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A detailed analysis of the radiation damage
problems to be expected in a specific D-T fueled
fusion reactor has been conducted. The system
examined is the 5000-MW(th) University of Wis-
consin Tokamak reactor (UWMAK), which is con-
structed of 20% cold-worked Type-316 stainless
steel and operaled at a maximum temperature of
500°C and a neutron wall loading of 1.25 MW/m?.
The major radiation damage problem appears to
be the loss in ductility; that is, the uniform elong-
ation of the Type-316 stainless steel in the
UWMAK-I first wall may fall to <0.5% after one to
two years of operation. Another serious problem
will be the void-induced swelling in the steel.
Based on current design equations, the swelling in
the steel of the first wall will exceed the design
limit of 10% in approximately five years of opera-
tion. The wall erosion rate due to neutron and
charged-particle sputtering, coupled with exfolia-
tion due to blistering, is calculated to be 0.22
mm/yr. Finally, calculations reveal that the radi-
ation damage problems in the superconducting
magnets can be incorporated into the design with-
out difficulty. The integral wall-loading limits for
embrittiement, swelling, wall erosion, and magnet
damage in UWMAK are calculated to be 2, 6, 25,
and 100 MW yr/m?, respettively.

INTRODUCTION

It is not an exaggeration to state that the struc-
tural materials of a D-T fusion reactor, and in
particular those in the first wall facing the

*Present address: Westinghouse Advanced Reactors
Division, Madison, Pennsylvania 15663.
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plasma, will be subjected to the most intense
radiation environment ever produced by man.
Each 14-MeV neutron will cause tens of thousands
of displaced atoms as it slows down to thermal
energy. Most of the displaced atoms (>99.99%)
will rearrange themselves on the other lattice
sites, so it might appear that no long lasting
damage would remain. However, if just a few
hundredths of a percent of the atoms do not regain
a suitable lattice position, the metal can be
severely damaged. This damage will degrade the
mechanical and physical properties of most ma-
terials to the point that they must be frequently
replaced o7 the power level of the reactor must be
lowered to uneconomical levels.

The purpose of this paper is to summarize the
problems that are expected to occur in a specific
D-T fueled fusion power plant, the University of
Wisconsin Tokamak Design (UWMAK) described in
Refs. 1 and 2. We have chosen to confine our
remarks to the specific materials in that reactor
for three reasons. First, the environmental pa-
rameters for the structural components are quan-
titatively defined throughout the reactor (i.e.,
neutron and charged particle energy spectrum,
temperature, stresses, etc.). Second, it was felt
that by focusing on specific materials which are
likely candidates for early-generation fusion power
plants (e.g., Type-316 stainless steel), we would
be abie to point out where current data are appli-
cable and where future data may be required.
Finally, we hope to emphasize the relative effect
that each of the damage mechanisms will have on
limiting the allowable neutron wall loading in the
reactor.

DESCRIPTION OF THE UWMAK-I REACTOR

The fusion reactor described here was designed
with the philosophy that there would be as little
extrapolation of present-day technology as pos-
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sible. Such an approach produced a rather con-
servative design compared to what may be
ultimately possible for fusion reactors far into the

Basic Characteristics of UWMAK-I

TABLE I

RADIATION DAMAGE IN WISCONSIN FUSION REACTOR DESIGN

twenty-first century. However, we feel that the -
system as presently designed could be constructed
with a minimum of technological development after
thermonuclear plasma confinement has been
demonstrated. This conservative approach should
be borne in mind when examining the UWMAK-I
efficiencies, structural design, and magnet con-
struction.

The basic parameters of UWMAK-I are sum-
marized in Table I and described in more detail in
Refs. 1 and 2. The reactor is a Tokamak system
utilizing a double-null poloidal divertor. A cross
section of the reactor is shown in Fig, 1.
UWMAK-I has been sized by optimizing the cost
per unit power in a S-limited system where the
costs are assumed to scale as the magnet costs.
Inputs to the optimization are the power level of

Power

Major radius

Minor radius
Divertor
Temperature
Density

Coolant

Structural material
Neutron wall loading
Magnetic field

Magnets

Power cycle

5000 MW(th) [1500 MW(e)]

13m

5m

poloidal, double-null

T; =T, =11keV

7; =8x 10" em™?
lithium

Type-316 stainless steel
1.25 MW/m?*

3.8 T (on axis)
8.66 T (max)

superconducting niobium-~titanium

cryogenically stabilized
with copper

lithium-steam

5000 MW(th) and a neutron wall loading of 1.25
MW/mz; the former was chosen because prelimi-
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Fig. 1.

1. central core (stainless steel)

2. superinsulation (Mylar)

3. magnet support shear pins

4. transformer coils (Nb-Ti + Cu)

5. toroidal magnet Dewar (stainless steel)
6. toroidal magnet (Nb-Ti + Cu)

7. shield (Pb + B4C + SS)
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Schematic view of UWMAK-I fusion reactor:

8. blanket support

9. vacuum port shield
10. reflector and poloidal header
11. heat removal cells

12. plasma

13. separatrix.
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nary studies indicated that the benefit of going to
larger systems was minimal, and the latter be-
cause of radiation damage considerations, the
topic of this paper. Constraints imposed by the
space requirements of an air-core transformer
with superconducting windings have also been
included. A more detailed description of the
plasma-operating conditions and divertor prin-
ciples are given in Ref, 1.

