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FIRST-WALL/BLANKET MATERIALS SELECTION FOR
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The development of the reference STARFIRE
flrst-vall/blanket design involved numerous trade-
offs In the materials selection process for Che
breedinR material, coolant, structure, neutron
multiplier, and reflector.1 The oajor parameters
and properties that impact materials selection
and design criteria are reviewed.

The STARFIRE study has focused on the use
of solid tritium-breeding materials; hence, liquid
lithium, liquid lithium alloys and molten salts
have not been considered. Important criteria In
the selection of potentially viable solid breeding
naterials Include chemical stability, compati-
bility, tritium breeding perforaance, and tritium-
release characteristics. Of the leading candi-
dates, which Include L12O, L1A1O2, LI2SIO3, and
Li7pbj, the O.-L1A1C2 is selected as the reference
material prlsarily on the basis of superior
tritium release characteristics. The coolant
selection focused primarily on tradeoffs between
pressurized water and helium ulth vater being
selected for the reference design. Important
considerations in the selection of an advanced
austenitic stainless steel for the reference
alloy were the specification of the coolant and
breeder. For the relatively law structural ma-
terial temperatures Inherent In a water-cooled
blanket, a six-year blanket lifetime ("t 16
MH/m2) is considered feasible tor an advanced
alloy. In order to achieve adequate tritium
breeding with LlAlOj, a neutron multiplier oust
be Incorporated into the blanket. Beryllium and
a lead Ci pound ZrjPbj are proposed as the lead-
Ing candidates. A beryllium cladding on the
•tainless sceel is proposed for the first wall
facing the plasma. Since materials exposed to
the plassa are known to redeposit throughout the
plasma chamber, all first-wall components will be
coated or clad with beryllium. The ^ 1 ma clad-
ding la sufficient to withstand a nominal number
of disruptions.

Introduction

The development of the STARFIRE first-wall/
blanket design Involved numerous tradeoffs in the
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materials selection process for the breeding ma-
terial, coolant, structure, neutron multiplier,
and reflector.1 A snajor objective of the present
study was to determine the key materials require-
ments for the various applications and to assess
Che potential of the candidate materials on Che
basis of the exisdng data base. Sensitivity
studies were conducted to evaluate the impact of
uncertainties in the materials data base on oper-
ating constraints and to provide a basis for
identifying critical materials development needs.
This paper summarizes (1) the Important properties
and criteria used in the selection of candidate
materials, (2) the materials considered In the
assessment and the proposed primary candidate ma-
terials for each application, and (3) the mater-
ials data base for the primary candidate materials.

The STARFIRE study has-focused on the use of
solid crltium-breedin& materials, hence, the se-
lection of other materials Is strongly Influenced
by this decision. Table 1 summarizes the primary
candidate materials considered for STARFIKK and
indicates the materials selected for the reference
design and the alternate material choices. The
selection of the reference breeding materials
was based to a great extent on the evaluation of
Che tritium release characteristics. Operating
temperature constraints imposed by the breeding
material and the structural material were Important
considerations In the selection of the reference
coolant. Radiation effects and materials compati-
bility were major factors considered in the se-
lection of the structural material. Because of
the limited breeding capability of the L1A1O2

and most of the other candidate breeding materials,
a neutron multiplier is required in the reference
design. Consistent wlch die choice of a solid
breeding material, the reference neutron multipliers
were selected from the few candidate materials that
are solid at the operating temperatures. System
compatibility and safety were key Issues consider-
ed In the selection of the reflector.

Tiltlum Breeding Materials

An Important function of a DT fusion reactor
blanket Is to breed tritium. Lithium In some form
has been Identified as the only element from which
adequate tritium breeding appears feasible. Liquid



Table 1. Candidate and Reference Pirst-Wall/Blanket Materials

A.

B.

C.

Breeder

a-LiAlOj

T-L1A1O2
LlzZrO3

U 2Si0 3

U 7Pb 2

L12O
ti2Ti0a

Coolant

Pressurized
water

Pressurized
w.ter (D20)

Helium
Steam

Structure

Austenitic SS
(adv. alloy)

Ferritic steel

Ti alloy
V alloy
Ni alloy

Neutron
Multiplier

Be, ZrsPb3

Zr
Pb

BeO
Pb-Bl eut.
Bi
PbO

Reflector

Graphite

H2O/SS

DjO/SS
ZrC
SIC

A - Reference material for 3TARFIRE,
B - Alternate or backup materials.
C - Other materials considered for STARFIRE.

lithium, molten lithium sa l t s and solid lithium
compounds have been proposed as the tritium-
breeding caterial In various blai.ket concepts.
Most of these proposed concepts and candidate
breeding naterials have been sumirarized in a re-
cent blanket design study report.2 In the STAR-
FIRE study a major emphasis has been placed on
safety and environmental acceptability, with pr i -
mary goals that include low tritium inventory in
the blanket, minimal long-lived sctivatlan products
and minimal stored energy. Although a technical
evaluation of the safety problems associried
with the liquid lithium system was net performed
In the present study, the solid breeder materials
are perceived to have some safety advantages.
An a ppiorti decision was made to focus the present
Study on concepts that u t i l i ze solid lithium com-
pounds for the tritium-breeding material with a
primary objective to assess the viability of
blanket designs based on solid breeders. This
section suraarizes the important criteria for
the selection of candidate solid breeder mater-
i a l s , the breeding materials considered for
STARFIRE, and the properties of the primary candi-
date materials. Key areas where the data base
Is particularly inadequate are also Identified.

Selection Criteria for Breeding Material

Several important cr i ter ia must be considered
in the selection of candidate solid breeding ma-
ter ia l s for a fusion reactor blanket. The c r i -
teria evaluated in the present study include:

- trltluo breeding capability

- chemical stability

- tritium recovery

- compatibility with system and environment

- physical properties

- radiation effects on properties

- fabrication considerations

- residual activation.

The most important initial criteria include the
tritium breeding potential, chemical stability, i
and tritium recovery considerations. The other ,
criteria relate primarily to design and operating .
constraints for :,je blanket. j

Cam -late Solid Breeding Materials j

A wide spectrum of lithium compounds have been
proposed as candidate breeding materials in the
various fusion reactor system design studies con- '•
ducted during the past several years,1"7 These
materials can generally be classified as binary
ceramics, ternary ceramics, and binary inter-
metallic compounds. Table 2 summarizes those
compounds considered to offer the most potential
on the basis of tritium breeding capability and
chemical stability under anticipated opesnting ',
conditions. '

Tritium recovery from solid breeding materials
has been identified as a key consideration in the
selection of the primary candidate breeding mater-
ials (see Refs. 1 and 8 for detailed analysis).
Based only on the diffusion-controlled tritium
release characteristics, the estimated operating
temperature limits for the candidate solid breeding
materials arc given in Table 3. These results
Indicate that only the ceramics appear to have
sufficient temperature ranges for adequate tritium
release. Although Ll7Pb2 and LijUl are particularly
attractive from a neutronics viewpoint, the ques-
tionable tritium release characteristics and the
compatibility concerns with water coolant prevent
these materials from being primary candidates.

I



Table 2. Potential Tritium Breeding Materlala Based on Tritium
Breeding and Chemical Stability Considerations

Breeder
K.P.
*C

LI Atom
Density
g/cm3 Stability Tritium Breeding

L1 2O

L1A1O2

L1 2S1O 3

1.11,510.,

LijTiO3

Ll 2Zr0 3

tl 2Si

L1A1

L13B1

1700

1610

1200

1250

1550

1616

760

700

726

1145

0,93 Significant vapor pvessure
above 1200*C (sublimes)

0.27 Low vapor pressure •v 1400*C
a • T phase transformation.

0.36

0.54

0.33

0.33

0.36

0.36

0.49

Reduced solidua (-v 1030'C)
If not stolchiometrlc.
Crystalline/amorphous trana
formation.

Similar to L12S1O3.

Limited data.

Limited data.

Reduced solidus if not
stolchlometric. Reacts
vigorously with H20.

Reacts vigorously with H 20.

Reduced solldus if not
stolchl'roetrlc. Reacts
vigorously with H20.

0.47 Reduced solidus If not
stolchiometric. Reacts
vigorously with H20.

Neutron multiplier not re-
quired If breeding in inner !
blanket.

Neutron multiplier required.
^Li enrichment for most multi-
pliers.

Slightly better than LiA10z

Slightly better than Ll2Si03,

Questionable breeding even
with very effective neutron
multiplier.

Zr provides some neutron
multiplication.

Neutron multiplier required.

Neutron multiplier required.

Excellent breeding since Fb
Is an effective multiplier.

Excellent breeding since Bi
Is an effective multiplier.

The naxlnuta operating temperatures are considered
to be Inadequate for a practical helium-cooled
system.

