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The properties of materials for the carbon armored ITER divertor
were evaluated from literature and manufacturers' documentation. Most of
these data, however, have been not known or not published yet.

We have evaluated an optimum data set of the candidate materials of
the ITER divertor, which were needed for finite element analyses (FEM).
The materials evaluated are as follows; MFC-1, CX2002U, SEP-N112, P-130,
1G-430U for the carbon based materials, and Oxygen Free Copper (0FCu),
Dispersion Strengthened Copper (DSCu), TZM, W5Re and W-Cu as a heat sink
material. It should be noted that W-Cu is first proposed for a heat sink
application of the ITER divertor plate.

The finite element analvses were performed for the residual stress
induced by brazing, thermal response and thermal stresses under a uniform
heat flux of 15 MW/m? to the plasma facing surface. The stress free
temperature of 750°C is assumed for the residual stress by brazing. Ten
different geometries of the divertor were considered in the analyses
including possible material combinations.

The FEM results show that the material combinations of MFC-1 and W-
30Cu or DSCu in the flat-plate geometry satisfy the presently accepted
ITER requirements. The combinations of CX2002ZU and TZM or W5Re is con-
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sidered a good choice In terms of residual and thermal stresses, whereas

the surface temperature exceeds the ITER requirements.

Keywords: ITER, Divertor, Carbon Bagsed Materials, Heat Sink Materials,
W-Cu Materials, FEM Analysis, Material Database. Material

Design, Residual Stress, Thermal Stress
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1. Summary

The properties of candidate materials for the carbon armored ITER divertor were
evaluated from literature and manufacturers’ documentation. Many of these data
were not known or not published yet. For the armor the following materials were
considered: MPFC-1 (uni-directional (1D) carbon-fiber-composite (C/C) matenal,
maker Mitsubishi Kasei Corp., Japan), CX2002U (2D C/C, Toyo Tanso Co., Japan),
SEP-N112 (3D C/C, Société Européenne de Propulsion, France), P-130 (1D C/C,
Amoco Performance Products Inc., USA) and 1G430U (isotropic graphite, Toyo
Tanso Co., Japan). For the heat sink the following alloys were considered: oxygen
free copper (OF-Cu), dispersion strengthened copper (DS-Cu), TZM, W5Re and the
pseudo-alloy W-30Cu. For every material an optimum data set, as needed for finite
element modeling, was evaluated.

The thermal response to a uniform heat flux of 15 MW/m?2 (steady state) applied to
the plasma facing surface, and the residual as well as thermal stresses were calculated
using the finite element code ABAQUS. Braze solidification at 750°C was assumed.
The output of each thermal analysis was used as the final condition for the
subsequent stress analysis. Ten different divertor plate geometries were generated,
and applied to several possible material combinations. In total 65 2-dimensional
cases, and one 3-dimensional case, were analyzed. The geometry of the ten different
divertor plate models was chosen such, that a direct comparison of the thermal
response and the stress levels is possible not only among the geometries, but also
between different materials combinations.

The pseudo-alloy W-30Cu is proposed for a heat sink application in ITER divertor
plates for the first time. The thermal performance as well as the residual brazing and
the thermal stresses are predicted for combinations with a MFC-1 or CX2002U armor

for different geometries.

The impact of the angle in the brazing constituents at the open end of the interface
on the residual stress was evaluated by 2-dimensional FEM. For the 2D composite
material CX2002U, DS-Cu with and without an intermediate OF-Cu layer, TZM and
WS5Re substrates, respectively, were considered, whereas MFC-1 was combined with

either DS-Cu or W-30Cu.

With regard to the presently accepted ITER requirements, the material combinations
MFC-1 plus W-30Cu, and MFC-1 plus DS-Cu, in the flat-plate as well as bent-braze-
interface design, qualify best for a divertor plate application. For the monoblock
design the combinations CX2002U plus TZM or W5Re are considered a good
choice in terms of residual and thermal stresses, whereas even with a copper based
heat sink the allowable peak surface temperatures are exceeded.

J— 1 —
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2. Introduction

From today's point of view the Tokamak magnetic confinement is the only promising
concept for a successful and efficient energy production by controlled thermo-
nuclear fusion. Of major challenge in materials R&D as well as design are the divertor
plates - the only deliberate interface between the burning plasma and solid matter

[1-3].

Heat fluxes of 15-30 MW/m2 in normal operation are expected due to the incident
ions, electrons and Y, causing severe materials erosion. Fatigue due to cyclic
operation and sweeping of the X-point, thermal shocks due to uncontrollable plasma
disruptions and run-away electron events, plus damage and materials degradation
due to neutron-irradiation, will contribute to the harsh environment.

The requirements for divertor and first wall materials, in particular for brazed
components, are listed in table 2. A solution to every single point is available today.
No design concept, however, can meet all demands at the same time. Some desired
properties - top priority issues for the first wall, are only of secondary importance for
near-term divertor plates: post activation/disposal, repeated exchange, price, etc. The
main (experimental) activities of today's R&D on divertor plates aim at improving the
heat removal and fatigue capabilities, reliability and overall operation, see e.g. [4-11].

The presently accepted parameters for the normal operation of ITER divertor plates
are as follows:

15 MW/m?2 steady state heat removal,

with peak surface temperatures < 1000°~1100°C,

use of high strength alloys for the heat sink,

only minor deformation under one-sided heating,

resistance to more than 10.000 plasma discharges at full power,

low erosion off the plasma exposed surface, and

neutron irradiation resistance,
to enable continuous operation without divertor replacement for ~1 year.

Further, in the present study the following criteria were taken as a basis, if a material/
design qualifies for an application in divertor targets: '
- no permanent (i.e. no inelastic) deformation due to the residual brazing stresses,
or due to the thermal loading at 15 MW/m2,
- the predicted residual and/or thermal stresses must not exceed the ultimate strength
‘of the respective material.

In order to keep the Zesrective 10w in the plasma, facing surfaces may either be
composed of low-Z materials, or contain only low-erosion high-Z elements combined
with lower plasma edge temperatures.

For near-term fusion machines carbon-fiber-reinforced-carbon materials (C/C) are
considered as prime candidates for the plasma facing armor. Advanced carbon fibers
have been developed recently with a thermal conductivity beyond 1000 W/mK (see
e.g. [26-29]). This happens to be ~10 (!) times the value of isotropic graphite, which
served as the reference plasma facing material only a few years ago. New brazing
techniques are to be developed for the probable materials combinations [12-14].
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3. Material Properties

The aim of the present study was to compare materials and material combinations,
based upon thermal as well as deformation/stress finite element (FEM) analyses. A
rather conservative approach was taken: only (commercially) available and charac-
terized materials were applied in the evaluations.

