The INLis a

U.S. Department of Energy
Mational Laboratory
operated by

Battelle Energy Alliance

—

Idaho National
Laboratory

INL/CON-15-37484
PREPRINT

Deuterium retention and
blistering in tungsten
folls

22nd International Conference on Plasma
Surface Interactions in Controlled Fusion
Devices

C. N. Taylor, M. Shimada, B. J. Metrrill

January 2017

This is a preprint of a paper intended for publication in a journal or
proceedings. Since changes may be made before publication, this
preprint should not be cited or reproduced without permission of the
author. This document was prepared as an account of work
sponsored by an agency of the United States Government. Neither
the United States Government nor any agency thereof, or any of
their employees, makes any warranty, expressed or implied, or
assumes any legal liability or responsibility for any third party’s use,
or the results of such use, of any information, apparatus, product or
process disclosed in this report, or represents that its use by such
third party would not infringe privately owned rights. The views
expressed in this paper are not necessarily those of the United
States Government or the sponsoring agency.



Deuterium retention and blistering in tungsten foils
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To investigate deuterium retention and the onset of blistering, deuterium was implanted
in cold rolled tungsten foils at fluences ranging from 3x10%° to 3x10%2 D/m?. lon energies
were 300 eV and 2000 eV in order to be below and above the tungsten theoretical
damage energy threshold. While energy dependent phenomena were observed, blistering
occurs regardless of ion energy. Both plastically and elastically deformed blisters were
found, as manifest in before and after micrographs. The fraction of plastically deformed
blisters did not saturate at the fluences used in these studies. However, the size of the
largest blister that relaxed during TDS does saturate at ~7 um. A simple conceptual
model is presented, which proposes that the deuterium released from elastically deformed
blisters appears at ~600 K in the thermal desorption spectra, which is consistent with
large vacancy clusters.
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Highlights:
e Blister formation is more dependent on ion flux than ion energy.
e Elastically deformed blisters release deuterium at ~600 K in thermal desorption
spectra.
e The size of the largest blister that relaxes during heating saturates at 6-7 pum.
e The number of plastically deformed blisters increases with ion fluence.
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1. Introduction

Hydrogen isotope retention in plasma facing components (PFC) plays a critical role in
fusion safety and fuel management. Retention is exacerbated as vacancies and voids are
produced in the PFCs due to irradiation damage. Fusion neutrons will produce damage
throughout the bulk of materials, thus posing additional concerns for in-vessel tritium
inventory. lon damage from deuterium, tritium, and helium mainly results in near-
surface damage, largely dictated by the ion energy as well as flux and fluence. Binary
collision approximation (BCA) calculations of the displacement energy threshold,
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where Mw is the mass of tungsten, Mp is the mass of deuterium, and Ep is the energy of
the deuterium ion, show that for a minimum displacement energy of 40 eV for tungsten
[1], a deuterium ion requires approximately 933 eV/ion to create lattice displacements.
However, larger scale damage phenomena occur well below the theoretical damage
threshold energy and beyond the ion penetration depth. For example, a layer of nano-
tendril tungsten fuzz forms under low energy, high fluence helium irradiation that can
grow to be microns in thickness [2]. Similarly, deuterium ions at several hundred eV
should have a range of less than 10 nm in tungsten, however blisters form with a *skin’
thickness well beyond the projected range of the ions [3-5]. Precise understanding of the
impact that these structures have on deuterium behaviour (e.g. migration, permeation and
trapping) remains uncertain.

Tungsten blistering has been investigated under many conditions [6-13]. Few studies
have used low flux and fluence to study the onset of blistering and its effect on deuterium
retention and the corresponding desorption profile. Deuterium retention in tungsten is
investigated at implantation fluences between 3x10%° and 3x10%? m™ using thermal
desorption spectroscopy (TDS). At these relatively low fluences, we investigate
deuterium retention and desorption within the context of blister emergence for cold rolled
tungsten foils.

2. Material and methods

Tungsten samples were prepared by punching a 16.5 mm disk from a sheet of 0.05
mm thick, 99.95% pure W foil (Alfa Aesar). Samples were cleaned with acetone, ethanol,
and deionized water in an ultrasonic bath (5 min each), followed by heating to 1173 K
(0.5 K/s) and holding for 30 minutes for stress relief.