The L12O is generally considered to be an
attractive candidate because of its high lithium
atoa density and its potential for breeding
without the aid of a neutron multiplier. The
major questions regarding the viability of L12O
as a breeding material relate to the thermody-
namlc equilibria with T20 and the Impact on
tritium inventory, to stability In the tritium
processing fluid and to compatibility with candi-
date structural materinls. Although the thertno-
dynamlc data base for the H20-H20-Li0H system
Is not well established, calculations1'8 indi-
cate that acceptable tritium recovery may not
be attainable because of the high-tritium solu-
bility for projected operating conditions. The
calculated equilibria must be experimentally
verified before Li20 can be eliminated from con-
sideration solely on this basis. Although
limited data ace available on the compatibility

of Li20 under conditions of Interest, compati-
bility with the structural materials and stability
In the tritium processing fluid are areas of much |
concern. i

The Japanese have reported severe corrosion '
of several structural materials by Li20 in short !
term (100 h) tests at temperatures above 800°C.
Preliminary compatibility teats conducted at ;
Argonne National Laboratory have also indicated
extensive corrosion of Type 316 stainless steel,
a ferrltic steel (HT-9) and Inconel 625 alloy !
after exposure to L12O at 600'C for ^ 2000 h.

9

Although these results are preliminary and the
purity of all materials have not been well char-
acterized, Indications are chat corrosion may
well be a serious problem. Additional effects
produced by compositional variations in LljO
that result from lithium burnup, e.g., LiOT for-
mation, or by chemical lnteractltr.d with the
tritium-processing fluid, may be even more criti-
cal. Also, stress-corroaion phenomena could se- •
verely Impact the integrity of the structural
material. i



Table 3. Temperature Limits of Solid Breeders
Baaed on Diffusion-Controlled Tritium
Release

Breeder *min/•ca T /*Cb

max

L12O

L1A1O2

Li2Si03

H 2 Ti0 3

Li2Zr03

IA.S1

L1A1

Ll7Pb2

LI3BI

410
500

420

420

420

480

300

320

910

850

610

820

860

350

310

330

320c 580°

I

i Requires < 1 um grain size; maximum tritium in-
ventory of 1-2 kg from diffusive holdup. Modest
allowance for radiation-induced trapping of T,

; Assumes significant radiation-induced sintering
occurs above 0.6 Tm vhich increases diffusion

1 path.

1 Estimated values based on data for similar ma-
terials.

Solidus temperature for nonstoichlometrlc compo-
sitions is ouch lower than melting temperature
of stoichiometric compound.

1

Weight loss data for Li2O exposed to helium
vith low moisture content10 and predicted gas
phase equilibria over Li20 at high temperature11

Indicate thac considerable mass transfer of
lithium in the tritium processing stream may
occur. The weight-loss measurements on LijO
Indicate loss rates In excesa of IX per hour at
temperatures of 1000'C. Primarily on the basis
of these three concerns, LijO is not included as
a prlnary candidate for the breeding material in
STARFIRE.

The four ternary ceramics listed in Table 3
are all potential candidates and all will require
use of a neutron multiplier. Except for tritium
breeding, LIAIO2 is considered Che most favorable
of these materials. The LtzZrO3 hns better breed-
Ing properties than the aluminatc, but tritium
Inventory la predicted to be larger and other
materials properties are less well defined. The
LI2TIO3 1$ similar to the alumlnatc; however,
trltlua breeding vill be more difficult because
of poorer neutronic performance of titanium. The
LI2SIO3 should provide a better breeding per-
formance than LIAIO2 but compatibility and

stability problems are of greater concern. The j
maximum operating temperature will be less be- {
cause of the lower melting temperature. This '•
limitation may be even more critical because of :

the nonstoichiometry that results from lithium i
burnup. Another major concern expressed about the
use of the silicates la their well known tendency 1
to form the amorphous (glass) structure. Micro- 1
structural changes under irradiation could signifi-
cantly impact the tritium release characteristics.

Data Base for Primary Candidate Materials I

A low density (60X) sintered product of the !
a-LlA102 is selected for the reference design to '
facilitate tritium recovery. Table 4 summarizes
the data base for L1A1O2. The tailored micro-
structure (Fig. 1) with a blmodal pore distribution
and a relatively high porosity should tend to op-
timize the tritium (T20) migration to the helium
processing stream. A very small grain size ('v- 1
vim or less) is essential because of the very low
tritium diffusivity. Since the kinetics of tritium
migration will have such a major impact on the
tritium inventory in the 60lid breeder blanket,
this should be the dominant factor in establishing
the desired structure. Preliminary analyses con- j
ducted as part of this effort1'" provide a basis
for selecting the microstructure; however, addi- J
tlonal effort is required for further optimization!
Determination of desirable microstruetures, pore f
morphology, and porosity is of primary importance j
because critical properties, such as thermal con-
ductivity and effective density, Ptvongly impact
design and neutronic performance. Also, radiation]
effects, such as sintering, will be sensitive to
the original microstrur.ture.

The a-LlA102 is preferred over y-LiA102 prl- I
marlly because of its higher density (and hence, ',
Li atom density) and because a-LlA102 Is the stable
phase at the projected operating temperatures.
Limited observations generally Indicate that the
•y-o transformation is very sluggish during thermal
aging at temperatures below 90Q°C;12 however, the [
kinetics will likely be enhanced under irradiation,
Btcausp of the substantial density change, this •
transformation Is important. The relatively high
porosity should accommodate considerable volume ;
change; however, any transformation might signifi-
cantly impact the grain structure and tritium re-
lease. One concern regarding the use of a-LiA102 !
relates to the limited sintering temperature
(<\, 900*c) to avoid the y transformation. Pressure-
assisted sintering or other sintering aids, which '
may be necessary, will require further development.
The proposed process for obtaining small grain
size and desired porosity has been developed at
Argonnc for the fuel cell program,13 Further de-
velopment work12 has shown that L1A1O2 can be
fabricated with a bimodal yore distribution, i.e.,
a small grain size and fine porosity within parti-
cles (agglomerates) that are fairly coarse (> 1 mm)
with a much coarser porosity between the particles.



Table 4. Materials Data Base for L1A1O2

Crystal Structure a

Y

Density, g/em* a
T

Molecular Weight

a-y Transformation, *C

Melting Temperature, "C

Lithium Atom Density,
g/craJ

Coefficient of Thermal
Expansion, *C~l

Heat Capacity, J/g.'K

Thermal Conductivity,
w/m«'K

500*C

800mC

Stability

Rhombohedral
Tetragonal

3.4
2.S6

65.92

* 900

1610

0.27

12.4 jc 10"B

1.6 (est.)

(60* dense)

*.7 (est.)

3.5 (eat.)

Low vapor pressure

Fig.

T Diffusion Coefficient,
c»2/e

500'C
800*C

Chemical Compatibility

Tritium Breeding

Activation Products
Radiation Damage

< 1200°C. Appreciable
vapor pressure
> 1400-C

S x 10"17 (eat.)
5 x 10"n (est.)
Sllfhtly soluble In
hot water. Hygro-
scopic in air.
Requires effective
neutron multiplier

Swelllng/denslflca-
tlon (?). Tritium
trapping. Radia-
tion-induced sinter-
ing.

Although the data base for LIAIO2 19 greater
than for Boat of the other candidate breeding
materials, several properties ore not well known.
The thermal conductivity has been estimated from
data for similar ceramics with allowances for
porosity. The estimated temperature-dependent
curve for 60S dense L1A1O2 conforms to the conduc-
tivity shown in Fig. 2 for Liz0 with % 90Z the-
oretical density. Since the thermal conductivity
Is sensitive to the micrcatruccure, reliable data
nuat be obtained on material vith the appropriate
oicrostructure.

Schematic diagram showing biraodal
distribution of Q-

pore

Fig. 2. Thermal conductivities of oxides with
effective densities given In parentheses.

Since tritium diffuslvlty data are not avail-
able for LiAlOj, the estimates given in Table A
are based on hydrogen diffusivity in single crystal
Alj.Oj.1'' Data on polycrystalline material are not
relevant for the present analysis. The diffunivity
of hydrogen In these types of ceramics are gener-
ally quite similar when consldeved in terms of
temperature variations. For example, single



crystal MaO 3 and BeO have diffusivitiea of ^ 5 x
10"11* cn2/a at temperatures that differ by only
about 7S*C. Data for AI2O3 should give a reason-
able approximation for the present study.

Of the candidate ceramics considered, LIAIO2
la probably the most stable chemically. It Is
slightly soluble In hot water and Is moderately
hygroscopic In air. Further studies on the
stability under proposed conditions. I.e., moist
He with excess tritium or hydrogen, should be
conducted. Although the chemical energy release
should be small In the event of a coolant leak
Into the breeder, the high surface-to-volume
ratio of the porous breeder could lead to sub-
stantial pressure transients within the module
if the high pressure water leaks rapidly Into
the high temperature breeding zone.

