.72)
Ti49 (5.41), Ti50 (5.18)

Vv 23 50.942 V50 (0.25), V51 (99.75)

Cr50 (4.345), Cr52 (83.789)

Cr53 (9.501), Cr54 (2.365)

Feb4 (5.845), Fe56 (91.754)

Fe57 (2.119), Fe58 (0.282)

Ta 73 180.948 Tal80m (0.012), Tal81 (99.988)

W180 (0.12), W182 (26.50), W183 (14.31)

Ti 22 47.867

Cr 24 51.996

Fe 26 55.845

W 74 183.840
W184 (30.64), W186 (28.43)
Re 75 186.207 Rel85 (37.4), Re187 (62.6)
Si 14 28.086 Si28 (92.23), Si29 (4.683), Si30 (3.087
C 6 12.011 C12 (98.89), C13 (1.11), C14 (Trace)

transmutation rates under fusion neutron-irradiationezily elements, such as W, due to the
large resonances in thie, v) reaction cross-sections [27]. Previously, Cottetlal. [27] have
considered this effect, and found that transmutation iiat®$ can be reduced by several percent.
However, they only consider the self-shielding effect for W186n, v)W187 reaction, while in
reality all such reactions in this region of the periodidéaghould be investigated. Work is
currently underway to correctly account for these selékhing effects.

3. RESULTS

Figure 2 shows how W transmutes during the 5-year irradhdtroe. The graph shows the
relative concentrations, in atomic parts per million (appofithe elements present in the sample
during the course of the irradiation. As well as the time radiiation years, a secondary x-axis is
included showing the total neutron fluence in MegaWatt y@di&/-y) per unit area. Note that in
the graph, and in the other transmutation graphs preseatieg élements present in the starting
composition (in this case just W) are underlined in the lelgén addition, only those elements
whose concentration exceeds one appm after five years diati@n are included. In practice,
FISPACT calculates the production of many minor elememtd vehile there may be millions (or
more) of atoms of such elements present in the system, thelagpm concentration is
extremely small - a fact made clear by realising that in a ologlkam sample of pure W, there are
of the order ofl0?* atoms of W. Atomic parts per million (appm) are used for theaamtrations
shown in this graph (and all others) because this is the med#sat is the most useful for the



material modellers, where they are interested in how mamyabf the base element should be
replaced by atoms of an alloying element. Also, the altéraaepresentation, weight parts per
million (wppm), is misleading as far as the production of e & is concerned because if wppm
is used these light elements will always appear rare in #restnutation of a much heavier
element like W.

At the start, before any irradiation takes place, W makesQ@8d of the sample, and so in
Figure 2 the curve for W starts froinx 10° appm. As the irradiation proceeds, the amount of W
begins to decrease slightly, as some of the W atoms are dramsdl, through neutron capture,
into other elements. However, even after five years of iataa, the vast majority of the atoms
present in the sample are still nuclides of W, and the comagoin of W in total is still around
7.5 x 10° appm. In other elements, such as Ta (Figure 4) and Re (FiguitdSpossible for the
burn-up to be so great that the original element no-longeridates the composition after the
5-year irradiation.

Along with W, six other elements from the third row of the ts&ion metals in the periodic
table are also shown in Figure 2. These are produced at gadifarent levels of concentration,
with Os and Re the commonest after five years.atx 10° and1.2 x 10° appm, respectively. At
the other extreme, Pt is only present at a level of 100 appen fafe years, which is not
surprising given its distance from W in the periodic tableeTeaction pathways required to
produce Pt from W are long, with, for example, a sequence(ef 4) reactions (neutron capture
followed by gamma emission) attt” decays needed to transform W186 into Pt190, which is the
shortest possible pathway from a stable isotope of W to desfalmost) isotope of P{f, ) and
£~ are generally the commonest reactions that increase thieneand/or proton number).
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Figure 2: Transmutation of W during a 5-year irradiation wdirst wall conditions