The main toroidal field magnets are super-
conducting using niobium-titanium filaments
cryogenically stabilized with copper. The maxi-
mum field in the magnets is 86.6 kG at 4.2°K, and
the field on the plasma axis is 38 kG, To minimize
the peak stresses and the amount of structural
material needed, the ‘“D’’ shape of the magnets in
Fig. 1 has been determined by detailed stress
calculations,

The blanket and shield of UWMAK-I are shown
schematically in Fig. 2, while the primary char-
acteristics are listed in Table II. The coolant,
moderator, and breeding material is lithium. The
low exit temperature (483°C) of the lithium is dic-
tated by the corrosion rate of the structural ma-
terial (Type-316 stainless steel) by lithium, At
this temperature, 1500 to 2500 kg of metallic
corrosion products must be removed from the
primary lithium circuit per year to avoid plugging
the heat exchanger and also to avoid high radio-
activity levels in the maintenance areas (Ref. 3).
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The total power required to pump the lithium is
22 MW(e), which is 1.5% of the plant output. Thig
low value has been achieved by design techniquesg
that reduce the average coolant velocity and avoiq
excessive eddy-current losses. The structuraj
material (20% cold-worked Type-316 stainless
steel) has been chosen because of the established
industrial capabilities with this material and the

TABLE I
Blanket and Shield Characteristics

Blanket thickness
Vacuum-gap thickness
Shield thickness
Blanket coolant

inlet pressure
inlet temperature
outlet temperature

pumping power
Structure

maximum temperature
maximum stress
corrosion rate

First-wall lifetime

neutron wall loading
heat load

Shield coolant

73.4 cm
1.0 em
77.0 cm
lithium

400 psig
283°C
483°C

22 MW(e)

Type-316 stainless steel
(20% cold-worked)

500°C
914 kg/cm® (13 000 psi)
1500 to 2500 kg/yr

2yr

1.25 MW/m?*
12.5 W/cm®

helium, 51.7 kg/em? (50 atm) 200°C
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Schematic of UWMAK-I blanket, shield, and magnet structure.
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wealth of data available on thermal, mechanical,
chemical, neutronic, and physical properties in
pboth liquid-metal and irradiation environments, A
{-cm vacuum gap is used between the blanket and
shield to aid in dropping the temperature from
500 to 200°C. The shield is helium gas cooled and
consists of layers of B{C and lead; the former
material is used to slow down and absorb neutrons
and the latter to absorb the high gamma-ray flux
from the blanket. The total heat generated in the
shield is 50 MW(th).

Neutron and photon transport calculations give
a breeding ratio of 1.49, which implies a doubling
time on the order of two to three months.’

RADIATION DAMAGE IN WISCONSIN FUSION REACTOR DESIGN

been used in computing power output for fusion
plants,

The effect of transmutation reactions on the
properties of Type-316 stainless steel is given in
Ref. 4, as are the secondary effects of the nuclear

reactions in the structural material—radioactivity
and afterheat.

TABLE Il

Summary of Radiation Damage Environment
at the UWMAK-I First Wall

The tritium breeding is likely to be adequate for Particle Energy (keV) Flux (cm?/sec)
all uncertainties in nuclear data or design. De- Deuterium 23 6.4 x 10*
tailed heating calculations, based on kerma factors Tritium 23 1 e4x10°
from the MACK program, were performed and gei:“m gg to 3500 4.7 x 10::
reveal that 16.55 MeV of energy is produced per Neutro 1.7x 10
eutrons 14.1 MeV (current) 5.5 x 10**
incident 14.06-MeV neutron. Thus, the total ener- Neutrons® 0.1 <E < 14.1 MeV 3.3 x 10
gy per fusion event, including the 3.52-MeV alpha- Metal ions 23 2.5 x 10*?
particle energy is 20.07 MeV. This is in contrast
to values of 22 to 27 MeV which have commonly “Total neutrons, excluding current.
ENERGY (MeV)
149 10 5 2 1 0.5 0.2 0.1 0.05 0.02 0.01
I | | I | | I |

20—

. B FFTF 400 MW(th)]

16— -

14

12~

10

Py X 107"
FLUX PER UNIT LETHARGY INTERVAL

0 1 . 2 3

WISCONSIN CTR
FIRST WALL

EBR-1I [62.5 MW(th)]

4 S 6 7

LETHARGY (U)

Fig. 3.
fission reactors.
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Comparison of calculated neutron spectra for UWMAK-I [{5000~-MW(th)] fusion reactor to EBR-~II and FFTF
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RADIATION ENVIRONMENT IN UWMAK

A summary of the irradiation conditions at the
first wall in UWMAK-I is given in Table III. The
charged-particle fluxes have been obtained assum-
ing a 90% efficient divertor. The neutron spectrum
for the first wall is shown in Fig. 3. For com-
parison, the neutron spectra of two fission reac-
tors, the Fast Flux Test Facility (FFTF) and
Experimental Breeder Reactor-II (EBR-II), are
also included in Fig. 3.

Note that the charged-particle flux to the first
wall consists mainly of D+ and T+ with a smaller
level of thermalized helium atoms and an even
smaller flux of metal atoms which have been
sputtered from the first wall, diffused into
the plasma, gained energy, and then have been
returned to the first wall by normal diffusion
processes. The total neutron flux [~3.9 x 10**
n/(cm® sec)] is smaller than that normally found
in a fission reactor, but the higher average energy
of the neutrons in UWMAK tends to produce more
damage per neutron. The absolute damage rate
will be about the same in both types of reactors.

