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ABSTRACT

The performance of the ITER first wall and
divertor plate is analyzed using a 1-D life-
time code which includes the effects of
radiation damage and surface erosion. The
materials considered for the first wall are
solution annealed and 20$ cold-worked Type 316
stainless steel. The materials considered for
the divertor plate are H-451 graphite bonded
to a Cu-0.5 Be-2 Ni heat sink. The primary
conclusion is that it is crucial to include
radiation effects for obtaining realistic pre-
dictions of performance.

INTRODUCTION

The ITER plasma facing components will be
subjected to severe operating conditions which
could limit the maximum allowable power densi-
ty and useful lifetime of the machine. These
components are simultaneously exposed to high
plasma heat and particle fluxes as well as
neutron radiation resulting in high thermal
stresses, rapid surface erosion, and mechani-
cal/physical property degradation. In order
to assess the potential impact of the ITER
operating environment on plasma facing
materials, a series of calculations have been
performed which predict the temperature and
stress distributions, along with the changes
in materials properties within the ITER first
wall and divertor plate.

The calculations were performed using the
FLIP code, which is described in detail in
Ref. 1. It is a 1-D code that is capable of
analyzing plate structures which are either
completely constrained from bending and
expansion or are allowed to expand but not
bend. For every time step, the code first
calculates the temperature distribution
through the plate, followed by a calculation
of the thermal strains. Finally, the stress
distribution through the plate is deter-
mined. The temperatures, stresses, strains,
and materials property behavior are then used
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to evaluate the changes in the plate caused by
the environment. The property changes
evaluated by the program include mechanical
strength and ductility, thermophysieal
properties, radiation creep and swelling, and
fatigue and crack growth. The changes in
properties and strains are used to recalculate
the stresses within the plate, and the entire
calculation process is repeated until the
plate fails, or until the desired lifetime is
achieved.

MATERIALS CONSIDERATIONS

The leading candidate materials for the
first wall structure are either solution
annealed or 20$ cold-worked Type 316 stainless
steel, and the leading candidate materials for
trie divertor are copper alloys for the heat
sink, and either graphite or high-Z materials
such as tungsten or tantalum for the plasma
facing materials. In all cases, low-
temperature, low-pressure water is the
coolant.

The equations used to represent the
candidate materials are given in Ref. 1 and
will not be repeated here. For metals, the
thermophysical properties are a linear func-
tion of temperature, and they are assumed to
be unaffected by neutron irradiation. The
effects of neutron irradiation are included
for the mechanical properties. Radiation
hardening effects are particularly important
in the case of solution annealed steel, where
the initial strength is quite low. The dif-
ferences in strength between annealed and
cold-worked steel are illustrated in Fig. 1.
The information used to predict radiation
hardening in cold-worked steel includes the
effects of both neutrons and helium genera-
tion, whereas, only neutron effects are
considered for solution annealed material.^

Graphite is unique in its response to
radiation in that thermophysical properties
will be significantly affected by radiation,
and densification rather than swelling will
occur. For the cases considered here, the
-properties of H-451 nuclear graphite are
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Fig. 1. Yield stress comparison for solution
annealed and 20J cold-worked Type 316
stainless steel.

"^ As an example of the effect of
neutron damage, the predicted and measured
changes in thermal conductivity of H-451
graphite are shown in Fig. 2. Host of the
degradation of thermal conductivity takes
place at a fluence of <1 dpa. The predicted
and measured changes in swelling for H-451
graphite are illustrated in Fig. 3. At the
temperatures of interest, the maximum densifi-
cation will be 5-9? at fluences of 10-15
dpa. Other properties that are modeled
include fracture strength and ductility,
Young's modulus, thermal expansion, and
radiation creep.

Finally, Cu-0.5 Be-2Ni is used as the
heat sink material. The tensile and thermo-
physical properties are largely taken from
Ref. 9. Since radiation effects data are
limited for this material, they are not taken
into account except for radiation creep, which
is assumed to be the same as Type 316 stain-
less steel.

It should be noted that in most cases the
effects of fusion radiation on candidate
materials are not well known. Even in the
case of Type 316 stainless steel, which has
been extensively studied as part of the
breeder reactor program, there are gaps in the
data base. The great majority of data is at
reactor relevant temperatures (35O-65O°C),
whereas the ITER first wall will operate at
low temperatures (<300°C). Another factor is
the difference in helium generation rates
between fission and fusion neutron spec-
trums. Generally, helium production is much
higher in a fusion system, and additional
helium could significantly affect irradiation
response. For other materials, the data base
is sparser than for stainless steel, and in
some cases, irradiation behavior must be
estimated from the data of similar materials

1000

3> (e.g. similar crystal structure or composi-
tion).

