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Abstract

The high average power laser (HAPL) program goal is to develop a laser inertial fusion reactor using a solid first wall (FW).
The FW of the inertial fusion energy (IFE) chamber is exposed to high energy photon, particle, and neutron fluxes at frequency
of several Hz. The feasibility of using a micro-engineered refractory metals, such as tungsten foam as a solid FW armor is
investigated. Refractory foams are a new class of materials with very limited thermo-mechanical property databases. Elastic
properties of tungsten foams are not readily available, particularly at high temperatures. To estimate high-temperature elastic
properties of tungsten foams, a three-dimensional finite-element model of tungsten foam was developed. True stress strain curves
of tungsten foams at elevated temperatures were developed as a function of characteristic foam properties and compared with
measured values. The thermo-mechanical response of the tungsten-foam armored FW was analyzed using a detailed three-
dimensional finite element model. The thermo-mechanical response of a tungsten-foam protected first wall to a typical IFE pulse
is presented. It is shown that the W foam armor can be tailored to meet the thermo-mechanical stress requirements of an IFE
solid wall design.
© 2005 Published by Elsevier B.V.
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1. Introduction dry FW must be designed to withstand the effects of
repetitive bursts of X-rays, ions, and neutrons assumed
The high average power laser (HAPL) program is unimpeded by any gas in the chamber. X-rays and ions
a coordinated effort to develop laser inertial fusion have shallow penetration depths of 0.5 and {L#g
energy[1]. The HAPL program is pursuing the devel- respectively[2-5]. Although, X-rays (1%) and ions
opment of a solid first wall (FW) chamber. A solid (27%) account for only a small portion of the total load,
they cause the most damage because that load is dis-
" Corresponding author. Tel.: +1 310 825 8917; persed over such a small volurf. Shallow energy
fax: +1 310 206 4830. absorption leads to fast expansion in the surface while
E-mail address: manders2129@aol.com (M. Andersen). the bulk prevents the expansi¢@4]. This high sur-
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face stress leads to numerous deformation phenomenajeposition of 8.2 10 W/m? is experienced by a
such as roughening, wrinkling, permanent plasticity, 5,m thick tungsten FW armor followed by deposi-
cracking, etc. In addition, the high intensity energy can tion of 2.3x 10 W/m? to the underlying 3 mm steel
lead to near instantaneous melting, evaporation, andstructure. The neutron flux only lasts 10 ns and will
plasma formation. The armor must be in a form such have a more damaging affect on the long term as
that the spread of energy would be quasi-volumetric opposed to a pulse-by-pulse basis. The most damag-
and would allow for structural flexibility. A porous ing heating comes from the helium ions, because they
material, such as foam, presents the opportunity to con- expose the wall for nearly s to power levels as high
trol both depth of energy deposition, and the mode of as 1.76< 1016 W/m?. First wall radiation and heating
deformation. loading history used in the FEM analysis are summa-
However, the heterogeneous geometry of the foam rjzed inTable 1
structures poses a challenge for thermo-mechanical  Refractory foams are a new class of open-cell foams
analysis, in particular using finite element modeling that are used for a variety of aerospace and industrial
(FEM). The foam cannot be modeled as a homo- applications ranging from thermal insulation to impact
geneous material with volume-averaged foam mate- absorberd7-10]. For a more detailed discussion of
rial properties. Instead, a detailed three-dimensional |FE relevant refractory foam applications the reader is
model of the foam structure needs to be created. For referred to earlier publicatiojs1,12] Metallic foams
IFE conditions volume averaged material properties can be engineered starting with polymer foams, which
resulted in erroneous results, such as complete melt-are first converted to reticulated vitreous carbon (RVC)
ing of the tungsten foam, which contradicts experi- foams. The RVC foam s further processed using chem-
mental findings[11]. Here we present the results of jcal vapor infiltration (CVI), to produce ceramic or
a detailed three-dimensional finite element modeling metal foamg13]. The materials can be simultaneously
effort to analyze the thermo-mechanical response of a optimized for stiffness, strength, thermal conductivity,
tungsten-foam armored FW exposed to IFE radiation active surface area, and gas permeability. Among the
conditions. materials that can be deposited are the refractory met-
als (e.g. niobium, tantalum, tungsten, and rhenium) and
their ceramic compounds.
2. Micro-engineered tungsten armor The most common cell structure of foams is the
tetrakaidecahedron unitcell. It contains 14 faces, has 36
The X-rays provide the highest heating power of €dges, and 24 vertices. The interconnecting ligaments
7.91x 108 W/m3, which only lasts 1ns and pene- Provide an enormous surface area per unit volume,
trates~0.5um into the surface under the HAPL target ~ called geometric surface area. In 80-100 pores per inch
spectrum([6]. The neutrons on the other hand have (Ppi) densities, the surface area varies from 12.3 to
a much longer mean free path. A volumetric power 1.76x 10*m?/m(solid)? [14].