A very useful and comprehensive data base of divertor candidate materials for finite
element modeling was collected and reported by E. Zolti [15]. More thermal and
mechanical properties for all considered materials were evaluated from literature [16-
65], from manufacturer's documentation/private communication [66-75], or newly
measured, such as for MFC-1 (1992) [76]. For almost all of the considered materials
more than one data set was available. The properties chosen for the analyses were
either measured or reported later, in better agreement with other authors, or measured
for a material/component, which was already tested for its fusion relevant perfor-
mance. The relevant properties of all considered materials are listed in tables 3.a-d

and plotted in figures 3.a-b.

Since the main purpose of running tokamak experiments at present is to study the
basic plasma performance rather than to prove the technological reliability of divertor
plates over a full life-time period, any plasma resistant & highly conductive material
combination/design makes a reasonable candidate for the divertor. For the so-called
physics and technology phase of ITER, not only excellent overall heat removal will
be needed. Also resistance to fatigue and neutron irradiation plus a wide margin in
passive safety in off-normal events and integrity after long-term operation are
required. Thus only high strength materials are to be considered for the heat sink.

3.1 Carbon-Fiber-Reinforced-Carbon (C/C) Materials,
and Graphite

For their high thermal conductivity, good thermal shock resistance and favorable
erosion properties plus a very high sublimation temperature and low activation after
14 MeV neutron irradiation, C/C armored divertor plates are very promising for ITER.

For the preset study only carbon materials were considered as the plasma facing
armor of divertor plates, namely the following one-, two- and three-directional
(1D, 2D and 3D) C/Cs:

MFC-1 (1992), 1D, maker: Mitsubishi Kasei Corp., Japan,

CX2002U, 2D, maker: Toyo Tanso Co., Japan,

SEP-N112, 3D, maker: Société Européenne de Propulsion, France,

P-130, 1D, thermal analyses only, Amoco Performance Products, Inc., USA
In addition a reactor grade graphite was included in the analyses:

1G430U, isotropic graphite, maker: Toyo Tanso Co., Japan.

It should be noted here that for the carbon materials considered in the analyses a
temperature dependence of the thermal expansion was not always available.
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The thermal conductivity of graphites and C/Cs was reported to decrease after short
neutron irradiation [23, 24}. The percentage of reduction is comparable for similar
materials, and typically bigger for C/Cs with an initially high value. The remaining
conductivity after neutron irradiation, however, still appears to be better for C/Cs
with an initially higher value.

The tritium retention is a severe drawback for C-based materials in a fuston-like
environment. By reducing the open porosity this situation is improved. The thermal
shock resistance and/or fracture toughness, however, might be impaired by a higher
density [72, 73].

Uni-Directional (1D): MFC-1 (1992)

MFC-1 (Mitsubishi Kasei Corp., Japan) is a uni-directional C/C with a high ori-
entation of its pitch-type fibers and a distinct anisotropy of its thermal and
mechanical properties in different directions:

the thermal conductivity parallel (//) to the fibers is a factor of ~25 higher than
perpendicular (L) to the fibers. For the Young's modulus (YM) and the tensile
strength this anisotropy factor is ~100. Naturally different properties // and 1 to the
fiber direction had to be used in the FEM calculations. Since the Poisson ratio (PR)
must be smaller than the square root of the ratio of the corresponding two YM; -
PR,y < (YM;/YM,)1/2 - the stiffness matrix had to be used to describe the elastic
properties instead of giving the YMj, shear moduli and the PRs; see [83] and

CX2002U (see later).

The high thermal expansion of MFC-1 perpendicular to the fibers
(a0 ~ 12x10-6/K) does not compare to the negative or "no" expansion parallel to the
fibers (o ~ -0.9x10-6/K) at all. That phenomenon is already known for pyrolytic
graphite [19]. The thermal expansion of ~12x10-6/K of MFC-1 (1), however, can
easily be met by W-Cu (pseudo-)alloys, see there.

Today's uni-directional C/Cs typically feature a lower porosity than two-directional
C/Cs or isotropic graphite. In theory (nearly) full density should be achievable for 1D
C/Cs, if both, the orientation/packing of the fibers and the graphitization can be
optimized. Full density of 100% without porosity is most desirable and could have a
big impact on the tritium retention, and thus on the applicability of such materials for

DT-plasma operation.

In the finite element modeling the fiber direction was oriented perpendicular to the
plasma facing surface.

The material properties were collected from literature [16, 25], and manufacturer's
documentation [66]. The thermal conductivity was newly measured [76], see tables

and figures 3.a-d.
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Two-Directional (2D): CX2002U

CX2002U (Toyo Tanso Co., Japan) is a felt-type C/C with a typical fiber length of
~10 mm. Non-uniform compacting and chemical vapor infiltration to deposit
pyrolytic carbon inside the fiber fabric are used to increase the density and the
thermal! conductivity of the precursor material. This not only increases the cost of
production, it also contributes to the anisotropy of CX2002U and thus complicates
analytical modeling. For the thermal as well as stress calculations, temperature and
direction dependent properties (different in all three directions: thermal
conductivity and expansion, Young's (YM) and shear (SM) moduli, where the shear
moduli were calculated by: SMj = YM; / 2(1+Poiss.ratio;) ) had to be used for a
correct prediction of the thermal response and the stresses in CX2002U/metal bonds

- see [83].

For its low thermal expansion and high thermal conductivity CX2002U appears to
be a suitable armor in the closed designs (monoblock, piped monoblock), in particular
with a TZM or W5Re heat sink. Joining to soft copper is also possible due to the
early yielding of OF-Cu.

The material properties were collected from literature [16], and manufacturer's docu-
mentation [68], see tables and figures 3.a-d.

In the modeling the direction of best thermal conductivity was oriented
perpendicular, the direction of second best conductivity parallel to the plasma facing
surface, whereas the direction of lowest conductivity was oriented parallel to the

tube axis.

Three-Directional (3D): SEPCARB N112

SEP-N112 (SEP) (Société Européenne de Propulsion, France) is composed of multiple
layers (2D weave), needled to each other. Therefore it is an "almost” 3D C/C. It
features rather homogeneous thermal and mechanical properties in all directions,
particularly a high compressive strength. Same as for CX2002U, chemical vapor
infiltration is used to deposit the carbon matrix inside the fiber structure [70].

For the modeling, the main fiber plain, with higher thermal conductivity and strength,
was oriented perpendicular to the tube axis.

The material properties were taken from the manufacturer's documentation and/or
private communication [70, 71], see tables and figures 3.a-c.

Uni-Directional (1D): P-130

The development of carbon fibers with an "ultra-high" thermal conductivity was
reported recently [26-29]. The reported mechanical properties of these are also rather

impressive [29].