Since little radiation damage data exist for
L1A.1O;, the following assessment is mostly quali-
tative. The major considerations are possible
swelling or densification, enhanced recrystalli-
zatlon or sintering caused by the radiation, and
trapping of tritium by defects or cavities. An
important aspect of the radiation damage analysis
relates to the effects of the high energy tritium
and helium with recoil ranges of "" 30 and % 4 vim,
respectively. Swelling could occur as a result
of vacancy coalescence, gas generation, or a-y
transformation. In contrast to metals, helium
Is typically more mobile than hydrogen In ceramic
oxides. Therefore, if low tritium inventories can
be maintained, buildup of helium should not be
excessive. The relatively high porosity proposed
should accommodate some swelling with little im-
pact on the structural containment. Some micro-
cracking of the brittle ceramic cay occur and must
be accommodated In the design.

Recryatalllzatlon or sintering are believed
to be extremely important since they may have a
substantial effect on the tritium release char-
acteristics. 1«" Thermal sintering characteristics
of ceramic oxides are generally quite consis-
tent, with significant sintering at •>• 0.8 Tm

(absolute melting temperature). However, enhanced
sintering has been observed and is generally ex-
pected in a radiation environment. Since the high
energy (MeV) tritium and helium recoils have
ranges much greater than the proposed grain size,
considerable Ion-induced damage and lntergranular
Bputtertng is expected. The small grain size and
fine pore structure desired for tritium release
is probably more susceptible to radiation-induced
sintering than a more coarse structure. Estimates
of the radiation-induced sintering characteristics
ere baaed on observed data for mixed oxide fission
reactor fuels that undergo fission product damage.
Significant restructuring typically occurs at
1 0.6 Tn. For the present study a maximum tem-
perature of 0.6 Tm or -v 850"C is recommended for
LiAlOj, Experimental verification is required for
the appropriate mlcrostructores and for conditions
of target lithium atom burnups since stoichlo-
metric changes and chemical Interactions (excess
T) nay produce enhanced syerglstic effects.

Radiation-induced trapping of hydrogen at
defects has been observed in many materials and
is predicted to occur in the LIAIO2 a n^ other
candidate breeding materials. Probably the most
pertinent data base for assessing this effect is
the surface effects studies conducted as part of
the fusion materials development program. The
high energy deuterium and helium implant studies
(see Refs. 15 and 16) have indicated substantial
trapping of the light ions in aurface regions.
Trapping efficiencies as high at 50 at. % have
been observed in the surface regions of several
materials.^7 The mechanisms and effects observed
in these studies are similar in many ways to the
conditions anticipated in the blanket region.
Although further analyses and experiments are
needed for a more accurate assessment, radiation-
induced tritium trapping may increase the diffu-
sive holdup by at least a factor of 10 and possibly
•s much as a few atomic percent tritium in the
ceramic.

Coolant Selection

The choice of coolant has a major Impact on
the selection of other blanket materials, e.g.,
the structural material, and upon the operating
parameters >?f the reactor system. In all previous
reactor studies only four types of coolants have
been evaluated extensively, viz., lithium, helium,
water and molten salts. Reference 2, which pre-
sents a review of those four blanket coolants,
has been used as a basis for the assessment of
the candidate coolants and the selection of the
reference coolant for STARFIRE. Additional infor-
mation is included in the STARFIRE Interim re-
port.1-" The choice of coolant also impacts the
energy conversion system, shielding, maintenance
and repair, tritium systems, and reactor building
design. This section summarizes the Important
criteria for the selection of candidate coolants,
the coolants considered for STARFIRE, and the
important properties o£ the primary candidate
materials.

Selection Criteria for Coolant

Several Important criteria must be considered
in the selection of the coolant for a fusion
reactor blanket. The criteria evaluated in the
present study are summarized in Table 5. Each
type of coolant has characteristic compatibility
problems with other blanket materials and a limited
range of acceptable operating temperatures.

Since liquid lithium was not Included as a
candidate breeding material in the STARFIRE design,
liquid metals were not considered for the coolant.
It makes little sense to use lithium as the coolant
without also using it as the breeding material.
Although molten salts have some advantages compared
to water as a reactor coolant, primarily low
pressure operation, the disadvantages generally
outweigh the advantages. Hence, molten salts were
not seriously considered for the STARFIRE design.
Pressurized water and helium remain as the primary
candidates. The relative merits of HjO and D2O
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Table S, Considerations for Selection of Coolant

AT)

Physical Properties

- operating temperature limits ( T , T . ,
- operating pressure
- heat capacity
- thermal conductivity
- electrical conductivity

Theraal-Hvdraulic Characteristics
- heat transfer coefficient
- heat flux Holts
- velocity requirements
- oiraping power requirements
- containment difficulty

Neutronlc and Radiation Properties
- neutron moderating properties
«• Induced radioactivity
- shielding characteristics
- neutron absorption properties (breeding)
- radiolytic decomposition

Cheaical Compatibility
- reactivity vith environment
- compatibility with reactor materials

Tritium Considerations
- tritium solubility and activity
- processing difficulty

Hasnetic Interactions
- tcagneto-hydrodynanic effects

Economics and Resources
- cost

- resources and availability
Maintenance and Repair

- cleanup of spills
- damage from breech of containment

vere evaluated in some detail. Although steam and
boiling vater possess some attractive features,
the apparent advantages of these systems were not
sufficient to include them as primary candidates
in Che present study.

Helium Coolant

Helluo has been used as a fission reactor
coolant and has been proposed aa a candidate fusion
reactor coolant. The major incentive for the use
of helium is its inherent safety characteristics
because it is chemically inert. Also, helium does
not produce any significant radioactivity. Key
problem areas related to the use of helium as
a coolant Include the relatively high temperature
requirements for acceptable energy conversion
efficiencies, the possible leakage of helium into
the plasma chamber, relatively low first-wall heat
flux limits, significant pumping power requirements.

and relatively large manifolds required. Table 6
summarizes the ranges of operating parameters
typically considered for fusion reactor first-
vall/Hanket applications.

Table 6. Typical Helium Operating Parameters

Pressure:

Maximum Temperature:

Coolant Velocity:

Film AT:

Cp (5 MPa)i

5-10 MPa

500-1000"C

3O-1Q0 m/a

loo-aso-c
5.2 J/g-'K

Table 7 summarizes the generic favurable and
unfavorable characteristics of helium coolant.
Since high helium temperatures are required to
permit efficient energy conversion, high tempera-
ture structural materials are generally required.
Coolant outlet temperatures of 600-800°C have been
proposed in most helium-cooled power reactor de-
signs. Nickel-base alloys are generally pro-
posed for the structural material in helium-
cooled designs because of their high-temperature
properties. However, us discussed below, the
predicted radiation damage resistance of these
alloys does not appear to be adequate for accept-
able blanket lifetime. At present, structural
material limitations are believed to limit the
maximum outlet temperature to ^ 500*C. This
restriction severely compromises many of the
advantages of helium coolant.

Experience in helium-cooled fission reactors
and other high pressure- helium systems has demon-
strated the difficulty in containment of high
pressure helium in complex elevated-temperature
systems. It is questionable whether high pressure
helium can be adequately contained in the complex
geometries required and under the severe conditions
encountered within the vacuum chamber of a fusion
reactor. Proposed tube-type^ and cannlster1'
first wall designs typically require in excess
of 50,000 to 100,000 pressure-tight welds in the
vacuum chamber. Leak rates as high as the helium-
generation rate in the plasma ("v- 50 cm3/s STP)
would substantially impact the plasma performance
and the impurity control system. There is gener-
ally a tradeoff between pumping power and first-
wall heat flux. Previous analyses have indicated
that surface heat fluxes In excess of 0.5 KW/ra2

are difficult to accommodate without excessive
structural material temperatures or relatively
high pumping power.2

Because of the large duct ilze typically re-
quired for helium and the fact that helium does not
significantly attenuate neutrons, shielding is a
major problem for helium-cooled systems. The large
ducts that must peas between the magnets create



"Table 7. Summary of Coolant Assessment for
STARFIRE

Unfavorable Favorable Characteristic

X

X

X

X

X

Leakage and leak detection
in first wall

Difficult shielding (large
penetrations)

Large manifolds and ducts

Chemical reactivity

Low first-wall load limit

Requires high coolant
outlet (structure)
temperature

Relatively easy cleanup
of leak

Relatively high pressure

Magnetic interaction (MHD)

High pumping power

Potential for tritium
processing

Poor heat transfer co-
efficient •

Compatible with conven-
tional structural ma-
terials

High coolant velocity to
enhance heat transfer

Existing technology base

Low thermal inertia (heat
capacity)

serious neutron streaming problems. Also, economic
penalties occur because of the lack of attenuution
in the inner blanket that results from relatively
large hellun coolant channels and trail folds.

