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Abstract

Candidate dry-wall materials for the reactor chambers of future laser-driven Inertial Fusion Energy (IFE) power plants
have been exposed to ion pulses from RHEPP-1, located at Sandia National Laboratories. These pulses simulate the MeV-
level ion pulses with fluences of up to 20 J/cm? that can be expected to impinge on the first wall of such future plants. Var-
ious forms of tungsten and tungsten alloy were subjected to up to 1600 pulses, usually while being heated to 600 °C. Other
metals were exposed as well. Thresholds for roughening and material removal, and evolution of surface morphology were
measured and compared with code predictions for materials response. Powder-metallurgy (PM) tungsten is observed to
undergo surface roughening and subsurface crack formation that evolves over hundreds of pulses, and which can occur
both below and above the melt threshold. This roughening is worse than for other metals, and worse than for either tung-
sten alloyed with rhenium (W25Re), or for CVD and single-crystal forms of tungsten. Carbon, particularly the form used
in composite material, appears to suffer material loss well below its sublimation point. Some engineered materials were also
investigated. It appears that some modification to PM tungsten is required for its successful use in a reactor environment.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

The first wall of an Inertial Fusion Energy (IFE)
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trons, X-rays, and energetic ions produced from
explosions of fusion material at the reactor chamber
center. An experimental investigation is underway
at Sandia National Laboratories of the effects of
these ion and X-ray pulses on candidate chamber
dry-wall materials. The energetic ions are produced
by the RHEPP-1 facility, and the X-rays by the Z
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facility. Materials exposure results from Z are dis-
cussed elsewhere in this issue. We report here on
the exposure of first-wall armor materials to intense
ion beams. The RHEPP-1 (Repetitive High Energy
Pulsed Power) accelerator was used to produce flu-
ences of either helium or nitrogen ions of up to 10 J/
cm? per pulse, with ion energies as high as 1.8 MeV
(for doubly charged nitrogen). The repetitive capa-
bility of RHEPP-1 resulted in sample exposure to
many ion pulses, as many as 1600 per sample inves-
tigated. The ion current pulsewidth varied from
150 ns to nearly 500 ns. As discussed in the paper
by Sethian et al. in this issue, this time is shorter
than the debris ion arrival time, but comparable
to the fusion product arrival time expected in future
reactors. Accordingly, the fluence thresholds dis-
cussed below may be lower than what might be
expected for an actual reactor, as the diffusion into
the substrate occurring with longer pulsed energy
delivery times mitigates the surface heating effect.

A future laser IFE reactor may be operated at a
pulse rate as high as 10 Hz. This amounts to an
annual total of 3x10® pulses to the first wall.
Besides the considerable thermal energy delivered
to the wall surface on each pulse, there likely will
be effects of a thermomechanical nature caused by
the pulsed energy delivery, such as expansion of
the near-surface region against the (relatively)
unheated subsurface, fatigue responses, etc. Ions
with up to 20 J/cm? fluences and several MeV ener-
gies will impinge normal to and penetrate well
below the surface (1-10 um). Surface sputtering
can be secondary to ablation/sublimation of the
wall surface. To ensure survivability, effectively no
erosion of the flat wall surface per pulse can be
tolerated (<1 nm/pulse). In addition to high melting/
vaporization points, additional durability can be
expected from materials with good ductility, fatigue
response, and high thermal conductivity. ‘Engi-
neered’ materials, e.g. with non-flat geometry, may
also be constructed in a way to better distribute
the heat load and mechanical stresses.

Initially, the investigative emphasis was on deter-
mining the threshold for both surface ablation, and
surface roughening, as shown in Fig. 1. Sample
exposure consisted of multiple single-pulse events,
on the order of 50 or 75. For example, the roughen-
ing threshold measured for powder-metallurgy
tungsten (PM W) [1] at room temperature (RT)
was determined by monitoring the reflected light
from an initially smooth surface with a laser reflec-
tometer at increasing fluence per pulse. Using the
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Fig. 1. Schematic of plan for investigation of surface roughening
and ablation.

nitrogen beam from RHEPP-1, the received signal
was observed to remain constant until a level of
1.25 J/cm? was reached. At this level, each subse-
quent pulse produced a progressive reduction in
received signal from the previous pulse. This indi-
cates that the laser light was increasingly scattered
by the roughening surface. The total number of
pulses in this case was 53. In another experiment,
the ablation threshold for unheated PM W was
determined to be about 6 J/cm?, by monitoring the
step height produced at the boundary of exposed
and unexposed surface, using a 1-D profilometer.
This value is consistent with predictions from both
the BUCKY [2] and SIM [3] modeling codes.

The next step then was to determine if the exposed
sample would remain unaffected by repeated expo-
sures below the measured thresholds. The number
of exposures was greatly increased [4]. It was found
that for unheated PM W exposed to 400 pulses
(nitrogen), an exposure below the 1.25 J/cm? fluence
threshold resulted in no increase to surface rough-
ness, whereas above this value, the level of roughen-
ing (measured by the roughness parameter R,)
increased dramatically with beam fluence. For other
materials, such as the carbon matrix portion of car-
bon fiber composite (CFC), it is unclear whether
there is a lower fluence limit below which the sample
remains unaffected (see discussion below). More
significantly, however, it became clear from such
studies that the materials response to large num-
bers of ion pulses can become quite complex, and
can take hundreds of pulses to evolve. The effects
appear to have various causes, such as thermome-
chanical and fatigue response in the case of PM W,
or possibly physical sputtering or radiation-
enhanced sublimation in the case of the CFC matrix
material.
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We discuss here the results of such long-term
exposures, with the focus primarily on tungsten in
various forms, tungsten alloys, and graphite in the
form of CFC. In addition, several other metals were
investigated for surface response, to compare with
these materials. The other metals include moly-
bdenum, titanium, and copper. The tungsten was
usually heated to 600 °C, a temperature which is
above its ductile-brittle transition temperature
(DBTT). Some other elements were also exposed
at this temperature, depending upon the space avail-
able in a given exposure series.

To survive in a fusion reactor, the chamber wall
surface must remain free from material loss over
many pulses. The most obvious source of material
loss is surface sublimation due to the surface tem-
perature exceeding the material vaporization thresh-
old. This can be avoided by restricting the surface
temperature excursion. Physical sputtering is
another source of material loss, and is more preva-
lent in low-Z materials such as graphite. Surface
roughening is a concern inasmuch as it can lead to
a mechanically unstable surface morphology, e.g.
large peak-to-valley excursions, which may be
accompanied by cracking which propagates below
the surface. If the surface evolution were to reach
a saturation point, this might be tolerable provided
the mechanism for saturation is understood and
determined to be benign. However, if the surface
undergoes exfoliation, for example, the shed mate-
rial may result in the surface roughness reaching a
plateau value, but shedding of course means mate-
rial loss that will eventually compromise the wall
surface. The leading dry-wall candidate material is
a tungsten coating on ferritic steel. If crack propaga-
tion initiates in the tungsten, accompanied by sur-
face exfoliation, the cracks may eventually reach
the underlying steel support material, and could
cause failure of the chamber wall.