One particular aspect of these transmutation results tagbean issue for W-component
lifetimes concerns the significant production of both Re @sd Initially, the concentration of Re
is much higher than Os because it is produced directly frorhl@Wever, as we shall see later in
the transmutation results of pure Re, Re undergoes higlsleff&dansmutation to Os, so that at
the end of the 5-year irradiation Os has caught-up and @kemtRe to be the element with the
highest concentration in the irradiated material. Thisifigcagrees well with the calculations of
Nodaet al.[16], who found that Os became dominant after a neutron flrehbetween 10 and
100 MW-y m~2. However, they observe greater transmutation rates thume thresented here
because the concentration of W falls below that of Re aftér 3 MW-y m~2, which will
certainly not be the case in an extrapolation of Figure 2.

As mentioned previously, Cottrell [2] noted that the W-Os-&loy composition (approx.
75%-13%-12% after five years) produced by the first-wallgrantation of pure W is very close
to theo-field of the equilibrium phase diagram after the 5-yeardiaon. This may result in the
the production otr-phase precipitates, which would be both denser and mateelihat the
original bcc (-phase) structure. Subsequent high tensile stressesqaady both shrinkage and
in-service mechanical working could lead to cracking anardsling of these precipitates,
causing a weakening of the material as a whole.

Curves for H and He are also shown in Figure 2. Hydrogen isaflyi produced duringn, p)
reactions, whilst Helium originates mainly frofn, «) (neutron capture followed hy-particle
(He! ion) emission). The graph shows that H increases to aroursggth after five years, while
He is produced at a slower rate, with its concentration ohgreund 30 appm at the end of the
irradiation.

Whilst the level of He production found above is relativadywland may not, on its own, cause
any significant structural changes to a W component, it iglhwoonsidering an extreme example.
If the spectrum used in the main calculations (see Figureak)replaced by one in which only
14.1 MeV neutrons are present, then, with the same totaltfiextransmutation results become
significantly different. Figure 3 displays the results oflsa calculation for pure W. Note that in
this case, the total energy fluence is higher than that pextibg the full spectrum under the same
total flux (23.72 instead of 4.39 MW ™), and so the secondary x-axis in Figure 3 is different to
that in Figure 2.

The first thing to notice in Figure 3 is that, compared to Feg2rthe production of Ta has
increased dramatically, whereas the amount of Os in thetowe has almost fallen to zero. The
main reason for this change is that with only high-energytnoss there is an increase in the
relative frequency of threshold reactiong( ones where there is a minimum incident-neutron
energy required before the reaction cross section becagrEficant) such agn, «) and(n, p),
which all produce a daughter nuclide with a reduced atomigsmBor W, this leads to Ta
production being favoured, whilst Os creation, which wahgrally occur through a simple
sequence ofn, ) reactions andd~ decays, becomes relatively less common.



Another consequence of this change in behaviour uadlrhigh-energy neutron
bombardment, is that He (and H) production is increased lyréer of magnitude to 240 (and
530) appm after five years. Of course, in a real fusion reattterevel of flux for 14.1 MeV
neutrons would not be so high as the one we have used hereuld \we more like the single
group flux for that energy in the original spectrum), but ti@sult does demonstrate that it is
primarily the high-energy neutrons that are responsibiél®production in not only W, but in
materials in general. This is one of the reasons why He ptamuis such a significant issue for
fusion, as opposed to fission where neutron energies are imweh
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Figure 3: Transmutation of W during a 5-year irradiation werdl4.1 MeV neutrons



3.1. TRANSMUTATION OF POSSIBLE ALLOYING ELEMENTS

As mentioned in the introduction, the extreme brittlendgsune W is a significant concern to
those designing and planning future fusion experimentg@actors. One possible solution to
this may be found by alloying W with certain other metals.Histreport we have considered four
possible alloying elements: Tantalum (Ta), Rhenium (Regnlum (Ti), and Vanadium (V).
Figures 4, 5, 6, and 7 show the transmutation results foetfoag elements, respectively. In all
cases the irradiation conditions used in FISPACT were theesas those used above for W under
a full first-wall spectrum.

