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Abstract

A critical analysis is presented tife operating temperature windoves 9 candidatefusion
reactor structural material§our reduced-activation structural materiglsxide-dispersion-
strengthened and ferritic/martensitic steels containing 8-12%Cr, V-4Cr-4Ti,S#biC
composites), copper-base alloys (CuNiBe), tantalum-base géaysTa-8W-2Hf), niobium
alloys (Nb-1Zr), and molybdenum and tungsten all@yse resultsare comparedvith the
operating temperature limits for Ty@4.6 austenitic stainless steeSeveralfactors define the
allowableoperating temperatureindow for structural alloys in dusion reactor. Thelower
operating temperatutenit in all body-centered cubic and most face-centered cubic alloys is
determined by radiation embrittlement (decrease in fracturghness)which is generally

most pronounced foirradiation temperatures below0.3 T, where T, is the melting
temperature. The lower operating temperalumé for SiC/SiC compositesvill likely be
determined by radiation-induced thermal conductivity degradation, which becomes more
pronounced in ceramics with decreasing temperature. The upper optnearegaturdimit of
structural materials is determined by one of four factors, all of which become more pronounced
with increasing exposure time: 1) Thermal creep (doaundary sliding omatrix diffusional
creep), 2) high temperature Heembrittlement of grain boundaries, pvity swelling
(particularly important for SiC and Cu alloys), or 4) coolant compatibility/corrasgues. In

many cases, the upper temperature limit will be determined by ceolansion/compatibility

rather than by thermal creep or radiation effects. The compatibility of the strutabezials

with Li, Pb-Li, Sn-Li, He and Flibe (LBeF,) coolants is summarized.
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1. Introduction

A wide range of structural materials have been considered over tiR5gaG&tyears for
fusion energyapplications. This list includesonventional materials (e.g., austengtainless
steel), low-activationstructural materials (ferritic-martensitateel, V-4Cr-4Ti,and SiC/SiC
composites), oxide dispersion strengthened (ODS) festitel, conventiondtigh temperature
refractory alloys (NbTa, Cr, Mo, W alloys), titanium alloysNi-based supealloys, ordered
intermetallics(TiAl, Fe,Al, etc.), high-strength, high-conductivity coppelioys, and various
composite materials (C/C, metal-matrix composites, efdymerous factors must be
considered in the selection of structural materials, including

» material availability, cost, fabricability, joining technology

= unirradiated mechanical and thermophysical properties

= radiation effects (degradation of properties)

» chemical compatibility and corrosion issues

= gsafety and waste disposal aspects (decay heat, etc.)

» nuclear properties (impact on tritium breeding ratio, solute burnup, etc.)

The present paper summarizes current information on the first four items in this list for
nine different candidate structunadaterials, with aremphasis orhow theseissuesimpact
allowable operating temperature limits. Several of the parameters are comjlaradstenitic
stainlesssteel, whichhas awell-developedproperty database bsuffers fromrelatively low
thermal conductivity. Due tothe importance ofow long-term inducedadioactivity of the
fusion reactor structurestrong emphasis hdmeen placed within thpast 10-15 years on the
development of three reduced-activation structural materials: ferritic/martensitic steel containing
8-12%Cr, vanadium-base alloys (e.g., V-4Cr-4Ti), &@/SiC composites.Recently there
also has been increasing interest in reduced-activation ODS ferritic steels. Additional alloys of
interest for fusion applications include copper alloys (CuCrZr, CuNiBdispersion-
strengthened copper), tantalum-base alloys (Eag8W-2Hf), niobium alloys (Nb-1Zr), and
chromium, molybdenum and tungsten alloys. Chromium alaysbeen excluded from the
present survey due to limited data on thermomechanical properties (e.g., creep) compared to the
other Group VI alloys. Recent work on Cr alloy®as been summarized elsewheH.
Although explicitly notcovered in thepresentsurvey, the importanissues ofsafety/waste
management and nuclear properties clearly need to be considered in the selection of structural
materialsfor fusion energyapplications.For example,there are significant safef-4] and
waste disposal [2,3] issues associated with the use of Mo and Nb alloysventionalfusion
blanket systems.



It should be stressetiat the detailed minimurand maximum operating temperature
limits for a given structural material are strongly dependent on the specific réesign. The
operating temperature limits summarizedthis paperare based ontypical fusion reactor
structural material requirements, and may need modification for specific btidighs There
havebeen several previous notatdealyseswvhich have producedtentative dose-dependent
temperature design windows for ferritic-martensitic steels [5,6] and vanadium alloys [5].

2. Material costs and fabrication issues

The costs pemunit mass oflarge quantities of the candidate structural materials in
relatively simple productforms (sheet omplate) are summarized in Table 1. Ferritic and
austenitic steels are the lowest-price structural materials due to their widespnaaercial
market and relative ease of fabrication. On the dthed, the currerdétandard manufacturing
methodfor producing SiC/SiC compositéshemical vapor infiltrationCVI, of a woven SiC
fiber preform) results invery expensiveproducts due tdhe high cost of fibers and the
relatively complicatedmanufacturingprocess. Alternative lower cost SiC/SiCinfiltration
techniquessuch ageactionbonding or polymer preimpregnati@me not included imable 1
due to theanticipatedpoor radiation stability of thesproducts. Arecent alternative technique
for producinghigh-quality SiC/SiC bychemical vapor reactiofCVR) conversion of carbon-
carbon composites [7] is projected to significantly reduce the production costs for SiC/SiC (to
levelscomparable to refractory alloyshhe fabricationcosts for producing finished products
of refractory alloys (particularly W) are significantly higher tHan steels.The Group V
refractory metals (V, Nb, Ta) are relatively easy to fabricate into various pifodons such as
tubing, whereas Group VI refractory metals (Mo, W) &gy difficult to fabricate due tdheir
poor ductility at room temperature.