Pressurized H?0

Pressurized water is an attractive coolant be-
cause of its good thermal-hydraulic properties.
The major problems associated with water coolant
relate to its high operating pressure, low oper-
ating temperature, reactivity with some candidate
breeding nsterials and difficult tritium extrac-
tion. Hater has a high heat capacity (4.46 j/g»°K)
and a density of t 0.95 g/cm3 for the conditions
of interest. The critical temperature Is 374°C
with a critical pressure of 20.4 MPa. The equi-
librium pressure at 32O*C is 10.4 MPa.

Typical operating pressures in pressurized
water fission reactors are t 14 MPa with maximum
temperatures of "v. 32O*C. This provides on over-
pressure equivalent to "<• 23°C. With a 32O*C

maximum coolant temperature, the efficiency of
the energy conversion system is limited theoreti-
cally to t 36X. However, problems associated
with higher pressure usually outweigh the benefits
of the modest efficiency Improvements attainable
at higher temperatures.

Water reacts vigorously with lithium at ele-
vated temperatures and to a lesser degree with
the lnterraetalllc lithium compounds considered
for the breeding materials. For this reason
concepts Incorporating pressurized water in blan-
kets with intermetallic lithium compound breeding
materials are probably not viable. The chemical
reactivity of water with the candidate ceramic
breeding materials is much less, and therefore,
not considered prohibitive. The major concern
involves pressure transients that could arise from
Injection of pressurized water into the high tem-
perature porous ceramic in the event of a coolant
tube leak.

Tritium recovery from water 1B very difficult
and expensive. Therefore, tritium migration into
the coolant from the vacuum chamber or the breeding
zone should be minimized. Characteristic oxide
films formed on coolant channel walls tend to
provide excellent tritium barriers. Water also
serves as an efficient neutron moderator. This
is particularly detrimental for systems which
require a neutron multiplier since a high energy
neutron spectrum typically provides much better
neutron multiplication. For this reason the
amount of water in the first wall should be
minimized.

Pressurized D;0

In most respects D2O is similar to H20 as
a coolant. The primary differences relate to
the neutronlcs performance and tritium recovery.
The degraded moderating properties of D2O rela-
tive to 11̂ 0 result in significantly better tritium-
breeding performance. Also, since deuterium Is
a fuel component, the degree of lsotoplc separa-
tion required In the recovery of tritium from the
coolant is reduced for the case of D2O.

The major disadvantage of DjO relative to
H2O relates to cost. The estimated cost of D2O
is •>• $2P0/kg. For the total inventory required
and the anticipated makeup, the economic penalties
associated with the use of a D2O coolant appear
to be excessive.

Reference Coolant

Pressurized lUO is selected as the reference
coolant for STARFIRE. Further justification for
this choice is given in the following sections.
Important advantages associated with the choice
of water coolant Include: (1) the operating
temperature is compatible with both the breeding
material and the structure, (2) the neutronlcs
performance appears to be acceptable, (3) first-
wall heat fluxes can be accommodated, (4) mani-
fold sizes are tolerable, nnd (5) the recirculatlng
power is minimal. The major penalty associated



with the pressurised water system la the limited
energy conversion efficiency attainable. The
primary safety concern relates to the pressure
transients that arise in the event of a coolant
leak into the breeding zone.

Structural Materials

The structural materials for the STARFIRE
flrat-wall/blanket must maintain their mechani-
cal integrity nnd dimensional stability for ade-
quate lifetimes under the severe radiation, ther-
mal, chemical and stress conditions imposed in a
fusion reactor environment. The candidate ma-
terials must be resistant to radiation damage,
capable of elevated temperature operation,
compatible with other blanket materials, and
capable of withstanding high surface heat fluxes,
In addition, the structural material should have
adequate resources and be readily fabricab'le.
The selection of the reference structural ma-
terial for STARFIRE Is strongly Influenced by
the choice of breeding material and coolant,
both of which impact the reactor operating char-
acteristics. The goal lifetime for the first
wall/blanket Is 6 years, which corresponds to
an average Integrated neutron wall loading of
*>< 16 MH/m2. This section suinaarizes the Impor-
tant criteria for the selection of candidate
structural materials, the structural materials
considered for STARFIRE, and the key properties
of the primary candidate alloys.

Selection Criteria for the Structural Materials

A large number of materials properties and
operating parameters influence the selection of
the structural material. Key properties include
physical, mechanical, chemical and neutronlc
properties. Key parameters include operating
temperatures, heat fluxes, lifetime neutron
fluences, and stress requirements. A low coeffi-
cient of thermal expansion, a high thermal con-
ductivity, and a low elastic modulus are important
physical property characteristics that are re-
quired to minimize the temperature and stress
gradients. A high heat capacity will help mini-
mize the temperature gradient during thermal shock
conditions. High strength materials are desirable
alnce the allowable stresses are based upon the
tensile and creep strength of the materials. A
high ductility is desirable to accommodate strain
transients during off-normal conditions. A high
degree of radiation swelling and creep can produce
dimensional changes that interfere with normal
operation or can lead to component failure.
Fatigue and crack growth, which can lead to
failure, are largely dependent upon design and
the reactor operational cycle. A cyclic mode of
operation that ioposea a large cyclic stress could
result In a premature failure compared with a
continuous mode of operation.

Candidate Structural Materials

A number of potential structural materials
have been surveyed for STARFIRE. Six classes of

materials which have been considered in some de-
tail Include austenitic stainless steels, ferrltlc
stainless steels, nickel alloys, titanium alloys,
vanadium alloys and niobium alloys. Aluminum
alloys were not considered because of their low
operating temperatures, and molybdenum alloys
were not considered primarily because of diffi-
culties in fabrication. Since the STARFIRE blanket
design focuses on the use of solid tritium breeding
materials, this constraint and the choice of water
coolant are key considerations In the assessment
of the candidate structural materials. Another
important parameter Is the steady state operating
scenario proposed for STARFIRE.

Vanadium and niobium alloys offer several
potential advantages as structural materials.
They maintain their mechanical properties at high
operating temperatures (>650°C) and typically
exhibit lou thermal stresses during operation.
Vanadium alloys have been shown to be the most
resistant to radiation damage of nil alloys tested
to date and they produce no long-lived activation
products. Unfortunately, both alloy systems are
susceptible to severe oxidation at elevated tempera-
tures, and they are not compatible with either
high temperature water or helium coolants. There-
fore, they are not considered to be viable candi-
dates for the STARFI3E reference design.

The major concerns relating to the use of
titanium-base alloys are compatibility with the
hydrogen (DT) environment, creep strength at ele-
vated temperatures, and radiation damage effects.
Titanium alloys have a high permeability for hydro-
gen and recent data indicate that oxide and nitride
surface films are noc effective hydrogen bar-
riers.^" Permeation rates of tritium from the
plasma chamber into che water coolant appear to
be excessive for conditions of interest. Titanium
and zirconium alloys are known to be particularly
susceptible to hydrogen embrittlcment under cer-
tain conditions. The equilibrium tritium concen-
trations in titanium are in excess of 1000 wppm at
pressures of * 10"1 Pa and temperatures below
300eC.21 The common titanium-base alloys generally
exhibit a sharp decrease in creep strength at
•*• 450-500"C. Since the available data on radia-
tion effects is very limited, it is difficult to
assess the performance and limitations of titanium
alloys In a radiation environment. Enhanced
precipitation with the formation of planer defect
Structures has been observed in stressed titanium
alloys under fission-reactor Irradiation.22 While
titanium alloys are readily fabrlcable, welding
must be done in an Inert environment nnd post-
weld stress relieving is recommended for certain
applications. Titanium alloys enn be used with
helium and water cooluntsj however, the operating
temperatures for the helium and water coolants
will be limited by the kinetics of the oxidation
mechanisms. Titanium is also compatible with high-
purity lithium. However, certain alloying ele-
ments in candidate alloys, e.g., Al and Sn, are
highly soluble in lithium and may substantially
affect the compatibility. Although no data are



available on the compatibility of titanium alloys
with Li7Pb2 and LI2O, compatibility with the
seoichiometrlc compounds is probably satisfactory
at relatively low temperatures of interest for
water coolants. However, decomposition of the
lithium compounds may lead to compatibility
problems. Further studies are required to assess
the Importance of these compatibility problems.
Because of these limitations, titanium alloys
are not included as primary candidates for the
STARFIRE structural material.