Since the data base for a composite bulk material with these fibers were not available,
only thermal analyses in combination with a W-30Cu heat sink were performed. The
thermal conductivity for a "bulk” P-130 parallel to the fiber direction was supplied by
[74]. Perpendicular to the fiber direction the same thermal conductivity as for
MFC-1 (1992) was assumed, from [76], see table and figure 3.a.

iSi
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Isotropic Graphite: IG430U

Since isotropic graphite served as the reference plasma facing material until a few
years ago, for the monoblock and the flat-plate type the combination with a TZM
heat sink was included in the FEM analyses. The peak surface temperatures reached,
however, are too high for any reasonable armor thickness here.

The material properties were collected from literature [16] and manufacturer's docu-
mentation [68], see tables and figures 3.a-c.

3.2 Copper Alloys

For its good conductivity, ductility and well characterized properties, copper was an
obvious candidate for the heat sink of high heat flux components. In particular the
easy brazability to non-metals, such as C/Cs, due to a low yield stress, makes the use
of "soft"- or oxygen-free copper (OF-Cu) interesting for divertor plate development
and for application in present tokamaks. A copper alloy with a higher strength, such
as dispersion strengthened copper (DS-Cu) would be of high interest for ITER
divertor plates, if the problems of joining to C/Cs can be fully overcome [14].

A rather comprehensive discussion of the fusion relevant properties of Cu-alloys was
reported recently {30]. The material properties for the present analyses were collected
from literature [15, 16, 30-34], and manufacturer's documentation [67], se¢ tables and

figures 3.a-d.

3.3 Molybdenum, and Alloys

Rather small amounts of titanium- and zirconium-(oxide) can improve the mechanical
properties of pure molybdenum significantly. TZM, which still contains 99.3 wt%
Mo, is the most important molybdenum alloy - containing Ti and Zr - for high temper-
ature application. It is machinable at RT, has a high ductility, and a higher recrys-
tallization temperature and strength than pure Mo [35-53, 69]. TZM is widely used
for brazed composites, see e.g. [77], and was already successfully applied and tested
in carbon-armored divertor plate mock-ups of different geometries, see e.g. [10, 11, 13,
77-80]. The material properties for the present analyses were collected from literature
[34-53], and manufacturer's documentation [69], see tables and figures 3.a-C.

Mo41Re, with a high ductility even after recrystallization as well as improved
weldability and higher recrystallization temperature than TZM, can be used as the
coolant tube material in combination with a TZM heat sink [79, 80]. For its rather
low thermal conductivity (see table and figure 3.a/II) it was not considered in the
present analyses.

The thermophysical and mechanical properties of Mo3Re are similar to TZM, and
thus a similar temperature/stress distribution is to be expected in FEM analyses.
Therefore no extra calculations with Mo5Re were performed.
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3.4 Tungsten, and Re Alloys

Most attractive for W and W-Re alloys are their high melting temperature, the rather
low thermal expansion, and an interesting thermal conductivity (at lower rhenium
contents). A high melting temperature is of interest for a wide margin in passive
safety, and even for a possible in-situ annealing of C/Cs after longer neutron
irradiation. A low thermal expansion (together with a high thermal conductivity) is
favorable in combinations with 2D or 3D C/Cs for better match and aiso for lower
stresses under one-sided heating.

A rhenium addition improves the strength of W alloys significantly, but degrades the
thermal conductivity. Thermal conductivities of some tungsten alloys with differing
rhenium contents are shown in table and figure 3.a/I1L

The high temperature performance, the ductility and recrystallization resistance,
ductile brittle transition temperature, fracture toughness as well as low temperature
machinability are improved by a rhenium addition. W-5(wt%)Re was chosen for the
analyses here, because its thermal conductivity is still ~90 W/mK, and the mechanical
properties might be acceptable. This material is commercially available and mainly
used for W-WRe thermo couples. The manufacture of high strength tubes and
brazing to C/Cs is yet to be developed [75].

The material properties for technical tungsten and some W-Re alloys, as used in the
present analyses were collected from literature [33-55], manufacturer's
documentation [69] or private communication [71, 75]; the properties are listed in
tables 3.a-d, and plotted in figures 3.a-b.

The ultimate strength of 1100 MPa was not reached in any of the analyses, although
W3Re has the highest elastic modulus of all considered heat sink materials.

3.5 Cu-Infiltrated W-Cu Composite Materials (Pseudo-Alloys)

When tungsten powder is compacted and (partly) sintered to achieve only 50-90%
of the possible density, a material with an extensive open porosity is produced. The
tungsten particles are sintered to each other with intergranular bridging. Infiltration
with liquid Cu leads to a dense composite material with properties in between pure
copper and tungsten. A successful production of dense specimens in the range 10-
50v0l% Cu - due to the good wettability of tungsten with liquid copper - was
reported [58]. However, almost no mutual solid solubility is reported for the W-Cu
system - therefore "pseudo-alloy” [55-65], and thus the thermal conductivity in
particular of the copper filler matrix is not impaired due to alloying. W-Cu alloys are
commercially available and rather inexpensive.

Most important, the thermal expansion can be adjusted to any value between 6x10-6
and 12x10-6/K.
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Applying a different production method - mixing of W and Cu powder and
subsequent sintering - materials with lower tungsten concentrations and thus thermal
expansions up to the value of pure copper can be achieved. This production method,
however, is not desired here. Due to the low sintering temperature (... low melting
point of copper) no firm connection between the tungsten particles is established. If
such W-Cu composites are subjected to temperatures in excess of the melting point
of Cu, overall melting will occur.

For copper infiltrated composites with a coherent tungsten matrix this is not the case.
Exceeding the melting temperature locally of course results in a melting of the copper
filler, but the tungsten body will keep its shape. More important, the ultimate tensile
strength of infiltration composites was reported twice as high as of directly sintered
powder mixtures [S8].

The fact, that the properties of copper-infiltrated W-Cu composites will not be
degraded when subjected to temperatures up to even 1050°C is a clear advantage
compared to DS-Cu.

The solubility of Mo in Cu was reported to be 0.6at% [58]. Since the thermal
conductivity of Cu drops dramatically with little additions of other elements (e.g. Ni,
Zn; see [31]), W-Cu alloys are to be preferred here. Pure Mo has a higher thermal
expansion than W, requiring less Cu to match the expansion of MFC-1. Thus the
thermal conductivity of Mo-Cu would be lower than for a W-Cu with the
corresponding expansion value.

W-Cu is machinable at RT. Mo-Cu, however, can be machined much easier - even
coined - due to the better ductility of Mo [65].

W-Cu (infiltration) composite materials are widely used as electrodes for electrical
discharge machining (EDM, spark erosion), and as contact materials in high voltage

switches.

Today's W-Cu composite materials are not optimized yet for a divertor heat sink
application. Manufacture, thermal conductivity, ductility, brazability and machin-
ability - possibly acceptable at the present stage - still could be improved by
optimizing the sintering and infiliration process, changing the grain size, etc. [58, 59].
It might even be possible to use a tungsten powder of lengthy shape to achieve
direction dependent properties (¢.g. better thermal conductivity perpendicular to the
brazing interface, combined with a lower electrical conductivity in the other
directions to reduce eddy current forces). For a controlled tailoring of the mechanical
properties tungsten fibers can be used instead of a powder to fabricate the porous

tungsten body for infiltration with copper {55-57].