The general scheme used to calculate the dis-
placement cross sections for Type-316 stainless
steel is described elsewhere,®® and only a brief
account is given here. Neutron interactions
treated explicitly were elastic scattering, in-
elastic-scattering (n,7’), (n,27) reactions, and
(n,y) reactions. The (n,y) reaction was included
because it is the sole source of displaced atoms at
neutron energies below several hundred eV. Other
reactions such as (n,a) and (n,p) were neglected
at this time in calculating displacement cross
sections; their contribution at 14 MeV is estimated
to be <15% for the stainless steel, and at lower
energies their contribution is negligible,

The four mechanisms listed above produce
primary knock-on atoms (PKAs) that, in turn, lose
their energy by electronic excitation or by nuclear
energy transfers to surrounding atoms. This
latter form of energy transfer causes further dis-
placements. The total displacement cross section
at energy E is just
F(E) = Fa(E) + Fipel(E) +. Fin,2m (E) + Fa, }')(E) ’

(1)

where

Fe(E) = displacement cross section due to
elastic scattering, isotropic at low
energies (<0.1 MeV) and aniso-
tropic at higher energies

Finel(E) = displacement cross section due to
inelastic scattering with anisotropy
being taken into account in the case
of iron

24
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Fin,2m(E) = displacement cross section due to
(n, 2 n) reactions

F(,, y(E) = displacement cross section due to
the energetic recoils which result
from (n,y) reactions (mainly from
low-energy neutrons).

The general expression for F(E) is

F(E) = o(E) jE:m-x p(E,T)dT (2)
where
o(E) = appropriate interaction cross section

p(E,T) = probability that a neutron of energy E
transfers energy T to the PKA
v(T) = number of displacements produced by
a PKA with energy T
E; = energy required to displace an atom.

The problem then is twofold: (a) to determine
p(E,T) and hence the number and energy spectrum
of the PKAs, and (b) to choose a model to calculate
the average number of atoms displaced by each
PKA of energy T. The choice of p(E,T) has
been reviewed elsewhere.® The evaluation of
v(T) is essentially independent of the type of
scattering that produced the PKA, and we will
briefly consider this problem.

The results for this study are based on the
Lindhard et al. theory’ of slowing down of ener-
getic atoms in solids. Lindhard et al. have de-
rived from the Thomas-Fermi theory a function of
L(e), the kinetic energy (in dimensionless form)
that is transferred to the atoms of a cascade
initiated by a PXA having initial dimensionless
energy €; that is, the fraction of PKA energy
available to cause displacements in L(e)/e, while
the remainder is lost in electron excitation. It has
recently been suggested that this fraction be re-
duced by 20% to account for deviation from hard
sphere interactions.! In the present work, the
number of displacements per PKA was taken to be

_BL() T (3)

where 8 = 0.8. For a material of atomic number
Z and atomic weight A," Lindhard et al. give

L(e) = e[1 + K, gle)]™* (4)
where
€ = AL T

‘Weighted averages were used for stainless steel; the
assumed composition was 18% Cr and 10% Ni by weight.
The results are insensitive to small changes of compo-
sition.
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A, = (0.01151) (2)™* ev™?
K. = 0.1337(Z)/* A7,

The convenient numerical approximation to g{e)
given by Robinson® was used here, namely,

gle) = € +0.40244 €*”* + 3.4008 ¢'”® .

It has been recently decided®'® that the standard
value of E; for steel should be 40 eV, This is
somewhat higher than the threshold displacement
energy of 24 eV (Ref. 11) and qualitatively it
represents a value averaged over all the direc-
tions of displacement in the crystal structure.
For stainless steel, Eq. (3) then becomes

ur) = 10 2T ey (5)

The principal source of scattering cross-
section data was the Evaluated Nuclear Data File,
Version III (ENDF/B-III) (Ref. 12), for chromium
(MAT 1121) and nickel (MAT 1123). In the regions
of resonance elastic scattering, BNL-325 (Ref. 13)
was also used for chromium and nickel,

ENDF/B data (MAT 1124), obtained in pointwise
form from the Oak Ridge Radiation Shielding In-
formation Center, were used for iron. These data
were subsequently modified slightlym primarily by
raising a prominent trough at ~24 keV—for inclu-

_sion in ENDF/B-III under a new number, MAT

TL; = 483°C

Ty = 283°C

500 475 450 425 400 375 30

MAXIMUM WALL TEMPERATURE, °C

PLASMA

RADIATION DAMAGE IN WISCONSIN FUSION REACTOR DESIGN

1180, The differences between the two evaluations
are believed to be insignificant for present pur-
poses.

The (n,y) cross sections are proportional to
1/VE over most of the energy range of interest.
With the exception of iron, BNL-325 data'’ were
used in the resonance regions. Because of incom-
plete knowledge of the gamma-ray emission pro-
cess, the estimates of the (1,y) contributions to
the displacement cross sections are more uncer-
tain than for the other processes. For neutron
energies above several keV, the (n,5) contribution
is negligible in comparison with other contribu-
tions. On the other hand, for neutrons with
energies below that required to displace an atom
in an elastic encounter—ranging from ~300 to
~900 eV for metals considered here—the (n,y)
reaction is the principal source of displacement
events.

The displacement cross sections used for this
work are given in Table IV, and some typical dis-
placement rates are shown in Fig. 4. These dis-
placement rates were calculated for the typical
heat removal cell shown in Fig. 4. The lithium
enters the cell at 283°C and flows perpendicularly
to the plasma in a ‘‘zig-zag’’ motion, continually
picking up heat until it reaches a temperature of
483°C at the outlet. The temperature along the
first wall varies from 300 to 500°C and the damage

Type-316

Centimeters Stainless At ppm

from Steel Helium

First Wall dpo/yr per year
— 30 4.6 39
— 20 6.9 69
-_— 10 10.5 127
} 0 18.2 298

325 300

Fig. 4. Spatial distribution of temperature and radiation damage rates in UWMAK-I.
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rates vary from 18.2 displacements per atom (dpa)
per year at the first wall to 4.6 dpa/yr at 30 cm
into the blanket.

The gas production rate via (z,a) and (n,p)
reactions has also been calculated as a function of
distance into the blanket. The reaction cross
sections were processed by MACK (Ref. 14) and
then multiplied by the neutron spectrum at various
© positions throughout the blanket.® It is seen in
Fig. 4 that almost 300 appm of helium is produced
per year in the first wall [including the contribu-
tions from impurities and *°Ni (see Ref. 4)] and
this drops to ~39 appm/yr at 30 cm from the first
wall. The hydrogen production drops by a similar
amount from 636 appm/yr at the first wall to 118
appm at a distance of 30 cm into the blanket.

