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Abstract:

To investigate the role of blister formation on hydrogen isotopes retention, a series of deuterium
plasma exposures with high fluences up to 1.0 X 10*® ions/m> were performed using
recrystallized tungsten samples at 500 K in the linear plasma device STEP. Increases of blister
density and deuterium retention are observed with increasing plasma fluence. According to the
simulation of thermal desorption spectrum, it is suggested that the increase of total deuterium
retention is mainly attributed to the production of irradiation-induced defects with certain depth
profiles, rather than intrinsic defects. The irradiation-induced defects are suggested to be
dislocation-type defects and vacancy-type defects created by blistering and contribute to the
majority of total deuterium retention. A blister-dominated retention mechanism is proposed to

describe hydrogen isotopes retention in conditions when blistering is severe as in this study.
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1. Introduction

Tungsten (W) is one of the main candidates for plasma-facing materials (PFM) in future nuclear
fusion devices [1]. As such, the W material will be exposed to high fluxes of hydrogen isotopes
(HI) plasma which causes HI retention in W and material modifications [2]. Tritium (T)
retention is a well known but key issue, which would reduce fuel utilizing efficiency and give
rise to a radioactive risk and safety concerns. Therefore, understanding HI retention mechanism
in W is of great importance to predict HI retention behavior and even provide a reference for
designing advanced PFM to reduce retention.

Due to the very low solubility of HI in W, HI retention in W is mainly determined by HI
trapped at intrinsic and irradiation-induced defects [3]. The retention is usually described based
on a diffusion-limited trapping mechanism in which the trapping of HI by defects is limited by
the depth reached by the diffusive HI. In ITER, extremely high plasma fluences will be
accumulated at the striking point and expected to be in excess of 10°° m™ [2] which was recently
achieved in linear plasma device Magnum-PSI [4]. In the high plasma fluence regime, it is
suggested that HI trapped at bulk defects including intrinsic defects and neutron-induced defects
(not discussed in this work) may dominate the retention compared to plasma irradiation-induced
defects, because the irradiation-induced defects created by HI plasma are usually limited to the
near surface region of a few um (thus limited trap sites for HI) [3]. Due to the high mobility of
HI, the diffusion depth of HI is usually much larger than the depth where irradiation-induced
defects are produced. Therefore, the increase of HI retention dominated by intrinsic defects is
approximately proportional to the square root of plasma fluence @ (or exposure time ¢), 1.e.,
@5 (or t%5) [3]. A large amount of data about the relationship between HI retention and
fluence have been summarized in [3], which qualitatively satisfies ®%5 thus meeting the
expectation of a diffusion-limited process, such as the filling of intrinsic defect sites by the
diffusion of solute through the material. However, D retention in some works [5,6] with high
fluences shows a trend of saturation with increasing fluence. This implies that irradiation-
induced defects such as blisters could affect retention in certain conditions. The cavity of a

blister can store D> and contribute to retention [7]. Recently a high density of dislocations as
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irradiation-induced defects are observed in the vicinity of blisters [8,9] and investigations
indicate that dislocations can trap D to increase retention [ 10—12]. Therefore, the role of blister
formation on retention requires a careful examination.

In this work, a dedicated experiment was carried out to examine the role of blisters on D
retention. At 500 K, a series of D plasma exposures with various fluences were performed using
recrystallized W samples. The highest fluence, reached by operating the linear plasma device
for continuous 64 hours, was 1.0x10?® ions/m?. Surface blistering was characterized and D
retention was measured. By investigating the simulated results of thermal description spectra
with the help of TMAP and defects characterization, it is suggested that the increase of total
retention with fluence is dominated by the increase of blister-induced defects in the surface
layer of a certain thickness, instead of by the filling of intrinsic defects during D diffusion
towards the bulk. Interestingly, our simulation results suggest that blister-induced defects,
especially dislocations, are diffusive and of a depth distribution up to tens of microns, which

have a strong impact on retention.