A further issuewith SiC/SiC andall refractory metals is joining, particularly in-field
repairs. Satisfactory full-penetration weltisvenot beendevelopedfor W, despiteintensive
efforts over a >25yeartime span (1960-1985)The mainissue associatedvith fusion zone
welding of Group V alloys is the pickup of embrittling interstitial impurities (O, C, N, H) from
the atmosphere. Encouraging results have recently been obtaigad tumgstearc welds of
vanadium alloys,although the technique is currentlymited to a glovebox controlled
atmospherg8]. One promisingalternativejoining technique thatbasrecently been developed
is friction stir welding [9]. Since friction stirwelding is asolid state joining process, the
amount of impurity pickup fronthe surroundingatmosphere is expected to be considerably
lessthan conventional welding techniqu@sms tungstemrc, electron beam or laser welding).



Friction stirwelding mayhaveapplicationsfor dispersion strengthened alloys aatof the
refractory alloys if appropriate high strength, high temperature stirring toolcétsbe
developed. An additional potential benefit (yet to be demonstrated) is the possibility of repair-
welding irradiated materials containing >10 appm He.

3. Overview of unirradiated mechanical and thermophysical properties.

Recent summaries of the mechanmadl physical properties f&f-4Cr-4Ti, Fe-8-9Cr
martensiticsteel, SiC/SiC composites, and T-11(TTa-8W-2Hf) are publishedelsewherg10-

13]. A good summary othe propertiefor W and Type 316 austenitic stainless steel is
contained in the ITER Materidroperties Handbook (pub. 4 afader versions) [14]. The
allowable design stresses of the nine materials considetbis ipaper is generally controlled

by the ultimate strength rather than the yield strength (dtreettowwork hardeningcapacity

of refractory alloys compared to, e.g., annealed austenitic stainless Bigabe 1 shows the
unirradiated ultimate tensile strength as a function of tempeifatuseven different structural
alloys [10,12,14-19]. The ultimate strength of SiC/SiC [13] is strongly dependent on the fiber-
matrix interfacial layerand weakly dependent on test temperatinetween 20and 1000°C.
Typical ultimate tensile strengths for SIC/SiC are 22044fa. The ultimate tensilstrengths

for recrystallized or solution annealed refractory alleyee used to construct Fig. 1. The
tensile strength andluctility of stress-relieved (non-recrystallized) refractory alloys are
superior to those of recrystallized specimens, with typical increases in strength of up to a factor
of two compared to recrystallized materielowever,the possibility ofstress- orradiation-
enhanced recrystallization of these alloys (alaiity the likely inclusion of weldedjoints in

the structureloes notallow this strengthadvantage to beonsidered foconservativedesign
analyses of fusion reactor structural components.

In addition to the ultimatstrength ¢,), other key propertiesvhich determine the
resistance to thermasdtress are the elasticmodulus (E), Poisson’s ratio ), thermal
conductivity, (k), andmean linear coefficient of thermakpansion ¢,). A thermalstress
figure of merit convenientfor qualitative ranking of candidatehigh heat flux structural
materials is given by Me k,(1-v) /(a,E). The maximum allowable hedlux is directly
proportional to MAXx (for a constrained flat plate), whekg is thewall thickness. Iraddition,
temperature limitusually determined byhermal creepconsiderations)can beused for
additional qualitative ranking of materials. Arigorous quantitative analyses ofcandidate



materials requires the use of advanced structural destgriasuch as thosdeveloped in the
ITER Structural Design Criteria [20].

The thermalstressfigure of merit variesfrom ~57 kW/m for a highstrength, high
conductivity CuNiBe alloy at 200°(21] to ~2.0 for SiC/SiC aB00°C [13,22] and Type 316
stainless steel &00°C [14]. However,Cu-Ni-Be is notsuitable for structural use above
~300°C due to podiracturetoughness atlevatecdtemperature [23,24hnd thethermal creep
strength ofall copper alloys idow at temperaturegbove 400°Q0.5T,,). Therefore, copper
alloys are notattractivechoicesfor high thermal efficiency poweplants andwill be only
briefly discussed in the remainder of this padére low thermaktressresistance of SiC/SiC
is mainly due to théow thermal conductivity ircurrently availablecomposites (primarily due
to a combination of poor quality fibers and imprecise control of the CVI deposition chemistry).
The twomajor classes ofow-activation structural alloys, V-Cr-Tiand Fe-8-9Cmmartensitic
steelhavefigures ofmerit of ~6.4 (450-700°Cand 5.4(400°C), respectively. The refractory
alloys offer someadvantage over vanadiualloys and ferritic-martensitisteel, even in the
recrystallized conditionFor example,pure recrystallized tungstdmas a figure ofmerit of
M=11.3 at 1000°C, and TZM (Mo-0.5Ti-0.1Zr) has a valudef.6 at1000°C. The alloy T-
111 (Ta-8W-2Hf) hashe bestthermalstressfigure of meritamong the(non-copper) alloys
consideredwith a value ofM=12.3 at1000°C. Nb-1Zr has aracceptabldigure of merit
(M=10.1) at600°C, but its strength anthermal stresscapability decrease at temperatures
above 600°C. Considering the high inducadioactivity of Nb compared to tlwther Group
V alloys (V andTa), the lack of a clear thermatressperformanceadvantagefor Nb-1Zr
makes this alloy less desirable for fusion enestyyctural applications compared to the other
refractory alloys. Similarly, Mo alloys are less attractive than Cr or W alloys due to safety and
wastedisposal considerationsiowever,the mechanicaproperties databaser Cr and W
alloys is incomplete.

