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Fusion Neutron Test Facility Requirements for Interactive
Effects in Structural and High-Heat-Flux Components

N. M. Ghoniem' and J. B. Whitley?

A relevant design data base is needed for structural components in near-term and commercial
fusion devices. A high-flux, high-fluence fusion neutron test facility is required for testing the
failure mechanisms and lifetime-limiting features for first wall, blanket, and high-heat-flux
components. We describe here the key aspects of the fusion environment which influence the
response of structural and high-beat-flux components. In addition to test capabilities for
fundamental radiation-effects phenomena, e.g., swelling, creep, embrittlement, and harden-
ing, it is shown that the facility must provide an adequate range of conditions for accelerated
tests to study the limitations on component lifetime due to the interaction between such
fundamental phenomena. In high-heat-flux components, testing of the failure mechanisms of
duplex structures is shown to require maintenance of an appropriate temperature gradient in
the 14-MeV neutron field. Thermal stresses are shown to result in component failure,
particularly when the degradation in the thermal conductivity and mechanical properties by
irradiation are considered. Several factors are discussed for assessment of the failure modes of
‘ the first wall and blanket structures. These are displacement-damage dose and dose rate, the
amount of helium gas generated, the magnitude of irradiation and thermal creep, prototypical
temperature and temperature-gradient distributions, module geometry, and external mechani-
cal constraints.

KEY WORDS: 14-MeV neutrons: fusion materials test facility: interactive effects; structural and
high-heat-flux components.

1. INTRODUCTION

Optimal design of first wall (FW), blanket (B),
and high-heat-flux (HHF) components in fusion de-
vices requires extensive knowledge of the perfor-
mance of these components in their anticipated envi-
ronment. Successful commercial operation of fusion
devices is critically dependent upon the development
of materials and components for safe and economical
operation. Failure to achieve this important goal is
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apt to jeopardize commercialization of fusion energy,
even when scientific demonstration of adequate net
energy production is achieved. It is well accepted
now that materials and component performance are
important ingredients in the development of econom-
ically- and environmentally-competitive fusion en-
€rgy SOUrces.

Many features of materials performance have
been successfully studied by a combination of avail-
able experimental and theoretical techniques. Novel
alloys and components have been developed in the
U.S., Japan, and Europe for fusion applications. For-
tunately, many alloy systems were studied with the
aid of existing neutron test facilities. Fission reactors
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provide the necessary volume and fluence for radia-
tion-effects tests while low-fluence, 14-MeV neutron
facilities, e.g., RTNS-II, FNS, etc., provide experi-
mental tools for investigating basic aspects of 14-MeV
neutron interactions with alloys. High-energy ion-
beam facilities are used to screen alloy systems for
their radiation sensitivity and to develop new alloys
which are highly resistant to the damaging effects of
neutrons. The approach is quite logical, since an
alloy which deteriorates very quickly in a fission or
ion-beam environment will most likely do the same,
or even worse, under fusion conditions. Likewise,
plasma-facing components are tested under thermal
conditions which simulate their anticipated opera-
tion. Failure of these components in the simulated
thermal environment will inevitably guarantee their
failure, perhaps under even less severe thermal condi-
tions, when they are tested in a prototypical fusion
environment. Information which is more reliable will
be obtained if thermomechanical tests are performed
on irradiated components. One must note that no
significant information on the interactive modes of
failure is obtained when the tests are sequential.

Obviously, the most direct method for develop-
ment and optimization of structural and HHF com-
ponents is to perform tests in the real environment
for which they are designed. However, the attainment
of such an environment requires successful operation
of the very particular fusion device which we design.
A solution to this inconsistent logic is to devise a
hierarchical strategy which combines theory, experi-
ment, and design methodology as illustrated in Fig.
1. This strategy has already been implemented, at
least partially, with fruitful results for alloy and
component development. One may still ask why there
is a need for a dedicated 14-MeV neutron test facil-
ity. In fact, it is natural to wonder about how critical
the need is for information obtained from such a test
facility. It is our purpose in this article to demon-
strate that a fusion-materials test facility is not only
necessary, but it must also be designed to provide
adequate information on interactive failure modes in
the fusion environment. Without this type of infor-
mation, the gap between present-day experimental
information and required design data may be so
large as to render future designs highly unreliable. A
facility which can supply this information will indeed
be a cornerstone in the strategy logic for successful
and optimized component design.