EMBRITTLEMENT IN UWMAK BLANKET COMPONENTS

Perhaps the most dramatic effect of neutron
irradiation on Type-316 stainless steel is the

TABLE IV

Displacement Cross Sections for Type-316
Stainless Steel [(Eg)eff = 40 eV]

Lower Cross Lower Cross Lower Cross
Energy | Section | Energy | Section Energy Section
(MeV) | (barms) (MeV) (barns) (eV) (barns)
13.50 2220 0.4505 366 1234 3.18
12.21 2080 0.4076 415 961.1 5.76
11.05 1990 0.3688 423 748.5 1.96
10.00 1950 0.3337 244 582.9 1.58
9.048 1910 0.3020 224 457.3 1.20
8.187 1900 0.2752 199 353.6 0.128
7.408 1900 0.2472 197 275.4 0.127
6.703 1850 0.2237 193 214.5 0.143
6.065 1760 0.2024 180 167.0 0.159
5.488 1700 0.1832 240 130.1 0.179
4.9G6 1660 0.1657 174 101.3 0.203
4.493 1620 0.1500 161 78.89 0.228
4.066 1560 0.1357 222 61.44 0.256
3.679 1490 0.1228 161 47.65 0.289
3.329 1410 0.1111 89.8 37.27 0.328
3.012 1380 0.08652 128 29.02 0.371
2.725 1300 0.06738 147 22.60 0.421
2.466 1270 0.05247 74.5 17.60 0.477
2.231 1170 0.04087 71.0 13.71 0.541
2.019 1050 0.03183 67.1 10.68 0.616
1.827 997 0.02479 190 8.315 0.689
1.653 824 0.01930 17.9 6.476 0.779
1.496 790 0.01503 29.9 5.043 0.884 |
1.353 758 0.01171 29.0 3.928 0.999
1.225 27 3.059 1.13
1.225 649 (ev) | (barms) | 5'ggs | 128
1.003 516 9119 18.9 1.855 1.46
0.9072 459 7102 31.6 1.445 1.67
0.8208 435 5531 20.2 1.125 1.91
0.7427 511 4307 15.4 0.8764 2.11
0.674 489 3355 11.3 0.6826 2.37
0.6081 382 2613 7.21 0.5316 2.70
0.5502 313 2035 5.08 0.4140 3.06
0.4979 349 1585 2.92 0.0220 5.31
26
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reduction of its ductility, There are three primary
ways in which this ductility loss can be measured:
(a) total elongation at failure, (b) reduction of area
at failure, and (c) uniform elongation (e,). We
have chosen the latter because of the ease with
which it can be applied to engineering analysis.

There appear to be two mechanisms by which
irradiation lowers e¢,—helium embrittlement and
matrix hardening.**® Helium embrittlement
results from the generation of helium gas within
the matrix by (n,a) reactions and the collection of
the helium gas bubbles at grain boundaries. These
bubbles can grow under the action of applied
stress by diffusional properties until the grain
boundaries fail. Ultimately, the bubbles may lead
to failure by assisting crack nucleation at second-
phase particles within the boundaries, -

Matrix hardening can lead to premature failure
by forcing most of the deformation to be absorbed
by the grain boundaries. Such an effect results in
excessive grain-boundary shearing, which leads to
high stresses and subsequent failure initiated at
grain-boundary triple points.

It is extremely important to note that when
helium is present at boundaries and irradiation
hardening is significant, the helium embrittlement
and matrix hardening can combdine to produce duc-
tility losses more severe than the two processes
acting alone.’ Under such conditions, strain is
concentrated at the grain boundaries which, be-
cause of helium embrittlement, are less able to
withstand shear than before irradiation. These
result in grain-boundary failure at much smaller
strains than simple matrix hardening alone.

The general temperature region for pure helium
embrittlement is found to be >600°C and that for
pure matrix hardening between 500 and 600°C;
matrix hardening and helium embrittlement can
combine to cause a reduction in ¢, as described
above. Since the maximum wall temperature in
UWMAK-I is <500°C, we will assume that most of
the ductility loss is due to matrix hardening and
that current fast-reactor data can be used. This
approach ignores the helium which is produced at
a relatively high rate in a Controlled Thermo-
nuclear Reactor (CTR). Note that this approach
would not be reasonable for structural tempera-
tures of 550°C or greater.

Experimental information on the value of €, for
irradiated solution-treated Type-316 stainless
steel is shown in Fig. 5 (Refs. 20 through 26).
The data are plotted in terms of displacements per
atom on the basis of 47 dpa per 10* n/cm® (E>
0.1 MeV). The striking feature of Fig. 5 is that it
would predict extremely low values of ¢, (<1%)
after 10 to 20 dpa in the 426 to 650°C temperature
range. We have coupled the information in Fig, 5
with the dpa-temperature information in Fig. 4 to
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predict the behavior of Type-316 stainless steel in
the UWMAK-I blanket. The results are listed as a
function of distance from the wall, temperature,
and irradiation time in Table V and are displayed
in Fig. 6.

We have rather arbitrarily (and perhaps con-
servatively) chosen 0.5% uniform elongation as the
lower design limit in UWMAK-I. This value may
have to be adjusted upward because of the large
number of startup and shutdown operations re-
quired in UWMAK-I (~20/day).

It can be seen from Table V that after one year
of irradiation only the first few centimeters of the
blanket will have reached the 0.5% elongation
limit. However, within the next year the ductility
of the first 20 cm of the blanket will fall below that
—limit. In fact, within two years of irradiation the
entire heat removal cell structure will have uni-
form elongation values of <0.5%.