So it is important to understand the causes, ther-
mal and thermomechanical, of the roughening
mechanism that is seen in short-term exposures of
treated materials, in order to make conclusions
about long term survival in a power plant. Surface
roughening can be affected by a number of mecha-
nisms, including alloying with volatile elements such
as sulphur, the presence of entrained gases, and the
material grain size and microstructure. Surface
morphology evolution can thus be expected to be
a function of grain size and near-surface microstruc-
ture, as will be seen in the discussion of PM, sin-
gle-crystal, and CVD forms of tungsten below.

Roughening can also differ, for the same fluence,
depending upon the ion composition of the beam.

2. Experimental setup and test procedure

Flat-geometry samples of various metals, includ-
ing pure tungsten (W) formed by both powder
metallurgy and CVD were prepared, along with sin-
gle-crystal W. To compare with the performance of
pure W, flat samples of W-25Re (25% Rhenium)
were also prepared. This alloy is used in applica-
tions such as thermocouple wiring, where increased
ductility is desired. The W-25Re melting point is
about 400 K less than that for pure W (3680 K).
In addition to the flat samples, several examples of
non-flat or ‘engineered’ materials were investigated.
Graphite in the form of ‘velvet’, i.e. long fibers ori-
ented parallel to the flux direction, was coated with
a sputtered layer of 1.6 um-thick W, and exposed
to ion doses. Also, a three-dimensional ‘foam’ mate-
rial [5] consisting of a complex of ‘bridges’ was
investigated.

After exposure to the RHEPP-1 beam, measure-
ments of surface roughening and ablation were
made with one- and two-dimensional profilometry.
Estimates of overall mass loss were made by mask-
ing off part of the sample, and then comparing
surface profiles across the treatment interface.
Effects on surface topology and near-surface micro-
structure were studied using secondary electron
microscopy (SEM) and cross-sectional transmission
electron microscopy (XTEM). Surface composition
was studied with energy dispersive spectrometry
(EDS). In the discussions below, these results are
compared with predictions of materials response
from the BUCKY and SIM modeling codes.
BUCKY is a one-dimensional Lagrangian radiation
hydrodynamics computer code. The code includes
time and energy-dependent deposition of multiple
ion species with multiple charge states. The code
calculates heat transfer in materials via thermal
diffusion and multi-group radiation diffusion to
produce time-dependent temperature profiles in a
material irradiated with RHEPP ions. Temperature-
dependent thermal properties are used in the ther-
mal diffusion calculation. The heat of fusion is
included in the temperature-dependent heat capac-
ity and the properties of molten tungsten are used
above the melting temperature [6]. SIM is a much
simpler code that contains energy deposition using
the TRIM [7] code, with the measured ion beam
current density near the sample, in addition to the
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corrected voltage of the ion emission as propagated
to the sample location. This is similar to the
BUCKY energy input process. Bulk properties
similar to those in BUCKY are also input. Since
only 1-D heat diffusion is considered, without
hydrodynamic effects or vaporization, the code
gives rapid turn-around response predictions, and
aids in determining the positioning of samples
within the beam for exposure.

The (RHEPP-1) ion beam facility has been
described elsewhere [8,9]. The beam is formed in
the MAP (Magnetically confined Anode Plasma)
ion diode. For this work, beams were formed from
either nitrogen (45%N?"/45%N'"/10%H) or helium
(~100%He'"). The He pulse may better simulate
the effect of the fusion products arrival, and features
a longer pulsewidth than N (approaching 0.5 ps
compared to 200-300 ns). Fluence is limited to
about 3 J/ecm? compared to the 8 J/cm® possible
with N. Diode voltage varied from 600 to 900 kV
over the 100 ns power pulse with nitrogen, and
was somewhat lower with He (~500-600 kV). The
diode-sample distance was typically 40 cm. Current
densities varied, depending upon sample location,
from 200 A/cm? peak to less than 20 A/cm? over a
150 cm? total area. Nearby charge collectors moni-
tored the ion beam fluence as a function of sample
location. The ions penetrate several microns into
the test material, and induce a rapid heating,
followed by rapid cooling (10° K/s) as the thermal
pulse diffuses into the substrate. At high enough flu-
ences, sublimation/ablation of the surface occurs. In
the multi-shot exposure series, the time between
pulses is about 15's, and samples which were origi-
nally at room temperature can become quite hot
to the touch afterwards. In the case where the sam-
ples are heated to 600 °C, thermocouple readings
confirm that this temperature is held throughout
the exposure series.

Each pulse delivers roughly a monolayer of ions
(~10'"*/cm?) at depths up to ~1 pum, so that compo-
sitional changes in the treated material due to the
added ions can be said to be minor. With 1000 pulse
exposures, some effects due to ion implantation
might be possible, although a sample of W exposed
to 1000 nitrogen pulses and examined with XTEM
showed no signs of gas accumulation. In the case
of helium, other researchers have reported bubble
formation in He-implanted test samples, but at
implanted doses significantly higher than what
would be entrained here as a result of the 450 He
pulse series described below.

3. Ion beam exposure experiments

The discussion below is divided into the general
categories of materials discussed above, i.e. (a) tung-
sten and tungsten alloy, (b) other metals, (¢) carbon
composite, and (d) engineered surfaces.

3.1. Tungsten and tungsten—25%Re alloy

Tungsten is the focus of interest both for inertial
fusion energy (IFE) and magnetic fusion energy
(MFE) research in first-wall materials. This is due
to its high melting point and mechanical durability.
However, tungsten is also known to be quite brittle.
It is apparently this brittleness which is the cause of
the materials response to ions discussed here. Of all
the metals investigated, the PM form of tungsten
exhibits the most pronounced tendency to roughen.
In some cases, the differences between W and other
metals is striking. As mentioned above, the mere
fact of roughening may not be significant for
long-term reactor survival if it can be shown that
(1) the roughening reaches a saturation point, (2)
no net material loss is observed, and (3) any fati-
gue cracking does not propagate to the substrate
beneath.

The roughening threshold for PM W was previ-
ously measured at 1.25 J/cm? using the RHEPP-1
N beam. The sample (unheated) was exposed to
over 50 pulses during this measurement. A SIM
heat-flow simulation of pure W response to a
1.25 J/em? N beam predicts a peak surface temper-
ature of about 1800 K. A BUCKY simulation of
tungsten was performed using the RHEPP-1 nitro-
gen beam with a fluence of 1 J/cm?. The predicted
temperature, yield stress and thermal stress at the
surface of the tungsten are shown in Fig. 2 at
t = 152 ns, where the tungsten is initially at room
temperature. BUCKY does not currently have an
internal material strength model. Thermal stresses
and temperature-dependent yield stresses [10] are
calculated via post-processing of BUCKY -produced
temperature profiles. At about ¢ = 80 ns the surface
temperature begins to rapidly rise as the main ion
beam pulse arrives, so the thermal stress at the sur-
face also begins to rise, while the yield stress on the
surface falls. At about ¢ = 100 ns, the surface ther-
mal stress becomes larger than the yield stress, and
plastic flow could begin to occur. At ¢ =152 ns,
the surface temperature and surface stress reach
maxima. In Fig. 2, the temperature, thermal stress
and yield stress are all plotted versus distance from
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290 K Tungsten Irradiated by 1.0 J/cm® N lons
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Fig. 2. Surface temperature, surface stress, and surface yield
stress versus distance from surface at 152 ns for room temper-
ature tungsten irradiated with 1.0 J/em® of nitrogen ions on
RHEPP.

the surface at ¢t = 152 ns. At distances as much as
2.5 um below the surface, the thermal stress is
greater than yield stress, and plastic flow may be
present. This will roughen that material, so these
BUCKY calculations predict that there may be
surface roughening at a RHEPP-1 nitrogen beam
fluence of 1J/cm? The BUCKY predicted surface
temperature at 1 J/cm? is 1700 K, which is consis-
tent with the SIM estimate. A BUCKY simulation
at as low as 0.5 J/cm? still shows some yielding.