FIRST WALL PERFORMANCE

The portion of the first wall analyzed is
the layer that is bonded to the coolant chan-
nels and directly exposed to the plasma, as

~ shown in Fig. 4. Because of the constraint
imposed by the coolant channel ribs and the
underlying support structure, the top plate is
assumed to be totally constrained from both

— bending and expansion. This constraint is
— believed to be conservative, since some
— expansion and bending is likely to occur in
—I the actual first wall. The input conditions

for the calculations are shown in Table 1.
The plate thickness is assumed to be 3 mm, and
two power densities were analyzed. Only the
results at 0.1 MW/nr surface heat flux are
described here, but the results are qualita-
tively similar for a heat flux of 0.2 MW/m2.

The temperature distribution through the
first wall is shown in Fig. 5. At 0.4 MW/m'-
surface heat flux, AT - 80 K. Because of the
difference in tensile strength between cold-
worked and annealed steel, the predicted
stress distributions are considerably dif-
ferent, as shown in Fig. 6. The annealed
material yield stress is exceeded at the
plasma side surface during the burn and dwell
periods.

The effect of radiation is to increase
the tensile strength and to alter the stress
distribution due to radiation creep. The pre-
dicted change in yield strength is illustrated
in Fig. 7 which shows that annealed and cold-
worked material will eventually reach equiva-
lent strength levels. The effect of stress
relaxation is to bring the stress level during
the burn to zero, while increasing the stress
during the dwell period, as shown in Fig. 8.
The stresses are predicted to fully relax
during the burn after -35,000 cycles (-0.22
years of full power operation). In the case
of annealed steel, the stress cycle becomes
fully elastic after only -5000 cycles.

Fatigue damage accumulation for cold-
worked steel is shown in Fig. 9. (Failure is
assumed to occur when the fatigue damage
reaches unity.) Initially, when the stress
cycle is all compressive, the rate of damage
accumulation is low. With stress relaxation,
the cycle becomes more tensile, and the
fatigue damage rate increases. In this case,
a surface fatigue crack is predicted to ini-
tiate after -150,000 cycles. Note that the
ASME safety factors of two in strain range or
20 in cycles to failure is incorporated into
the calculations. Even with fatigue crack
initiation, the first wall cannot be con-
sidered to reach a failure condition. Crack
growth from the fatigue crack must be analyzed
to determine if it will propagate to failure.
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PLASMA
LL

Seclion Analyzed
by Code

Coolant
Channel

First Wall
Rib and Support Structure

Fig. k. First wall section analyzed by FLIP
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Fig. 6. Comparison of initial stress distri-
butions through ITER first wall for
annealed and cold-worked Type 316
stainless steel.
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Fig. 7. Predicted change in yield strength
with neutron irradiation of annealed
and cold-worked Type 316 stainless
steel.



Table 1. First wall conditions for calculations

Parameter First Wall Divertor

Material

Plate Thickness

Plate Constraints

Water Coolant Temperature

Heat Transfer Coefficient

Surface Heat Load

Neutron Wall Load

Cycle Times
Burn Time
Dwell Time

Total Cycles

Total Neutron Fluence

Fully annealed and 20$ cold-worked
Type 316 stainless steel

3 mm

Totally constrained from expansion
and bending

320

20,(

0.2,

1.0,

200
50 i

2.5

2.0,

K

500

, o
, 2

s
i

X

4

W/m2 K

.4 MW/m2

.0 MW/m2

105

.0 KW-y/m2

H < 451 graphite bonded to
Cu-.5 Be-2 Ni

10 inn (C), 2 ran (Cu)

Totally constrained from expansion
and bending

320 K

10,000

4.0

1.0

200 s
50 s

1 x 105

1.0 MW-y/nt2

• Annealed

• CoM Worked
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Fig. 8. Stress relaxation in ITER first wall
for annealed and cold-worked Type 316
stainless steel.

DIVERTOR PLATE PERFORMANCE

The performance of graphite tiles bonded
to a Cu-0.5 Be-2 Ni heat sink have been
analyzed. The input conditions for the
calculations are shown in Table 1. As with
the first wall analysis, the graphite/Cu-
0.5Be-2Ni plate is assumed to be completely
constrained from bending and expansion. Two
cases have been analyzed: (1) surface heating
with neutron irradiation but without surface
erosion, and (2) surface heating with both ,
neutron irradiation and surface erosion. 1

Fig. 9. Fatigue damage accumulation in ITER
first wall.