High nickel alloys generally exhibit better
high temperature strength than either the aus-
tenitic or ferritic stainless steels. They are
also more resistant to radiation swelling and
tend to exhibit low radiation creep rates. The
uaior concern of nickel alloys relates to the
effect of radiation en ductility. Helium will
be generated in large amounts in nickel exposed
to a fusion neutron spectrum, and the presence
of heliur. will lead to embvittlement at tempera-
tures 2 tOO'C.23 In addirlon, nickel alloys are
particularly prone to loss of ductility due to
thermal aging and Co low-temperature radiatlort-
bardening tnibrittlemenC.^4 The net result of
the radiation embrittleneni. Is to reduce the per-
missible operating temperatures and allowable
stresses that were possible with unirradiated
material, ar.d therefore, to elininate their pri-
taary advantage over the stainless steels.
Irradlatio:. of nickel will also result in the
formation cf long-lived activation products.
Nickel alloys have, therefore, ulso been elimi-
nated as reference structural materials primarily
on che basis of their predicted radiation per-
fornance.

Austenitic stainless steels and ferritic
steels are selected as die primary candidate
structural raterlals for STARF1KE. For the
steady-s:.U-: operation proposed for STARFIKE
and for the relatively low operating tempera-
cures characteristic of a water-cooled system,
an advanced austenitic stainless steel should
provide acceptable performance. The titanium
nodifted nuscenltlc stainli-ss steel, designated
as the prine candidate nlloy O'CA) in the Magnetic
Fusion Energy Alloy Development Program, Is LC-
lected as the reference alloy. A stabilized
ferritic steel Is proposed as the alternate struc-
tural catcrl.il for STARF1KE.

Data Base for Primary Candidate Structural Ma-
terlals

Auster.itlc stainless
characterized of all of the
materials and are probnbly
cate. The ..'OX cold-workud
steel is generally regarded
in this claas. The primary
alloy are Its relatively hi
elevated temperature ex'/rit
reactor irnidiii tlnn, and <•
physical properties that
thermal stress. In an e

letls are the best
candidate structural

the easiest to fabri-
7ype 316 stainless
as the reference alloy
disadvantages of this

Rh swelling rates and
tiesvnt after fission
-. relatively pior
n lead to excessive
rt to reduce swelling

and erobrittlement, a titanium modified austenltic
stainless sceel, designated FCA, has been de-
veloped. The reduced swelling of PCA make i t
preferable to Type 316 stainless sceel; however,
the thermophyslcal and unirradiated mechanical
properties are essentially the same. The thermal
stress problem associated with austenitic steels
is less critical for STARFIRIi because i t will
operate in a continuous rather than a cyclic
mode, thereby reducing the fntigue and crack
growth effects. Except for the radiation effects,
the data base for the PCA alloy is derived frnm
Type 316 stainless steel . Ferritic steels, or
more precisely martensitic steels, have been
studied In recent years and were found to exhibit
both low swelling and low irradiation creep.
Their thermophysic.il properties are superior to
those of austenitic stainless steel, which would
result in a Iowi2r thermal stress under the same
operating conditions. The principle concerns of
the ferritic steels are their magnetic properties,
difficult welding characteristics, and relatively
high ductlle-to-brlttle transition temperature
(nSTT). These ulloys are Ferromagnetic, and
as such, could strongly interact with the large
magnetic fields in STARFIRE. However, preliminary
experiments indicate that these materials saturate
in a high magnetic flald and may not adversely
affect plasma performance,'-" The data base used
for evaluation of the ferritic steels Is derived
primarily fror. the Sandvlk I1T-9 alloy, although
a modified 9Cr-lMo alloy developed in th<; breeder
program Is a potential candidate.

Table B gives the nominal compositions of
the PCA alloy and the 1IT-9 alloy. Representative
values of selected thermal, physical, and elastic
properties of these alloys obtained from handbooks
are summarized in Table 9.

Fabrication - Type 316 stainless steel, In
common with virtually all of Lhe 300 se. 'cs
nustenitlc stainless steels, I'Ousc-.ssas excellent
furnahillty and fabricablliLy characteristics.
Ueldabllity is excellent by till of the fusion
welding processes. For the 20X CW 316 SS It ia
probably prudent to try to drslgn Che first wall
such that the weld zones, which will respond
differently than the cold-worked matrix to neutron
irradiation, arc not exposed to the highest neutron
fluences. The ferritic alloys have a micro-
structure consisting of tempered martens!to.
Typical heat treatments involve austenitizliig
at 1050°C for one hour followed by either nir
cooling or oil quenching; Compering is usually
carried out nt 600" to 75O°C for one hour followed

Tuble B. Nominal Composition oE PCA Alloy and
HT-9 Alloy

PCA 6 5 F e - l « C r - l 6 N l - 2 M o - 0 . 3 T 1 - 0 . 5 S 1 - 0 . 0 5 C

HT-9 85Fe-12Cr-lMo-0.5W-0.3V-0.20C



Table 9. Selected Properties of Typ<5 316 Stain-
less Steel and Type HT-9 Ferricic Steel
at 400*C

aoo

Property 316 HT-9

Melting Teoperature, *C ^ 1A30

Density, g/cm3 7.97

Poisson'a Ratio 0.294

Young's Modulus (GPa) 167

Heat Capacity (J/kg-'K) 560

Mean Thermal Expansion 17.7
("C-1 x 10"6)

Thermal Conductivity 19.5
(W/m-*K)

Thermal Stress Figure of 0.220
Merit&

Electrical Resistivity 97
(10-6 fi-CE)

Corrosion in Hater, um/y 0.5

"v. 29

0.105

^ 90

2

aE
1 k (1-v)

by air cooling. Fusion welding of the Cr-Mo-V
steels is rated as difficult because of a tendency
toward cracking in the veld heat- affected-zones.
This is the result of the formation of hardened
raartensite in both the fusion and heat-affected
zones due to tie very rapid cooling which follows
the velding process. To minimize this tendency
it Is generally necessary to preheat the weld zone
areas to ZOO-iOO'C and to provide n final postweld
heat treatment ac about 65O-70O°C.

Mechanical Properties - The mechanical
strengths of FCA (20% cold-worked 316) and 11T-9
are compared in Fig. 3, in terms of the allowable
utress intensity, ^mf*"' At low temperatures,
S m c is 1/3 of the ultimate tensile strength, while
at high temperatures, Sm(_ is 2/3 of the 100,000 h
creep-rupture stress. Overall, I'CA is marginally
stronger than HT-9. Both materials show a slowly
decreasing strength with temperature up to
"*• 550*C, at which point the creep strength de-
creases rapidly. For the operating temperatures
in STARFIKE (< 450cC), both materials have ade-
quate strength properties. The limited data
available on the fatigue and crack growth proper-
ties of ferritic steels indicate th.it they are
similar to austenitie stainless steels. Under
the sane operating conditions, fatigue and crack
growth probleas are expected to be more severe
in PCA than HT-9 bee. use of the significant
differences in thcrmophysical properties. How-
ever, since STARFIRE operates in a continuous
node, fatigue and crack growth should not pose
major problems for either material.

600

Fig. 3. Allowable 100,000-hr design stress In-
tensity (Srat) for HT-9 and 20% cold-
worked Type 316 stainless steel based on
ASMK Bo.ler anil Pressure Vessel Code Case
N47 for elevated temperature service.

Compatibility - Since pressurized water has
been selected as the coolant foj: STARHBE, com-
patibility of the structural tna-'erial with water
is an important requirement, Tna corrosion rates
of steels in water depend upon the purity of the
water, in particular the oxygen content. The
oxygen concentration jn pressurized water systems
is generally controlled by an overpressure of
hydrogen. Nominal corrosion rates for ausLenitic
and ferritic steels in high purity water are
given in Table 9. These corrosion rates are
sufficiently low that the structural integrity of
the allays is not significantly affected. The
major concern relates to radioactive mass trans-
port.

The major compatibility problem concerning
the mechanical Integrity of the structure relates
to the susceptibility of auscenitic stainless
steel;, to stress corrosion cracking. Again,
water chemistry is a key factor in avoiding this
problem. The ferritic steels are less susceptible
to stress corrosion cracking than the austcnitic
stainless steels.