Both the SIM and BUCKY predictions for
surface temperature are well below the tungsten
melting temperature of 3680 K. The BUCKY pre-
diction of surface yielding at or even below 1J/
cm’® is less than the experimentally measured
1.25 J/em?. This may be due to either local uncer-
tainty in fluence determination, and/or a sensitivity
effect with the laser reflectometer. In any case, it
appears that thermomechanical response of the
tungsten is the cause of the roughening. In addition
to the possibility of yield and plastic flow, the near-
surface layer will expand and then cool after the ion
pulse, whereas the substrate does not. The surface
can be expected to remain in a distorted state,
compared to before the pulse. The effects can be
expected to accumulate with repeated exposure.

To determine the response of a PM W surface to
ion beam exposure above and below the 1.25 J/cm?

threshold, a polished and unheated sample was sub-
jected to 400 pulses of the MAP N beam, over a
fluence range per pulse between 1 and 3.7 J/cm?
[4]. Surface roughness (R,) measured with 1-D pro-
filometry did not increase above the untreated level
below the threshold level. Above this value, how-
ever, the R, rapidly increased with dose, reaching
over 20 pum at 3.7 J/em? fluence, with peak-to-valley
(P-V) surface excursions exceeding 70 pm.

To further study the evolution of surface relief
with both number of exposures and fluence level,
a series of multi-pulse exposures was performed:
(1) a 600-pulse series with various metal samples,
including PM W and PM Mo heated to 600 °C
and treated with the MAP nitrogen beam at an
average per-pulse fluence of 4.5J/cm”® — melting
conditions; (2) a 1000 pulse series similar to (1),
where the PM W and PM Mo were treated at
2.5J/cm® — at or slightly above melting; (3) a 450-
pulse series with PMW, CVD W, and single-crystal
W, heated to 600 °C and treated with the MAP He
beam at a low fluence level of 1-1.3 J/cm?. This last
fluence level was chosen to be at or below the rough-
ening threshold measured for the nitrogen beam. In
the case of (1) and (2), the samples were heated and
exposed to 200 pulses at a time, then were
demounted and checked for surface roughness
by 1-D profilometry (DekTak). They were then
re-mounted in the same relative positions and exposed
to another 200 pulses, until the series was com-
pleted. In the case of the He series, the samples were
subjected to the entire 450 pulses, after which both
DekTak measurements and SEM imaging was
performed.

An example of the surface morphology after
treatment can be seen in Fig. 3. The figure shows
an SEM image (160x magnification) of a portion
of the surface of the single-crystal W after 450 He
pulses, including the treatment interface at top. Vis-
ible in the image are a series of cracks, with possible
valleys as well as raised areas. (Both are seen in the
DekTak scans.) The cracks tend to be vertically
oriented, presumably following crystallographic
planes. In the case of the PM W material, the cracks
tend to be randomly oriented, as are the grains.
These cracks are evidently initiated due to surface
fatigue, because they become evident after hundreds
of pulses. (Micro-cracking with negligible surface
height is visible almost immediately with exposure.)

A comprehensive summary of the DekTak data
for the various tungsten forms is presented in
Fig. 4. Results of peak-valley measurements from
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Fig. 3. SEM Image of Single-crystal W, showing interface
between treated (450 pulses, He Beam) area (below) and
untreated (above) areas. Treatment fluence 1-1.3 J/cm?, sample
heated to 600 °C.
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Fig. 4. Evolution of peak-valley excursions for PM W as a
function of number of MAP N ion pulses. Fluence is 2.5 J/em?
for 1000 pulses, and 4.5J for 600 pulses. Also shown are P-V
values for PM W, CVD W, and single-crystal W for 450 pulses of
MAP He beam at 1-1.3 J/em®.

all three series listed above are shown. A plot of the
surface parameter R, shows almost identical behav-
ior. The PM W 2.5 J/cm? and 4.5 J/cm? measure-
ments are taken every 200 pulses, whereas the He
data are measured only at the end of the 450-pulse

series. Several trends are noticeable: (1) the P-V
evolution is roughly linear in the number of MAP
N pulses; (2) the P-V surface excursions increase
at roughly twice the rate at 4.5 J/cm? compared
to 2.5 J/cm?; (3) very little surface relief develops
until after the first 200 pulses; (4) the P-V roughen-
ing of PM W with He is relatively worse than for
nitrogen. The roughening with He at 1-1.3 J/cm?
for 450 pulses is worse than for the same number
of pulses of nitrogen, even when the latter are at
2.5 J/em?® per pulse; and (5) the roughening of PM
W is significantly worse than for CVD W and sin-
gle-crystal W at the same fluence and number of
pulses (He). Item 4 is consistent with previous
measurements [10] which show that heavier ions
produce smoother surface topology, despite the fact
that their shallower penetration leads to higher peak
surface temperatures for the same beam fluence.
Evidently, the roughening threshold is lower than
1.25 J/cm? when He ions are used.

The most notable result from these measure-
ments is that PM W exhibits the strongest propen-
sity to roughen, whether helium or nitrogen ions
are used as the treatment ion. The PM W roughen-
ing, besides being worse than for the other W forms,
is also much worse than for either the heated PM
Mo sample, or the unheated W25Re, pure Re, com-
mercially pure Ti, and copper samples that were
also exposed. This is indicated in Fig. 5, which
shows the evolution of the surface roughness
parameter R, for the following (flat) materials:
PM W, W25Re, pure Re, pure Mo, Ti-2 (commer-
cially pure), Al 1100, and Cu. The 2.5 J/cm? fluence
is high enough to melt the metals listed, and in the
case of Al 1100, this fluence produces near-vapori-
zation of the surface, which may account for the
high R, values for the Al. The roughness values
for PM W, although quite high, indicate a possible
saturation condition after about 600 pulses. The
W25Re and Re roughness remains well below the
R, values for PM W, reaching about 1 um after
1000 pulses. The values for PM Mo and Ti-2,
although also remaining well below the PM W val-
ues, show a tendency to increase without saturation
till the end of the series. Note also that the rough-
ness of Cu shows no real change from the untreated
values over 800 pulses. A similar plot of data taken
at 4 J/cm? looks almost identical, but with the y-axis
values doubled in magnitude.