W-Cu parts can be produced up to big sizes (only limited by the production facil-
ities). Some important properties for fusion application, such as formation of volatile
oxides, corrosion, erosion, thermal shock resistance, neutron irradiation, activation,
afterheat generation and recycling, still have to be evaluated. High heat flux loading
experiments of W-Cu brazed to MFC-1 or CX2002U have already been started at
JEBIS (JAERI Electron Beam Irradiation Stand) - K. Satoh, to be published [81].

The material properties for the present analyses were collected from literature [55-65],
and manufacturer's documentation [69]; the data are listed in tables 3.a-d, and plotted

in figures 3.a-b.
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3.6 Nb-1Zr

The alloy Nb-1Zr is being studied in the field of nuclear fission, since it 1s rather
promising for space nuclear power applications. That material was proposed for the
heat-sink of a C/C-armored ITER divertor {82]. For its poor thermal conductivity, low
strength before n-irradiation, a long lasting and rather high radioactive decay [42-44,
52-54], it was not considered in the present evaluations. Some thermal analyses,
however, were performed to compare the heat removal performance of Nb-based
materials to Cu-, Mo- and W-based alloys.

The material properties collected from literature [42-44, 52-54] are shown in tables
and figures 3.a-b.

4. Joining of Dissimilar Materials

The principal ways of joining materials are [84]:

a) mechanical, such as bolting, clamping (poor heat transfer),
b) adhesive, or "gluing” (not heat resistant),
C) reaction joining:  hot isostatic pressing,

welding,

diffusion bonding,

active metal brazing.

From today's point of view, combinations of materials with a distinct difference in
their chemical, physical as well as mechanical properties - such as C/Cs plus metal -
need to be joined by brazing, to endure a typical fusion environment.

For the present study a braze with a melting/solidification temperature of 750°C was
assumed. This comes close to the properties of "TiCuSil", a commonly used braze to

join carbon materials to metals.

The effect of the thermo-physical or mechanical properties of the braze usually was
not considered in the analyses. For the two closed designs (monoblock - table and
figures 7.1.1, piped monoblock - table and figures 7.1.2) and the saddle type design
(table and figures 7.2.2) the effect of a OF-Cu layer (0.5 mm thickness) between the
tubular heat sink and the armor was considered. Since TiCuSil has a rather low yield
strength, the above approach might not simulate only a coating with soft copper, but
also the behavior of a braze layer.
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5. Design Prestudy: Brazing Angles

The singularity at the open end of the braze line is a well known problem when
joining dissimilar materials, see e.g. [85-93]. A comprehensive literature study of the
many analytical and experimental evaluations is under way - R.D. Watson, to be
published [74]. '

5.1 Combinations with CX2002U

To optimize the micro-geometry at the open end of a braze interface, in particular to
reduce singularity effects, the residual stresses vs. the angle between the interface
and the open surface were evaluated in both, a CX2002U (CX) armor and a metal

substrate.

Two series of calculations were performed:
() CX2002U combined directly with a DS-Cu substrate,
or with an OF-Cu interlayer of 0.3, 0.6 and 1.8 mm thickness, respectively;
(I) CX2002U combined with the refractory alloys TZM or W5Re.

All possible combinations of the angles 45°, 90°, 135° and 180° in the CX2002U
and/or the metal were considered, totaling 16 calculations per materials combination,
see figures 5.1.

The combination CX2002U with DS-Cu was chosen for the high mismatch in thermal
expansion, and the rather high yield strength of DS-Cu. The combination CX plus
DS-Cu with an OF-Cu interlayer is interesting for two reasons: to study the effect of:

- a soft compliant layer, and
- a thicker braze layer, since OF-Cu comes close to the properties of a soft braze.

At the left end surface of the model a symmetry plane was introduced by restraining
all nodes of that edge in the x-x (i.e. horizontal) direction, see figures 5.a-c. The
distance to the "brazing angle", i.e. to the open end at the right side of the braze line

in every case was 20 mm.

8-noded quadrilateral generalized plain strain elements with biquadratic integration
were used. A temperature of 750°C was assumed for braze solidification (i.e. the
stress free condition). The residual stresses at RT were calculated. The direction
dependence of the properties of CX2002U can be translated as follows:

direction x in figures 5.a-c corresponds with direction 1 in tables and figures 3.a-d,

direction y with direction 2, and z with 3.

The distribution of the von Mises stresses for two selected geometries is plotted in
figures 5.a-c. The peak von Mises stresses near the brazing interface are plotted in
figures 5.1 (note that every diagram is plotted twice: normalized to the angles in CX,
e.g. 5.1.1/1, and normalized to the angles in the metal, e.g. 5.1.1/1I).

— 10 —
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In the case of CX2002U + DS-Cu combinations the stresses in Cu were limited by
the yield strength of DS-Cu, ~460 MPa (at RT). Only for 45° in CX2002U the peak
von Mises stresses were found to be significantly below yielding for any angle in
DS-Cu. The relatively low stresses in the combinations 45° in CX with 90°, 135° or
180° in DS-Cu, however, still exceed the strength of CX2002U.

The use of an OF-Cu interlayer reduces in particular the stresses in the CX2002U,
whereas in the DS-Cu there is a systematic, but compared to the strength rather
insignificant change in the stress pattern - see figures 5.1. Small angles in CX and in
the OF- plus DS-Cu substrate are found to generate lower residual stresses in CX.

The refractory alloys TZM and W5Re was combined with CX for their thermal
expansion, which happens to range between the low (//) and high (1) values of CX,
The same tendency for the peak residual stress is found as for CX + DS-Cu
combinations, only the stresses here appear to be typically 4~5 times lower. In
particular combinations of 45° in CX with 90°, 135° or 180° in TZM or W5Re show
low residual stresses, with the values in CX below its (tensile and) compressive
strength and thus acceptable.

As a consequence to the above stress behavior, the piped monoblock divertor design
was developed to reduce in particular the stresses on top of the coolant tube, but to
keep the newly introduced singularity stresses as small as possible, see chapter 7.1.2.