A major concerrfor relatively pure W and Mo alloyge.g., W-2%Re,TZM) is their
low fracturetoughnessven attemperaturesbove the ductile-to-britti&ransition temperature
(DBTT). Figure 2 summarizethe fracturetoughnessdata for pure tungsten invarious

thermomechanicatonditions [25-30]. The limited available datasuggestthat the fracture

toughness isignificantly lessthan 100 MPa-m"? at all temperatures, with a typicehlue at
1000°C of ~30 MPa-#. This is similar to the “lower-shelf’ toughnessiofdiated ferritic-

martensitic steels and vanadium all§yE32]. Addition of 1 to 2volume percent ofdispersed
oxide particles or Re solute produces a slight increaieifractureoughness and a shift in

the DBTT to lower temperatur§®7,28]. The room temperature fracture toughness of tungsten

can be increased te60 to 200MPa-m? by alloying with 3-6% Ni and Fe solut§33,34].



Unirradiated group V refractory alloys such as V-4Cr-Aavehigh fracturetoughnesg>100
MPa-nt?) at room temperatuiés,36].

4. Lower operating temperature limit for structural materials

The lower temperature limifer the eight remainingypes of structuramaterials (i.e.,
excluding copper alloys) are strongly influenced by radiation effEotsbody-centeredubic
(BCC) materials such as ferritic-martensitic steels and the refractory alloys, radiation hardening
at low temperatures can lead to a large increase in the ductile to brittle transition temperature
[6,37-40]. For SiC/SiGomposites, the maiosoncerns alow temperatures are radiation-
induced amorphization (with an accompanymglumetric swelling of~11%) [41] and
radiation-induced degradation of thermal conductivity.

The radiation hardening iBCC alloys atlow temperatures (<0.3,) is generally
pronounced even fatoses asow as ~1dpa [40,42-45]. The amount of radiation hardening
typically decreases rapidiyith irradiation temperatur@bove 0.3],, and radiation-induced
increases in th®BTT may be anticipated to be acceptable at temperatln@se~0.3 T,
(although experimentaberification is needed, particulartior the Mo, W and Ta alloys).
Unfortunately, there argery few studies onthe mechanicaproperties of hightemperature
refractory alloys irradiated and tested at temperatavese0.3 T,, (~700°C for Mo and W
alloys). There are no known fractumighnessneasurements on high temperature refractory
alloys (Mo, W, Ta alloys) following neutron irradiation at adgse ortemperature. The
Charpy V-notch impact database on irradiateih temperature refractory alloys is also
virtually nonexistent.

The radiation hardening ammbrittlement databader ferritic-martensitic steels and
V-4Cr-4Ti, Ta, Moand W alloys is briefly summarized in the followipgragraphs. These
data wereused tomakeroughestimates of the minimum allowabtgperating temperature of
structural alloys due to radiati@mbrittlementconcerns. ALudwig-Davidenkov relationship
[37,39] betweenhardening andembrittlement wasused to estimate the ductile to brittle
transition temperature. In thmodel, brittle behaviooccurswhen the temperature dependent
stress exceeds the cleavage stress. Due to the lack of fracture mechanics data on irradiated high
temperature refractory alloys, therrespondinglerived estimates of the minimuatiowable
operating temperatutgave relativelyhigh uncertainty(+100-200°C). It isworth notingthat
operation at lower temperatur@<s., within the embrittlement temperature regime) may be
allowed for some low-stress fusiostructural applications (depending on thelue of the
operationalstressintensity factorelative tothe fracturetoughness). Iraddition, itshould be



noted that the lower-shelf fractureughness ofembrittled” ferritic-martensitic steel and V-
4Cr-4Ti [31,46,47] is significantly higher than that of unirradiated pure tungsten.

Numerous studiediave been performed to determine the radiation hardening and
embrittlement behavior of ferritic-martensiteteels. The hardening ardBTT shift are
dependent on the detailed composition of the alloy. For example, the radiation resistance of Fe-
9Cr-2WVTa alloys appears to be superior (leadiation hardening) tdhat of Fe-9Cr-
1MoVNb [12,32]. The radiation hardening arldBTT shift appear to approach saturation
values following low temperature irradiationdosesabovel-5 dpa,although additional high-
dose studiesre needed to confiritinis apparent saturatidsehavior. At higherdoses under
fusion conditions, the effects of He bubble accumulation on radiation hardening and DBTT
need to beaddressed. Based dhe available tensileCharpyimpactand fracturetoughness
data on fission neutron irradiated ferritic-martensitic steels, the minimum operating temperature
that avoidspronouncedembrittlement is~200-250°C.Recently, some experimentalstudies
have provided evidence that fusion-relevant He generation rates may produce a further increase
in the DBTT beyond that attributable to heliunhardening effects alone [6,38]. These
controversiakesultswere obtained in simulation studigsvolving He-preimplanted or B- or
Ni-doped specimens, which raises the possibility that it might be an artifact assodtiatt
simulation technique. Although useful near-term studies could be perforné&94800 MeV
proton or spallation neutron sourcefimateresolution of this issuenight only bepossible
when an adequafesion neutronirradiation facility (e.g., thgroposedinternationalFusion
Materials Irradiation Facility [48]) is constructed. If these He-relatabrittlement effects are
shown to bevalid for fusion neutronirradiation conditions, then the minimum operating
temperature for ferritic-martensitic steels could be significantly higher than 250°C.