A rather disturbing feature of Fig. 6 is the fact
that even the Type-316 stainless steel in the
header region behind the heat removal cells will
fall below the ductility limit after ten years of
irradiation. Within 30 years, the projected life-
time of the plant, we find that the entire blanket
structure will be below or close to the design
limit,

The conclusion of this work is that somewhere
between one and two years of irradiation one will
have to remove the heat removal cells (the first
20 cm of the UWMAK blanket) and replace them
with new units. Strictly speaking, the units should
be changed every year, but it is felt that the life-
time may be extended to two years because of
some uncertainties in the data.

It is quite apparent that if one is to retain any
reasonable ability to absorb the stress and strains
imposed on the blanket by startup, shutdown, or
those due to swelling and coolant pressures, one
must begin to think in terms of replaceable first

§5o —rrrrry —r —

z APPROXIMATE IRRADIATION

O 40+ 482 AND TEST TEMPERATURE (°C)H

E 530>~

O 3ot 426 -

Z

S

m 20+ 7

2 10} ]

e

Z 0 N saaal X i aa il N

2 0.1 ] 10 30
DISPLACEMENT PER ATOM

Fig. 5. Effect of displacement damage on the uniform

ductility of solution-treated Type-316 stainless
steel (Refs. 20 through 26).
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walls! Once this concept can be mastered, the
frequency of change (one or two years) becomes a
matter of economics.

One last point should be emphasized—the prob-
lem of replacing the headers and reflectors in the
blanket. The data in Fig. 6 indicate that the
header region should be replaced every ten years
and the reflectors after 15 to 20 years. Such a
possibility will greatly increase the amount of
radioactive stainless steel which must be disposed
of because there is approximately ten times more
steel in the reflector region than in the heat cells
and because the headers contain about twice the
amount of steel as do the heat cells.

SWELLING PROBLEMS IN UWMAK-|

The production of voids in austenitic stainless
steel was first discovered in 1966 (Ref. 27), and
since that time these alloys have been studied in
great detail. The general reasons why voids form
in metals are fairly well understood, and several
theories for void growth have been proposed in the
past few years.® *° The reader is referred to
several recent conferences for a full view of this
phenomenon ™

Recent theoretical analysis by Brailsford and
Bullough®® predicts that the swelling in steel can
be described by the following equation:

AV

A =K(t- t,)S,F , (6)
where
K = defect production rate
Kt, = incubation dose required for void forma-
tion
S, = term which includes material param-

eters, such as the dislocation density,
sink density, and precipitate density

TABLE V

Anticipated Ductility Changes in UWMAK-I Structure
Material (Type-316 stainless steel)

Distance
from i Uniform Elongation
First Temper- | Damage Remaining (%)
Wall ature Level
(cm) {C) (dpa/yr) | 1yr | 2yr | 10yr {30 yr
0 300 to 426 18.2 <0.5] <0.5 | <0.5 | <0.5
0 426 to 500 18.2 <0.5| <0.5 | <05 | <0.5
10 300 to 426 10.5 4 <0.5 | <0.5 | <05
10 426 to 500 10.5 5 <05} <0.5 ] <05
20 300 to 426 6.9 1 ~0.5 | <05 | <0.5
20 426 to 500 6.9 9 ~0.5 ] <05 | <05
30 300 to 426 4.6 11 4 <0.5 | <05
30 426 to 500 4.6 15 8 <0.5 | <0.5
40 300 to 426 3.2 15 8 <0.5 | <0.5
50 300 to 426 2.2 20 12 <0.5 | <0.5
60 300 to 426 0.87 27 19 5 <0.5
70 300 to 426 0.45 35 27 12 ~0.5
27
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F = function of temperature.

The important features of Eq. (6) and the Brails-
ford and Bullough theory® are that swelling
appears to increase linearly with damage, that the
magnitude of swelling is inversely proportional to
the dislocation density and coherent precipitate
density, and that the swelling is very low below
~0.3 and above ~0.5, the absolute melting point.
Empirical formulas for the fluence and temper-
ature dependence of swelling in T 16 stainless
steel have also been developed. The form of
these equations for solution-treated and cold-
worked Type-316 stainless steel are shown in

RADIATION DAMAGE IN WISCONSIN FUSION REACTOR DESIGN

Fig. 7. The solution-treated Type-316 stainless
steel swells more than the cold-worked Type-316
stainless steel at a given temperature and fluence
in accordance with recent theories, and the tem-
perature dependence is qualitatively the same as
predicted by Brailsford and Bullough,?®

The swelling expected in the UWMAK-I blanket
as a function of distance from the first wall, tem-
perature, and irradiation time is given in Table VI
for both solution-treated and 20% cold-worked
Type-316 stainless steel. It is obvious that the
cold-worked alloy shows much more resistance to
swelling than does the annealed alloy. For ex-
ample, the maximum swelling at the first wall
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28

Anticipated uniform elongation remaining in Type-316 stainless steel after irradiation in UWMAK-I.
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after two years is ~7.9% for solution-treated
Type-316 stainless steel and only 0.25% for the
cold-worked Type-316 stainless steel. This dif-
ference is somewhat less after ten years of irra-
diation, but if a 10% maximum swelling limit is
placed on UWMAK-I components, it is quite
apparent that the limit will be reached sooner by
the solution-treated alloy.

The anticipated maximum swelling for 20% cold-
worked Type-316 stainless steel is plotted in Fig, 8
as a function of distance and irradiation time. Note
that after ten years of irradiation, swelling values
of 10% or more will be found in the first 10 cm of
the blanket. If the blanket were not replaced during
the 30-yr lifetime, it is apparent that more than
40 cm of the blanket could exceed the design limit
and that the maximum swelling near the first wall
could be exceedingly high, ~80 to 90%.