From Figure 4 it is clear that Ta undergoes large-scale itnatetion into W. As was noted by
Cottrell [2], after only 2.5 years, W overtakes Ta and becothe element with the highest
concentration in the material (76% after five years, congppeoenly 23% Ta). Calculations
performed using an early version of FISPACT, also demotestréhat W overtook Ta on the order
of 10® days [14]. It is interesting that, hypothetically, a plasi@ging component made of Ta
would become predominantly W during service, with W levetsif pure Tax W levels after the
5-year irradiation of pure W. At the same time, it would ndifsufrom the same levels of Re and
Os production expected in a purely W component (0.34% argPo dfter five years, respectively,
compared to 13% and 12% when starting from pure W). Thergfoeeuse of Ta as a
plasma-facing material might solve any problems assatiatth the brittleo-phase in
W-Re-Os [2]. However, before such a possibility could beegatned, it would be necessary to
perform a detailed investigation of Ta’s behaviour in adastnvironment, considering, for
example, its neutron-activation characteristics and Hréttgment. Note that He and H
production levels during the transmutation of Ta are alnu®sitical to those seen in W.

In contrast, if only 14.1 MeV neutrons are used in the spettthen the concentration of W
falls dramatically, so that after five years, it only make<2ug#o .5 x 10* appm) of the total. In
this scenario, Ta remains dominant, with a concentratifiras®.3 x 10° appm after five years,
while Hf makes up most of the remainder at a concentratian4ok 10°> appm. This is a further
demonstration of the effect of threshold reactions, andaksthat the transmutation of Ta into W
involves reactions that require only low-energy incideatitrons. At the same time, the, o)
and(n, p)-type reactions which produce He and H, respectively, reghie higher energy
neutrons, and so their production is greatly increased mwHhen irradiating with only 14.1 MeV
neutrons.

The Re transmutation results in Figure 5 confirm that, as wears&V, the conversion of Re
into Os occurs at very high levels. After five years Os makesugn 75% of the material
(7.6 x 10° appm), compared to only 22% Ra% x 10° appm). Meanwhile, W is produced in
pure Re at a modest rate, with the concentration only regdhinx 10* appm (1.5% of the total)
after five years. The likely consequence of these transiontegsults for Re is that any issues
surrounding the precipitation of the britiblephase for the W-Re-Os alloy would be magnified if
Re was used to alloy W. Since Re would be present from theist&/tRe, Os would be produced
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in much larger quantities in the early years of irradiatiompared to starting from pure W.

However, if we consider results using only high-energy Mel neutrons, then a completely
different picture emerges. Os production is reduced drigaibt to only 1.3 x 10° appm or 13%
of the total, whilst W production increases from only 1.5%rtore than 10%1(0 x 10° appm)
when only the high-energy neutrons are used (at the sameesflaR | As was the case with W and
Ta, this indicates that the:, v) reactions that control the standard pathways from Re to @k, a
other higher atomic number elements, are lower energyioeectAt higher neutron energies,
these reactions become dominated by the threshold reacimh asn, «) and(n, p), which, as
well as increasing the production of reduced atomic numleenents (.e., W from Re), also lead
to an increase in the inventory of He and H.

Figure 5 shows that, under the broad spectrum of neutromgeseassociated with the first
wall of a fusion power station, He production in Re is slightiwer than in W or Ta, with a
concentration of only 22 appm after five years. On the othedhH production is slightly higher,
with a concentration of around 100 appm after the complea€iation.

For Ti and V, the transmutation picture is somewhat diffeterthose of the heavier elements
discussed above. As Figures 6 and 7 show, the rate of burfitbp starting element (either Ti or
V) is much slower than for any of W, Ta, or Re. In the figures theaentration of the input
material remains close tbx 10° appm (100%) for the entire duration of the 5-year irradiatim
both cases the concentration of Ti and V, respectively,ds< 10°> appm at the conclusion of the
irradiation calculation.