Figure 3 summarizethe effect of irradiation temperature awdse onthe vyield
strength of V-4Cr-4Ti [31,45]. Pronounced hardening ocbefsw 400°C(~0.3 T,), and an
apparent saturation in hardening is reached after a ddevafj®f 1 to 5dpa. The hardening
is accompanied by a dramatic decrease insth@n hardeningcapacity, asmonitored by
uniform elongation tensile data.Corresponding Charpympact and fracturetoughness
investigationshave observed brittle behavior (K30 MPa-nY?) in V-(4-5)%Cr-(4-5)%Ti
specimens irradiated and tested at temperat#€8°C [31,49]. Only moderate hardening
occurs at temperatureabove 400-430°Cand radiationembritlement washot detected in
Charpyimpacttests of V-(4-5)%Cr-(4-5)%Ti specimeisadiated at 425-600°@r damage
levels up to ~30 dpa [45]. From a comparison of the yield strengtiCharpyimpact data of
unirradiated and irradiated V-(4-5)%Cr-(4-5)%Ti alloys, brittle fracture occurs when the tensile
strength is higher than 700 MPa (the corresponding critical streskefvage at arack tip is
actually several timesigher than this tensile stress, due to constraint and tpagjeometry



considerations)Therefore, 400°C may be adopted as the minimum operating temperature for
V-(4-5)%Cr-(4-5)%Ti alloys in fusiomeactor structural applicatiorjd5]. Furtherwork is
needed tassesshe impact(if any) of fusion-relevant He generation ratestba radiation
hardening and embrittlement behavior of vanadium alloys.

The existingmechanicaproperties database \&ry limited for irradiated Nb and Ta
alloys (e.g., [50]). Some qualitative trends for Nb and Ta alloys can be inferred from the larger
database [45] on irradiated V alloys. Significant radiation harddrastpeen observed in Ta-
(8-10%)W alloys irradiated a#15 and640°C (tensile strength >100@Pa) to afluence of
1.9x1G° n/n?, E>0.1 MeV, whereas very little hardening occurred at an irradiation temperature
of 800°C [50]. This neutron fluence corresponds to a damage level of 2.5 dpa in Ta (10 dpa in
steel). Since the matrix hardeningTia-(8-10%)W at 415 anf40°C iswell abovethe level
which producesbrittle behavior in Valloys (~700 MPa), it is likely that Taalloys are
embrittled at these irradiation conditions (Charpy impact or fratbwrghnesslata are needed
to confirm thistentativeprediction). Therefore, the minimum operating temperdturd a-(8-
10%)W alloys is estimated to be ~700+75°C, based on DBTT considerations.

A moderate mechanicgroperties database existy irradiated Mo alloys, although
most of the data were obtainedretatively lowirradiation temperature®ronouncedadiation
hardening occurs in Mo and Mo alloys such as TZM and Mo-Re up to ~700°Cexdfaple,
the tensile strength of Mo-5%Re after irradiation at 800°C to a dose of 11 dpa was ~1000 MPa
for atest temperature of 400°C [51,52]. Vdow tensile elongationsvere observed in Mo,

TZM, Mo-Re, andMo-Zr-B alloys forirradiation and test temperatures up to 700-800°C and
damage levels of 5-20 dpa [51,53-55]. Irradiation datbbaes>0.1 dpa are not yetvailable

for the recently-developed Mo-TiC alloys which have been reporthevieimproved ductility
compared to conventional Malloys [56]. It isimportant to note that the impaenergy
absorption tests carried out to date on these fine-grained Mo-TiC alloys have used smooth (un-
notched) specimens. It is difficult to produceqaantitative assessment ofhe fracture
resistance in specimengithout a stressconcentrator. The estimated minimum operating
temperature for Mo alloys is assumed to be ~800+100°C, bastreé timited tensile data on
irradiated specimeng.urthermechanicapropertiesdata on Moalloys (in particularCharpy

impact or fracture toughness data) at irradiation and test temperatures of 650-950°C are needed
to develop a better estimate of the minimaperating temperature associatsith DBTT

effects.

Very little information is available on the mechanipebperties of irradiated W alloys.
Tensile elongations of ~0 have been obtained for W irradiatetbéively lowtemperatures of
400 and500°C (0.18-0.21 T,) and fluences 00.5-1.5x16° n/nt (<2 dpa in tungsten)
[50,53,57]. Severe embrittlement (DBTT>900°C) was observed in un-notcheddendf W



andW-10%Reirradiated at 300°C to a fluence ©@5x1G° n/n? (~1 dpa) [58].The rate of
embrittlement was found to be most rapid in ¥el0%Realloy. Irradiation data areot yet
available for the recently developed fine-graiveéeriC alloy [59] which hasbeen reported to
haveimproved ductility compared texisting W alloys. Sincenechanicalpropertiesdata are

not available for pure tungsten or its alloys irradiated at high temperatures, an astumeatie

of the DBTT vs. irradiation temperature cannot be made. The minimum operating temperature
which avoids severe radiation harden@mbrittlement is expected to b800+100°C scaling

from the limited Mo alloy datdase.Additional data ontungsten and W alloys irradiated at
700-1000°C are clearly needed before a more accurate estimate can be made.