First wall (FW) and blanket (B) components are
expected to operate with an FW neutron wall loading
in the range 0.5-10 MW /m?. The displacement dam-
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Fig. 1. Fusion structural and HHF component development logic.

age, helium production, and volumetric heating rates
are dependent upon the structural alloy and vary
considerably with distance away from the FW to-
ward the magnets. A surface heat flux of 0.1-3
MW/m? is also expected on the FW from plasma
particles and radiation. Helium generation is mate-
rial and component dependent and can vary by or-
ders of magnitude. Since damage and heating param-
cters are dependent on the specific design, material,
and location within the FW/B system, one must
identify ranges of conditions for critical tests to
ensure overall reliable operation of FW /B modules.

The interiors of magnetically-confined fusion
devices are lined with many components that receive
high particle and heat fluxes. These components in-
clude limiters, divertor plates, wall armor, and rf
launchers. They interact directly with the plasma and
hence must not unduly contaminate or otherwise
degrade the plasma performance. This close coupling
to the plasma performance, along with the severe
environment to which they are exposed, makes their
reliable and consistent performance a major design
issue (see Refs. 1-8). Typical heat-flux levels for
these components vary from 1-30 MW 2 during nor-
mal operation, while plasma disruptions may deliver
energy densities of 5-20 MJ/m? during times of
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Fig. 2. Schematic representation of a generic limiter design.

0.1-10 ms. Runaway electrons of energies greater
than 100 MeV may also strike the components, and
they will be exposed to a basically uncollided 14-MeV
neutron flux. Plasma erosion by sputtering may be
the life-limiting factor and could require frequent
change-out of high-particle-flux components as often
as every few weeks. Thermal effects such as thermal
fatigue and thermal shock resistance are also critical
concerns.

The design of HHF components for the fusion
environment is one of balancing the many different,
often conflicting, materials requirements to obtain
the optimum solution. For example, the plasma sur-
face material is usually required to be a low atomic-
number material, such as carbon or beryllium, to
reduce plasma radiation losses and to avoid dilution

effects from impurities introduced by sputtering.®
These low atomic-number elements are usuvally not
good structural materials, however, and are not com-
patible with the water or helium coolant required to
remove the incident power flux. For these reasons,
these designs for future long-pulse devices are usually
duplex structures with an actively cooled substrate or
a material with a high thermal conductivity, e.g.,
copper alloy, with a plasma-facing armor of carbon,
beryllium, or some other material applied using, for
example, brazing for carbon or plasma spray for
beryllium. A schematic representation of some of
these design options is shown in Fig. 2.

As an example, Fig. 3 shows a finite-element
thermal analysis from a typical operating load. Here,
a copper alloy substrate is cooled using high velocity
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Fig. 3. Temperature distributions for C/Cu water-cooled limiter.
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water and is armored using 10-mm thick graphite
tiles which are brazed to the surface. A normal pulse
heat load of 7 MW /m? is delivered for 1000 seconds,
leading to a steady-state surface temperature of
1200°C and a temperature gradient of 1000°C across
the structure. During “routine” operation, it is ex-
pected that the plasma will disrupt once in about
every 100 normal pulses. This disruption will deliver
an energy burst of 10 MJ/m? in about 0.1 ms,
accompanied by a large mechanical shock produced
by induced eddy current. During this disruptive pulse,
the component will be in a neutron flux field of
10'*-10" cm?/s.