5.2 Combinations with MFC-1

Since for MFC-1 only geometries with the fiber direction in MFC-1 parallel to an
open and plane lateral surface (i.e. the combined angle in armor and heat sink =
180°) are of interest, the influence of the angles in the constituents at the open end
of the brazing interface was studied directly in the divertor plate models, see 7.2.4

and 7.2.5.
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6. Finite Element Modeling of Different Divertor Designs

The finite element modeling (FEM) was carried out on a FACOM VP-2600
supercomputer (4 gigaflops, maker: Fujitsu of Japan). The finite-element code
ABAQUS (Version 4-9-1, 1992) [83] was used to predict the thermal response at a
uniform heat flux to the top surface of 15 MW/m2 (steady state) and the residual as
well as thermal stresses. Braze solidification at 750°C (i.e. the stress free temperature)
was assumed in all cases, with subsequent cooling to room temperature (RT, 20°C),
where the residual stresses were taken. The output of the thermal calculation was
used as the final condition for the subsequent stress analysis. The two-dimensional
models were constructed with 8-noded isoparametric quadrilateral elements. In all
elements the inside angles were 60° < £ < 120°. The lateral length was always
smaller than 1.2 mm, near the braze line or in regions of higher stress preferably
0.3-0.8 mm. The number of nodes and elements, and the principal geometry for all
divertor models is given in table 7.a.

8-noded generalized plain strain elements (i.e. "quasi-three-dimensional") with bi-
quadratic integration were used to account for the stresses in the z-z direction (I to
the axis of the coolant tube). Since the used code does not provide for a coupled
thermal/stress analysis with that kind of elements, the modeling had to be performed
in two independent runs. For an incident heat flux of 15 MW/m?2 the temperature for
every nodal point - the output of the thermal analysis - was used as input for the

subsequent stress analysis.

When available, temperature-dependent properties were used for the armor and the
heat sink. Anisotropic material properties were used in the case of MFC-1, CX2002U,
SEP-N112 and P-130, to account for the preferred orientation of the fibers. Full-size
two-dimensional models were applied in the calculations, whereas only one half is
presented in figures 7. and 9. In the case of 3-dimensional analyses only a half-sized

model was applied in the calculations, figures 8.b-c.

Issues concerning the material selection, design and/or the critical heat flux - with
regard to FEM - of future divertor plates are being studied eagerly. The references in

[96-106] are an arbitrary selection of recent papers.

6.1 Thermal FEM Analyses

The operational parameters for the ITER physics phase, combined with the following
assumptions, were chosen as input for the thermal analyses:

a)  a uniform surface heat flux of 15 MW/m2, in steady state mode,
b) coolant water conditions: 60°C, 3.5 MPa and 10 m/s flow velocity,

¢) a subroutine within ABAQUS [83] was used to calculate the increase in heat
transfer film coefficient from simple forced-flow convection to subcooled

nucleate boiling, in a self-consistent manner,
- the non-boiling regime was modeled using the Dittus-Boelter equation [94],

including f(Tgyy),
- the boiling regime, including subcooled nucleate boiling, was modeled using
Thom's correlation [95], figure 6.1
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d) to increase the level of the critical heat flux, a flow enhancement for vortex
promotion - such as a twisted tape - is considered essential within the coolant
channels of ITER divertor plates; a twisted tape insert, however, was not used
in the present analyses, because no commonly accepted correlation was
available, in particular for one-sided heating,

e) to ease a direct comparison of the different material combinations and
divertor designs analyzed, no heat radiation off the top or lateral surfaces was
considered.

6.2 Elastic and Inelastic Stress Analyses

A linear temperature decrease was used for all node points to describe the transition
from the temperature of assumed braze solidification at 750°C to room temperature
(20°C). A uniform temperature over the entire model was assumed in each of the 25
increments. The prevailing stresses at RT were defined as the "residual stresses after

brazing".

The steady state temperature profile at 15 MW/m?2 to the top surface was used to
define the final temperature for the thermal stress analyses. Now a linear temperature
increase was used for all node points to describe the transition from RT to steady-
state conditions at 15 MW/m2, over 25 increments. For a more realistic description of
the loading conditions the actual transient is to be considered. But since the assumed
linear temperature increase will deviate from the effective sequence of the
temperature profiles by the rate of change rather than due to the prevailing
temperatures itself, the effect on the predicted peak stresses can be neglected. When
using inelastic material properties in a lifetime evaluation based on creep and fatigue,
that assumption was not permitted. Since the maximum stresses will occur either at
RT (high residual stresses, in particular with a big mismatch in thermal expansion), or
when reaching the highest thermal gradients (high thermal stresses at 15 MW/m2, in
cases of low thermal conductivity together with a high elastic modulus), the above

simplification is justified here.

A water pressure of 3.5 MPa was applied to the tube inner wall when calculating the
"thermal stresses”.

For OF-Cu, DS-Cu and TZM elastic and inelastic properties were available from
literature. Thus plastic yielding was considered in the stress analyses.

The presently available data base for W-Re and W-Cu alloys is rather scarce,
typically with a lack of the needed mechanical properties at elevated temperatures.
No inelastic yielding was considered in the stress analyses. Also for all C/Cs and

graphite only elastic behavior was assumed.

For the graphical output in figures 7. - 9. the stresses, temperatures and heat fluxes
were extrapolated over the range of the integration points to the clement edges,
whereas for the tabular listings in tables 7. - 9. the values at the integration points
were used (except for the temperature: monitored at some selected nodal points).
This explains the sometimes higher values in the plots.
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7. Divertor Designs and FEM Evaluation

The classification of divertor designs used here was with regard to the fact, if
individual tiles are de-/re-brazable in situ.

The principal geometry applied in all calculations was: 25 mm total width, 32 mm
overall height, 15 mm tube inner diameter, 1.5 mm min. heat sink thickness, 10 mm
min. armor thickness (i.e. 11.5 mm for the minimum distance between the plasma
facing surface and the coolant). The number of nodes, elements and the principal
geometry for each considered design is given in table 7.a. A qualitative comparison
of the "open” designs (flat, saddle, bent: individual armor tiles are exchangeable in
situ) with the closed designs (monoblock, piped: a replacement of individual tiles is
not possible) is given in table 7.b. Figure 7 shows the cross section through eight of
the ten considered designs.

7.1 Closed Designs

7.1.1 Monobleck Type

In particular for 2D and 3D C/C armor the monoblock divertor plate type bears
advantages in brazing and passive safety of performance. The development of ma-
chining and manufacture of divertor-shaped geometries is under way. Monoblock
divertor mock-ups with different material combinations were already successfully
manufactured and tested, see e.g. [1-9, 13]. The main advantage of the monoblock
geometry is the uniform stress distribution around the coolant tube by eliminating
singularities within the brazing interface (in the 2-dim. projection parallel to the axis
of the coolant tube).

A listing of the maximum residual as well as thermal stresses in the armor and the
coolant tube for different materials combinations, and the thermal performance is
given in table 7.1.1. In figures 7.2.1.a-1 the corresponding plots, as generated by
ABAQUS [83], are shown.