Radiation EffecLs - The radiation effects on
structural materials thaL are of primary interest
for STARFIRL' are swelling, creep, and loss of
ductility. Since the strength properties, viz.,
ultimate mid yiel(', strjnp.th, of these two alloys
are affi-crod only codestly by neutron irradiation,
unirradlnted values are uaed for the present study.
Swelling ni.d creep can produce dimensional changes
during operation, while the loss of ductility will
limit the temperatures of operation and the ability
of the structural material to withstand off-normal
events. Swelling in Type 316 stainless atuel is
considerably higher than lias been observed in
ferritlr. steels.26"28 Recently, new austenitic
alloys, auch as PCA, have been developed which



•how improved resistance to swelling.** The
•welling In 20X cold workc! Type 316 stainless
steel. PC A, and KT-9 (or (aat reactor conditions
are compared In Fig, 4, The swelling In PCA
la assumed to be onertenth of the swelling in
Type 316 stainless steel. The additional heliua
generated by the 14 HeV r.eucrona is expected to
Influence the swelling. Experiments conducted
in Oak Ridge Nationnl Laboratory's High Flux
Isotope Reactor (HFIR), where high concen-
trations of helium are generated in austenitlc
stainless steel, indicate that swelling is in-
creased over EBR-II irradiations, and swelling
above 0,5 T Q is cinch higher due to gas driven
swelling,^ However, at temperatures below
0.5 Ta, M g h heliua product ioii has a minimal
effect in 20* cold-worked Type i!6 sea li.less
steel because the dislocations provide effective
nucleatlon sites for hnllium bubbles. Therefore,
the low swelling rates in PCA and HT-9 coupled
with operating temperatures considerably below
0.5 T c suggests that the total swelling should
be low in STA.HFIRE.
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Fig. 4. Tenperature dependent swelling response
of austenltic and ferrltic steels.

Irradiation creep will produce dimensional
changes *t teaperatures where therenl creep is
Insignificant. The assumed in-rcactor creep for
PCA ar.d HT-9 are shown in TIR. 5 for a constant
stress level of 100 MPa and a reactor fluence of
50 dpa.-6>31 The radiation creep in FCA is sini-
lar to that of Type 316 stainless steel except
that the creep rate has been reduced In the
range of 50O-600"C to account for the reduced
swelling in FCA. At temperatures < 400*C, HT-9
exhibits signlflcancly lower radiation creep than
W A .

Radiation can reduce the ductility of struc-
tural materials in several ways. Radiation
hardening can reduce the ductility by forcing

300
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Fig. 5. Tenperature dependent ln-reactor cr^ep
properties for PCA and HT-9,

plastic strain to occur In highly localized regions
(channel fracture). In bec rcetals, radiation can
cause an Increase in the DBTT such that brittle
fracture, is possible above room temperature.
Finally, helium produced during irradiation can
form Into bubbles along grain boundaries, which
results in greatly reduced ductility at tempera-
tures 5 0.5 TQ. All of these ectrlttlcnont nech-
anlsus can result in restricted operation of the
structural material. The D9TT of HT-9 has been
observed to Increase to 100-150*C with irradiation,
which means that this n-aterial may not be capable
of withstanding lopact type loads at lower tempera-
tures. The loss of ductility in 20% cold worked
Type 316 stainless steel due to Irradiation can
be severe, particularly at high Ueliuta concen-
trations, 6E ..uown in Fig. 6." The low ductility
will restrict operation to temperatures £ 500*C.
Both HT-9 and PCA are expected to exhibit greater
ductility after Irradiation than Type 316 stainless
steel, but their ductility will also be signifi-
cantly reduced. The degret! of ductility required
for safe operation is open to LjucpLion, but a
uniform elongation of 0.5 to 1.01 is generally
regarded as the minimum necessary.

Meutron Multipliers

Aside from its neutronlc properties, the
neutron multiplier should be capable of trans-
mitting heat efficiently to the structural material
and coolant, should not be significantly altered
by irradiation, and should be coupatiblc vich the
blanket materials. Since the STARFIRE design
emphasizes the use of solid breeding materials, It
is also desirable for the neutron Bultlplicr to
remain in the solid Btate during operation.
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Tig,. 6. Uniform elongation of 2QX cold-worked 316
stainless steel after irradiation.

Therefore, a reasonably high melting point la also
required. In general, thft mechanical property
requirements «re minimal, since the multiplier
will be coaplecely supported by the structural ca-
terlsl. Rather, the properties of the oultiplier
should be tailored such that the Induced stresses
in the structural material ere minimized.

Keutronically, the elements, Be, Bi, Ph, and
Zr are acceptable for the neutron oultiplicr con-
cept of STASFIRH. A list of the candidate mater-
ials along with their relevant thernophysical
properties is shown in Table 10. Both Pb and Bi,

aa well as PbBi alloys have low melting points
which are n « consistent with th« STARF1RE design
concept of a solid blanket, and therefore, are not
considered prime candidates. However, this does
not imply that these materials are unacceptable for
other design concepts. If these materials were to
be employed In the liquid state, the primary con-
sideration vauld be their compatibility with the
structural citerlal. Austcnltic stainless steels
exhlb-C P'->cn- corrosion resistance to liquid Pb
and BI at temperatures of -v 500"C.33 Ferrltic
stainless steels have a greater resistance to
corrosion. The poor corrosion resistance of
austenitic stainless steels is due to the high solu-
bility of nicked in liquid Pb and Bi.34 Since
Chromiuo has a higher solubility in liquid i'b and
BI than iron, low alloy steels exhibit less corro-
sion than chronluo stainless steels. Corrosion in
ferrltic alloys can be inhibited to varying de-
grees by small additions of zirconium or tltanlutr
to the liquid metals.3* It is unlikely that

i austenitic stainless steels could be used in
direct contact with these liquid metals, because
of the corrosion problems.

Lead oxide Is eliminated fmn further con-
sideration because of Its extremely poor thermal
conductivity and high coefficient of thermal
expansion. This corabiratjon of properties would
result in high temperature gradients and could
create high stresses in the structural material.
Beryllluc oxide, and iirconiuo, although having
acceptable thermophysical properties, are only
marginally acceptable ncutronically.

The remaining materials, Be, and Zr5Pb3,
have acceptable thermophysical and ncutronlc

Table 10. Properties of Candidate Neutron Multipliers

Material
Density
g/co3

Specitlc
Heat
J/kg K

Thermal
Conductivity

W/B*K

Theraal
Expansion
x 10~6/*C

Melting Point
"C

Be
BeO

Fb

FbO

BI

Zr

Zr5Pb3

FbBi

1.8
3*0

11.3

9.5

9.8

6.5

8.9

10.5

1923

1042

127

209

56.4

275

220

123

188

200

35

2.8

60

21

21

10

13

8

29

50

13

6

20

22

1284

2520

327

888

271

1852

1400

125

25'C



properties. Beryllium la particularly appealing
because It coablnes the lowest density with the
highest specific heat nnd thercnl conductivity of
the candidate catfcrlaU. Little Is known about
the properties of 2r5J>b3. and it should be noted
that the thernophyaicul properties shown *n Table
10 are only estinated. It has been included be-
cause it offers greater neutron-ui-ltlplicaclon
than pure slrcuniiia and a signif iciincly higher
nclting point than pure lead. Properties of
these two primary candidates are dlscu-acd in
<3ore detail below.

Beryllium.

The physical and mechanical properties of
pure berylllua are well known because of i t s
application in the aerospace and nuclear induo-
tritfl. Berylliuo products can be produced in
the l:ut jcessed, rolled, extrudud, or wrought con-
ditions.

The corrosicn behavior of beryllium has hcen
exa=ir.ed in oxygen, nitrogen, and water environ-
ments.^ The reaction of bcryll lum with both oxy-
gea ar.d nitrogen follows the parabolic rate law
after the initial stages. Significant oxidation
appears between 600 ar.d 70Q*C ar.d increases grad-
ually until B2S°C, after which the temperature
of oxidation increases rapidly until actual burn-
ing co=ences at 1200°C. The reaction of beryl-
l iuc with nitrogen follows the same pattern, but
the reaction rates are lower. The corrosion of
bcryllius in high Ccsperature water shows a wide
variation in behavior. However, high purity
bery'liua in delonlzed water nt 215°C exhibited
corrosion rates of < 20 og/drn'/co.

The heiiuE genti'sted in beryllium during
reactor operation could produce extensive swelling.
The aaount of helluw predicted to be generated in
STARflRE is 8300 appra/yr. The bubbles that will
forn from this heliun can result in both swell ing
and a degradation of the mechanical properties.
The magnitude of the helluta bubble swelling in-
creases continuously with temperature. Large
volume Increases have been observed by either
irradiating beryllium above 700°C or irradiating
at low tenperaturea and Chen annealing above
700*C. There appears to be a celling to the
voluse increase of "\> 30Z that is probably due to
the link up of the bubbles, thus creating an open
path to the surface.36 i t i s recoan.nded, there-
fore, that a beryllium with 70S theoretical den-
sity and interconnected porosity je used to accoao-
date the predicted swelling. Sl.icc the helium gas
that will be generated and relr-iscd from the
bcrylllun co-Id pressurize tli. multiplier region
of the blanket, a venting Syf.ca may be required
to alleviate the pressure.