It is also clear that even if one uses one of the
more swelling-resistant alloys now known, cold-
worked Type-316 stainless steel, wall replacement
will still be required about every seven years.
One should also recognize that the embrittlement

RADIATION DAMAGE IN WISCONSIN FUSION REACTOR DESIGN

and swelling limits are not completely independent.
Swelling gradients can impose severe stress
gradients and large strains in rigidly fastened
components, If these swelling-induced strains
exceed the allowed values, premature failure could
occur.

SURFACE PROBLEMS IN UWMAK-!

The first wall of the UWMAK reactor will be
subjected to intense fluxes of high-energy ions
during operation. These particles can cause a
multitude of surface disruptions,’® but the two
most important are sputtering and blistering.

Sputtering occurs when a metallic target is
bombarded by high-energy ions, neutrons, or
neutral atoms and when these particles displace
atoms in the target from their lattice sites. Not
all of these displaced atoms remain in the target.
They may be sputtered off the front surface of the
target and ejected from the back surface. Several
theoretical studies on sputtering have been devel-

TABLE VI
Summary of Anticipated Swelling Behavior of Type-316 Stainless Steel in UWMAK-I
% AV/V,
2yr 10 yr 30 yr
Distance from Damage
First Wall Temperature Level Solution | 20% Cold | Solution | 20% Cold | Solution | 20% Cold
(em) (°C) (dpa/yr) Treated Worked Treated Worked Treated Worked

0 300 18.2 0.42 <0.1 1.5 <0.1 3.0 <0.1

0 325 18.2 0.51 <0.10 1.7 <0.1 4.0 0.1

0 350 18.2 0.59 <0.1 2.1 0.2 5.0 0.65

0 375 18.2 0.75 <0.1 3.2 0.8 8.6 2.5

0 400 18.2 1.2 0.14 7.6 2.4 26 7.5

0 425 - 18.2 2.2 0.19 28 6.2 >100" 21

0 450 18.2 "4.8 0.24 >100* 10 >100* 34

0 475 18.2 7.1 0.24 >100* 17.5 >100* 57

0 500 18.2 7.9 0.25 >100* 25 >100* 80
10 325 10.5 0.38 <0.1 1.1 <0.1 2.6 <0.1
10 375 10.5 0.61 <0.1 2.0 <0.1 5.3 1.4
10 425 10.5 0.99 <0.1 12 2.5 65 8.5
10 475 10.5 2.3 <0.1 69 8 >100" 30
10 500 10.5 2.4 <0.1 87 13 >100* 48
20 325 6.9 0.26 <0.1 0.82 <0.1 1.8 <0.1
20 375 6.9 0.4 <0.1 1.3 0.25 3.8 0.9
20 T 425 6.9 0.55 <0.1 6.0 1.4 34 7.3
20 475 6.9 0.51 <p.1 28 4.5 >100" 20
20 500 6.9 1.0 <b.1 35 6.7 >100* 29
30 325 4.6 0.19 <0.1 0.6 <0.1 1.3 <0.1
30 375 4.6 0.22 <0.1 0.9 0.13 2.4 0.6
30 425 4.6 0.31 <0.1 3.3 0.58 16 4.2
30 475 4.6 0.38 <0.1 16 1.6 >100" 13
30 500 4.6 0.36 <0.1 14 3.6 >100* 18
40 500 3.2 0.15 <0.1 6.2 0.38 80 11
50 500 2.2 <0.1 <0.1 2.5 <0.1 30 5.8
60 500 0.87 <0.1 <0.1 0.36 <0.1 3.8 <0.1

*Values not considered reliable.
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oped,”” and good reviews of the theory are pre-
sented elsewhere,

Irradiation of metal surfaces with energetic
charged particles not only causes atoms to be
sputtered from the first wall, but it can also cause
severe surface roughening and blistering, ®~*
Qualitatively, the energetic ions (only hydrogen
and helium isotopes will be considered here) dis-
place atoms as they penetrate the solid. When
they lose most of their energy, they slow down and
become trapped because of their low diffusivity.
Since the solubility of some gases in metals (e.g.,
helium) is extremely small, most of the gas pre-
cipitates into small bubbles. These small bubbles
are formed in a region near the end of the range
for the gas atom. This region also corresponds to
that for maximum vacancy production. The
bubbles can capture these vacancies, grow, and
eventually coalesce with other bubbles to form
lenticular bubbles below the surface of the metal.
If enough atoms are injected at an elevated tem-
perature, the pressure in these bubbles will be
high enough to deform the metal surface, causing
it to protrude above the original surface. Even-
tually, this ‘‘blister’’ can rupture, causing a large
flake of the wall material to be spalled off.

The erosion rate due to sputtering and blister-
ing by many types of species may be calculated by

Al _ A,
+ = :E Subu s o (D

where

Al = thickness of wall removed

Sp = yield in atoms removed from the wall per
particle for a particular bombarding par-

ticle
]20 ¥ 1 T
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Z
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Fig. 7. Predicted swelling for solution-treated and 20%

cold-worked stainless steel (Ref. 35) irradiated
to 118 dpa.
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¢ = flux of the hombarding particle p
A, = atomic weight of the material

t = irradiation time
N, = Avogadro’s number

p = density of the wall material.

The method of calculating S is described else-
where,' and Table VII lists the values used for this
study.