For 2D and 3D armor, such as CX2002U and SEP-N112, the lowest residual and/or
thermal stresses are predicted with a TZM or WS5Re heat sink. The thermal stresses in
the heat sink are well below the corresponding ultimate or yield strength of these
alloys. For the copper alloys with their higher thermal expansion the residual stresses
are predicted even higher than the thermal stresses.
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In the monoblock design the peak surface temperatures for any material combination
exceed the ITER design limit. With a 1D armor, such as MFC-1, these temperatures
are considerably higher than in combinations with the open designs (flat, bent);
compare tables and figures 7.1 and 7.2; the peak stresses, however, appear to be
unacceptably high in both, the armor and the heat sink.

The monoblock seems most attractive for combinations of 2D and 3D armor, such as
CX2002U and SEP-N112, with a low-expanston heat sink, such as the refractory
alloys TZM and W5Re. The stresses predicted in the armor typically do not exceed
the strength, whereas the achieved surface temperatures are too high for the ITER
operational requirements.

7.1.2 Piped Monoblock Type

Although the main advantage of the monoblock design is the lack of a stress
singularity within the brazing interface, in the piped monoblock additional openings
("pipes") are introduced for a stress reduction on top of the coolant tube, see table

and figures 7.1.2. Singularity points for stress are generated. '

The shape of the piped openings in the CX2002U armor was studied in preceding
analyses of the brazing angle for combinations with different metal substrates, see
chapter 5. No braze joining is foreseen between the piped openings at the bottom

side of the tube.

The comparison with the monoblock type (compare table and figures 7.1.1) shows,
that the thermal performance of the piped monoblock design is only neglectably
impaired by the piped openings. The stresses on top of the coolant tube can be
somewhat reduced. Around the open end of the brazing interface higher stresses are
predicted due to the distinct singularity.

Under one-sided heating and high incident heat fluxes in the monoblock lower peak
stresses will occur than in the piped design. The openings along the coolant tube
parallel to its axis, however, help to reduce the stresses in y-y direction within the
plasma facing side - i.e. the important region for heat removal.
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7.2 Open Designs

The heat sink for all open designs was made of one piece only. An additional tube for
the coolant within the heat sink body, as used for divertor mock-ups formerly [1-7,
10-14], was not considered. Due to the shorter way of heat removal, a better thermal
performance is achieved. In addition, a direct comparison to the closed geometries

(monoblock, piped - see 7.1.) is possible.

7.2.1 Flat-Plate Type

Since brazing of graphite to refractory metal substrates was first developed for plane
interfaces [77], the flat-plate type design was developed first for fusion high heat flux
components. In fact for that simple design only standard machining is needed, plus it
meets the heat removal requirements in combination with uni-directional C/C armor
rather well. Due to the low elastic modulus of MFC-1, see table 3.d, the predicted
residual and thermal stresses in combination with DS-Cu or W-30Cu will stay below

the strength of all constituent materials.

Of the open designs, the flat-plate type is the easiest in terms of machining, surface
pre-conditioning and metallizing. Also for the brazing no additional precautions are
needed with respect to a possible mismatch in thermal expansion perpendicular to
the brazing interface, certainly an advantage compared with the saddle type or with
bent brazing interfaces.

A listing of the maximum residual as well as thermal stresses in the armor and the heat
sink for different materials combinations, and the thermal performance is given in
table 7.2.1. In figures 7.2.1.a-j the corresponding plots, as generated by ABAQUS
[83], are shown.

The analyses with the material combinations MFC-1 plus DS-Cu, and MFC-1 plus
W-30Cu for all open designs (flat, bent, saddle) are compared in tables and figures
7.2.4-5, see chapters 7.2.4 and 7.2.5.

Further the temperatures and stresses as predicted by 2-dim. and 3-dimensional FEM
analyses are presented in table and figures 8., and the thermal performance at 30

MW/m?2 to the top surface is shown in table and figures 9., see chapter 9.

7.2,2 Saddle Type

The saddle type design combines advantages of the monoblock design as well as the
open types. Not only the thermal performance with a 2D armor is as good as of the
monoblock, it also is a good choice for 1D armor. Since the armor tiles are saddle-
shaped, a displacement of the tiles in the brazing process is easier to control than for
the flat-plate type. The heat sink consists of the bottom part of the armor and the
coolant tube. This eases manufacture, and further allows to combine two different
materials, such as OF-Cu and DS-Cu, or OF-Cu and TZM.

e 16 —
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A listing of the maximum residual as well as thermal stresses in the armor and the heat
sink for different material combinations, and the thermal performance is given in table
7.2.2. In figures 7.2.2.a-k the corresponding plots are shown.

Due to the distinct singularity of the 90° edge within the brazing interface, rather
high stresses are predicted. In combinations with OF-Cu, however, this design has a
very good thermal performance and was already successfully applied in divertor
plate mock-ups [4, 7, 104]. It should be noted here, that the predicted stresses around
the singularity point are such, that even a limited "micro”-failure in the jont still might
not lead to immediate and overall disintegration.

7.2.3 Bent Brazing Interface Types

The bent interface types try to combine the properties of the saddle type without a
distinct singularity within the brazing interface.

Two principal groups of designs were analyzed (figure 7.):
the "double-bent" kind (bent-10-bent, bent-15-bent and bent-30-bent), where
the angle in the constituents at the open end of the braze line is always 90°.

(I) the "oblique-angled" kind (bent-10-straight, bent-15-straight, bent-30-straight),
where the inclination of the brazing interface is kept constant after reaching its
maximum deviation from the horizontal; the angle at the open end is 80°, 75°
and 60° in the armor, and 100°, 105° and 120° in the heat sink, respectively.

For both kinds, the flat-plate design is the extreme, with a bending angle of 0° (it
represents bent-0-bent and bent-0-straight). The saddle type in a way is the extreme
for 90° (bent-90-..), although not exactly double-bent or oblique-angled.

The degree of bending within the interface for every design is given with its name,
e.g. bent-"30"-bent. The number gives the maximum inclination to the horizontal

braze line of the flat-plate type.

7.2.4 Angle at the Open End of the Brazing Interface
in Combinations of: MFC-1 + DS-Cu

For all open designs the material combination MFC-1 + DS-Cu was analyzed. The
results are summarized in table and figures 7.2.4.

The thermal performance is very similar for all geometries. The predicted stresses
particularly in the armor are higher in the bent--straight than in the bent--bent types.
The most probable reason is a favorable stress distribution in the bent-bent types
after deformation. If the problems with brazing DS-Cu to C/Cs can be overcome [14],
all bent--bent types, as well as the flat-plate type, seem attractive candidate designs
for that material combination.

The high stresses in the saddle type are due to the singularity point within the
brazing interface.
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7.2.5 Angle at the Open End of the Brazing Interface
in Combinations of: MFC-1 + W-30Cu

Same as for DS-Cu in 7.2.4, the material combination MFC-1 + DS-Cu was analyzed
for all open designs . The results are summarized in table and figures 7.2.5.

Here the thermal performance is very similar for all geometries too. The predicted
stresses now are typically lower than in MFC-1 + DS-Cu combinations, and lower
in the bent--straight than in the bent--bent types. This can be explained by a smaller
deformation than in 7.2.4 due to the better match in thermal expansion.