Further BUCKY calculations were performed, to
show the scaling of the tungsten response with ion
species (nitrogen or helium beams) and fluence
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Fig. 5. Evolution of R, for a number of materials as a function of
number of MAP N ion pulses. Fluence is 2.5 J/cm? for 1000
pulses. The PM W and PM Mo were heated to 600 °C. The
W25Re, Re, Ti-2, Al 1100, and Cu were initially at room
temperature.

variation. The W surface temperature was set ini-
tially to either room temperature (RT), or 600 °C
(873 K). The scaling of peak surface temperature
with fluence is shown in Fig. 6 for the four cases
(nitrogen beam, or He beam, RT and 873 K initial
temp). Melt depth scaling is plotted in Fig. 7. As
can be seen, melt depth and surface temperature
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Fig. 7. Melt depth of heated and un-heated tungsten irradiated
with RHEPP helium and nitrogen beams.

are highest for the heated W surface irradiated with
nitrogen ions. This is due to the shallower penetra-
tion of nitrogen compared to helium, which concen-
trates the deposited energy closer to the surface.
Note also that the slope of the peak temperature
curve is reduced when the material begins to melt.
The thresholds for melting and peak surface temper-
atures at a fluence of 3 J/cm? are shown in Table 1.
It should be pointed out that the various treatment
series discussed here have occurred at slightly differ-
ent treatment distances, so that the parameters
shown in Table 1 and Figs. 6 and 7 may vary with
each series.

: It is important to determine if the roughening
] seen here will reach a saturation point or not. This
requires some insight into the mechanism of the
- roughening process. Fatigue cracking has already
X 3500 | . .
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tungsten irradiated with RHEPP helium and nitrogen beams.
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play a key role. Another sample set was prepared,
and treated by the MAP nitrogen beam over a total
of 1600 pulses. The fluence per pulse varied between
1.2 and 1.7 J/cm? for the set as a whole, i.e. lower
than the exposures discussed above, but for more
pulses. The sample set consisted of flat samples, in
addition to several kinds of ‘foam’, i.e. engineered
surface [5]. The foam will be discussed separately
below. The flat samples consisted of PM W,
W25Re, and Ti-2. After every 400 pulses, SEM
images were taken of the treated surfaces. Halfway
through the series, a second W25Re sample was
included, so that surface data were available for
1600 and 800 pulses of the same material at the
same time.

The result of the SEM observations for treated
PM W are shown in Fig. 8(a)-(d), where surfaces
are shown for 400, 800, 1200 and 1600 pulses,

~20 um

respectively. The PM W was heated to 600 °C for
all pulses, and the magnification shown is 2000x.
The estimated per-pulse fluence was 1.5 J/cm?.
Heat-flow SIM simulations indicate that the peak
surface temperature reached about 3000 K, i.e.
below the melting point for W. Conjecture about
morphology evolution seen in SEM images is of
course qualitative, since depth information can be
ambiguous. In the first image at 400 pulses
(Fig. 8(a)), a network of cracks is observed to form,
leading to a set of ‘pad-like’ structures, each about
10-20 um in extent. These cracks are observed to
follow some grain boundaries, but then may cross
these boundaries as well. Along the cracks, features
form which look like exfoliation structures. As the
number of pulses increases, these structures increase
in number and extent, and eventually ‘join up’ to
form valley-like features (Fig. 8(c)). Some rounded

Fig. 8. SEM images of PM W taken after 400 (a), 800 (b), 1200 (c), and 1600 (d) nitrogen pulses. Fluence is approximately 1.5 J/cm?>.
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knobs are also visible, and these appear to be in a
higher position than the valleys. Although EDS
analysis of some of these knobs indicate the pres-
ence of Cu particles brought to the surface from
the beam generation area, the majority of the knobs
analyzed are verified as W in content. The image at
1600 pulses (Fig. 8(d)) appears to show the most
complex topology, with features appearing to be
both above and below some reference height.

These general features — cracking pattern
followed by ‘valley’ formation in a general pad-like
pattern, are repeated in the other metals sub-
jected to ion beam exposure, with the exception of
copper, which develops no relief, even after 800
pulses. This is presumably due to the ductile proper-
ties of Cu.

The two features in particular mentioned above —
exfoliation appearance and ‘valley’ formation, are
important as indicators of possible mass loss in
the treated surface. If either could be confirmed, this
could lead to the conclusion of unacceptable mass
loss. In the case of these experiments, no weighing
of samples before/after was undertaken, which
would be the most direct way to confirm mass loss
by exfoliation. Such a measurement may be com-
promised anyway by the observation of added Cu
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to the surface during treatment, originating in the
beam generation process.

The issue of ‘valley’ formation, however, can be
addressed by the determination of the overall
surface height of the treated region, compared to a
reference. The reference in these experiments is the
untreated zone, so measurements have been made
across the treatment interface. The samples have
been mechanically smoothed prior to treatment to
establish a flat region that could be so referenced.

An adjoining area of the PM W surface, men-
tioned above, that was treated with 450 He pulses
at 1-1.3 J/em?, was later subjected to 600 pulses of
the MAP N beam at 4J/cm’. A small zone in
between these two regions was kept as an untreated
reference. Dektak profilometer measurements were
made of the He-treated area after 450 pulses, and
then of the nitrogen-treated area, after 200, 400,
and 600 pulses. Profiles of three scans are shown
in Fig. 9(a)—(c). On the left side is the scan, with
the R, and P-V values for the PM W after 450 He
pulses (1-3 and 10-30 pm, respectively). On the
right side are the corresponding numbers for MAP
N treatment after 200 pulses (a), 400 pulses (b),
and 600 pulses (¢). The untreated zone is in between,
at approximately 2000-4000 um (horizontal position).
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Fig. 9. 1-D Dektak scan profiles of PM W. Left side is after 450 pulses He beam in all cases, the right side is after nitrogen beam pulses of
200 (a), 400 (b), and 600 (c) in number. The R, and P-V values for each surface are noted.
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The left side features appear to diminish from (a)
to (c), but that is only because the vertical axis
scale is increased to account for the increased
roughness of the N-treated side from 200 to 600
pulses.

There are two notable features to point out here:
(1) the R, and P-V values are observed to increase
steadily with pulse number, reaching 7-10 um and
50-70 um, respectively. This roughness exceeds that
seen on the He side both because of the higher per-
pulse fluence, and because of the larger number of
total pulses. It should be noted that the 4 J/cm? flu-
ence on W renders the surface temperature well
above melt. (2) Relative to the (middle) untreated
zone, the overall height of the treated surface tends
to increase, rather than decrease. The level of ‘valley’
depth is slightly higher at 600 pulses compared to
400, but in either case, the minimum height, relative
to the untreated zone, is less than 10 pm, whereas
the ‘mountains’ can reach 60 um in height.

The determination of absolute height is verified
by laser profilometry of the treated W surface after
1600 pulses. A comprehensive surface map of most
of the treated area is shown, along with the
untreated area along the outside, in Fig. 10. This
map was made by a NEXIV Laser Profilometer
(Nikon Model VMR-3020). This plot clearly shows
a general increase in height of the treated surface.

These observations taken together lead to the fol-
lowing tentative conclusions about the roughening:
two possible sources of mass loss — exfoliation,
and valley formation, have been identified. It is out-
side the scope of these experiments to verify that the
apparent exfoliation, which looks evident in the
SEM images, is really taking place, and really lead-

Tungsten 1600 Pulses

“omm 2mm 4mm &mm gmm  10mm

Fig. 10. Comprehensive scan using NEXIV Laser Interferometer
of treated PM W, 1600 pulses at an average 1.5 J/cm?.

ing to mass loss. However, the ‘valley’ formation
scenario looks to be more of a ‘mountain’ formation
scenario. Presumably, the source of the mountain-
building relief may be the expansion of the surface
due to thermal heating while the substrate remains
relatively unexpanded. If the relief is mostly due to
mountains, as it appears, then overall there may
be a redistribution of surface mass, but not compel-
ling evidence of outright mass loss, at least in these
experiments.