The lower operating temperature limit for SiC/SiC may be due te-14&6 volumetric
swelling [41] associatedwith radiation-induced amorphization or to thermal conductivity
degradatiorissues.Amorphizationoccurs in SiC atemperatures below120°C anddoses
above ~1 dpa for fusion reactor-relevant damage rates [41]. This sets lavg&tidemperature
limit for SIC in structural applicationd-or high-performance fusioreactordesigng[60], the
thermal conductivity of SiC/SiC must be maintained above 12-15 W/m-K. Recent advances in
SIiC processinghave resulted in impressive improvements in the there@bductivity of
chemical vapor deposited (CVD) SiC, SiC-based fibers, and SiC/SiC compositezafpie,
the thermal conductivity of commercialfyailablehigh-purity CVD SiCexceeds320 W/m-K
at 20°C and 75 W/m-K at 1000°C [13,22], and the thermal conductivity of SiC-based fibers has
increased from ~3 to 64 W/m-K over the ptstyears [13]. SiC/SiC compositegdth cross-
ply conductivities of~75 W/m-K at20°C and~30-35 W/m-K atl000°C haverecently been
fabricatedusing CVR techniqueq7]. However, neutron irradiationcauses a pronounced
decrease in the thermal conductivity of SiC, particularlpwatirradiation temperaturesiost
of the degradation occurs below doses of ~1 dpa [13,22,61]. Although fdafaeare needed
to more accurately establish tlese andemperature dependence, existaega [13,22] and
recent results [61] indicate that the thermal conductivity of irradi@€dSiC will be lessthan
10-15 W/m-K for irradiation and test temperaturdslow ~500°C. SiC/SiCthermal
conductivitieshigher thanl0-15 W/m-K appear to bachievable in advancetbmposites for
irradiation and test temperatures above ~600°C [61].

5. Upper operating temperature limit for structural materials

The upper temperaturelimit for structural materials infusion reactorsmay be
controlled by four different mechanisms (in addition to safety consideratibimsiynalcreep,
high temperature helium embrittliement, void swelling, and compatibility/corressaes Void
swelling is notanticipated to be significant in ferritic-martensitic s§@l] or V-Cr-Ti alloys
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[63] up to damage levels iexcess of 10@lpa, although swellingdata withfusion-relevant
He/dpa generation rates are needed to cortfilmexpectation and tdetermine the lifetime
doseassociatedavith void swelling. The existindission reactor database on higgmperature
(Mo, W, Ta) refractory alloys (e.g., [50]) indicates low swelling (<2Z&t)doses up to 10 dpa
or higher. Radiation-enhanced recrystallization (potentially impoftanstress-relieved Mo
and W alloys) and radiation creep effects (due taxla of datafor the refractory alloys and
SiC) need to be investigated.

Void swelling is considered to be of particular importafareSiC (and also Calloys,
which wereshown to beunattractivefusion structural materials in sectioB). Figure 4
summarizes the swelling dafiar irradiated monolithicSiC [64-67]. Early irradiationstudies
by Price and coworkers suggesthdt SiC hadnegligible swelling up to ~1100°C, and peak
void swelling was reported to occur #800-1500°C [68]. Ircontrast, two recergtudieshave
reported significant swelling iBiC-basednaterials at an irradiation temperature near 1000°C
[64,66]. Further work is needed to accurately establish the temperaturgoangel swelling
in SIC. The maximum operating temperatdoe SiC/SiC due tovoid swelling concerns is
taken to be 990+40°C, pending resolutiontloé apparent conflict between the previous
accepted voidswelling trend and thetwo recent studies. Radiation-inducednatrix
microcracking and strength degradation might impose furlingits on this maximum
operating temperature, but irradiation data on appropriate advanced SiC/SiC composites are not
yet available.

An adequate experimental database exists for thermal creep of ferritic-martensitic steels
[69] and the high temperature (Mo, WNb, Ta) refractory alloys [16,17,70]. Oxide-
dispersion-strengtheneterritic steels offer significantly higherthermal creep resistance
compared to ferritic-martensitic steels [71,72], with a steady-state creep rate at 8GCGass
3x10" s* for an applied stress of 140 MPa [7Zhe thermal creep behavior of V-4Cr-4Ti is
currently being examined in the U%3]. The V-4Cr-4Ti creep datauggestthat theupper
temperaturdimit lies betweerv00 and750°C,although strengthening effects associatsit
the pickup of 200-500 ppm oxygen during testing still need to be examinedhérheal creep
behavior ofSiC/SiC for long exposurgmes is notwell establishedHowever,the predicted
thermal creep temperature limit for advanced crystalline SiC-based fibers is above 1000°C [74].