Other elements are only produced in (relatively) minor dqii@s. For Ti (Figure 6) there is
some production of Sd (1 x 10 appm after five years), Cd.() x 102 appm), and V (10 appm).
In V (Figure 7), Cr is the main neighbour-element (in the peic table) with a concentration of
6.6 x 10 appm after five years, while Ti is produced at a slightly slove¢e .2 x 10° appm
after five years). However, despite this low level of trantatian in general, the production of
both He and H is significantly increased compared to theezadsults in pure W, Re, or Ta.

In Ti the amount of He produced after five years is around 9J0rgpvhile in V the situation
is better, with only 360 appm of He produced. H production ichhigher at 3000 appm in Ti
and 2600 appm in V. Thus, adding either of these two elements may lead to He production
and retention becoming more of a problem than it would hakeratise been in pure W
(increased H production may be less of an issue, as thisyhigattive element is less likely to
build up in materials over a long period of time).

Note that, as in W, Ta, and Re, transmutation calculatiodgronly 14.1 MeV neutrons leads
to around an order of magnitude increase in He and H produgtiboth Ti and V, with similar
increases in the appropriate lower atomic-number elememigch case. As before, this shows
that the reactions producing He and H are threshold reactiat require a higher
incident-neutron energy before they can take place on daebasis.
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Figure 4: Transmutation of Ta during a 5-year irradiation der first wall conditions
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Figure 6: Transmutation of Ti during a 5-year irradiation der first wall conditions
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3.2. COMBINED EFFECTSIN ALLOYS

In the previous section we considered the transmutatioteaients that could be added to W to
improve its ductility both before and after neutron irrdtia. We observed that there may be
some desirable and not-so-desirable transmutation coasegs associated with these alloying
elements. However, to fully appreciate these effects itdghvconsidering the burn-up of actual
We-alloys. As mentioned in the introduction, Re has beenidened as an alloying element of W
in concentrations of up to 26% (by weight) [1, 8]. Since Re #whtdave similar atomic masses
(see Table 1) this is roughly equivalent to an alloy contajr#6% atoms of Re. To investigate the
effects of Re addition to W at a ‘worst-case-scenario’ lewa have calculated the transmutation
of a sample containing 30% Re and 70% W (by atoms), which agindstrd notation, is
W-30atm% Re. For a realistic comparison between the diftealtoying elements, this 30% by
atoms level was also used for Ta, Ti, and V. Note that in the o&3i and V, a 30% atomic
percent composition means that the weight percentagesgaiécantly lower for these elements
in the starting material because of the greater disparitydsen their atomic weights and that of
W. Using the atomic masses from Table 1 we can calculate tliesppnding weight percentages
for these 30% alloy compositions. 30% by atoms Re corresptind0.269% by weighi.g.,
slightly more than 30 because Re has a higher atomic mas$\thdor Ta the value is 29.668%
by weight (Ta is slightly lighter than W). In comparison, fiira 30% by atoms corresponds to
only 10.039% by weight, while for V it is slightly higher at B15%.

To produce the transmutation results presented in the gubsegraphs (Figures 8, 9, 10, and
11) there are two options. Either the appropriate weiglttivas can be fed into FISPACT and a
new inventory calculation performed, or the transmutatesults obtained with the pure elements
can be utilised. The second of these is the more straighdifaivibut we have checked by
performing the necessary FISPACT runs that both methodiupgethe same burn-up results.
From pure element transmutation calculations the conagotrC'x in appm of an elemenX in a
combined alloyy-Z after a total irradiation timeéis given by

N(Y%X)Wg) + N(Z—)X)W(Z%
S (Ny oWy + Nizos)W2)
S

CX - 1067 (1)

wherelV/” is the fractional percentage by weight of elemErin the starting alloy (similarly for
Z). Ny x) is the number of atoms of elemeklitproduced after an irradiation timterom 1 kg
of elementy” (similarly for Z, S, etc). The denominator is essentially the total number of atoms
present in the transmutation calculations of elem&n#nd 2, with contributions weighted
according toy* andV}, respectively.