Deuterium was implanted into the tungsten samples using the Neutron Irradiated
Material lon Implantation eXperiment (NIMI1X) at Idaho National Laboratory. NIMIIX
is a duoplasmatron type, mass analyzed ion accelerator. Two ion energies were used in
these experiments in order to be above and below the minimum damage threshold energy.
An ion energy of 2.0 keV/D* was achieved by a 6.0 keV/D3z* beam, and likewise 0.3
keV/D" was obtained from 0.9 keV/Ds". At 2.0 keV/D" the ion flux was 1.56 + 0.81 x
10'° D/m?s, and at 0.3 keV/D" the average flux was about an order of magnitude less (see
Table 1). The samples were irradiated at room temperature, however, ion beam heating
caused the sample temperature to increase to no more than 341 K during the 2.0 keV/D*



irradiations. A 50 um thick, 3.5 mm diameter tungsten mask was placed over each
sample in an attempt to obtain uniform implantation across all samples. The choice of
material, and thinness, of the mask reduce the possibility, and impact, of mask-to-sample
sputtering contamination.

Table 1. List of samples and ion irradiation conditions.
Sample Beam Eion Flux Fluence Trmax
(keV) | (D/m?) (D/m?)

WF15_025 | D_:900eV |03 |73x10" |10x10" |299K
WF15_028 | D :900eV |03 |13x10° |32x10" |299K
WF15_020 | D_:900eV |03 |16x10" |10x10” |299K
WF15_030 | D_:900eV |03 |17x10° |32x10" |299K
WF15_031 | D, 160006V | 20 | 28x10"° |32x10" |310K
WF15_032 | D_:6000eV | 20 | 28x10" | 5.6x10" |310K
WF15_021 | D_:6000eV | 20 | 16x10° | 10x10" |-315K
WF15_027 | D_:6000eV | 20 | 28x10" | 32x10" |~310K
WF15_024 | D_:6000eV | 20 | 12x10" | 10x10” |317K
WF15_026 | D_:6000eV | 20 | 25510 | 32x10" |-310K

Following ion implantation, scanning electron microscopy (SEM) was performed.
Images were taken using backscatter collection mode. Samples were mechanically
scratched to provide a fiducial, and polar coordinates were taken so that the same area
could be located and imaged after removing/reloading the samples.

Thermal desorption spectroscopy (TDS) was performed 9-12 days after implantation,
to quantify D retention in the W samples. It is acknowledged that a delay between
implantation and TDS affects retention results, but this effect diminishes after ~100 hours
[14]. The TDS system uses an infrared tube furnace to heat samples with a linear ramp
rate of 0.5 K/s to a final temperature of 1173 K. Sample temperature was redundantly
monitored and controlled with a dual, 1/16” sheathed, grounded, type K, thermocouple
that was in physical contact with the sample surface. Desorbed deuterium was measured
using a quadrupole mass spectrometer (QMS, MKS eVision+). The TDS system was
calibrated for three different leak rates with calibrated deuterium leaks. Background was
determined by performing the TDS sequence on a cleaned and stress relieved, but
otherwise virgin W sample. After subtracting the background from experimental data,
contribution from HD was negligible. SEM images were again taken after TDS.

3. Results and discussion
3.1. Deuterium retention

The desorption spectra for W samples implanted with 2.0 keV/D* and 0.3 keV/D" to
various fluences are shown in Figure 1. A comparison between a) and b) shows



immediate differences. First, the intensity of the peaks is much higher for the higher
energy implantation. Several factors contribute to this result.

1. Anion energy of 2 keV/D" is well above the binary collision approximation
damage threshold energy for tungsten and produces damage that can act as
additional trapping sites.

2. The flux for 2.0 keV irradiations in this study was approximately one order of
magnitude higher than that for 0.3 keV ions. Total D retention has been shown
to be influenced by the flux magnitude, which was suspected to be a result of
supersaturation of D within the implantation zone. [15-17].

3. The ion implantation depth increases as ion energy increases. Diffusion
beginning deeper within the sample will result in less diffusion to, and
reemission from the surface.

The second salient feature of Figure 1 is in the peak shapes. The 1 and 3x10% D/m?
irradiations in (a) show clear shoulders. In addition, the broad peaks for the other spectra
can reasonably be deconvoluted into two peaks. These two peaks in these spectra are
positioned around 475-500 K and 570-585 K. This corresponds reasonably well to the
peaks observed by Alimov, et al., despite a significantly higher fluence of 10%° D/m? [18].
Very good agreement is also found when compared to the low-energy, low fluence
experiments by Bission, et al. [14]. The relationship of these peaks to blister evolution
will be discussed in Section 3.3.