A survey of the SEM images, as well as images
produced by two-dimensional VEECO analysis of
prior treated samples, indicates that the cracks seen
tend to reach significant depths. The VEECO
images show a network of fine cracks whose width
is too narrow to be detected by the Dektak. If it
can be shown that these cracks propagate in depth
and may reach the underlying substrate, then this
could be a predictor of first-wall failure. Stress crack
propagation was investigated with the PM W sam-
ple subjected to 1000 pulses at an estimated average
per-pulse fluence of 2.25 J/cm?. SIM predicts a peak
surface temperature of just over the melting point
(3750 K), with a minimal melt depth of 0.1-0.2 um
at most. A portion of the near-surface was removed
by the Focused Ion Beam (FIB) technique, and then
analyzed by both XTEM and scanning TEM
(STEM).

A STEM image of the near-surface region of the
treated PM W is shown in Fig. 11. There is no melt-
ing or recrystallization evident, either near the sur-
face (a) or at depth (b). Grain morphology looks
identical both near the surface and at the 10 pm
maximum depth of the FIB cut. Surface roughness
reached 2.3-4.5 ym on this sample. Two XTEM
images are shown in Fig. 12(a) and (b), with
Fig. 12(a) the near-surface region, and Fig. 12(b)
at a depth of 5-10 um. While no melt layer is evi-
dent, in both images there are cracks and voids in
both the horizontal and vertical directions, and
extending the entire distance of the FIB cut. The
presumed cause is fatigue cracking.

Compared to the PM W surface, the W25Re
exhibits the same qualitative features as the number
of nitrogen pulses is increased, but at a more attenu-
ated level. Fig. 13(a)-(c) shows SEM images of
W25Re treated under the same conditions as the
PM W whose images are shown in Fig. 8, i.e. treat-
ment by nitrogen beam at about 1.5 J/cm”. Images
were taken after 400 (a), 800 (b), and 1200 (c) pulses
(an image for 1600 pulses is not available). The mea-
sured R, is much lower than for the PM W sample,
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Fig. 11. (a) STEM image of sectioned PM W (heated to 600 °C) treated with 1000 nitrogen pulses at an average fluence per pulse of 2.25 J/
cm?. View near the surface. (b) STEM, same as (a), but at 5-10 pm depth.
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Fig. 12. XTEM images of same sample as Fig. 11, near the surface (a) and at 5-10 pum depth (b).

about 0.6 um instead of the 2-3 um level seen with
the PM W. It should be noted that, due to the
slightly higher fluence used for the W25Re, and its
400 K lower melting point compared to pure W, that
the surface of the W25Re probably melted compared
to the W which most likely did not melt. Indeed, the
W25Re surface shows a clearly shiny appearance
compared to the more dull-looking PM W surface.
However, this trend of lessened roughening of the
W25Re has been clearly established in a number of
treatment series. Also, as noted above, the PM W
surface showed severe roughening at 4 J/cm®. This
is a treatment level that most certainly produced sur-
face melting of the PM W.

Some exposure of the tungsten was undertaken at
high fluence (60 and 400 pulses in two series),
enough to ablate the surface (6 J/cm? and above).
The trend of increased roughening with number of
pulses is still evident, although the absolute amount
of roughening is reduced. This may be because the
melt distances are large enough to smooth out sur-
face perturbations before they build up. Fig. 14(a)
and (b) show bright-field XTEM images of a PM
W sample that was exposed to 60 nitrogen pulses
at an average fluence of 6 J/cm?. This is the abla-
tion threshold for W. The near-surface region
(Fig. 14(a)) shows an epitaxial melt-recrystallization
layer of almost 3 um depth. The surface is smooth
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Fig. 14. Bright-field XTEM image: (a) PM W (heated to 600 °C) treated for 60 pulses at average fluence of 6 J/cm?. This is approximately
the ablation threshold. Note the epitaxial melt and recrystallization from a depth of almost 3 pm. (b) Same sample at 5 pm depth, showing
no cracks or voids.

and relatively featureless, with an R, value of about of the untreated W, i.e. large grains with no cracks
0.4 pm. In depth (Fig. 14(b)), the appearance is that or voids. Another PM W sample was exposed to 400
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MAP N pulses at an average fluence of 7 J/cm?. In
this case, an ablation step of 20 pm was observed
between treated and untreated portions. This
amounts to an average of 50nm of tungsten
removed per pulse. However, the surface roughness
R, remained at about 0.5 um, or much lower than in
the cases discussed above of 2.5 and 4.5 J/cm? expo-
sure. A nearby tungsten sample alloyed with 1%
Lanthanum (W1%La) showed a 5 um ablation step,
with an R, value of almost 2 um and peak—valley
excursion of 13.5 um. The lower step is due to a
slightly lower average fluence per pulse. The level
of ablation is evidently very sensitive to the level
of fluence above the nominal 6J/cm? ablation
threshold. Thus, the W1%La roughness is higher
than the PM W exposed to 7 J/cm?, but both sur-
faces are smoother than the PM W exposed to 2.5
and 4.5 J/cm?. Interestingly, the PM Mo surface
also exposed at about 6.5J/cm? for 400 pulses
showed the most dramatic surface topology. Period-
ically spaced peaks in the surface occur whose
height exceeded the 80 um measuring capability of
the Dektak. It is estimated that the peak-valley
excursion of the Mo is greater than 100 um. In this
case, then, the P Mo roughened worse than the PM
W. However, the distinction is unimportant as a
practical matter, since all of these samples suffered
unacceptable levels of material loss at these fluences.

3.2. Other metals

The surface of the metals other than W and
W25Re was periodically examined by SEM after a
series of pulses. These other metals are Ti-2 (com-
mercially pure), Re, and Mo, as well as Cu. These
are not considered as leading contenders for
armored wall surfaces, but their response is notable
and will be discussed briefly. Re, in particular, is the
only metal that does not have a brittle-ductile tran-
sition, and in fact work-hardens readily when com-
mercially processed. So its materials response might
be considered as more extreme even than W. Cu, on
the other hand, is observed to develop little or no
surface relief, even after 800 pulses that left the sur-
face both below and above its melting point. This is
presumably because of its malleability.

SEM examination of the metal surfaces indicates
that each element (Cu excepted) develops its own
pattern of surface relief. This is indicated by
Fig. 15(a)—(d) and Fig. 16(a) and (b), which shows
SEM images of Ti-2 and Re, respectively, as a func-
tion of fluence (MAP N beam). In all cases, the sur-

faces have been exposed to 1000 nitrogen beam
pulses. Note that the surface of the treated Ti-2
exhibits a very complex appearance reminiscent of
fractal patterning. The scale length of the surface
deformation, i.e. the qualitative spacing between
repeating features, appears to decrease with increas-
ing fluence per pulse. This is not the case with Re,
where the scale length increases with increasing flu-
ence per pulse. In each image, the morphology
appears to follow a distinct development path that
is defined by the average fluence per pulse. The ulti-
mate cause is probably connected with the set of
bulk materials properties unique to each element.
A complete model of such morphology evolution
is beyond the scope of this paper, but such a model
would be required to explain the qualitative feature
differences seen in Figs. 15 and 16.