In this article, we present a discussion of the
current state of knowledge regarding the anticipated
performance of structural (FW /B) and HHF compo-
nents in commercial fusion devices. From this van-
tage point, we establish the required characteristics
of a dedicated fusion-materials test facility. OQur ob-
jective is to delineate the features that will result in a
high probability of success for the design of commer-
cial fusion devices. In Section 2, a presentation of
testing requirements for structural components is
given. In Section 3, we analyze specific requirements
for HHF components and give our conclusions and
recommendations in Section 4.

2. TESTING REQUIREMENTS FOR
STRUCTURAL COMPONENTS

The ultimate goal of radiation-effects testing of
structural components is to determine their qualifica-
tions for use in the design of safe, reliable, and
economical components. We must differentiate, how-
ever, between fundamental radiation-response tests
and interactive radiation-effects tests. Fundamental
radiation-response experiments are designed to deter-
mine the dependence of fundamental phenomena,
e.g., swelling, creep, and embrittlement, on material
and irradiation variables, e.g., alloy composition, fab-
rication, metallurgical variables, temperature, flu-
ence, flux, gas content, and bombarding particle en-
ergy. Significant progress has been made in exploring
this extensive range of variables, although uncertain-
ties still exist regarding the effects of the specific
fusion environment. The current data base still does
not allow a reliable prediction of these fundamental
phenomena in the fusion environment. A fusion-
materials test facility with modest demands on flu-
ence and volume will most certainly increase the
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reliability of our predictions of the fundamental phe-
nomena.

Theoretical models are essential for planning
new experiments and for ‘understanding the mecha-
nisms involved in both fundamental and interactive
experiments. Atomistic models are based on basic
interatomic potentials and on the physics of radia-
tion interaction with matter. Mechanistic models de-
scribe the rate processes of point-defect-microstruc-
ture interaction, and provide a basis for describing
microstructure evolution under irradiation. Phe-
nomenological models are more appropriate for the
description of complex changes in the physical and
mechanical properties of matenals in the fusion envi-
ronment, and are closely related to experimental
observations. A balanced theoretical program com-
bines these four elements and provides a basis for
experimental planning as well as for data extrapola-
tion. In this section, we will focus on the testing
requirements for interactive phenomena only. Re-
quirements for experiments on fundamental phenom-
ena are discussed by Ishino ez al.®

Early predictions of the end-of-life (EOL) for
FW /B components were based on independent lim-
its on swelling (2%-10%) and reduction in the total
elongation (0.5%-2%).@Y It has been recognized by
the research community that failure of FW /B com-
ponents may occur because of a number of compet-
ing mechanisms.*2-19 Harkness and Cramer iden-
tified three criteria which could be used to determine
the EOL for FW /B components. The first includes
processes which result in coolant leakage (leak-
before-break) or catastrophic component failure.
Crack propagation by creep or fatigue through the
FW/B walls is a prime example. The second crite-
rion is based on a maximum limit of dimensional
deformation induced by swelling or creep. This limit
is design dependent and is determined by considera-
tions of maintenance and planned operation. The
third category comprises deformation limits, particu-
larly at high temperatures, so that unspecified failure
modes do not occur. This limit is set by experience
and is usually considered as a few percent change in
the linear strains. The high-temperature creep-strain
limit is based on this criterion, and is closely related
to the amount of ductility retained in the material.
For example, at high temperature, helium gas en-
hances grain-boundary fracture by cavitation, thus
lowering the allowable stress.

Detailed work on structural analyses of FW /B
components, including radiation effects, has been
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Fig. 4. Configuration of a representative FW curved pipe.

fairly limited.®3-1» However, several important fea-
tures of failure by fatigue-crack propagation have
been addressed.®? Since then, a recognition of the
importance of steady-state operation for long compo-
nent lifetime was realized. In the following, we pre-
sent results of an inelastic stress-analysis model to
illustrate the complex nature of interactive
radiation-induced phenomena.