One convenient method to determine the dominant creep prfocesgiven stress and
temperature is to construct an Ashby deformation (i&p Usingthe establishedonstitutive
equations fograin boundary sliding (Coblereep),dislocation creep (powdaw creep) and
self-diffusion (Nabarro-Herringkreep, thedominant deformation-mode regimes can be
established. Figure 5 shows example of a deformation mdpr V-4Cr-4Ti, calculatedor a
creep-relevant deformation rate of®1€} [76]. The calculated map indicates that thermal creep
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in V-4Cr-4Ti is dominated by dislocation (power law) creep for temperaha®@geen600 and
850°C, although Coble creep is also exerting some influenceclé®ar experimental
determination of thactivationenergy fordislocation creep in V-4Cr-4Ti can be readihade

at tensile test-relevarstrain rates of ~10s?, since thecalculated deformation map #itis
strain rate (not shownhere,see ref. [76])indicates that dislocation creep is the dominant
deformation mod®ver a widetemperature range withoainy significant influence of Coble
creep. As an aside, a similar deformation map analysis for helium embrittlement (which may be
considered to be analogous to Coble creep with different activation energiesug@¢stshat
valid datafor V-4Cr-4Ti cannot be obtained at tensile test strain rate$ €10 Lower strain
rates (1§ s') must be used tanvestigate thesusceptibility of V-4Cr-4Ti to helium
embrittlement, in agreement witbommon working knowledge developddom helium
embrittlement studies on other alloy systems.

6. Structural material operating temperature windows

Figure 6 summarizethe operating temperature windogmsed orthermal creep and
radiation damage considerations) for the nine structural materials considered in this paper. The
temperature limits for Type 316 austenitic stainless steel are also incluéigd é1for sake of
comparison. In this figure, the light shaded regions on esilder ofthe dark horizontabands
are an indication of the uncertainties in the temperature limits. Additional temperature
restrictions associateslith coolant compatibilitissuesare summarized in section 7. Helium
embrittlement may cause a reduction in dippertemperaturdimit, but sufficientdataunder
fusion-relevant conditions are natailablefor any ofthe candidate material®ue to a high
density of matrix sinks, ferritic-martensitic steel appears tovdsg resistant tohelium
embrittlement [6,77]. Aranalysis of He diffusiorkinetics in vanadiunalloys predictedhat
helium embritttement would be significant at temperatu@80°C [78]. As discussed in
section 3, the lower temperature limits in Fig. 6 for the refractory alloys and ferritic/martensitic
steel arebased on fractureughnesembrittiement associatedith low temperature neutron
irradiation. An arbitrary fracture toughndssit of 30 MPa-m"? wasused aghe criterion for
radiation embrittlementFurther work is needed taletermine the minimum operating
temperature limit for oxide dispersion strengthened (ODS) ferritic steel [6]. The asgaioe=d
of 290+40°C used in Fig. @asbased on results for HT-9 (Fe-12ferritic steel)[47]. The
minimum operating temperaturtor SiC/SiC was based on radiation-inducethermal
conductivity degradation, whereas the minimum temperdimie for CuNiBe was simply
chosen to be near roomemperature. Thdow temperature fracturéoughnessradiation
embrittlement is not sufficiently severe to preclugéng copper alloysear roomemperature
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[24,79], although there will be a significant reduction in strain hardesa@pgcity as measured
by the uniform elongation in a tensile test. Thgh temperaturémit was based orthermal
creep forall of the materials exce@iC and CuNiBe. Due to lack of long-term (10,000 h),
low-stress creep data for several of the alloy systems, a Stage Il creep defolimétafnl %

in 1000 h (3x10 s* steady-state creep rate) for appliedstress of 150 MPavasused as an
arbitrary criterionfor determining theuppertemperaturdimit associatedvith thermalcreep.
Furthercreep data are neededestablish the temperature limitsr longertimes andlower
stresses iseveral of the candidate materials. discussedoreviously, thehigh temperature
limit for SiC was determined byoid swelling considerations and thienit for CuNiBe was
associated with its low unirradiated fracture toughness at elevated temperatures.

With the exception of CuNiBe, the temperature windows summarizédginé are
sufficiently wide (AT=300-400°C) to enablattractiveblanketsystems to be designed. The
specific values of theperating temperatures need to be combimitlll compatibility data for
the candidate coolants (cf. section 7) to determine if the tempevahdew isreduced due to
corrosion considerations. One disadvantagle the high minimum operating temperatures of
the Ta, Mo and W alloys isthat they may require these of high-performance, high-cost
materials (e.g., Ni-based superalloys) in the power conversion piping external to the reactor.

7. Chemical compatibility with coolants

Chemical compatibilityissuescan reduce the maximum operating temperdafoirea
particularfusion blanket system.Compatibility issueswith solid breeder,neutron multiplier
and plasma-facing components are axddressed inhe present survey and may need to be
considered in addition to thgaseous andiquid coolant compatibility limits summarized
below.

7.1 Oxidation and Impurity Pickup

Although oxidation is of concern iall structuralmaterials, theGroup VI (Mo, W)
alloys are of particular concern due to the formatiorvasétile (low melting point) oxides

which cause significant erosion during exposuraitat temperaturesbove~800°C[80,81].
Encouraging results on the development of oxidation-resistant refractory alloy$@@T,-
2.2Si-1.1B[82]) haverecently been reported. The effect of temperature cxyden partial
pressure orthe erosion rate of Mo and W alloys hasheen the subject ohumerous

experimentabtudies[81,83]] and can be modeled by analyzing the thermodynamimane
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equilibrium oxidation behaviof80,81,84]. The experimentastudies andheoretical models
both show a rapid increase in tesionrate of Moand W due to oxidation at temperatures
abovel100°C in the presence lufw partial pressures of oxygefThe calculated evaporation
rate of Wand Mo undetypical fusion reactor operating conditiond0 MPahelium; 1ppm
oxygen) depends atne importance oboundarylayer effects on inhibition of thevaporated
oxides in amoving coolant. These conditionshave apparently not yet been adequately
investigated by experiments. Under laminar flow conditions ptygienimpingement rate can
be significantly lower compared with a static coolant due to the formatiorbotirrdarylayer
which adds resistance ftre impingingoxygen.Initial estimatessuggesthat the evaporation
rate in flowing heliumgasmay be reduced bseveralorders ofmagnitude by thidooundary

layer[84]. This would reduce the evaporation rate of W and Mo to a level of a few microns per

year in 10MPa of Hecontaining 1 appm oxygen at temperatures up to 1200-1300°C.
Experimental confirmation of this predicted effect is needed.