3.3. Carbon composite

We have previously reported [1] on the exposure
of various forms of graphite to a mixed C/H ion
beam. The materials response to this beam should
be similar to that expected with the MAP N beam
discussed above. The graphite forms were annealed
pyrolytic graphite (PG), Poco (sintered graphite),
and 4-d carbon-composite weave. The PG has a
very high thermal conductivity in one direction,
and its use in first walls would be oriented so that
the high-conductivity direction is directed into the
surface, so as to dissipate the most heat.

These forms of graphite were exposed to several
series of beam pulses, up to 75 exposures per sam-
ple. Part of each sample was masked so that any
step-height difference between unexposed and
exposed surfaces formed by surface removal could
be readily measured. The threshold of material abla-
tion was observed to be between 2 and 3 J/cm?,
depending upon the graphite form. The Poco and
composite matrix showed the lowest threshold, at
about 2.5 J/cm?, whereas the PG threshold was
higher, at about 3.5 J/cm®.

A BUCKY simulation of graphite was also per-
formed, in which the PG properties were used.
Using the MAP N beam characteristics, BUCKY
predicts a threshold for surface removal at about
3.5 J/em?, which is consistent with that measured
for the PG. Above this value, there occurs a rapid
increase in the per-pulse ablation/sublimation rate
as fluence is increased beyond this value. For
example, at 4.5 J/cm?, the rate of removal is pre-
dicted to be above 1/3 pm per pulse. This is clearly
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Fig. 15. SEM images of Ti-2 (commercially pure Ti) taken after 1000 pulses at an average of (a) 1.0 J/em?, (b) 1.6 J/em?, (c) 2.6 J/cm?, and

(d) 4.0 J/em®. Magnification is the same in all images.

Fig. 16. SEM images of Re surface taken after 1000 pulses at an average of (a) 2.6 J/cm? and (b) 4.0 J/cm?. Magnification is the same as in

Fig. 15.

an unacceptable removal rate, and the sensitivity of
the rate with fluence implies that the only option for
wall use would be to restrict the wall fluence to
below the 3.5 J/cm? figure.

The behavior of surface roughening with fluence
varied more widely between Poco and PG. The
Poco was observed to roughen at fluences below

1 J/em?. Surface roughness then increased strongly
with fluence per pulse, up to as high as 3.5 uym at
4.8 J/em? per pulse, over 75 pulses. Indeed, surface
feature changes were observable at 0.5 J/cm® or
even below. The PG, by contrast, did not develop
surface roughening, even when the surface was
ablated away.
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The best overall study of graphite materials
response is that of composites, which contain both
ordered graphite (fibers), and sintered graphite
(matrix) of no special properties. A study of the
response of a particular composite, FMI-222, was
undertaken, with samples surface-polished and
exposed to 1000 pulses (MAP N) at 1.6 J/cm?, and
to 600 pulses each at 2.6 J/cm? and 4.0 J/cm?. These
values correspond to less than half the BUCKY
ablation threshold (1000 pulses), and below and
above the 3.5J/cm? value from BUCKY (600
pulses), respectively.

A VEECO image of the FMI-222 treated at 1.6 J/
cm? is shown in Fig. 17(a). The untreated area is on
top, and treated at the bottom, with the interface
located as a horizontal line about halfway between
the image top and bottom. A linear R, scan of the
treated area appears in Fig. 17(b), and the same of
the untreated area is shown in Fig. 17(c). Although
the difference between treated and untreated areas
is not readily apparent in the VEECO image, com-
parison of the two R, scans shows that there is signif-
icant loss of material in the matrix between the fibers.
The fibers appear as relatively flat areas in the scan
shown in Fig. 17(b). Removal of material as deep
as 60 um below the surface is indicated. (The deep
but narrow crevices indicated in the untreated area
shown in Fig. 17(c) are due to surface preparation.
Mechanical polishing separates the fibers from the
matrix background, which produces the crevices.)

That this amount of material removal occurs at
half the measured ablation threshold discussed
above is significant. Further 1000 exposure series
at lower fluence would help establish if there is an
exposure fluence per pulse below which there is no
matrix removal. But this level is expected to be well
below 1.6 J/cm?. Response at the higher fluences is
shown in Fig. 18, at 2.6 J/cm? average per-pulse flu-
ence (Fig. 18(a)), and at 4.0 J/em? (Fig. 18(b)). A
linear R, scan of FMI-222 treated at 4.0 J/em? is
shown in Fig. 18(c). The scan is along the vertical
line in Fig. 18(b), where the untreated area is
towards the right, and interface is approximately
in the middle. (The overall curvature from right to
left is an artifact of the analysis.) A fiber is shown
in the middle of the scan, after which the interface
is reached, and there occurs a drop of 100 um at
the exposed matrix. Fig. 19 shows SEM images of
untreated fiber (Fig. 19(a)), a fiber end treated at
4.0 J/em® for 600 pulses (Fig. 19(b)), and treated
matrix (Fig. 19(c)). All images are depicted at
500x magnification. The crevice caused by surface

preparation is clearly evident in Fig. 19(a). The trea-
ted fiber end, which takes up most of the image
shown in Fig. 19(b), shows a relatively benign
response to the ion exposure. Note that the fiber
end appears to be composed of a large number of
smaller filaments. In contrast, the damage to the
matrix material is quite evident. Images of treated
matrix at the lower fluences also show damage,
but in lesser amounts.

As discussed in Section 1, the pulsewidth here is
shorter than that expected for a future reactor, so
that the fluence levels indicated translate to higher
allowed values in the latter case. Even so, at the
anticipated 820 J/cm? in future reactors, it would
appear that use of graphite in the first wall leads
to an unacceptable loss of material.

3.4. ‘Engineered’ surfaces

The materials discussed above are of flat geome-
try. Thus, impinging ions will strike each point of
the surface at maximum fluence. It may be the case
that a more survivable surface might be possible if
the surface is formed in some non-flat manner, e.g.
a three-dimensional or ‘engineered’ surface. We dis-
cuss several versions of engineered surface below,
the motivation for each, and results of ion exposure
experiments with each.

(1) Velvet. In the discussion above of the FMI-
222 carbon composite, it was pointed out that the
carbon fibers survived ion exposure much better
than did the carbon matrix. Two limiting forms of
this material might then be considered. In one case,
the matrix is replaced entirely by fibers. This may be
hard to manufacture. In the other case, the matrix is
removed, and only fibers remain. If then the fibers
are arranged in long straight lengths, oriented along
the direction towards the chamber center, this is
referred to here as ‘velvet’. The spacing between
fibers can be varied. The impinging ion flux is pre-
sumed to have a non-zero transverse velocity com-
ponent, even if very slight. Then while the fiber
tips will receive the full force of the ion flux, the ions
passing by the tips will impact the fiber sides at a
glancing angle, and thus the effective fluence will
be much reduced, compared to the fiber tips. The
length and areal coverage of the fibers can be
arranged so that little or no ion flux will penetrate
to the substrate. If a surface coating can be applied
that is thicker than the ion range expected from the
fusion products, this could then act to protect the
graphite from tritium buildup.
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Fig. 17. (a) Two-dimensional VEECO image of FMI-222 CFC, treated with 1000 pulses (MAP N) at an average fluence of 1.6 J/cm?.
Untreated area occupies top half of image, treated the bottom half, with treatment interface a horizontal line approximately across the
middle. Vertical crevices are an artifact of sample preparation. (b) Linear R, scan across treated area. (c) Linear R, scan across untreated

area.