For W-30atm% Re, the graph in Figure 8 shows that the proalucti Os is very significant.
It reaches a concentration 2 x 10° appm after five years, while the concentration of Re drops
by half from3 x 10° appm (30%) tal.5 x 10° appm in the same period. W is reduced to
5.3 x 10° appm in the final composition. Other elements are produceelatively minor
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guantities, which is in agreement with the findings for pur@aid Re. There is 0.29% Ta

(2.9 x 103 appm) and 0.11% Iri(1 x 10® appm) after five years, with Pt and Hf present in even
lower concentrations. Since He and H production were byosidtilar in both W and Re it is not
surprising that the production of these elements in theyadl@also similar, at 29 and 86 appm,
respectively, after five years.

As we suggested in the previous section, the production afi@stly from the Re starting
material would almost certainly lead to a greater potemiaprecipitation of the brittler-phase
than in a purely W initial composition. Thus any brittlene@sguced in W by the combined
presence of Re and Os is likely to be magnified if Os produgtiamcrease, which itis if Re is
present from the start. It seems that alloying W with Re, sthikneficial in non-irradiation
environments, might have a detrimental effect on compolifetitne under neutron irradiation.
However, we note that there is still significant uncertaaibput the phase diagram for W-Re-Os,
particularly under non-equilibrium conditions, and thesran urgent need for further study to
confirm (or not) the predictions made by Cottrell [2] and othe

Figure 9, which shows the burn-up of W-30atm% Ta under fii-meutron irradiation over
five years, suggests that alloying W with Ta might lead to teceht set of problems to W-Re. It
IS true that the levels of both Re and Os remain below 10%, aftenfive years, reaching
8.4 x 10* appm ands.9 x 10* appm, respectively, and hence there is a reduced chance of
brittle-phase precipitates building-up in any significguantity (certainly compared to W-Re, if
not pure W as well). However if we observe the change in Taeoination during the irradiation,
we discover that it falls from the initial 30% level to arourb (7.1 x 10* appm) after five years.
This means that any benefit produced by the addition of Tadfiitst place would have long been
lost, and the material would most likely suffer from the sadrew-backs associated with pure W,
such as high DBTT.

On the other hand, the reduction in Ta is associated with@ease in W, which increases
from the 70% level at the start to over 75% after five years n30% Ta example. This might
lead to some benefit in a real material if W has significantlydserradiation characteristics
compared to Ta. However, Ta is likely to be added at a muchlsn@ncentration level than we
have considered here, so any improvement caused by thagecie W is likely to be minimal
and out-weighed by the negative effects associated witkedaation and Re/Os production. As
was the case with W-Re, the He and H production levels in oldiaWalculation are almost
identical to those in pure W.

In W-30atm% Ti and W-30atm% V (Figures 10 and 11, respegt)vble transmutation results
are significantly different to those seen in W alloyed withdlose neighbours in the periodic
table. In both cases there is a much greater inventory ofexi&sbecause Ti and V produce a
completely different set of transmutation products to Whwie and H being the only overlap.
Also, as we saw in the previous section, the burn-up of thighéer elements is much less than
any of W, Re, or Ta, and so when they are added at a concentdt80 atomic percent to W,
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they essentially remain at this level throughout the wheyear, first-wall irradiation (see Figures
10 and 11). This also means that the minor transmutatiorusteghroduced from Tiand V are
largely dominated by those produced from W, even when talkittgaccount the larger
proportion of W in the starting composition.

As we saw with W-30atm% Ta, both Re and Os reach a concentratiaround 10% during
the irradiation of both W-Ti and W-V, which demonstratesttihavas primarily the burn-up of W
in W-Ta that led to the production of these elements,(Re and Os are not produced from either
Ti or V, and so are only produced through the transmutatioWpf

