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The divertor collector plate in the INTOR reactor will be subjected to high heat,
particle, and neutron fluxes, making it the most severely damaged torus component.
The collector plate is composed of a protection plate, which is directly exposed to
the particle flux, and a heat sink which provides support for the protection plate
and carries the water coolant. The high-Z refractory metals have been comnsidered
for use as the protection plate material, and austenitic stainless steels and copper
alloys have been consideved as the heat sink material. Tungsten and Type 316 stain-
less steels have been selected for the protection plate and heat sink, respectively.
The protection plate has a sputtering lifetime of 1.75 y at a 507 duty factor,

while the heat sink is expected to last the lifetime of the reactor.

1. INTRODUCTION (

The impurity control system in INTOR is a
single null poloidal divertor located at the
bottom of the plasma chamber, as shown in
Figure 1.(1) The purpose of the divertor is
to divert and collect the ionized particles
that have escaped from the plasma as well as
the sputtered particles from the first wall.
A summary of the operating conditiomns is
shown in Table 1. he total energy to the
divertor is 80 MW, which Is equally divided
between the inner and outer channels. A
total of 70 MW of that energy impinges di-

rectly on the divertor collector plates re-
sulting in high surface heat and particle
fluxes, in addicion to the usual neutron flux.

The inner plate is placed at an angle of 30° |
and the outer plate is placed at an angle of '

NN 727777

NN\ LVLAANN.

[
SN

i il LR T3

14.5° with respect to the separatrix. The i o
angular rlacement reduces the peak surface heat
flux tc 2 MW/m? and the peak particle flux to
1.5 x 1022 /m?-s, N
,
Table 1. Divertor Operating Conditions
Figure 1 : C(ross section of INTOR reactor
showing divertor at bottom of
Dasign concept _Stogle null polotda] divertot plasma chamber.
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(gsormal to sepacsceix} - qutboard 8 Mu/a® The collector plates will potentially be sub-
- inbosrd A Mu/at j
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chosen for the collector plate design is to
separate the problems of sputtering from those
of cooling and structural support.




The plate design, shown in Figure 2, consists
of a low sputtering protection plate that is
mechanically attached to a heat sink composed
of a standard structural alloy. The protzction
pldte is eroded during particle bombardment
and eventually requires replacement. The
mechanlical attachments result in poor thermal
conductance between the plate and heat sink,
but they allow the plate to freely expand and
rotate as the temperature changes during the
burn cyecle, thus minimizing the thermal stress.
During the burn cycle, the plate temperatures
increase to 2000-2400°C, at which point 40 to
50Z on the incident heat is radiated back to
the divertor chamber and plasma chamber, re~
ducing the thermal gradient in the protection
plate and the heat flux incident upon the heat
sink.

Figure 2 : Divertor collector plate design.
2. PROTECTION PLATE MATERIALS

The principal requirements for the protecticn
plate material are a low sputtering coefficient
and adequate strength at the high operating
temperatures. In addition the material should
have a high thermal conductivity, a low coeffi-
clent of thermal expansion, and a low elastic
modulus in order to minimize the thermal
stresses. The materials that most closely meet
these requirements are the high-Z refractory
metals such as W, Mo, Ta, and thelr alloys.

The physical sputtering coefficients for W,

Ta, and Mo are shown in Table 2. The coeffi-
cients are calculated from a model by Smith.
(2,3) The predicted values indicate that W has
the lowest sputtering at 400 eV. A comparison
of the thermophysical properties at 2000°C is
shown in Table 3, (4,5) The materials have com-
parable thermophysical properties, but W is
slightly favored since Lt has the highest
melting point. The mechanical properties at
2000°C are compared in Table 4. (5,6) At this
temperature, all the materials are above the
recrystallization temperacture, and therefore,

they are all quite weak. In particular, the
creep-rupture strength is very low. The low
strength means that the protection plate must
operate at low stresses in order tuv obtain an
acceptable lifetime. Tungsten clearly has the
highest strength at these temperatures, and
primarily for this reason, it is capable of
withstanding the highest thermal stress. Be-
cause of the advantages of the lowest sputter-
ing and highest elevated temperature strength,
W has been selected as the reference material
for the protection plate.

Table 2. Sputtering Coefficients of Potential
Divertor Collector Plate Materials

At 400 oV
Atomic Material
Specles Mo Ta W
0 7.40x1072  2.42x1072  2.22x1072
c 5.55x10~2  1.81x10™2  1.66x10 2
He 1.48x1072  4.37x10~3  3.89x1073
D 5.864x1073  1.26x10~3  1.01x10™?
T 9.31x10-3  2.07x10~3  2.34x10"%
Self 4.58x10"1  2.99x10~1  2.79x107!