Table 1

Single pulse load history on the FW of a 6.5-m radius HAPL IFE chamber used for FEM conditions for ANSYS mé&leling

Source Start (s) End (s) Duration (s) Depth (m) Load (W/m
X-rays 0 1.0x 10°° 1.0x10°° 0.5x 1076 7.91x 108
No load 1.0x 1079 90.0x 10°° 89.0x 10°° 0
Neutrons (shallow) 90.810°° 100.0x 10°° 10.0x 107° 5.0x 1076 8.2x 10
Neutrons (deep) 3.0x10°3 2.3x 10%
No load 100.0< 10~° 2.0x 1077 2.0x 1077 0

Burn ions 2.0< 1077 2.8x 1077 0.8x 1077 5.0x 1076 8.7x 10%°
No load 2.8x 1077 1.0x 1076 0

Debris ions 1.0< 1076 3.75x 107 2.75x 10°® 1.0x 1076 1.76x 106

No load 3.75¢< 10°° 0.2 0.2 0
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3. Transient thermal analysis 3000

Top Foam Surface

= » = W-Steel Interface

The foam protects the underlying FW steel struc-
ture from IFE X-rays andx-particles. However, the
foam must not insulate the underlying FW structure.
To ensure that the W-foam will withstand IFE oper-
ating conditions the following must be investigated:
(1) temperature profile throughout the foam during the
pulseto assure thattemperatures do not exceed melting;
(2) check the boundary between the W-foam and steel
for any high temperature occurrences that may dam-
age the braze; (3) demonstrate that the foam’s porous
nature acts as a “thermal shock absorber” with quasi- . , .
volumetric energy absorption. 1.E-10 1.E-07 1.E-04 1.E-01

Athree-dimensional CAD solid model of a segment TIME (s)
of tungsten-foam armor attached to a ferritic FW was
constructed and then analyzed using the FEM program Fig. 2. Temperature profiles of the top tungsten-foam ligament sur-
ANSYS. The ligaments in this model were modeled face and the foam/FW-steel interface throughout single heat pulse.
to be uniform with square cross sections. Initial sizing
for the ligaments were set at 8@n x 20pum x 20pm 1ns, X-rays heat the foam causing the first tempera-
corresponding to a porosity of 100 ppi (pore per inch). ture spike. The foam then cools until the microsecond
The foam matrix is attached to a FW steel structure in range atwhich time ions deposittheir energy inthe liga-
such a way to avoid any direct line of sight through ments and raise the temperature before cooling back to
the foam to the underlying steel. The meshed struc- near the initial average temperature of 4@within
ture representing the tungsten-foam armor is shown in about 0.1s. The steel heats to no more than°&)0
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Fig. 1 which is well below the maximum allowable for FW
Results of the transient thermal analysis of the W- ferritic steels. The maximum temperature takes place
foam during one pulse are presentedFiy. 2 At over asmall area surrounding the contact between foam

and steel and is quickly dissipated proving that ther-
mal protection of the first wall can be facilitated by
using a thin layer{0.25 mm) of tungsten-foam armor.
The W-foam successfully protects the steel from melt-
ing because it acts as a heat dispersion structure that
absorbs the heat over a large volume. The many sur-
faces and porous nature allow the entire volume of the
foam to be used in such a way that ligaments near the
steel handle only a portion of the load, enabling the
upper levels to manage the bulk of heating. This is
accomplished because less and less area of the foam
is in line-of-sight deeper into the foam. Therefore, the
smaller the loaded surface the smaller the resulting heat
flux and hence the cooler the ligaments will be.