TABLE v
Summary of First-Wall Erosion Rates in UWMAK-I
Mean Erosion
Energy Flux Rates %
Ion (keV) s (cm®/sec) | (mm/yr) | Total®
Sputtering
D+ 23 | 0.02 6.4x10° 0.0047 2
T+ 23 0.03 6.4 x 10° 0.0070 3
He 23 | 0.15 4.7x102 0.0026 1
He ~100 0.03 1.7 x 10 0.00002 -
n >10000 | 0.2 9.4x10% | 0.14° 64
n 0.1 to 10 000 | 0.009 3.4 x 10*¢ 0.022% 10
Metal 23 2.5 2.6 x 10% 0.023 10
Total Sputtering ~0.20
Blistering
He 23 1 4.7 x 10% 0.017 8
He ~100 |3 1.7x 10" 0.0019 1
D+ 23 0.01 8.4 x 10® 0.0023 1
T+ 23 |0.01 6.4x10" | 0.0023 1
Total Blistering ~0.024
Total Wall Erosion Rate ~0.22 mm/yr
*Will not total 100% due to roundoff.
*Include both sides of wall.
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Fig. 8. Anticipated maximum swelling for 20% cold-

worked Type-316 stainless steel in UWMAK-I
blanket.
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The sputtering values for deuterium and tri-
tium were estimated from Ref. 36 and the value
for 23-keV helium from data of McCracken and
Erents.** The sputtering yield for 100-keV helium
was estimated using the theory of Pease,” while
the 14.1-MeV neutron sputtering yield comes from
recent experiments by Kaminsky*® on cold-worked
niobium. The value for lower energy neutrons
comes from the suggested value for niobium*® and
the relative values of Garber et al.* Finally, the
self-ion sputtering coefficient is estimated from
data on 45-keV iron ions™ and data over a range
of energies for copper.* .

The effective removal coefficient for blistering
comes from recent work by Das and Kaminsky*
on Type-304 stainless steel, and this has been
adjusted for lower energy helium by the ratio of
the particle ranges. Finally, the (D + T) blistering
rates were assumed to be 1/100 of the helium
blistering rates; this is due to their higher dif-
fusivity, higher threshold for blister formation in
steel,” and inhomogeneous blister formation.

The amount of material removed from the first
wall as a function of irradiation time is shown in
Fig. 9 and listed in Table VII. The first point to
note is that two-thirds of the total wall erosion
rate (0.22 mm/yr) is due to the 14-MeV neutrons,
and almost three-fourths is due to sputtering by
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Fig. 9. Anticipated particle erosion of UWMAK-I
Type-316 stainless-steel first wall.
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neutrons of all energies.  The next important con-
tributor to wall erosion comes from the self-ion
bombardment, and this amounts to ~10% of the
total. Blistering only accounts for 11% of the
erosion rate, while all the other charged-particle
sputtering produces <6%.

Note that if there were no divertor at all, the
total wall erosion rate would increase only by a
factor of 3 to 4 over short time periods, Clearly,
if no catastrophic self-ion buildup occurs, one
could operate the first wall at the increased wall
erosion rate for a few years. However, if we wish
to limit the wall erosion due to particle bombard-
ment to <1 mm (the maximum Al allowed by
stress in Type-316 stainless steel is ~3.3 mm,
including corrosion loss), then there is a six-year
limit at UWMAK-I operating conditions.

RADIATION DAMAGE TO SUPERCONDUCTING
MAGNETS

The potential damage to the magnet components
can be divided into two major categories': (a) re-
duction in J. of the superconductor, niobium-
titanium, and (b) increased resistance of the
copper stabilizer. Analysis has shown that the
displacement rate at the magnet surface is on the
order of 6 X 10~ dpa/yr or 1.8 X 10~ dpa/30 yr.
Soell, Wipf, and Vogl*®® have shown that at ~2 x 107
dpa there would be less than 10% reduction in J of
niobium-titanium at 4.2°K. Since it appears that
this reduction in J, could be easily tolerated in
UWMAK-I with only slight modifications to the
conductor design, radiation damage of the niobium-
titanium filaments is not a limiting feature of this
reactor.

The stabilizing material in the magnet—
copper—was chosen primarily for its low resis-
tivity. It is well known that irradiation at low
temperature (~4.2°K) produces defects that have
extremely low mobility and tend to increase the
resistivity of any metal.”® Such an effect is par-
ticularly evident in high-purity materials,

The rate of resistivity increase of copper at
low temperatures has been given by Horak and
Blewitt® as

% =A (1 "Bpr): ’ (8)
where
p, = radiation-induced resistivity component

A,B = constants.

The saturation resistivity p, ., for copper is 0.33 X
107® ©-cm, and the saturation defect concentration
is 1.3 X 10™ dpa. A plot of the resistivity of
copper during neutron irradiation is presented in

N
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Fig. 10. Note that very little effect is observed
below 5 X 10™® dpa (approximately one year of
UWMAK-I irradiation).

The present design follows the conservative
total stability criterion first suggested by Stekly,
Thome, and Strauss.®’* This criterion states that
the cooling of the conductor by the helium must be
greater than the amount of heat generated by the
total current flowing in the stabilizer. This cri-
terion presupposes that the current is forced to
leave the superconductor for one reason oOr
another. Stated mathematically,

r -’i-ET‘-,h'—-z = qwl , (9)
where
I = conductor current, A
pp = total resistivity, Q-cm
g = heat flux, W/cm®
W = cooling surface width, cm
h = conductor thickness, cm
1 = total conductor length.

The total resistivity is comprised of the intrinsic
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Fig. 10. Anticipated radiation-induced resistivity in-
crease of copper stabilizer in UWMAK-I mag-
net.
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resistivity p,, the magnetoresistivity p,, and the
radiation-induced resistivity p, which is a function
of time. The magnet is designed such that the
current is the same at all times; this means that

2 _ qwin - g(W + APk (10)
Po+Pm Pot+Pm+Pr ’
where the radiation-induced resistivity has been

accommodated by the additional conductor width A.
Solving for A/W yields

A ( P, )’/2
2. (1 -1
W ¥ Do +Pm

Both p, and p, are functions of distance into the
magnet, and an expression for the conductor width
as a function of position in the magnet can be ob-
tained using the following relationships for p, and
Pm:

I

(11)

dpa(0) exp (— 'E)

Pr = Preo p (12)
dpa(0) exp (— 7\) + Cdw
x
P = 0.455 Bpae (1 -7) , (13)
where
x = distance from inner most conductor
turn
dpa(0) = highest damage level in the magnet at
x=0
= thickness of magnet windings
A = displacement decay constant(~12.5 cm)

Bgax = maximum magnetic field, T.