Oxygen, hydrogen and nitrogen pickuptie Group V metals(V, Nb, Ta) causes
matrix hardening, which in turn produces an increase iDBiET. All of the Group Vmetals
have ahigh oxygen solubility(e.g.,1-3 wt.% oxygenbetween 20and 900°Cfor vanadium).
Based on thermodynamic considerati@hsne, extremely lowoxygen partial pressures are
required topreventoxygen pickup(e.g., <<16° atm. at T=700°(85]). The matrixoxygen
concentration in vanadium must be below ~1500 wt.ppm to kedpBhid@ from risingabove
room temperature [86,87]. lpractice, theoxygen pressurémits for the Group V metals in
fusion blanketsystemsare determined by kinetic rather than thermodynacoitsiderations.
The existence of a protectigeirface oxiddilm limits the ingress of oxygen a@emperatures
below ~600°C due to the relatively slow permeation rate of oxygen through the oxide film. For
example, thé/-4Cr-4Ti activationenergy for oxygen diffusion is130 kJ/mol [88], whereas
V-4Cr-4Ti oxide growthhas anactivationenergy of~180-200kJ/mol [89]. However,rapid
oxygen pickup occurs at high temperaturethanGroup Vmetals[15]. Therefore, formation
of a protectiveoxide film is not effective at preventingoxygen pickup atthe elevated
temperatures wherthese metals would be expected to operatéusion reactors. Oxygen
pickup at temperatures above 600°C can be kept acceptably low (<1000 wt. ppm withina 3 to 5
mm thick structure) bylimiting the oxygen partial pressure. Assuming aaquilibration
constant ofunity, creation of anonolayer of chemisorbed oxygen @roup V metals at
T>400°C requires ~1 Langmuir exposure {#@rr-s). A simplecalculation indicates that 0
torr is a conservative lower limit for the oxygen partial pressure that would produce an increase
in the matrix oxygen content of 100@. ppm in a 3 mm sheet of any of t@oup Vmetals
after long-term(10 years) exposure at higeamperatures. Therefore, tper temperature
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limit of V, Nb and Ta alloys is ~600°C ihe oxygen partial pressure irthe coolant (e.g.,
helium) is significantly greater than 10torr and there is no oxygen-related temperatonie
if the oxygen partial pressure is less than™21drr.

7.2 Compatibility with Li, Pb-Li, Sn-Li, and Flibe.

The chemical compatibility of the seven remainsiguctural materialsvith liquid
metals and Flib€LiF-BeF, molten salt) is summarized Table 2[90-120]. The temperature
limits in Table 2 arebased orexperimentalstudies ofthe corrosion ofuncoatedmaterials,
whereasVIHD insulator and/otritium permeation coatingsill clearly be requiredor many
of the structure/coolant combinations listed in the table. Therefore, higher tempkmaitare
than listed in Table 2 might be allowable if self-healing coatings can be successfully developed.
Corrosiondatafor puretin wereused inTable 2due to the absence dhtafor Sn-Li. In
general, theefractory alloyshave verygood compatibility with theliquid metals andsalts of
interestfor fusion self-coolediquid breeder blanket application€orrosionassociatedwith
impurities in the coolant is one of the key engineeigsmyies forrefractory alloys infusion
applications.

The Li chemical compatibility datbase for hightemperature refractory alloys can be
summarized as follows: The alldy111 (Ta-8W-2Hf) has goodompatibility with lithium
for exposuretemperatures up to 1370°C (bogtatic and circulatingoop experiments).
Similarly, the existing corrosiondata for Nb-1Zr exposed tolithium indicates good
compatibility up to 1000°C (static and circulatitmpps). Pure tungsten and W alloys are
generally compatiblavith lithium up to 1370°C (attack observed at >1540°C). Mo alloys
(TZM) also havegood compatibility with lithium up to1370°C (attack observed at >1540°C).
The compatibility ofSiC with Li is uncertain,although thermodynamic analydi$18] and
limited experiments [116,117kuggestthat pronounced corrosion occuiaove ~550°C.
PolycrystallineSiC of unspecified purityvas strongly attackedduring exposure téthium at
815°C for 100 h [119].

The chemical compatibility oPb-Li and Sn-Liwith many of the candidate structural
materials isunknown.The corrosionbehavior ofPb-Li hasbeen adequately studied only for
ferritic-martensitic steel and vanadium alloys. The temperditaieof ferritic-martensitic steel
due to Pb-Li corrosion idower than the thermal creep limiDue to the chemical
incompatibility ofiron-base alloysvith liquid lead, acorrosion barriewould be required in
order to access the high temperature capability of ODS ferritic steels in a Pb-Li cooled system.
The limited experimental database on corrosion of structural materialsdorSrsts of short-
term (<1000 h) isothermal static tests omustenitic and ferritic steelsorrode rapidly in Sn
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at temperatures above ~400 Additional experimental data on Sn-Li compatibility are needed
for other structural materials. Timeost promising candidatdsr Sn-Li cooledsystemsare V
alloys and SiC/SiC compositeglo, W and Ta-base alloys are the lgastmising structural
materials for Sn-Li cooled fusion systemssince their respective minimum operating
temperatures t@void radiation embrittlement are comparable to their maxinaliowable
temperatures associated with Sn-Li corrosion considerations.