2.1. Structural Model

In a number of recent fusion reactor designs,
pipes have been considered as FW elements.?%2D
We will consider a representative curved pipe as our
FW model (the configuration is shown in Fig. 4).
Furthermore an extension of classical beam theory
will be used to reduce the computational burden and
will include the following irradiation strains: (1) ther-
mal strain due to thermal expansion, (2) swelling
strain, (3) irradiation creep strain, and (4) thermal
creep strain. In Fig. 4, the unknown end reactions
(XM, XF, and XP) result from the inelastic strains.
Because the tube is curved and statically indetermi-
nate, we must consider the axial, radial, and rota-
tional modes of deformation. These deformation
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modes result from nonlinear variations of the inelas-
tic strains over the pipe. Using virtual work princi-
ples, the flexibility matrix F can be obtained. It gives
the deflections at the free end of a singly clamped
beam resulting from unit loads at that end. For our
pipe model, we can easily obtain:

_E-:

T o 2
ya 37/2 2 ) (1)

2 2 v/2

where the first row gives the rotations resulting from
unit moment, unit axial force, and unit radial force,
respectively. Similarly, the second and third rows
give the axial deflections and the radial deflections,
respectively. The modulus of elasticity is E, I is the
moment of inertia, and R is the major radius of the
pipe. If the unknown end reactions are assembled
into the vector X, the end deflectives are FX. Let us
denote the deflections induced by the four sources of
inelastic strains outlined above as S, where

wa'ds
S=— jw'yds - fé’cosOds (2).
jw'xds-fa'sinods

w’ is the change in curvature resulting from inelastic
strains and e’ is the average inelastic strain at any
given cross section.

., 1 Av
&= (aT+5+ei,,+efh)dA (3)

where aT is the thermal strain, Av/3v is the linear
swelling strain, ef, is the irradiation creep strain, and
e, is the thermal creep strain. A deflection equation
for the end rotations and axial and radial deflections
can be written as:

+8=D, (4)

where D is generally determined by the boundary
conditions. The unknown end reactions are obtained
by inverting Eq. (4) once the components of S are
determined. The resultant forces and moment acting
on any cross section of the pipe can be easily calcu-
lated from the vector X of end reactions. The axial
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Fig. 5. Stress distributions over the pipe’s cross section, with and without cross-sec-
tion deformation.

force, f, can be used to calculate the axial stress

o=—£—£(e'—é')+e(1—xx§2)(K%—Ew')

(5)

where § is the displacement away from the neutral
axis, M is the moment at the cross section, and K,
and K are constants. The pipe’s deflection at any
angle @ is obtained by applying Eq. (4) at the desired
angle.

We now apply Egs. (1)-(5) on a martensitic steel
pipe, with the properties of HT-9. The constitutive
equations for swelling, irradiation, and thermal creep
strains are those of Ref. 22. The thermal field is
assumed to be linear in both 8 and ¢:

T(6, £) =Tw,+(§'¥°ﬁ)o+ 2

where T, and T, are inlet and outlet pipe tempera-
tures, respectively, and A is the front-to-back tem-
perature drop of the pipe.

Figure 5 shows a comparison between standard
beam theory and the present analysis. Instead of the
traditional linear stress distribution over the cross
section, our analysis shows that the stress distribu-
tion in a curved pipe is nearly parabolic, with the
maximum occurring in an inner fiber. Figure 6 illus-

trates the significance of swelling strains if creep
relaxation is not accounted for. The maximum stress
in the pipe increases by a factor of eight over the
thermal stress after 2 years of operation at 69 dpa/yr
(displacement per atom/year). No translation of this
pipe’s ends were allowed in these calculations, al-
though specified end translations can mitigate some
of the accumulated swelling stress.