This formulation permits the radiation damage to
be accounted for within the conductor design. This
additional width as a function of the depth into the
magnet is shown in Fig. 11. Note that this modifi-
cation drops from 20% to <3% within the first
30 cm of the magnet, based on the dpa damage
after one year of operation and a maximum field
of 8.7 T. The length of the time between room-
temperature anneals has to be determined by the
economic balance of the additional cost of copper
versus the 60 days of reactor downtime necessary
for the annealing procedure. Assuming a 90%
recovery per warmup,  one can calculate the
thickness increase of the stabilizer to keep the
same I*R losses in irradiated copper; this is
plotted in Fig. 12. Note that the requirement for a
20% increase in material goes up to 100% when the
magnet warmup is extended from every year to
every ten years.

It is not possible to put a rigid wall-loading
limit on this effect as it is mostly economic in
pature and would require much more detailed cost
analysis than is presently available for UWMAK-I.
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However, it is not possible to accommodate more
than a 100% increase of the copper stabilizer for
mechanical reasons; if the magnets are warmed
up every two years during the replacement of the
first wall, this would imply a neutron wall-loading
limit of 6.3 MW/m>. If one allows a factor of 2 for
the fact that perhaps ~10% of the damage does not
anneal completely at room temperature, then the
above wall loading implies an integral limit of
~100 MW-yr/m?,

SUMMARY

From the discussion in this paper, it is clear
that the major barrier to increasing the wall
loading in UWMAK-I is the loss of ductility due to
displacement damage. A convenient way to state
this limitation is in terms of MW-yr/m? Table
VIII summarizes the values calculated in this
paper.

The loss of ductility limits the integral wall
loading to ~2 MW-yr/m?; that is, one expects the
walls would have to be replaced after one to two
years at a 1.25-MW/m® wall loading. If one had
wanted the wall to last for the full 30-yr lifetime,
the reactor would have to operate at ~0.06 MW/n?’.
Clearly, such an operating point is uneconomical.!

It now appears that the integral wall-loading
limitation on the first wall is due to void swelling

in 20% cold-worked Type-316 stainless steel is -

~6 MW-yr/m®, Such a limitation implies that
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Fig. 11. Spatial distribution of displacement damage in
UWMAK-I magnet and the required increase in
stabilizer thickness required to keep the total
current constant in UWMAK-I toroidal magnets.
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the first wall could survive a 0.2-MW/m® neutron
wall loading for 30 years. This low value again
appears to be uneconomical.

It is possible to get some appreciation for the
benefits of using the cold-worked steel over the
solution~-treated alloy by comparing the integral
wall-loading limitations for both metallurgical
treatments. If one wants to limit the void swelling
to <10%, then the solution-treated Type-316 stain-
less steel should be subjected to no more than 3.3
MW-yr/m? in UWMAK-1. This means that if em-
brittlement did not limit the wall lifetime to one to
two years, swelling in solution-treated Type-316
stainless steel would limit it to two to three years.
The use of cold-worked Type-316 stainless steel
raises the possible lifetime due to swelling effect
along to approximately five years.

The third major limitation is due to erosion of
the first wall. It was discovered that if the most
pessimistic sputtering and blistering rates are
assumed and if the total wall thickness that can be
eroded is ~3.3 mm, then the integral wall-loading

TABLE VIII
Summary of Integral Wall-Loading Limitations
in UWMAK-I
Wall-Loading
Limit
Property Design Limit (MW-yr/m?)
Embrittlement €y >0.5% ~2
Swelling* AV/V, <10% 6
Wall erosion Al <3mm aF 19,
Copper resistivity | Inner winding thickness ~100
increase increase, <100%
*For 20% cold-worked Type-316 stainless steel.
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/

limitation is ~3® MW-yr/m®. (The exact value
depends on the time because of the loss of ma-
terial due to corrosion.) It appears that if no
other limitations are placed on the first wall, then
a 30-yr operation at 0.8 MW/m? would be mar-
ginally economic. However, if the hlgh 14-MeV
neutron sputtering rates of Kaminsky'® are not
substantiated in future experiments for Type-316
stainless steel, then the integral wall- loading
limitation may be as much as 50 MW- yr/m?,

Note that the major limitation in the toroidal
magnet is due to the increase in resistivity of the
copper stabilizer. The integral wall-loading limit
resulting from this phenomenon is ~100 MW-
yr/m?. However, this can be extended by a factor
of 2 simply by warming the magnets up to room
temperature once a year instead of every other

ear.

¢ Finally, it is necessary to end this paper on a
note of caution. This analysis has been conducted
with theoretical calculations of the damage state,
temperature, and stress levels in the materials of
a hypothetical reactor. We have used data from
fission-reactor experiments where the helium
production rates are a factor of 20 less than in
fusion systems and we have used the most pessi-
mistic values of property changes in Type-316
stainless steel to arrive at our conclusion. We
feel that they are qualitatively correct, but the
quantitative values should only be interpreted as
reasonable estimates. Obviously, much more
work is needed to fill in the data gaps, especially
in the area of embrittlement of Type-316 stainless
steel with high helium content (several thousand
appm). We hope that this work will stimulate
further detailed studies of alternate materials in
other specific fusion-reactor designs.
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