Perhaps the most critical change associated with alloyingsivg either Ti or V concerns the
production of He and H under neutron irradiation. As was se¢he transmutation of pure Ti
and V, the production of these very light elements is ina@daompared to transmutation of W,
Re, or Ta. In 30% alloys, this leads to He (H) reaching a coinagan of 300 appm (950 appm
for H) in W-Ti (Figure 10) and 130 appm (830 appm for H) in W-Md&re 11) during the 5-year
irradiation. Even though the concentrations of Ti and V usealir alloys are higher than those
likely in a real material, the increase in He (and H) causethby addition should still be
carefully considered when designing materials for advdéns®en applications.
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Figure 8: Transmutation of a W-30%Re (by atoms) alloy dugartsyyear irradiation under first wall conditions
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Figure 9: Transmutation of a W-30%Ta (by atoms) alloy during-year irradiation under first wall conditions
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Figure 10: Transmutation of a W-30%Ti (by atoms) alloy dgran5-year irradiation under first wall conditions
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Figure 11: Transmutation of a W-30%YV (by atoms) alloy durdng-year irradiation under first wall conditions



3.3. COMPARISON WITH OTHER FUSION MATERIALS

To put the results for W and W-alloys into perspective we glgsent here transmutation
calculations for some of the other primary candidate maitefor in-vessel components of fusion
reactors.

Steels are widely used in both experimental fusion deviodshaiclear fission reactors, and
will certainly be the main structural material used in fet@msion devices and reactors. Fe is the
primary constituent of steels, and in ferritic-martermsstieels (body-centred cubic structure or
bcc) makes up more than 80 weight % of the total. Meanwhiles @re main alloying element in
reduced-activation Ferritic-Martensitic (RAFM) becaitdeelps to reduce the radiation-induced
swelling of the steel [28], which is a significant problem e {popular austenitic steels
(face-centred cubic or fcc) [29, 30]. A general consensgsioav been established for a Cr
concentration of 9% (since the atomic mass of Cr is simil&téahis can be considered as either
weight or atomic percent). Above this level, at fusion opatatemperatures and irradiation
levels, Cr begins to segregate into clusters, which caukessaf ductility and corrosion
resistance [31, 32], while below 9% Cr remains in solute addbéts short-range
ordering [31, 33]. In this study we have considered the trartation of both pure Fe (Figure 12)
and Fe-9atm% Cr (Figure 13).

Alternatively, silicon carbide (SiC) composites are aleasidered as possible first wall
structural materials because of their low activation ctigrstics under neutron irradiation [34].
They also show good fracture resistance and have excellgimtémperature mechanical
properties (see, for example, Raffrayal. [35], Jonest al.[36], and Riccardet al.[37]). Here
we consider a 50-50 mix (by atoms) of Si and C, which is usu#ié@se materials. Note that in
mass terms this corresponds to 70.045% by weight Si and 22®%f weight C{.e., Si has a
higher atomic mass).

Figure 12 shows the burn-up response of a 1 kg sample of punadier the same 5-year
first-wall irradiation conditions used elsewhere in thigag. As with Ti and V, which are both in
the same row of the periodic table (transmutation trendeviotows, rather than groups), the
transmutation of Fe under the conditions applied here iiy/faiinor. The most common elements
after five years are Mn and H, but these are only produced aecwrations of.5 x 10% and
5 x 10% appm, respectively, which, in percentage terms, are boilnar0.5%. He is produced at
concentrations reaching 1100 appm, which is higher thamamd V, and more than a factor of
10 greater than in W. This trend in He production under iatidn agrees qualitatively with
previous studies. For exampldbeyli and Demir [38] have recently calculated He produtiio
possible structural alloys in a fusion first wall as a functad the thickness of a thorium molten
salt liquid shield layer, which has been proposed as a waydal &requent replacement of the
first wall. They observed the greatest He production, atclid layer thicknesses, in Ferritic
steels {.e., predominantly Fe), with V-alloys slightly better, and a Vé-Rlloy the best of all, with
an order of magnitude less He produced compared to the etber t
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Adding 9 atomic percent Cr to Fe has very little effect on tla@$mutation characteristics
compared to pure Fe. The transmutation results for Fe-9a@mése shown in Figure 13. The
only differences in composition after five years, apart fithia presence of 9% Cr, are that Ti now
appears as a minor product and the amount of V has increaghtlyslbut these are present in
very small amounts (around 0.01 and 0.1% of the total, résedy) and are not significant. He
and H production levels are almost identical to those seenia Fe.
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Figure 12: Transmutation of Fe during a 5-year irradiatiomder first wall conditions