Total D retention in the W foils is shown in Figure 2. At a given fluence, total
retention is greater by about an order of magnitude for the 2.0 keV implantation than the
0.3 keV implantation. Likewise, retention increases as the fluence increases, with good
agreement to previously published data [14,19]. The causes for the higher retention is
explained also by the three points mentioned above. The QMS was not sensitive enough
to delineate the difference between the first two 0.3 keV data points. However, for all
fluences and energies used in these experiments, saturation was not expected, nor
observed [20].
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Figure 1. Thermal desorption spectra for a) 2.0 keV/D+ and b) 0.3 keV/D+ implanted
into W foils. The fluence (D/m?) for each sample is shown in the legend.
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Figure 2. Total retained deuterium versus implanted deuterium for 0.3 keV/D" and 2.0
keV/D",

3.2. Blistering

In a recent paper, tarnishing of a W sample was observed after a cycle of 0.25 keV/D*
implantation and TDS was repeated on the same sample tens of times [14]. In the present
experiments darkening/tarnishing was also observed on sample surfaces irradiated with
2.0 keV/D". These darkened areas, when examined under a microscope were revealed to
be blisters. However, no blisters were observed in samples irradiated with 0.3 keV/D*
until fluences of 1-3x10?> D/m? (not shown). There is clearly a fluence dependence on
blister size and number density even at low ion energies [11].

SEM images were taken of the samples before and after TDS. Care was taken to
image the same region before and after TDS, using polar coordinate system from a
known landmark, to track the blister alteration. Because this effort focused on
conspicuous features for tracking, it is possible that the areas imaged differ from other
areas on the sample. Accordingly, no quantification will be made regarding absolute
blister size or density. For the 0.3 keV/D" samples, blisters were only observed before
TDS at ion implantation fluences greater than 1 x 10?2 D/m? before TDS, and after TDS
no blisters were observed in any of these samples. Because blisters were observed with
0.3 keV/D* ions we determine that blistering is more strongly influenced by flux, rather
than ion energy. If ion energy were the sole contributing factor, one would not expect to
see blisters on any of the 0.3 keV/D* samples. Various models proposes that blisters
form due to super-saturation of deuterium in the implantation zone due to high flux,
which compresses and pushes the deuterium front to deeper layers [3,7,17]. The lateral
stress increases as the compressive deuterium layer thickens, until a point is reached
when local delamination ensues and a blister forms [3]. In order for super-saturation to
occur, the implantation flux must exceed the diffusion rate. This suggests that blister
formation is highly flux dependent.

Blistering was very abundant in samples implanted by 2.0 keV/D*, as shown in
Figure 3. The white arrows point to features in both the before and after TDS
micrographs intended to provide image orientation. The blister shapes were domed and



on the order of several um in diameter. Multi-lobed blister clusters were also observed,
especially as the D fluence increased, as seen in e).
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Figure 3. SEM images of W foils before a) — e) and after TDS f) — ) implanted with 2
keV/D* after various fluences. Images a) and f) were taken with an optical microscope.
White arrows point to orienting features in the before and after micrographs.

After TDS, many blisters remain, as shown in Figure 3 f) — j). It is clear that the
number of blisters is significantly less after TDS. Very few blisters were observed in
sample WF15_31 before TDS (visible in the top-left corner of pane a) and elsewhere not
shown), and no blisters were found anywhere on the sample after TDS. The percentage
of blisters that survived TDS (i.e., plastically deformed blisters) for each of the samples is
shown in Figure 4 (left-axis). Up to a fluence of 3x10%2 D/m? blister survival saturation
is not reached, and over 40% of blisters remained after TDS at this fluence. This differs
from other studies that showed ~75% of blisters relaxed when heating to approximately
the same temperature, 1200 K [7]. The fluence was two orders of magnitude larger than
those discussed presently, which according to the trend shown in Figure 4 should result in
at least 40% of the blisters remaining after TDS. The ion flux was also an order of



magnitude larger than here. In Section 3.1, the effect of flux on retention was discussed.
Here, with regards to blister relaxation, flux is also suspected to play a role. However, if
the flux already exceeds the diffusion rate out of the implantation zone, one would expect
further increasing the flux to result in larger and an increased number of plastically
deformed blisters. Surface preparation, orientation of grain structure, etc., can also affect
the outcome of blisters. Further experiments that simultaneously control the flux and
fluence are required to elucidate these behaviors.

The size of the largest blister that relaxed during TDS was recorded, and is also
shown in Figure 4 (right-axis). Blister relaxation indicates that the blister was only
elastically deformed [7]. The blisters that remain after TDS were plastically deformed.
The size of the largest blister found to relax after TDS increases as the fluence increases,
however in this case a saturation effect is observed. Here, the largest blisters to relax
were ellipses that were 6-7 um in the longest direction. Many blisters also survived that
were only 1-2 um in diameter. Using the present characterization techniques, we could
not determine the three-dimensional geometry of blisters. Others have shown that the
[111] grain orientation is most prone to blister formation [13,21,22]. Future experiments
should explore the 3D structure of the blisters, as well as investigate the saturation of
blister relaxation and blisters remaining after TDS.
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Figure 4. Percentage of blisters remaining after TDS (left axis), and the largest blister
eliminated (relaxed) after TDS (right axis). Lines drawn to guide the eye.