The inclusion of irradiation creep into the analy-
sis results in a reduction of the accumulated stress,
which is calculated at 8 =120 deg. One of the points
which we emphasize in our analysis here is the uncer-
tainty in the values of measured irradiation creep-
strain rates, as given by the relationship:

i =480 (7)

where & is the displacement dose rate and 4, is the
creep coefficient. Available data on HT-9 show a
range from 7X1077 to 1x10™% ksi~! dpa~!. The
calculated stress could be anywhere between 3-40
ksi, depending on the accuracy of the value of the
creep coefficient. Since the allowable design stress of
HT-9 at this location was determined to be 28 ksi, it
is obviously not possible to ascertain the pipe’s life-
time. Calculations which include the effects of dis-
placement-damage gradients have shown that the
maximum stress actually increases because of an
overall reduction of the creep coefficient.® Damage
L]




Fusion Neutron Test Facility Requirements 163

40

20

-40

STRESS (ksi)

DESIGN STRESS=28 ksi

-60

~80

-100 | | L [ L ] L L
0 20 40 60 80 100 120 140 160 1180

© (degrees)

Fig. 6. Stresses along the pipe for clamped end conditions, without creep
relaxation.

———— s —— e

gradients are therefore important, and they tend to
deteriorate the lifetime of FW tubes.

The effects of thermal creep are included by
7estigating an example where the pipe’s inlet and
atlet temperatures are taken as 450°C and 550°C,

respectively. The effect of thermal creep on the stress
distribution in the pipe is shown in Fig. 7. The stress
is nonuniformly redistributed by the deformation as
a result of the nonlinear stress dependence of the
creep law. Although thermal creep appears to have
increased the blanket lifetime by stress relaxation,
the detrimental effects of increased creep strain must

be considered. The simplest criterion is to set an
upper limit on the accumulated creep strain, usually
1-3%. Creep rupture by grain-boundary cavitation
may be included here, but the dependence on the
stress, temperature, and helium content is not well
established. We conclude, therefore, that this failure
mode is crudely described, and an actual determina-
tion requires self-consistent interaction between ther-
mal creep, irradiation creep, and swelling strains.
The range of uncertainties is further illustrated
by considering the pipe’s lifetime as a function of the
measured creep coefficient in Fig. 8. Depending on
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Fig. 7. Stresses along the pipe for clamped end conditions, includ-
ing thermal creep.
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the type of failure mode, the lifetime can range from
roughly 0.5-5.5 years.

Since the uncertainty of the magnitude of the
creep coefficient has a profound effect on both the
nature of the failure mechanism and the correspond-
ing lifetime, it is important to analyze the effects of
uncertainties in other fundamental material proper-
ties and independent radiation-response phenomena.
A probabilistic Monte Carlo method can be used for
this purpose. The lifetime of the FW pipe is analyzed
by coupling the deterministic approach, outlined in
Eqgs. (1)—(7), with probability distribution functions
for the following four random variables:

1. The creep rate varies uniformly over the
range 1077 ksi™! dpa'gz<1.9%x1073
ksi~! dpa~l.

2. The incubation dose for swelling varies uni-
formly in the range 25 < z < 69 dpa, where z
is the random variable.

3. The peak swelling rate conforms to a normal
distribution with an average of 1.7%/yr !
and a standard deviation of 0.05%.

4. The dose rate is represented by a normal
distribution with an average of 69 dpa/yr
and a standard deviation of 5 dpa/yr.

Calculations were performed with the input val-
ues sampled from the prescribed distribution func-
tions. The objective of this exercise was to analyze
the propagation of uncertainties in measurements of
these independent radiation-response phenomena on
the FW lifetime. The average lifetime is found to be
7.6 years, and is mainly limited by the total accumu-
lated creep strain. Figure 9 shows the cumulative
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Fig. 9. Cumulative failure probability for four random variables.

failure probability and the failure occurrence fre-
quency for the range of studied random variables. It
is clearly shown that a zero failure probability of the
FW component cannot be guaranteed for a lifetime
of more than a few months. This is not economically
tolerable. Obviously, a design which is based on the
currently available data is at great safety and eco-
nomic risk. The point in this example is that while
radiation-effects data of fundamental phenomena
seem to be reasonable as independent measurements,
the interactive nature of uncertainties may well jeop-
ardize the success of the final design.

Another source of uncertainty in independent
radiation-response phenomena is that available mea-
surements are generally taken under simplified geo-
metrical conditions. It is well known that the stress
state affects creep, fatigue, and swelling and is a
function of the constraints and geometry, as we
illustrate in this paper.