Table 3. Thermophysical Properties of Divertor
Plate Materials at 2000°C

Property Mo ¥:terial
Me:lting Point 2883 3269 3683
(X)

Thermal

Conductivity 71 87 102
(W/m-K)

Thermal Expansion

(x 10 /KR) 7.0 7.6 5.4
Specifiec Heat

(J/kg~K) 390 170 i68
Elastic Modulus

(GPa) 165 130 290

The advantages and disadvantages of using
tungsten are related to the high operating
temperatures. Radiation damage will readily
anneal out of the material at elevated tem-
peratures (~.65 T ) so that muo radiation
swelling, creep, Or embrittlement are expeccted.
However, recrystalllzed tungsten is brittle ac
temperatures <300°C (5), and therefore special
precautions are required during imitial start-
up and shutdown to prevent cracking. Fatigue
at elevated temperatures is a major concern,
but there are no fatigue data available



to evaluate the problem. Two additional
concerns, high temperature chemical
sputtering and surface emissivity will be
discussed in detail.

Table 4. Estimated Mechanical Properties of
Divertor Plate Materials at 2273 K

Mo Ta W
0.2% YS 22 15 35
(MPa)
UTS (Pa) 25 25 65
Ductility
Range, 7% 40-60 35-45 20-40

1,000 h Creep
Rupture 2 <1 9.0
Strength (MPa)

Thermal Stress
Parameterd 135 132 227

*(Thersal conductiviry) x (0.1% Yiald Strangeh) : bigh values desirable.

(Mlastie Modulue) x (Therasl expansion coefflcient)

Besides deuterium, tritium, and helium, im-~
purities will be directed at the divertor plate.
In particular, the particle flux is expected

to contain An oxygen ion concentration of 0.5%,
which can cause oxidation/chemical sputtering.
Tungsten interacts with oxygen at temperatures
above 500°C, and the primary high temperature
oxide, W03, volatillizes above +1000°C.

The predicted volatilization loss rates for

the maximum particle flux operating conditions
are illustrated in Figure 3. The curves in

the figure are based upon a model by Batty

and Stickney.(7) The model assumes that at
lower temperatures (<1800 K), the rate con-~
trolling step of the overall process is the
adsorption of O, on the tungsten surface where
it reacts to form an equilibrium mixture of
volatile oxide specles. The adsorption fraction
is called the "equilibrium probability”, £,

and the results of calculations indicate that

£, ilncreases rapidly with increwsing temperature.
At high temperatures, where £ _»1, the volatiliza-
tion rate is controlled by the equilibrium
thermodynamies. At the expected operating
temperatures of 1700-2500°C, the predicted
volatilization rate is 10~2 to 10~3 of the in-
coming oxygen particle flux (solid curve).

Since the incoming particles will be ionized
rather than diatowic molecules, %, is likely to
be much greater than the values calculated from
laboratory experiments. In the worst case
where £, = 1, every incoming oxygen atom will
be able to participate in the formation of
tungsten oxide. This case is also plotted in
Figure 3 (broken line). At temperatures below
1900°K, the tungsten loss rate is equal to one-—
third of the oxigen particle flux, since the

dominant oxide species is assumed to be WO;.
The maximum loss rate is calculated to be

2.5 x 101? atoms/s-n? which is ~ 3/4 of the
loss rate predicted for physical sputtering.
The volatilization rate is predicted to reach
a minimum of 2 x 10!7 atoms/s-m2 at 2400°K.
There are large uncertainties associated with
the chemical sputtering predictions, however.
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Figure 3 : Predicted W volatilizarion rate

due to oxygen particle flux.

The actual environment at the collector plate
i1s considerably more complex than the model
described above. After volatilization, a
tungsten oxide molecule can interact with the
incoming particles In several ways. The
molecule may proceed to strike and stick to
the nearest cold surface, it could undergo
ionization, or it could undergo dissociation.
An ionized molecule would be re~directed back
to the plate by the sheath potential. The
neutral atoms of a dissoclated molecule would
also be ilonized and redepusited on the plate.
At this time, little is known about the re-~
deposition and redistribution of sputtered
material. Further work, both experimental and
theoretical, is required to understand chemical
sputtering of tungsten.