The high stresses in the saddle type again are due to the singularity point in the
brazing interface.

In terms of overall performance - peak surface temperature and maximum stresses -
the bent-15-straight design with a MFC-1 armor and a W-30Cu heat sink, scored best

with regard to the ITER operational requirements.

8. Comparison of 2-dim. and 3-dimensional FEM-Analyses

8-noded generalized plain strain elements with biquadratic integration were applied
for all geometries and material combinations. For one combination, MFC-1 armor with
a W-30Cu heat sink in the flat-plate geometry, additional calculations were
performed to benchmark the technique of analysis:

(D 4-noded generalized plain strain elements with bilinear integration,
2-dimensional, and
(2) 8-noded brick elements, 3-dimensional, with 12.5 mm thickness of the model in
the z direction, realized in 16 parallel layers of elements,
both, (1) and (2) were compared to:

(3)  8-noded generalized plain strain elements with biquadratic integration,
2-dimensional {(chapters 6.and 7.). '

The geometry of the models and the size of the elements were kept constant, l.e. the
2-dim. projection of all three meshes was identical in terms of element size and the
coordinates of the corner nodes of each element. The position of the integration
points, however, was different in all three cases.

The principal geometry of all models is given in table 7.a. The results are compared in
table 8.1 (see also table 7.2.1), and figures 8.1 and 7.2.1.d.

The thermal performance (temperature and heat flux profile) is predicted almost
identically in all three cases. The - very small - difference in the peaking factor for the
heat flux inside the coolant tube is caused by the different position of the integration
points (closer to the element edge in case (3) - see ABAQUS [83]). No difference is
predicted for the temperature, which is monitored at the nodal points.

- ]-Si
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table 8.1 (see also table 7.2.1), and figures 8.1 and 7.2.1.d.

The thermal performance (temperature and heat flux profile) is predicted almost
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points (closer to the element edge in case (3) - see ABAQUS [83]). No difference is
predicted for the temperature, which is monitored at the nodal points.
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The predicted peak stresses in the MFC-1 armor are very similar in all three cases. It
should be noted, however, that a 2-dimensional model cannot predict a change in the
stress level in the z-z direction, although the MFC-armor is very sensitive to tensile
(and compressive) stresses perpendicular to the fiber direction.

Compared to the 3-dimensional calculation, the peak compressive thermal stresses in
the heat sink are predicted rather accurate by 2-dim. FEM, and the peak tensile
thermal stresses are only slightly under-estimated.

9. Double Heat Flux and Other Thermal Considerations

For the materials combination MFC-1 and "bulk" P-130 armor with a W-30Cu heat
sink in the flat-plate and bent-15-straight design the thermal performance was
calculated for both, a heat flux of 15 and 30 MW/m2. The thermal stresses at
30 MW/m2 were calculated for a MFC-1 armor only, since the mechanical properties
for a bulk composite material with P-130 fibers were not available. The results are
presented in table 9.1, and in the figures 7.2.1.d, 7.2.5.d and 9.a-c.

Again it should be noted here, that no twisted tape insert for vortex promotion was
considered in the thermal analyses.

The thermal stresses in the MFC-1 armor appear to be acceptable for the bent-15-
straight design at 30 MW/m2, whereas in the heat sink the predicted stresses exceed
the strength of W-30Cu, see table 9.1 and figures 9.c.

The thermal performance at 15 MW/m?2 for the material combination Nb-1Zr heat sink
with a MFC-1 armor, was simulated for the flat-plate and bent-15-straight designs.
Since in both cases the peak surface temperature exceeds 2000°C, the residual and
thermal stresses were not calculated.
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The predicted peak stresses in the MFC-1 armor are very similar in all three cases. It
should be noted, however, that a 2-dimensional model cannot predict a change in the
stress level in the z-z direction, although the MFC-armor is very sensitive to tensile
(and compressive) stresses perpendicular to the fiber direction.

Compared to the 3-dimensional calculation, the peak compressive thermal stresses in
the heat sink are predicted rather accurate by 2-dim. FEM, and the peak tensile
thermal stresses are only slightly under-estimated.

9. Double Heat Flux and Other Thermal Considerations

For the materials combination MFC-1 and "bulk" P-130 armor with a W-30Cu heat
sink in the flat-plate and bent-15-straight design the thermal performance was
calculated for both, a heat flux of 15 and 30 MW/m2, The thermal stresses at
30 MW/m2 were calculated for a MFC-1 armor only, since the mechanical properties
for a bulk composite material with P-130 fibers were not available. The results are
presented in table 9.1, and in the figures 7.2.1.d, 7.2.5.d and 9.a-c.

Again it should be noted here, that no twisted tape insert for vortex promotion was
considered in the thermal analyses.

The thermal stresses in the MFC-1 armor appear to be acceptable for the bent-15-
straight design at 30 MW/m?2, whereas in the heat sink the predicted stresses exceed
the strength of W-30Cu, see table 9.1 and figures 9.c.
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Since in both cases the peak surface temperature exceeds 2000°C, the residual and
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10. Conclusions

The monoblock divertor design seems most attractive for combinations of a 2D- and
3D-C/C armor, such as CX2002U and SEP-N112, with a low-expansion heat sink,
such as the refractory alloys TZM and W5Re. The stresses predicted in the armor
typically do not exceed the strength, whereas the achieved surface temperatures are
too high for the present operational requirements of ITER.

Under one-sided heating and high incident heat fluxes in the monoblock lower peak
stresses will occur than in the piped monoblock design due to the additional stress
singularity. The openings along the coolant tube parallel to its axis, however, help to
reduce the stresses in the plasma facing region - i.e. the important side for heat

removal. _

The saddle type design combines advantages of the monoblock design as well as the
open types. Due to the distinct singularity of the 90° edge within the brazing
interface, rather high stresses are predicted. In combinations with OF-Cu, however,
this design has a very good thermal performance and was already successfully
applied in divertor plate mock-ups. The predicted stresses around the singularity
point, however, are such that even a limited "micro"-failure in the joint still might not
lead to immediate and overall disintegration.

The pseudo-alloy W-30Cu is proposed for a heat sink application in ITER divertor
plates for the first time. The thermal performance as well as the residual brazing and
the thermal stresses are predicted for combinations with a MFC-1 or CX2002U armor

for different geometries.

The flat-plate design meets the heat removal requirements of ITER in combination
with uni-directional C/C armor rather well. Due to the low elastic modulus of MFC-1
the predicted residual and thermal stresses in combination with DS-Cu or W-30Cu
are well below the strength of all constituent materials.