3.3. Correlating blisters to TDS spectra

Plastically deformed tungsten is suspect to invoke different deuterium retention
mechanisms than virgin, or elastically deformed W. This can be observed in the TDS
desorption spectra in Figure 1 a) where, for the highest two fluences, the high
temperature peak (570-585 K) decreases relative to the low temperature peak (475-500
K).

A simple conceptual model is presented to correlate blister bursting with the TDS
spectra.

1. Blisters contain high pressure deuterium.

Focused ion beam studies probed individual blisters and observed marked
deuterium release as the blister was punctured [7].
2. Blisters burst throughout the heating ramp.



At very slow heating rates of a few K/min, individual blisters bursts are
distinguishable by a properly tuned QMS [8]. At high heating rates or with an
improperly tuned QMS, individual blister burst events overlap and appear as a
noisy spectrum. In the present experiments, several pronounced spikes, that are
well above the noise level, are observed for the 1 and 3 x 10 D/m? data curves in
Figure 1, which are suspected to be attributed to blister bursts.

3. Blisters with higher pressure burst more easily (lower temperature).

Gas pressure within the blisters can be on the order of a few GPa [3]. Assuming
uniform spatial implantation, the gas pressure in each blister will depend on the
blister size, which is further dependent on the tungsten microstructural and
mechanical properties (skin thickness, grain orientation, grain density, etc.).
Under the ideal gas law, which may be applicable under these conditions [21], the
pressure increases proportional to temperature. Blisters that start with a higher
pressure will exceed the mechanical limits earlier on in the temperature ramp.

4. Blisters with lower pressure will release deuterium at a higher temperature.
Higher temperatures are required to increase the blister gas pressure sufficient to
cause a burst event. In the case that a burst event does not occur and deuterium is
released via desorption, a release temperature of ~600 K has been associated with
desorption from vacancy clusters [23], which corresponds well to the shoulder
observed in Figure 1.

5. The mechanism by which deuterium is released depends on whether the blister is
plastically or elastically deformed.

Shu, et al., reported a variety of formations when blisters burst, including fracturing at
grain boundaries and between blister layers, bursting at the side and top of blisters,
blisters that burst with partially and fully removed tops, and tails that release deuterium
through a tunnel to the nearby free surface [9]. In each case, the blister shell was visible
after TDS, indicating plastic deformation. To our knowledge, no cases have been
reported where these post-TDS burst mechanisms were observed where the blister shell
subsequently relaxed. The only one of these burst mechanisms that intuitively could be
compatible with elastically deformed blisters is bursting with a tail. Unfortunately,
locating these tails would be quite challenging without an accompanying blister to serve
as a landmark. Therefore, we hypothesize that elastically deformed blisters release
deuterium via a tail burst event, or through desorption. This conceptual model is
presented for the purpose of correlating blister evolution with TDS spectra. It is
acknowledged that “regular” desorption methods (i.e., desorption from interstitial sites,
vacancies, vacancy clusters, grain boundaries) from blister-free regions still contribute to
the desorption spectra. Kolasinski, et al., propose that blisters are responsible for ~28%
of deuterium retention in ITER grade tungsten under their given conditions, but point out
that blister formation and diffusion in other tungsten grades is significantly different [21].

The samples with a fluence of 3 x 10?22 D/m? in Figure 1 show a prominent high-
temperature shoulder. The shoulder emerges as the high-temperature component
decreases (note: both the high and low temperature peaks increase with fluence; the
increase in the low-temperature component is simply stronger). This decrease
corresponds to a decrease in the fraction of elastically deformed blisters (see Figure 4).
Considering the conceptual model above, we therefore propose that deuterium desorption
from elastically deformed blisters primarily occurs at higher temperatures.



4. Conclusions

Low deuterium flux and fluence ion beams were used to investigate and correlate
tungsten blistering to deuterium retention. We found indications that ion flux had a
greater influence on blister formation than ion energy, and heating to 1173 K caused
relaxation of some of the elastically deformed blisters. More blisters formed at 2 keV
than 0.3 keV, but this was attributed to the higher ion flux that resulted at this energy.
The fraction of plastically deformed blisters increased as the ion fluence increased, and
up to a fluence of 3 x 10%2 D/m?, no saturation of this effect was observed. However, the
size of the largest blister that relaxed did reach a threshold value of 6-7 um, suggesting
that blisters larger than 7 um will rarely be elastically formed. During thermal desorption
spectroscopy, retention was found to increase as ion flux, fluence, and energy increase.
Two peaks were observed in the ranges of 475-500 K and 570-585 K. Release of
deuterium from elastically deformed blisters was primarily attributed to the high
temperature peak, which is consistent with large vacancy clusters.
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