The temperatures at the upper (plasma side) and
lower (steel facing) surfaces of selected ligaments are
shown inFig. 3 for four different depths in the foam
starting with the top (plasma facing) ligament and end-
Fig. 1. Meshed finite element model of tungsten-foam armor NG With the ligaments that are in contact with the steel.
(0.8 mm) protected ferritic steel first wall (3 mm). The nodes selected represent the hot spots for each
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Fig. 3. Upper and lower foam ligament surface temperature evolution at four levels of the foam during one entire heat pulse {top |evel:
second levelx = 200wm; third level:x = 400p.m; bottom levelx =600u.m from the plasma facing side).

surface. Generally, the upper surfaces of the ligaments sten[12] were used to study the elasto-plastic response
experience the same temperature excursion. They haveof the tungsten-foam armor. The foam framework
a similar temperature pattern except for the lowest layer effectively absorbs transient thermal stresses by bend-
of ligaments, which had the smallest heated areas. Theing and twisting of ligaments. The maximum thermal
X-rays have little effect on the bottom temperatures stress was about 1.5 GPa, which was caused by the
of the ligaments, because of the shallow deposition localized high temperature along®@8harp edges of
depth ¢~0.5um) and short deposition time~l ns). the model. The foam experienced no plastic strain and
At a depth of only 3um, the X-ray effect is negligible.  reaches a maximum stress of about 100 MPa at the
The ions on the other hand are able to affect the lower foam—steel interface during each heating cycle.
ligament surface temperatures throughout all levels of

the foam because of their long deposition time. This

effect diminishes on deeper levels of the foam, but can 5, Stress—strain behavior of foam

still be observed at the bottom, if only slightly.

The heterogeneous morphology of foam structures
results in characteristic stress strain behavior, which
4. Thermal stress analysis depends on foam geometry parameters such as, foam
density, pore density, cell architecture, ligament thick-
The temperatures from the transient analysis along ness and length, and hollow or solid ligaments. This
with high temperature true stress strain data for tung- multi-parameter dependency necessitates experimental
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measurements to obtain foam performance curves. An 5.0
attempt is made here to develop the stress—strain curve
for hollow ligament tungsten foam with a Kelvin cell 0 }'

geometry having a 100 ppi pore density, a relative den- '
sity of 21%, and ligament dimensions of g@fh long
and 20um thick. The FEM results are compared with : o

measured stress—strain curves.

A second FEM model of the tungsten foam with the
same geometry of 64 cells was developed using pipe
elements that allows for bending, rotation, and stretch-
ing while incorporating a hollow interior. The Kelvin 1.0
cell geometry was modeled and non-linear tungsten
properties were used. Stress—strain curves were gener-
ated by constraining one side ofthe foamand displacing ~~ °°% e o o015
the opposite in a normal direction away from the fixed STRAIN
side. The strains were based on the amount of defor-
mation as compared to the original foam height. The Fig. 4. FEM derived stress—strain curves for 100 ppi and 21% dense
stress was determined from the summation of forces tungsten foam at two temperatures using low-strain high temperature

. . . . stress—strain dafa 6] of polycrystalline tungsten.
at constrained points and cross-sectional area includ-
ing porosity. The analysis was run at 30 and 1760
Fig. 4 shows the derived stress—strain curves. The low (1750°C) the yield stress as well as the elastic mod-
temperature (30C) analysis indicates that the foam ulus decrease and the foam undergoes only one stress
experiences two-stress peaks followed by stress relax-relief cycle before failure. The stress at which yield-
ation before complete failure. At higher temperatures ing begins drops from about 2.5 MPa at“@Dto about
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Fig. 5. Compression test of cubic centimeter 100 ppi and 21% dense tungsten foam showing three stages of response: (1) geometric deformation;
(2) onset of fracture; (3) complete failure.
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1.5MPa at 1750C. Once yielding begins, the stresses Thermal analysis indicates that a ferritic FW

remain roughly constant over a range of 5-10% dis- is well protected from high temperature excursions

placement and then begin to increase again for both by employing thin tungsten-foam armor. Thermo-

temperatures. This takes place because of the geo-imechanical analysis shows that thermal stresses can

metric hardening effect. The greatest stresses occur inbe reacted by the rotation and deformation of the foam

the interior of the foam on ligaments most parallel to ligaments. Compression tests of 100 ppi tungsten foam

the line of displacement. The maximum stress for a with relative density of 21% were also performed and it

strain of 0.0164 was found to be about 1.2 GPa, with was shown that the predicted failure stress was in good

an average of around 700 MPa. These isolated regionsagreement with the measured values.

of high stress should play an important role because  Although, significant challenges remain tungsten-

they will be the first to fracture resulting in stress foam materials are shown to constitute a potential can-

relief. didate FW armor materials for IFE reactors.
Compression tests were performed on several

100 ppi and 21% dense W-foam samples supplied by

Ultramet[15]. The volumetric fraction of the foamwas ~ Acknowledgments
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