2.2. Testing Needs for FW /B Components

The main objective of a dedicated fusion-materi-
als test facility is to determine the fundamental and
interactive radiation-response phenomena for candi-
date structural materials at high fluence. An appro-
priate combination of tests in the fusion facility with
tests in large-volume, high-fluence fission reactors
can then be used to predict fusion-component life-
time. The reliability of these predictions can be in-
creased by incorporating interactive simulation tests
in the fusion-materials test facility. Moreover, accel-
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erated testing is required in order to provide the
necessary design data in a timely manner.

In addition to physical and mechanical property

tests, specific tests must be designed for interactive
failure mechanisms. Examples are swelling /creep in-
teractive tests in uniaxial and multiaxial stress state,
creep /fatigue interactive tests, and radiation-harden-
ing /deformation tests. Sizes and geometries must be
chosen to reveal the failure modes and fluence for
the onset of failure. Useful design information for
FW /B interactive tests can be achieved if the follow-
ing requirements are satisfied in the fusion-materials
test facility: '
(1) displacement damage dose: ~ 50-200 dpa, (2)
test volume: ~100-1000 cn’, (3) test temperature:
~ R.T. to 1000°C, (4) test configuration: disks, ten-
sion specimens, tubes, and fracture toughness speci-
mens, (5) cycling frequency: >100 Hz, (6) in situ
diagnostics: temperature, strain, pressure, and radia-
tion dosimetry, and (7) damage parameters: > 80% of
neutrons have 14-MeV energy, He /dpa =10-100.

3. TESTING REQUIREMENTS FOR
HIGH-HEAT-FLUX COMPONENTS

High-heat-flux components are currently tested
in a series of laboratory devices capable of reproduc-
ing certain features of the plasma edge. The devices
include electron- and ion-beam sources to deliver
intense surface heat loads, and small plasma devices
to expose the materials to plasma erosion and to
study hydrogen isotope behavior. These facilities, in
conjunction with postmortem evaluations of hard-
ware from operational tokamaks, have been success-
ful in identifying key issues and in assisting the
development of optimum HHF components for cur-
rent generation machines. For neutron-producing de-
vices, the problem of defining relevant materials and
component tests becomes much more difficult. What
is actually required is a test facility that is capable of
exposing test hardware to an operational neutron-flux
level while simultaneously generating the proper tem-
perature gradients. This is necessary because the
neutron exposure will occur while the component is
exposed to the surface heat flux, thus having a large
temperature gradient through the material. When the
pulse is over, the stresses that are generated on
cooling may be more severe than the *“on level”
stresses. Any isothermal neutron exposure will not
fully explore this issue.
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In general, the neutron effects that are expected
1o have the largest impact on HHF component oper-
ation are reductions in thermal conductivity and
changes in mechanical properﬁ& that will lead to a
reduction in thermal shock resistance.® Graphite,
for instance, will suffer reductions in these properties
which will limit the thickness that can be used and,
as a result, shorten the expected lifetime. Other con-
cerns are neutron-irradiation-induced density changes
(densification and swelling), differential swelling be-
tween the armor and the substrate materials, degra-
dation of interfaces, radiation-induced modifications
in the material’s microstructure (precipitate dissolu-
tion or coarsening), and changes in mechanical prop-
erties induced by transmutation products, e.g., he-
lium, hydrogen, etc. The stress state generated in the
component will be modified by radiation-enhanced
creep, which relieves operational stresses, but possi-
bly generates large residual stresses while the ma-
chine is off.

An example of a thermal-stress-generated failure
is shown in Fig. 10. This tile was fabricated by
brazing an isotropic graphite armor tile to a water-
cooled inconel substrate. The brazing of a low expan-
sion graphite to a higher expansion inconel substrate
results in the generation of large residual stresses in
the component as it cools from the brazing tempera-
ture (in this case 870°C) to room temperature. Hence,
at room temperature, the graphite has a large resid-
ual compressive stress. Then, when the tile was ex-
posed to a surface heat flux of 5 MW /m?, additional
compressive forces were generated by the tempera-
ture gradients. This led to graphite fracture which
resulted in component failure about 4 seconds into
the pulse. This dramatic example of thermal-stress-
generated failure in an unirradiated component
demonstrates the severity of this environment and
the importance of a suitable test facility to identify
lifetimes and operational limits, and to optimize the
HHF component design prior to construction.