Resource limitations are of major concern re-
garding the use of beryllium as a neutron multi-
plier. The estimated reserves and resources of
berylliun in the United Statrs arc 2.5 x 107 and
7.4 x 107 kg, respectively.3 7!3 8 The correspond-
ing vorid reserves and resources are estimated

ar 3.8 x 10* kg and 1.1 x 109 kg, respectively.
The STARFIRE blanket requires 5 it 10"1 kg of
beryllium for the desiRn with a beryllium neutron
multiplier. The beryllium burnup Is estimated to
be -v 0.5*/y or 250 kg/y for each reactor. For a
30 year lifetime the tiurnup for each reactor •
contceponds to <u 0.01Z of the U.S. resources or
0.03Z of the U.S. reserves. For 10s MWe gen-
erating capacity (83 reictors) the total beryllium
burnup would be % < 12 of the U.S. resources. In
addition, allowances would have to be Bade for
the in-reactor Inventory, The beryllium would
have to be recycled in order no Beet the needs
of more than a few hundred reactors. Since beryl-
lium prod'iccs very l i t t l e activation except for
tritium, recycle does not appear to be a d i f f i -
cult prablea. Minimal refabricatlon would be
required slnre the multiplier zone consists of
simple 5-en thick elabs of beryllium with a 70Z
theoretical density. The relatively high cost
of bcrylllun ( i 215 S/kg) also provides an ln-
-cntivc for recycle. In general, the energy
Bultlpliraticn provided by beryllium will more
than offset the Inventory cost.

The limited data on the rlrconium-lead system
Indicates that the interoctalllc compound Zr5Pb3

exists vlth a h&xagonul crystal structure.39 ;)0

physical property data are available for this
material so that i t s characteristics can only be
Implied fron information on other intermetalLlc
compounds. Some information is available from
the related systems of Zr-Sn and Zr-Bl. In both
cases interoetalllc compounds exist which are
near the composition of Zr5Pb3« In the Zr-Sit
systeia, the conpound HrsSn3 has a melting point
of 1985*C, and in the 7.r-l)i system, Zr3!Jl2 has a
melting point of 1495*C.39t''U A partial phase
dlagrca for the Zr-Pb system indicates a melting
temperature of •*. 1400'C for Er5Pb3.

In general, lnternecallic coopouniSs are high
hardness, low ductility naterlals.*1 Young's
Modulus in nsany alloy systemt is observed to be a
maximum at the composition of an interaetallic
compound. At high teoperatures (•>> 0.&5 Tm), these
materials typically show enhanced ductil ity. The
Increase in ductility and decrease in strength at
elevated temperatures Is often associated with dis-
ordering of the low temperature ordered crystal
structure. The creep rates of these compounds
have also been related to their ordered structure,
and they often exhibit low thermal creep rates up
to the temperature where disordering occurs.

The corrosion behavior of lntermetalllc com-
pounds is not well characterized.41 In many cases,
lntermetalllc compounds and metal alloys have simi-
lar corrosion behavior. In other cases, inter-
mctallic compounds can be susceptible to low
temperature disintegration which is believed to
be due to accelerated diffusion of oxygen or nitro-
gen along grain boundaries. Daea are noe Suffi-
cient to accurately predict the corrosive behavior



of ZrjPbj with either the candidate structural
Material*. Selective oxidation of the zirconium
would likely occur upon exposure to water or air
at elevated temperature with a change In the
•colchiocetry and the possibility of formation of
a lower Belting phase.

The radiation effect of primary concern for
the oeuUjn multiplier is the swelling behavior.
Swellleg can be the result of the formation of
Internal voids, or Che result of He gas bubble for-
mation. Since Che hellua generation rate in Zr^Pb}
la predicted to he very low, swelling from bubble
formation should not be excessive; however, void
•welling Is a possibility.

Reference Keutron Multiplier

The available data indicate that beryllium
would have considerable advantages over Zr5rbj as
* neutron multiplier tutorial. It is less dense
and would operate at lower temperatures than
Zr&Pbj. In an Accident, such as a loss of coolant,
the hi£h specific heat and high th.erc.il conduc-
tivity of beryllium vould provide a wider margin
of safety. The najoi. problem associated with the
uae of berylllua Is the resource limitation. Be-
cause of the handling requirements associated with
trltiuo and radioactive caterials. the coxlclty
of beryOIiuo causes little added .robie-s. Since
little is known about Zr5Pb3t Its potential as a
neutron nultlpller cannot be adequately assessed
at this time. In particular, core information is
required cbout it* physical properties, its corro-
sion properties, and its response to radiation.
Reference blanket designs based on both beryllium
and ZrjFbj are proposed. The Z.Tjl'b̂  provides a
potential alternative to the berylliua resource
problem.

Coating/Cladding Material

Selection of the material that serves as the
first physical barrier to the plasma is a critical
consideration In the design of the first-wall.
Lov-Z materials appear essential since hish-Z
inpurlLlcs eroded froa the first wall and plasma
charber components, e.g., the limiter, enn se-
verely lepact the plosca performance. Also,
lapurlties eroded ft on the first wall can become
energetic Ions that subsequently strike the llal-
ter. Since hlgher-Z Ions produce sputtering yields
greater than unity at nodest energies (of the
order of ICO eV), excessive erosion of the llmlter
la predicted If the first wall is constructed of
other than low-£ materials. It la also concluded
that portions of the first wall oust survive a
aodest nucber of large transient surface heat
fluxes that result from plasoa disruptions. Sig-
nificant amounts of wall material ablated or vapor-
ised during a disruption will moat likely deposit
at other regions of the plasma chasber. Because
of the extensive material redistribution In the
plasma chasber that arises both from sputtering
during norcal operation and .ablation during a dis-
ruption, a single material for all plasma chamber
components provides Important advantages that may

be essential. For example, deposition of armor
material, such as graphite, on a metal first wall
could substantially affect erosion rates or the
integrity of the metal wall. Likewise, deposition
of elements from a compound, e.g., TiC it T1B2,
could result in a nonstoichiometric surface layer
with properties much different than the ideal
compound. It it* concluded in the present design
•study that all first wall components, including
the 1 loiter, should be constructed of the same
material and that the surface material should be
a single dement with a law-Z (probably < 10).

The recommended approach for incorporating
low-Z materials Into the first wall of STARKIRE
la the lou-Z coating (cladding) concept originally
advocated in the ANL Experimental Power Reactor
Study.*2 A major advantage of this concept relates
to the grenter flexibility of materials choices
in that the surface material or coating can be
selected prliw.lly on tbi las Is of its surface
properties while the r.ubstr&te can be selected
primarily on the basis of its structural an!
compatibility char.acterist.lcu. This concept
permits use of 1OK-Z materials that would not
otherwise be viable candidates.

Table 11 summarizes the important considera-
tions in the selection of the primary candidate
coating/cladding materials.

Table 11. Considerations for Selection of
Coating/Cladding Material for Limiter

Atomic number (Z)

Physical sputtering yields

Chemical reactivity with hydrogen

Blistering erosion

Compatibility with candidate substrate materials

Melting temperature

Vapor pressure

Elemental composition

Thermal conductivity

Radiation damage resistance

Thermal expansion coefficient:

Electronic conductivity

Fabrlcablllty

Candidate ContlnR/Claddlnr, Materials

The materials considered for the flrut-wall
coating/cladding have generally been classified
Into the four categories listed in Table 12. The
primary criteria for the identification of these
candidate saterlalo la chemical stability, viz.,
melting temperature and vapor pressure, at accept-
able operating temperatures and moderate or low



Table 12, Materials Considered for the Limiter
Coating/Claddii.p,

Low-Z elecente Be, B, C
Low-Z compounds BeO, Bj,C, EN
Moderate-Z conpoutvda SIC, S102, SIN, A12O3,

Tcanaltion octal
compounds

HgO

TiC, TiB2, VB2

effective atomic numberp. The compounds listed
are generally representative of the class of ma-
te r ia l s available. I t la possible that more
complex conpounda, e.g. , ternary compounds, with
favorable characteristics may exist. Erosion
mechanises considered for the coating/cladding
materials include physical sputtering by plasma
part icles, neutron sputtering, chemical sputter-
ing, and blistering. Because of Che physical
sputtering, desorpclon mechanisms are not con-
sidered co be a significant - ource of plasma con-
tamination for STARFIRE conditions.