MFC-1 plus W-30Cu with the flat-plate design was applied in a 3-dimensional
FEM analysis to benchmark the 2-dimensional analytical method. Compared to the
3-dimensional calculation, the peak compressive thermal stresses in the heat sink are
predicted accurately by 2-dimensional FEM, and the peak tensile thermal stresses
are only slightly under-estimated. The predicted peak stresses in the MFC-1 armor are
rather similar for 2-dimensional and 3-dimensional FEM analyses.

In terms of overall performance - peak surface temperature and maximum predicted
stresses - the bent-15-straight design with a MFC-1 armor and a W-30Cu heat sink,

scored best with regard to the present operational requirements of ITER.
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Table 2 Requirements for Divertor and First Wall Materials
in Particular for Brazed Components

a) high heat conductivity and capacity

b) high melting or sublimation temperature

c) resistance to thermal shocks and thermal fatigue

d) interface integrity even after long-term/cyclic operation
e) matched thermal expansion at the interface

i) low thermal expansion in the heat sink to reduce
deformation due to one-sided heating

g) low-Z number for the plasma facing material

h) thermomechanical reliability against high heat fluxes

i) resistance to disruption and run-away events

i chemical, physical and thermodynamical compatibility

with the burning plasma
k) easy remova! of adsorbed and absorbed impurities

D low rate of physical and chemical erosion (due to:
arcing, evaporation, sputtering, sublimation)

m)  compatibility with ultrahigh vacuum

) favorable irradiation behavior due to 14 MeV neutrons: activation,
loss of ductility and thermal conductivity, swelling, disintegration

0) exchangeability by remote handling

p) wide safety margin under accidental conditions (loss of coolant,
flow, vacuum...)
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CX2002U0 Armor + DS8-Cu Substrate Peak Residual Stresses
near the Brazing Interface
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Cx2002U ﬂ

o N\

250 ]

i : TZM “
200 S S L

3 ; : H 3 : § 3 % ——— 45° TZM, str. in TZM

I —— 90° TZM, str. in TZM
150 1 e 135° TZM, 5. in TZM

| —n 180° TZM, 817, 1 TZM

- mmepm= 450 TZM, st n CX
100 f ] em=m=  90° TZM, str. in CX

<E mmam= 135° TIM, str. in CX
; mmaCm= 180° TZM, st in CX
50 ﬁiww, > ‘
%
0 |F —t |
45° 90° 135° 180°
angle in CX (o)
Fig. 5.1.5/1 C(X2002U Armor + TZM Substrate Peak Residual Stresses
near the Brazing Interface
Cxanezy

250 + d
500 N _

L ey 45° CX, st in TZM

i —— 50° CX, tr. i TZM
<50 i e S 135° CX, $tr. iR TZM

i: e 1B0° CX, 511, 0 TZM

: cempee  45°CX, st inCX
100 £ === 90°CX, sirinCX

i ---¢m- 135°CX, sir.in X

L mmmCmw  180° CX, slr. in CX

50

3 T T T i T

o

45¢° gQ° 135° 180°
angle in TZM (B)

Fig. 5.1.5/I1 CX2002U Armor + TZIM Substrate Peak Residual Stresses

near the Brazing Interface
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Cxa2002u

250 1

R N

T T i T T

—— 45° W5RE, str. in WRe

— e 90° WE5Re, str. in WRe

A

150

e 135° WERB, str. in WRe
e 150° WSRe, str. in WRe
m==pm 457 W5Re, st in CX

100

T T T ¥

50 -

~amO==  80°W5Re, sir. in CX
=an{--  135° W5Re, str.in CX
-==C~= 180°W5Re, str. in CX

Fig. 5.1.6/1

80° 135° 180°
angle in CX (o)

CX2002U Armor + W5Re Substrate Peak Residual Stresses
near the Brazing Interface

CXa2002u

250

200

150

S I S

—— 45° CX, sir. In WORe

— e 90° CX, str. In W5Re
N 135° CX, 577, i W5Re
e e 1807 CX, str. in WERe
mm=pm=  45°CX, sfr.in CX
wmeCR- 90°CX, str.in CX

100

50

amaCmn 1357 CX, str. inCX
memCm= 180°CX, str. inCX

Fig. 5.1.6/01

Q0° 135° 180°
angie in W5Re (3}

(X2002U Armor + W5HRe Substrate Peak Residual Stresses
near the Brazing Interface
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e |

2,500 105

2,000 10°

water coolant: 60°C, vel= 10 m/s, p= 3.5 MPa
boiling regime, including subcooled boiling: Thom
non-boiling: Dittus-Boelter, including f{Tsj| )

LI B B l_,_£ - 1.

1.500 10°
1.000.10°

5.000 10

) W .} 1

lill%llll

50

100 150

250 300

temperature, °C

Fig. 6.1 Heat Transfer Coefficient

350 400

Monoblock Type

Flat-Plate Type

Bent-15-Bent

Bent-30-Bent

Piped Monoblock

Fig.

)

PN

Saddle Type

Bent-15-Stralght

Bent-30-Stralght

Cross Sections Through the Considered Designs
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Table 7.b

open designs
(flat-plate, saddle

closed designs
(monoblock and

and bent interface) piped monoblock)
de-/re-brazing in situ yes no
machining & manufacture of OK OK ?

divertor-shaped geometries

how to apply the
brazing pressure

singularities

heat removal / armor

thermal fatigue of the joint

neutron activation

additional high temp.
equipment needed

yes, at the open ends
(lateral surfaces)

1D, 2D and 3D C/Cs OK.

OK, if close match in

thermal expansion betw.

armor and heat sink

higher in any case

easily achieved
(no)

only 2D and 3D

a close match in all
directions presently
is not achievable

favorable
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MPa
700 } . : »—l—%— 845 MPa
r e in 0S-CU, bent-straight 4
[ w={_}=in MFC-1, par., b-s A
600 R R =Q-inMFCLperp bs L e 3
H 3 —te i1 DS-Cu, bent-bent
L i —a— in MFC-1, par., b-b
500 e, " ~e-inMFC-l.pembb | 1
1 ! A inDS-Cu, sadie
i B in MFC-1, par., saddle 1
I in MFC-1, perp, saddle . 3
400 S e @ Ll F— e -
(O
—
®
"SADDLE"

angle of hending in center

Fig. 7.2.4 Peak Residual and/or Thermal Stresses
in (MFC-1 Armor/DS~Cu Heat-Sink) Combinations

MPa
700 : L _———T
r —ta In W-30Cu, bent-straight [} )
I : = in MFC-1, par., bs A
BOD e ] = O in MFC-1, perp, bs . ol
- : —te i1 W-30CuU, bent-bent
: == in MFC-1, par., bb
500 L T e e U — 1
A inW-30Cu, saddle
I O W in MFC-1, par, saddie
400 1 @ nMFC i peposadde | E
®
"SADDLE"

angle of bending in center

Fig. 7.2.5 Peak Residual and/or Thermal Stresses
in (MFC-1 Armor/W-30Cu Heat-Sink) Combinations
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