One important effect of radiation is the
reduction of thermal conductivity in the
graph:td. Figure 10, for no surface erosion,
shews that the surface temperature is expected
to increase from -800 K to -1600 K before
reaching a saturation level. Most of the
change occurs in less than 10,000 cycles,
which is the number of cycles expected during
the physics testing phase. When surface
erosion takes place (-6 cm/year for continuous
operation), the surface temperature initially
increases and then begins to decrease as the
graphite thickness is reduced.

The stress distribution through the
graphite/Cu plate is shown in Fig. 11. The
_low elastic modulus and low thermal expansion
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Fig. 10. Effect of irradiation and erosion on
surface temperature of ITER graphite
divertor plate.
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Fig. 11. Stress distribution through C/Cu di-
vertor plate.

coefficient in graphite results in a rela-
tively low stress level compared with the
copper alloy. As radiation stress relaxation
takes place, the low stress level is main-
tained in the graphite.

The copper stresses change from highly
compressive to -0 during the burn, and they
become highly tensile during dwell period, as
shown in Fig. 12. The change from a mostly
compressive stress cycle to a mostly tensile
stress cycle as radiation stress relaxation
occurs will result in an increase in the rate
of fatigue damage accumulation. This situa-
tion is similar to the case of the first wall,
described above. As shown in Fig. 13, the
fatigue damage rate increases to about 60,000
cycles, and then continues at a constant rate
until crack initiation is predicted at
-120,000 cycles. Again, the ASME safety
fhczor of two in strain of 20 in cycles to
(a <-,•* is incorporated into the calculations.
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U-Fig. 12.Stress relaxation of C/Cu divertor
plate.
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Fig. 13. Fatigue damage in Cu divertor plate.

DISCUSSION AND CONCLUSIONS

The results of the code calculations
indicate the importance of radiation effects
on performance. In the case of the first
wall, the influence of radiation is most
apparent for solution annealed stainless
steel. It appears that even though the
thermal strains can result in stresses beyond
the initial yield stress, neutron irradiation
will quickly harden the steel so that the
stresses are fully in the elastic regime.
After a time, the behavior of annealed
material is predicted to be the same as cold-
worked material. The rite at which these
changes occur are about 2 to 4 years of
operation at 10$ availability. Because this
time represents a significant fraction of the
ITER operating lifetime, radiation effects
should be explicitly considered in any first
wall design criteria, and they need to be
included in any lifetime assessment.

The results of the divertor analysis
illustrate the importance of considering both
irradiation effects and surface erosion. In
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particular, the properties of graphite are
expected to vary rapidly with neutron
fluence. Initially, the reduction in thermal
conductivity will cause a rapid increase in
the temperatures. Only if rapid erosion
accompanies the neutron radiation will the
surface temperature be maintained at a low
level. At higher fluences, degradation in the
mechanical properties of graphite can be
anticipated. The long term effect of
mechanical property loss still needs to be
investigated. The nain conclusion for the
divertor is the same as the first wall,
however. Irradiation effects need to be
explicitly considered in both the design and
lifetime analyses.

The ITER design team is considering the
use of carbon-carbon composites for the
divertor plate ber/ause of its enhanced thermal
shock resistance./ Unfortunately, there are
essentially no d</ta on the irradiation effects
for this class rjp: materials. If the degrada-
tion to the properties of the composites is
similar to nuclear graphites, then the
advantage of using composites may be small.
It is critically important to develop an
irradiation data base for composites to
determine their applicability to ITER.

Another critical area for divertor plate
design is the bond between the plasma side
material and the heat sink. The bonding
method (e.g. brazing) will have a significant
influence on the residual stresses within the
structure. During operation, the performance
of the bond is, of course, crucial to the
performance of the divertor plate. At this
point, there is very little information
available on bond properties or on the
irradiation behavior.

Finally, the operating performance of
plasma facing components will depend upon the
specific component design and the stress
constraints imposed by the design. The cases
examined in this paper only illustrate the
trends expected. A more thorough analysis is
required to account for the presence of
primary stresses (gravitational loads, coolant
pressure, etc.) and actual geometry and stress
constraints. There is also a need to assess
crack growth beyond fatigue crack initiation,
since in a high cycle environment, crack
growth represent the most likely mode of
failure.
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