In experimental studies of Fe-9% Cr martensite it has beendohat bubbles of He can
significantly increase brittleness when present at conagmms of around x 10% appm [39, 40],
although it is not clear if the same effect would be obsent¢delower He concentrations
observed in our calculations, and there is also H to conslidemy event, it is likely that
ferritic/martensitic steels (austenitic steels are kneovsuffer from He embrittlement at
concentrations as low as 10 appm [41]) can withstand sligtigher levels of He (and H)
impurity than W and W-alloys because of the difficulties inmagacturing these latter materials.
Whereas the melting point of Fe (and hence steels) is arob®d K, W has a melting point of
3410 K, which makes the production of large quantities of bganeous metal almost impossible
with current technology. Current processes for W involveesing of powder (or pellets), leading
to an irregular and perhaps weakened microstructure inrnfshéd product.

On the other hand, in the transmutation of SiC (Figure 14) pitoduction of He is much
greater than in any of the other materials we have studiedrsafter five years of irradiation, the
concentration of He i$.1 x 10* appm or 1.1 % of the total. This is 10 times higher than in Fe and
100 times greater than in W. These results are in good agreemit® previous calculations,
where He production was estimated to be around 2000 appnepeiayd around 10000 appm
during component lifetime [42,43].

Threshold reactions, such és «), still play a major role in the production of He from Si and
C, which is illustrated by the fact that He concentratioss thy another factor of six 6 x 10*
appm in a purely 14.1 MeV neutron burn-up. However, unlileeghuation with other elements,
from C there are now pathways involving these reactionsdhatalso result in the production of
other isotopes of He.€., other than H&). This seems to be a contributing factor to the increase in
He production. Indeed, in [7] it was found that He was the fch@smutation product from C
(even in wppm), although He is still a significant product inr&nsmutation. While the
concentration of He in our calculation was higher than almgotransmutation product, H was
not far behind. After five years its concentration was foumecetacht.2 x 10* appm (0.44% of
total). The remaining products are all produced at lowerceatrations, with Mg the highest at
around 0.26% of the total.
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Figure 13: Transmutation of Fe-9%Cr during a 5-year irratn under first wall conditions
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4. CONCLUSIONS

In this report we have investigated the transmutation ptagseof W and possible W-alloys.
Calculations show that W and its near-neighbours in theoparitable undergo significant
burn-up under first-wall fusion reactor conditions. In W oesults agree with previous
calculations, and demonstrate that there is an urgent agttierstand the consequences
associated with the significant production of Re and Osjqaatrly concerning the possibility of
producing brittles-phase precipitates. If there is a problem, then using Re afi@ying element
might not be appropriate in a neutron-irradiation envirentrbecause it experiences extreme
levels of burn-up to Os. At the same time, Ta suffers from hiighsmutation into W, and so the
benefits associated with using this element to alloy W mayuiekty lost in a fusion reactor. It
might be the case that the high burn-up rates in such heameels will make them undesirable
from an alloying perspective, and may even raise issuesWiitself [2].

However, He (and H) production during the transmutatiorughsheavy elements like W, Re,
and Ta is comparatively low, with typical concentration®ofy 30 appm (80 appm for H) after a
full 5-year first wall irradiation. At the same time, lightelements, such as Ti, V, and Fe, produce
an order of magnitude more He and H, with C an order of mageituorse again.

Ti and V may be more promising candidates for alloying elet®ieh\W because they show
much slower rates of burn-up under neutron irradiation.rétoee, the initial alloying
concentration levels would be fairly constant during thpested 5-year lifetime of first wall
components. However, the He and H production rates fronetiregerials are significantly
higher than in W itself. Careful consideration will be negaéhen using such elements, and a
maximum concentration limit is likely to be imposed by thedé¢o reduce He and H production.
It is also worth noting that Ti and V, as well as other eleméms this row of the periodic table,
have better activation characteristics compared to W amukitghbours [7].
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