The surface emissivity will have a significant
effect on the tungsten operating temperatures
because the plate is largely radiation cooled.
The emissivity of s50lid materials depends on rhe
roughness and oxide characteristics as well as
the wavelength of the emitted radiation and

the material temperature.(8) In general, the
emissivity increases as the temperature in-
creases and the wavelength decreases. The



emissivity of tungsten has been measured over
a large temperature range and for a range of
surface conditions.(9; The total hemi-
spherical emirtance for polished tungsten at
2000-2400°C varies from 0.28 to 0.34.(9) At
these temperatures, no oxide is present which
means that the only means for increasing the
emissivity is to increase the surface
roughness. At 2200°C, z roughened surface
increases the emissivity to 0.4~0.65, and
therefore, it is concluded that appropriate
fabrication techniques (e.g., grooving or
sandblasting) can increase the emissivity to
0.5 to 0.6. 3ince the top surface is exposed
to energetic particles, a major concern is

the effect of sputtering on surface roughness.
Unfortunately, no experimental data taken
under the appropriate conditions are available
to evalvate the actual emissivity of a sput-
tered tungsten surface.

3. HEAT SINK MATERIALS

The purpose of the heat sink material is to
provide structural support for the tungsten
plates and to contain the pressurized cgolant.
The material must maintain its mechanical
integrity and dimensional stability under

the severe radiation, thermal, chemical, and
stress conditions of the divertor environment.
Two ciasses of metals have been examined as
heat sink materials - copper alloys and
austenitic stainless steels. The primary
advantage of copper and copper alloys is their
ability to withstand much higher surface heat
fluxes. This advantage is due to the extremely
high thermal conductivity of copper. On the
other hand, stainless steels are generally
stronger and capable of higher operating tem~
peratures (nS00°C vs ~300°C). The effects of
high neutron fluences are also better under-
stood in stainless steels because o{ the
larger data base.

Neutron irradiation of copper is limited to a
damage level 1 dpa.(lG) The peak swelling
temperature of pure copper is ~325°C (0.44 Tg)
and the swelling rate is high (0.2-0.5%/dpa).
Radiation hardening and embrittlement is also
observed.(11) A particular concern is the
embrittlement of cold worked copper. For ex-
ample, 207% cold worked copper that was irradiated
to <l dpa at ambient temperature had a taotal
tensile elongation of <1%.(ll) 1In contrast,

the radiation properties of Type 316 stainless
steel are far superior to those of copper.
(Since radiation effects in austenitic stainless
steels have been reviewed extensively elsewhere,
they will not be discussed here.} It is es-
timated that the radiation effects in Type 316
stainless steel are not life limiting for the
INTOR operating conditioms.{l) Therefore, there
is an incemntive to use stainless steel as a
structural material, if the heat fluxes and the
assoclated thermal stresses can be reduced to

an acceptable level.

4, LIFETIME ANALYSIS

The protection plate lifetime is likely to be
dependent upon the sputtering rate of tungsten.
The effective physical sputtering coefficient
for tungsten has been estimated during the INTOR
design ztudy to be 2.2 x 10-3.(1) For an in-
cident particle flux of 1.5 x 1022/m2-s, the
material loss rate is 5.2 x 10"%m/s. The re-
sulting lifetime for a protection plate that
can lose 15 mm of thickness before replacement
is 1.75 y for a 50% duty factor. As noted
earlier, there is considerable uncertaintv in
the value for the sputtering coefficient due

to possible chemical sputtering and the eifects
of redeposition. Thermal fatigue due to the
cyclic operating cycle may also influence wae
lifetime, but there is insufficient information
available for an evaluation. Thus, although
the protection plate appears to be capable of
multi-year lifetimes, considerable experimental
effort is needed to acquire important physical
property information.

The major lifetime councern of the stainless
steel heat sink is the potential for high cveclic
stresses leading to fatigue failure. In order
to qualify austenitic stainless steel, it

must be shown that the heat sink can be designed
to meet the ASME stress and fatigue criteria.
The ASME design curve for fatigue incorporates
safety factors of two in stress or twenty in
cycles to failure, whichever is lower, over the
mean fatigue failure curve.{l) The fatigue
strain in the heat sink depends upon the maximum
and minimum heat loads transmitted by the pro-
tection plate. One of the advantages of the
radiation cooled collector plate design is that
the heat load to the heat sink is reduced. The
peak load during the burn is 1.1 W/m? and the
minimum heat load during the dwell period is

0.6 MW/m?. For these conditions, the fatigue
lifetime of the heat sink is expected to exceed
the reactor lifetime. Details of the analvsis
are given elsewhere.{l) Since in addition,
austenitic stainless steel has adequate radia-
tion damage resistance, the heat sink is ex-
pected to last the reactor lifetime.
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