The first version of the ‘velvet’ that was exposed
[1] consisted of a network of 2.5 mm-tall carbon
fibers 6.5 um in width, and attached to an aluminum
substrate with epoxy adhesive. The packing fraction
was 1.5%, i.e. only 1.5% of the substrate area had
fibers connected. The qualitative results of this ser-

ies of exposures was (1) removal of any fibers not
oriented perpendicular to the incoming ions, (2)
only slight damage to the fiber sides, and (3) physi-
cal removal of some fibers from the substrate, but in
those areas where the fiber network remained in
place, there was no damage to the Al substrate.
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Fig. 18. Two-dimensional VEECO image of FMI-222 CFC, treated with 600 pulses (MAP N) at an average fluence of (a) 2.6 J/cm? and
(b) 4.0 J/em?. Top half is untreated. (c) Linear R, scan of FMI-222 treated at 4.0 J/cm?®. Scan is along the vertical line in (b), where the

untreated area is towards the right, and interface is approximately in the middle.

The latter point is remarkable, since the epoxy adhe-
sive is known to have a low melting point (approx-
imately 100 °C).

The velvet version discussed here consists of a
fiber network of packing fraction 1.9%, and
attached to a graphite substrate. In addition, a

1.6 pm tungsten film was sputtered onto the fibers.
The coating was thickest at the fiber tops, and less
on the fiber side walls. The velvet was exposed to
200 pulses of the MAP N beam, at fluences ranging
from 1 to 6 J/cm?. The latter value is well above the
carbon sublimation fluence, and roughly equal to
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Fig. 19. (a) SEM image, FMI-222, showing fiber end, untreated. Magnification is 500x. (b) SEM image, FMI1-222, fiber end exposed to
600 pulses, average 4.0 J/cm? per pulse. (c) SEM image, FMI-222, matrix exposed to 600 pulses, 4.0 J/cm? per pulse.

the W ablation threshold for the MAP N beam.
After the treatment, the velvet was observed to be
undamaged, even at the highest fluence. The sub-
strate was also undamaged. The velvet was exam-
ined with SEM at the low, medium, and high
parts of the 1-6 J/cm? range of fluences. The adhe-
sion of the sputtered W to the fiber walls varied with
fluence. At low fluence, there was extensive delami-
nation of the W from the side walls, which then
appeared as debris at the bottom of the fibers where
they attach to the substrate. The delamination
decreased significantly at the medium fluence level,
and disappeared at the highest fluence, where no
debris was observed at the substrate level.

The more interesting effect occurred at the fiber
tips at the highest fluence. SEM images of two types
of the tips are shown in Fig. 20(a) and (b). Most of
the fibers consisted of tips which were flat. An exam-
ple is shown in Fig. 20(a). The W on the tip has
evidently melted and formed a ball (marked as #6
in the image). EDX analysis confirms this, and also
confirms that the end and sides (marked #5 and #7)
of the fibers contain only carbon. However, on
about 10-15% of the fibers, the tip forms a point,
on top of which the W was sputtered. In these cases

(examples in Fig. 20(b)), the W has remained on the
tip. Given that the coating was only 1.6 pum thick
originally, the fact that this remains intact after
200 pulses of ablation-level fluence for W is remark-
able. It may be possible to heat-treat the fibers to
increase the adhesion between the carbon and tung-
sten, and also to sharpen all of the tips in order to
retain the tungsten on top. Such a tungsten-coated
carbon velvet may then become a viable engineered
surface for long-term wall survivability.

(2) Foam. In the case of the W-coated velvet
above, the apparently enhanced ability of the thin
W coating to survive ion bombardment might be
due to the non-bulk form of the tungsten. Another
type of engineered surface consists of a lacework
of ‘bridges’ surrounding imaginary spheres. An
example of the geometry is shown in Fig. 21. The
virtual spheres are about 1 mm in diameter. The
principle is that in a three-dimensional structure,
incoming ions would be stopped by one of the
bridges before they penetrate to the substrate. In
this form, the tungsten can be formed thinly enough
so that entrained He from the fusion events may
be able to diffuse to the surface of the bridges, so
as to avoid He bubble formation. In addition, the
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(b)

Fig. 20. (a) SEM image, ‘velvet’ fiber tip, flat geometry. EDX of
top and sides showed carbon composition (5 and 7), and tungsten
has formed a ball on the fiber side (6). (b) SEM image, ‘velvet’
fiber tip, tapered tip. The 1.6 pm W coating remains in place.

Fig. 21. SEM image, ‘Foam’ geometry. Magnification 50x.

tungsten in this form may prove superior in ductility
and other properties to the polycrystalline bulk
form studied in Section 3.1 above. Then the network
aspect ratio and bridge width can in principle be
adjusted to optimize performance. It is presently
not known how small in width the bridges must
be to allowed for He to diffuse out, but it is gener-
ally recognized that the bridge structure indicated
in Fig. 21 is too large.

Two versions of this Foam were treated by up to
1600 pulses of nitrogen ions. The Foams were
heated to 600 °C during these exposures. Both were
made from an initial bridgework of graphite, over
which either TaC or HfC was formed, followed by

(b)

Fig. 22. SEM image, W-coated TaC Foam, untreated (a) and
after 1600 pulses at an average fluence of 1.5 J/cm?® (b). Both
images at 250x magnification.
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tungsten deposited by CVD. The graphite was then
removed by heat-treatment. The W thickness was
30 um in the case of the TaC substrate, and 15 um
for the HfC. The W/TaC surface was subjected to
an average fluence of 1.5 J/cm? over the pulses, with
the fluence varying between 1.2 and 1.7 J/cm?. SIM
heat-flow modeling predicts a peak surface temper-
ature between 2730 and 3550 K, i.e. the W surface is
not predicted to melt. The W/HaC, exposed to a
lower fluence portion of the beam, experienced a
lower variation in fluence, from 0.5 to 1.2 J/cm?
(1670-2880 K). After each set of 400 pulses, the
Foams were demounted and the surface analyzed
with SEM, until all 1600 pulses were taken. The
images then are of different but representative areas
of the W/TaC and W/HfC surface.

Fig. 22 shows SEM images (250x magnification)
of the W/TaC surface, both untreated (Fig. 22(a))
and after 1600 pulses (Fig. 22(b)). The untreated
surface appears wrinkled and with some suggestion
of grooves, but no cracks or breaks. After 1600

~20 pm

pulses, a complex network of cracks is observed to
form. The evolution of morphology of these cracks
can be seen in the SEM images shown in Fig. 23,
which show closeups (2500x magnification) of vari-
ous areas after 400 (a), 800 (b), 1200 (c), and 1600
(d) pulses. The initial cracks appear to widen with
number of pulses, and new cracks then appear in
the flat spaces between the cracks. The widening is
evidently erosional, so that over time, mass loss
could be significant.