The chemical compatibility databagar Flibe is evenlesscertain thanfor the other
candidate liquid breeder coolants. Themited data suggestthat Flibe mayhave good
compatibility with several of thproposedstructural metals (in particular Mo alloys), lulgta
are not yet available for many of the candidate structural materials.

8. Summary and conclusions

The determination of minimunmand maximum allowable temperature limits for
structural material§Fig. 6 andTable 2)requires consideration aeveralfactors. In BCC
alloys, the minimum operating temperatdmait will likely be determined by radiation
hardening and embrittlemeissues. The minimum temperatudenmit for SiC/SiC composites
will likely be determined by thermal conductivity degradagéfiects. Theuppertemperature
limit for BCC alloys will typically be determined by either thermegep, helium embrittlement,
or chemical compatibilityssues. The upper temperatureimit for SiC/SiC will likely be
determined by either void swelling or chemical compatibisgues(helium embrittlement and
thermal creep would be expected to bec@mmounced at higher temperatures ttravoid
swelling limit in SiC, which is estimated toccur at ~950°C)There are large uncertainties in
the allowable temperature winddiar high temperature refractory alloys due tolagk of
mechanical properties tests (fracture toughrieslgym embrittlement of graiboundaries) on
irradiated material.

Additional issueswhich need to beconsidered in the selection of the structural
materials include transmutation effe¢tsng term activationand burnup ofalloy elements),
afterheat/safetyssues(including volatization),and availability/provenresources. In order to
perform a more comprehensive analysistted potential suitability of refractory alloys for
fusion structural applications, additional experimental data are neededchemical
compatibility with coolantsfracturetoughness before arafter irradiation,and on possible
joining methods(gas tungsterarc, friction stir welding, etc.) for fabrication of original
components and for field repairs.
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Table 1. Current costs for bulk quantities of simple plate products.

Material

Cost per kg

Fe-9Cr steels

_ <$5.50 (plate form)

SIC/SIC composites

>$1000 (CVI processing)
~$200 (CVR processing of CFCs)

V-4Cr-4Ti

$200 (plate form--average between 1994-1996 US fusion program
heats and Wah Chang 1993 “large volume” cost estimate)

CuCrZr, CuNiBe,

~$10

ODS copper

Nb-1Zr ~$100

Ta, Ta-10W $300 (sheet form)

Mo ~$80 (3 mm sheet); ~$100 for TZM

w ~$200 (2.3 mm sheet); higher cost for thin sheet

arge



24

Table 2. Maximum temperatures stfuctural alloys (bare walls) icontact withhigh-purity
liquid coolants, based on a 5 um/yr corrosion limit [90-120].

N Pb17 T Sn-200] Flibe
F/M steel| 550-600°C [90-93] 450°C [90,91,93,94] ~400°C [95-97]|  700°C ?
304/316 SS [98,9¢
V alloy 650-700°C ~650°C [90,102] ? ?
[90,100,101]
Nballoy| ~1300°C [103-105]  >600°C [102] |800°C [106-108]  >800°C [109]
(>1000°C in Pb) [106]
Taalloy| >1370°C [103,104] >600°C [102] |>600°C [108,114] ?
(~1000°C in Pb) [106] (<1000°C)
[106,107,111]
Mo >1370°C >600°C [102] | >700°C [108,11611100°C? [114,115
(<1000°C?)
[103,104,112] [106,107,110,111]
113]
W | >1370°C[103,104] >600°C [102] ~1000°C [>900°C in LiF [115
[106,108,113]
SiC | <550°C[116-118]

>800°C? [118-120] (>760°C in Sn-

Bi) [120]

Ph- 2

—_

—_
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List of figure captions
Fig. 1. Comparison of the ultimate tensile strength of recrystallized refractory alloys [10,15-

18], solutionized and aged Cu-2%Ni-0.3%Be [19] and Fe-(8-9%)Cr ferritic-martensitic steel
[12].

Fig. 2. Temperature-dependent fracture toughness of pure tungsten in various
thermomechanical conditions [25-30].

Fig. 3. Effect of irradiation temperature and dose on the yield strength of V-4Cr-4Ti [31,45].

Fig. 4. Volumetric swelling data for irradiated monolithic SiC [64-66].

Fig. 5 Calculated deformation map for V-4Cr-4Ti [76].

Fig. 6. Operating temperature windows (based on radiation damage and thermal creep
considerations) for refractory alloys, Fe-(8-9%)Cr ferritic-martensitic steel, Fe-13%Cr oxide
dispersion strengthened ferritic steel, Type 316 austenitic stainless steel, solutionized and aged
Cu-2%Ni-0.3%Be, and SiC/SiC composites. The light shaded bands on either side of the dark
bands represent the uncertainties in the minimum and maximum temperature limits.
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Fig. 6. Operating temperature windows (based on radiation damage and thermal creep
considerations) for refractory alloys, Fe-(8-9%)Cr ferritic-martensitic steel, Fe-13%Cr oxide
dispersion strengthened ferritic steel, Type 316 austenitic stainless steel, solutionized and aged
Cu-2%Ni-0.3%Be, and SiC/SiC composites. The light shaded bands on either side of the dark
bands represent the uncertainties in the minimum and maximum temperature limits.