At the current time, the only methods by which
neutron irradiation effects can be studied is by fabni-
cating small test coupons of candidate materials,
exposing them to a neutron fluence in fission reac-
tors, and then evaluating their responses using facili-
ties like those mentioned previously. Some materials
such as graphite or beryllium do not activate signifi-
cantly and can be tested in existing facilities, e.g.
thermal shock tests on neutron-irradiated graphite
will be carried out using an existing electron beam
test system. However, samples that are brazed or that
contain copper or most other metals will become

v
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Fig. 10. Example of thermal-stress-generated failure.

highly radioactive after exposure and must be tested
in appropriate hot cell facilities. Sandia National
Laboratories is currently constructing an electron-
beam test system for a hot cell so that these tests can
be performed. Although these tests will give some
initial indication of the issues involved, they have
several drawbacks. They will not test 14-MeV neu-
tron effects, e.g., the correct helium generation rate,
etc., exposure with the proper temperature and stress
gradients, or a pulsed exposure.

In summary, the basic types of test configura-
tions which are possible for HHF components are
shown in Table 1. Although the type III tests which
are currently under way are supplying some informa-
tion, it will be necessary to move to a type I or II test
facility if HHF components are to be designed for
future devices with a high degree of confidence.

4. CONCLUSIONS

We conclude that a dedicated fusion-materials
test facility is a cornerstone in an overall materials-
development strategy. Without this facility, design
qualifications of structural and HHF components
will be uncertain. We have illustrated here that the
interactive effects of radiation lead to failure modes
which cannot be anticipated from our knowledge of
fundamental radiation-response phenomena alone. It
is necessary, therefore, to develop a facility where
tests for the interactive effects of radiation can be
performed. For this facility to meet the goal of
producing useful design data, it must meet minimal
operational requirements. (1) A large fraction of neu-
trons must have energy around 14 MeV in order to
provide the correct damage parameters which are

Table L. Basic Types of Test Configurations for High-Heat-Flux Components

Type I: most relevant®

Type II: acceptable? Type III: some information®

Spectrum 14 MeV
Surface heat In situ
Sample size >10 co?
Total sample volume > 20 co?
Cycles >10?
Active cooling required Yes
In situ diagnostics Temperature,
visual, strain

14 MeV Fission
Separate Separate
> 2 e >2cm?
>10 co?® >10 co?
>104 >10*
No No
Temperature Temperature

“14-MeV source, in situ heating by plasma or electron beams.
b14-MeV source, isothermal; testing external.
“Fission source, isothermal; testing external
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relevant to fusion components. (2) Tests must be
accelerated so that meaningful results can be ob-
tained in a reasonably short time. (3) A high pulsing
frequency, i.e., > ~100 Hz, or steady-state opera-
tion is necessary to eliminate the effects of pulsed
radiation. (4) Means of controlling the temperature
(25°-1000°C) and the temperature gradient across
the surface of components should be provided. The
proper temperature gradient is particularly important
for duplex, bonded, HHF components. (5) The re-
quired displacement-damage dose for many failure
mechanisms is high, and the facility must be able to
deliver a displacement-damage dose of ~ 50-200
dpa at a duty factor > 0.8. (6) The required prime
test volume will depend on the number and type of
tests, and on future developments in miniature sam-
ple and component technology. It may be possible to
develop special tests for interactive failure mecha-
nisms which simulate the effects of temperature, tem-
perature gradients, geometry, and external con-
straints in the fusion environment. A test volume of
100-1000 cm® may be necessary for these interactive
tests. (7) In situ diagnostics and control will be
required for measurements of temperature, strain,
pressure, and radiation dosimetry.
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