While erosional material loss appears to happen
with the W/TaC, in the W/HIfC, the process resem-
bles more brittle destruction. This can be seen by
comparing the SEM images in Fig. 24, which show
the untreated surface (a), and after 800 pulses (b),
both at 250x magnification. In Fig. 24(b), the top
half of the W/HfC bridge structure has blown
off, exposing the backside. Evidence of the absence
of crack erosion is shown in Fig. 25. Comparison
of the high-magnification (7500x) images of
the W/HfC surface (a) and W/TaC surface (b)

Fig. 23. SEM images, W-coated TaC Foam, after (a) 400, (b) 800, (c) 1200, and (d) pulses. Magnification is 2500x. Images are of different

areas on Foam surface.
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(a)

~100 pm

(b)

Fig. 25. SEM images, W/HfC (a) and (b) W/TaC Foams exposed to 800 pulses. Magnification is 7500x.

indicate the lack of crack widening on the W/HfC
surface.

Both of these W/TaC and W/HfC surfaces are
thus seen to suffer failure. The mechanisms are dif-
ferent in the two case. The reasons for this are
unclear, but may have to do with the difference in
thickness of the W coating in the two cases, or the
adhesion of the W to the respective substrates, or
differences in bulk behavior of the substrates. But
it appears that, particularly in the case of the W/
TaC, the thin W coating appears to suffer surface
roughening and crack formation similar to that seen
on the surface of the (flat) bulk W samples.

4. Discussion

Were it not for the cracking and formation of
voids seen with the PM W after ion exposure, the

surface roughening also seen by itself might be tol-
erable as a surface response, since the actual loss
of surface material has not been confirmed. The
response of the tungsten when heated to 600 °C also
appears to be more benign than if the surface is left
unheated, although both surfaces roughen worse
than all the other samples investigated. The only
exception was when W and Mo were both subjected
to fluences above their ablation thresholds. Then the
surfaces were rendered much smoother, but of
course at this point, unacceptable amounts of mate-
rial loss occurred.

The carbon composite material demonstrates a
weakness of carbon as seen in previous measure-
ments. Above the sublimation point, there is a rapid
increase in the material removal rate. With the
matrix material, there is loss well below the mea-
sured and modeled sublimation point. Perhaps
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physical sputtering or radiation-enhanced sublima-
tion is the cause. The carbon velvet performed quite
well. However, the graphite fiber cores are expected
to suffer significantly under the neutron bombard-
ment that will occur in future reactors. Both forms
of foam tested suffer mechanical failures. The indi-
cation is that, at least for the kind of foam structure
investigated here, the W contained in the foam
behaves similarly with bulk PM tungsten.

The effects of helium absorption and bubble for-
mation have not been studied in this investigation.
The 450-pulse series with He is estimated to have
introduced 4.5 x 10-15 atoms/cm? into the surface
(at the rate of a monolayer of atoms per pulse). This
is below the level of implantation required to
observe He bubble formation as reported by most
researchers. Other than the enhanced surface rough-
ening produced compared with nitrogen beams of
the same fluence, no other effects of He beam use
have been discovered.

5. Summary

Candidate materials for the first wall of a future
IFE reactor have been investigated using pulsed
intense ion beams generated by the RHEPP-1 facil-
ity at Sandia National Laboratories. Materials in
flat geometry include pure tungsten in powder met-
allurgy (PM) polycrystalline form, and also CVD
and single-crystal forms. Tungsten alloyed with
25% rhenium (W25Re) was also investigated. Other
metals exposed include Molybdenum, commercially
pure Titanium, and pure Rhenium. ‘Engineered
materials’ were also investigated — a ‘velvet’ consist-
ing of carbon fibers over which a 1.6 um layer of
tungsten was sputtered, and two kinds of ‘Foam’,
each with a CVD coating of tungsten over either a
TaC or HfC substrate in a ‘bridge’ structure.

The surface of the PM W is observed to undergo
surface roughening below the level of exposure
needed to cause surface melting. This roughening
has a relatively low threshold, about 1.25 J/cm? at
these pulsewidths. Above this threshold, the surface
is observed to undergo progressive roughening over
the course of up to 1600 pulses. The roughening
scales with the fluence, and with the number of
pulses, but appears to reach a plateau. The level
of roughening can reach very high levels, with sur-
face R, up to 20 um, and peak—valley excursions
of 70 um. The surface height of the treated W
increases compared to an untreated surface. Cracks
and voids are seen in both horizontal and vertical

directions of treated but unmelted surfaces, down
to at least 10 um depths. Evidence of deeper crack
formation will be discussed in a future publication.
Similar exposures of W25Re alloy result in much
less surface roughening, and no evidence of the hor-
izontal striations seen with the PM W. In addition,
the CVD and single-crystal forms of tungsten were
observed to roughen considerably less than the
PM W. The latter were only exposed to a 450-pulses
series using a He beam. All the other treatment ser-
ies discussed were made with a nitrogen beam. The
He beam also produced more roughening than the
nitrogen beam, for the same fluence.

The mechanism for this roughening and crack-
ing appears to be thermomechanical in nature,
and connected directly with the pulsed thermal
energy delivery. The near-surface expands in
response to the rapid heating, and the subsequent
cool-down leaves the region in tension. This is indi-
cated anecdotally by the curling of thin samples
after exposure. The reason for the more severe
roughening of the PM W compared to the CVD
and single-crystal W forms is not clear. There is
evidence from both experimental data and
response modeling studies that each grain can
develop a topology different from neighboring
grains, and that the summation of all these
responses can lead to the roughening seen. The
reason for the treated height being raised relative
to the untreated level (‘mountains’) may be simply
the CTE expansion of the heated tungsten. The
relative poor showing of PM tungsten has implica-
tions for Magnetic Fusion Energy (MFE) wall
materials as well as IFE, since Edge-Localized
Mode (ELM) discharges are expected to occur at
~1 Hz in future tokomaks. The cycle time is longer
than the 100 ns period seen for ion deposition in
IFE, but tungsten can be expected to develop a
fatigue response in time.

The carbon ‘velvet’ appeared to survive a 200-
pulse exposure well, whereas the foams both experi-
enced failures, but for different reasons. The W/TaC
surface evolved into a series of cracks, the widths of
which appeared to widen with further exposures.
The W/HIC surface did not experience crack widen-
ing, but instead suffered brittle failures. This is evi-
dently due to the brittle nature of HfC. In either
case, the use of relatively thin tungsten layers in
the foam seems not to have mitigated its deleterious
bulk properties.

It appears that some modification must be made
to conventional PM tungsten, to allow its use in a
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pulsed reactor environment. Investigation of the
anticipated preferred form of tungsten for the Laser
IFE first wall, i.e. a PVD W layer on top of ferritic
steel, will be undertaken after this material is suc-
cessfully synthesized. Alloying with Re appears to
produce more desirable surface properties. Some
form of engineered (e.g. non-flat) surface may also
ultimately prove successful in surviving the periodic
energy flux from a fusion reactor.
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