The oajor mechanism of wall erosion during
operation is predicted to be physical sputtering
caused by charge-exchange neutrals. A significant
data base for physical sputtering of candidate
wall caterials has been developed in recent years.
It is generally concluded chat physical sputtering
yields of oonocnergetic Ions normally incident
on candidate vail materials are known or can be
predicted within a factor of 2 (a factor of 1.5
In many cases). This accuracy is considered to be
within the range of other uncertainties in plasma-
wall Interaction analyses end adequate Cor the
present study. Physical sputtering yields used
In the present study arc based on a model developed
by Smith,^i44 vhich gives the energy-dependent
physical sputtering yields for various plasna
particles incident on candidate first-wall ma-
terials . The sputtering yield In atomG per ion
is given by:

Parameters required for the calculation of the
physical sputtering yields for several candidate
wall materials are given In Table 13. The
calculated values are in fairly good agreement
with reported experimental data including the
recent compilation of Roth, et al." Although
several models have been proposed, Che present
model gives an adequate representation over the
energy range of interest and it can be easily
combined with the Maxwellian distribution func-
tion to give the Maxvellian-averaged sputtering
yields.

Table 13, ' .ranetera for Calculation of Physical-
Sputter Yields for Metallic Wall Ma-
terials

7272 _
(E - E,..)

UQ K2 t(E - E^.) + 50

where

E,
th 4 M,M, UOM — Un'

for Hj > Mj ,

vhera Zj,Z2 and H,»M are the atomic numbers and
mass numbers of the incident particles and target
atoms, respectively; UQ is the binding energy in
eV; and E ia the incident particle energy In eV.

Wall
Mater ia l

Be

B

C

Al

SI

Tl

V

Fe

Nb

Mo

W

BeO

Bi,C

BN

MgO

A12O3

SIC

SiO 2

TiC

T1B2

VB

Z

4

5

6

13

14

22

23

26

41

42

74

6.0

5.2

6.0

10.0
10.0
10.0
10.0
14.0
11.3
11.7

M

9.0

io.a
12.0

27.0

28.1
47.9

50.9
55.9
92.9

" 95.9

183.9
12.5

11.0
12.4

20.2
20.4

20.0
20.0
30.0
23.2

24.2

eV

3.4

5.7

7.4

3.4

4.7

4.9

5.3

4 .3

7.6

6.8

11.1

6.1

4.2

6.1

5.1

6.2

4.2

6.4

4.2

4 .2

4 .2

The effective Z of the transition metal
compounds does not appear to be acceptable on
the basis of Impact on plasma performance. Sub-
sequent self-sputtering erosion by the energetic
transition metal ions is also identified as a
major problem. Since other Important properties
of the transltlon-metal compounds are not sub-
stantially superior to those of the raoderaf-e-Z
and low-Z compounds, this clasn of materials is
not proposed for the primary cm,iidate limiter
oa'.erlal. The moderate-Z compounds have also been



eliminated from further consideration alnce they
appear to be marginal because of their impact on
plasma performance, and to a first order, they do
not offer other significant advantages over the
low-Z compounds.

The candidate low-Z compounds are refractory-
type materials that offer potential for high-
temperature operation, the calculations indicate
that these matarlals would permit acceptable plasma
performance and they also appear to meet most of
the other criteria listed in Table 11. The major
questions regarding the viability of these ma-
terials relate to their electronic properties
and problems arising from the use of a two-corapo-
neat material. Since the STARF1RE wall operates
at relatively low temperature, the high-temperature
properties are not a great advantage. Because of
the uncertainties arising from the compound (two
element) nature of these materials and the impor-
tance of electronic structure, thn low-Z elements
are presently selected for the p.lmary candidate
l.mUer coating/cladding materials.

The erosion rates of graphite are predicted
to be excessive because of Che chemical sputter-
Ing that occurs as a result of chemical inter-
actions with the hydrogen isotopes, the antici-
pated temperature ranges for the limiLer coating
are within the methane (CHi») formation region
predicted by Baloach and Olander46 and the enhanced
sputtering-yicld range observed by several other
investigators.47~^° Although some efforts to
suppress the chemical sputtering of graphite have
recently been indicated,51•52 detailed results are
not presently available. However, it is difficult
to understand how the reported surface passivation
can be retained under anticipated STARF1RE condi-
tions where high-radiation damage levels and sub-
stantial total wall erosion is predicted. The
thernodynasdes of the hydrogen-carbon system have
been extensively studied and probably provide the
best basis at present for assessment of the chemi-
cal effects. Present evidence is not sufficient
to conclude that carbon or gra lite would be an
acceptable coating for the lim_cer of STARFIRE.

Beryllium and boron are selected as the pri-
mary candidate coating/cladding materials for the
lltnlter and beryllium is selected for the reference
design. Table 14 presents Important properties
of these two primary candidate materials.

Evaluation of Reference Coatlng/daddlnE

Beryllium has many properties that not only
make it suitable for the limiter coating/cladding
but make it superior to other candidates. The
important property requirements and the relative
merit of beryllium are summarized in Table 15.

A potential method for applying beryllium to
the limiter is plasma spraying. This technique
haa been successfully employed to apply coatings
and to produce tubing and free-standing beryllium
parts.5-* Present plasma-spray devices can apply
beryllium at a rate of •v 1 kg/h. At this rate,
a l-m thick coating can be applied to a l-mz

Table 14. Properties of Beryllium and Boron

Property

Atomic number
Atomic weight
Density, g/cm3

Crystal structure
Melting temperature, "C
Boiling temperature, °C
Vapor pressure, Pa/"C

Heat of fusion, J/g
Heat of vaporization,
J/8
Heat capacity, J/g-"Ca

Coefficient of thermal
expansion, •{T l( l(r*)a

Thermal conductivity,
w/ra-'Ka

Electrical Resistivity,
pil-cma

Beryllium

4
9.01
1.85
HCP

1284
2910
10-V850
10-*/993
1083
24,790

2.25
15.9

105

11

Boron

5
10.81
2.34
MC

2300
2550 (a)

1O-V1557
10-2/1877
2077
46,740

2.09
5.5

15

15 x 106

at 500°C

6urface area in *v> 1.8 h. The structure of plasma-
sprayed beryllium is layered which results in an
anisotropy in the physical properties. The gruin
size, impurity content, and amount of porosity
can vary depending on the conditions used for
spraying. Sintering of the plasma-sprayed coating
will occur at elevated temperatures, and the
temperature where sintering begins depends upon
the original porosity. A layer with 122 porosity
will begin to sinter at *>> 1000°C. Coatings pro-
duced from high-purity powders are difficult to
density even at 125O"C. Beryllium does not pene-
trate deeply into the substrate material because
of its low atomic weight. Therefore, the surface
of the substrate material should be roughened by
grit blasting, rough machining or etching to in-
crease the bond strength of the beryllium coating.
Further development work is required to determine
the proper technique for application of beryllium
coatings on the limiter.

Boron is also a prime candidate coating ma-
terial. Primary advantages compared to beryllium
include slightly lower physical sputtering yields
and a higher melting temperature. The major dis-
advantages relative to beryllium are a much lower
thermal conductivity and a higher hydrogen solu-
bility and permeability.
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Table 15. Summary of Important Property Requirements and Relative Merit of Beryllium for
Firat-Wall Coating/Cladding

Evaluation of Beryllium

Atomic Number
Be has the lowest Z of any material that is
solid at the proposed operating temperature

Physical Sputtering
D,T sputtering of Be compares favorably with
most materials at predicted energy (1200 eV).
Self-sputtering yield is lower than nearly a l l
materials (except B).

Hydroy.cn Reactions
Solubility of H In Be i s lower than most metals.
Permeability of 11 in Be i s lower than most
metals.

Hydrides are not stable under anticipated con-
ditions.

Chemical sputtering of Be has net been reported.

Blistering
Experimental evidence indicates that very low
blistering erosion rates occur with tailored
oicrostructures

Meltins Temperature
Operating temperature of t 0.5 Tm is attractive

: for coating (swelling, creep, ductility)

Thermal Conductivity
Thermal conductivity Is very high relative to
most netals (t> one—third that of copper)

Heat Capacity
Heat capacity per g i s higher than most metals
(5-6 tHes Cu; t. 2 times Al; "\- 4 times SS)

Heat of Vaporization

Heat of vaporization per g is 3-6 times that of
most structural materials (slightly greater than
that of Al)

Vapor Pressure 1
Vapor pressure i s very low (< 10"6 Pa) at oper-
ating temperature
Rapid increase in vapor pressure may aid in
quenching plasma in event of a loss of coolant.

Thermal Expansion
Expansion coefficient la similar to that of
steel substrate.

Resources
Coating/cladding concept requires very small
resource (< 10,000 kg per reactor life,
partially recoverable)

Common impurities should present no major prob-
lems.

Fabrication

Demonstrated methods probably adequate.

Radiation Damage

Low-Z materialB typically give high gas produc-
tion.

Radiation swelling of Be has been observed.

Gas release and swelling can probably be accommo-
dated in coating at operating temperature with

. appropriate microstructural tailoring,

Residual Activation " '

Very low activation except for tritium.

Toxicltv

Normal precautions for handling irradiated ma-
terial and tritium should be adequate.

Adequate fabrication handling procedures have
been demonstrated.
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