2. Experimental details

2.1. Sample preparation

Samples were taken from a rolled polycrystalline W sheet with a 99.95 wt.% purity purchased
from Advanced Technology and Materials Co., Ltd [13]. The dimension of the samples was
10x10x1 mm?. They were mechanically grinded by SiC sandpapers and then recrystallized at
1973 K for 1 hour (h) in vacuum (~107 Pa). Finally, they were electrochemically polished with
a sodium hydroxide solution until the surface showed a mirror finish. The surface morphology
after preparation is shown in figure 1. Electron backscattered diffraction was applied to scan
the surface and the average grain size of ~37.7 um was determined by the analysis software
package Channel 5, in which the grains were separated by grain boundaries with misorientation

angles greater than 15 degree.
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Figure 1. Surface morphology (left) and surface normal direction IPF map (right) of an as-prepared

recrystallized W sample. The average grain size is ~37.7 pm measured by EBSD mapping.

In order to observe the microstructure of blister-induced defects, transmission electron
microscope (TEM) specimens were prepared. The raw TEM specimens are 3 mm in diameter
and 170 pm in thickness cut from a W foil provided by the same supplier as mentioned above.
Specimens were first mechanically polished to a thickness of 70 um. Then they were
recrystallized and electrochemically polished with identical parameters as bulk samples to reach
a mirror-like surface. The pristine microstructure of the specimen after preparation is close to
that of the bulk samples. After plasma exposure, the specimens were prepared using a twin-jet
electro polisher (Struers TenuPol-5). With the exposed surface side covered by paraffin, the
specimen was back-thinned using sodium hydroxide solution at room temperature, and then a
perforation was generated at the center of the sample. Finally, the paraffin on the exposed
surface was cleaned using acetone. For observing the microstructure and defects around blisters,
both sides of the sample were electrochemically polished again to reduce the thickness of the
exposed surface by ~1 pm, estimated by integrating the polishing time with the thinning rate of

a reference specimen.

2.2. Deuterium plasma exposure

The recrystallized W samples were exposed to D plasma in the linear plasma device STEP
located at Beihang university [14,15]. STEP was operated at a high flux of about 4.4x10?> m"
25! measured by a Langmuir probe located 3.5 cm in front of the sample surface [13]. The

exposure durations were 2, 8, 16, and 64 h, which resulted in fluences of 3.2x10%, 1.3x10?,
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2.5%10%", and 1.0x10? ions/m?, respectively. Hereinafter, these samples are referred to as
2h_sample, 8h _sample, 16h_sample, and 64h_sample, respectively. The incident D ion energy
was set to ~40 eV by applying a negative biasing voltage to the sample. During exposure, the
sample temperature was about 500 K, and was monitored by a K-type thermocouple touching
the rear of the sample.

The TEM specimen was exposed to D plasma with exposure parameters identical to that
for bulk samples except for the fluence. The TEM specimen temperature was about 550 K as
measured by the thermocouple press at the rear of the specimen. The purpose of TEM specimen
exposure was to create blisters to characterize the microstructure of blister-induced defects. For
the sake of TEM observation in a limited field of view, small blisters were needed which

requires a low fluence of 1.0x10?® ions/m? compared to that of bulk samples.

2.3. Analysis and characterization methods

After D irradiation and before thermal desorption, surface morphology modifications of the
samples were observed by scanning electron microscopy (SEM, ZEISS Gemini 300). Cross-
sections of blisters were prepared using a focused ion beam combined with SEM imaging (FIB-
SEM, ZEISS Crossbeam 540) to unfold the sub-surface morphology under the blisters. During
the observation, the target stage was tilted at an angle of 54 degree. Before and after plasma
exposure, the TEM specimens were observed by employing JEOL JEM 2100 and FEI TECNAI
G? 20 with a 200 kV acceleration voltage.

Nuclear reaction analysis (NRA) using the D(*He,p)*He nuclear reaction was performed
for the measurement of D depth profile in the samples at IPP-Garching [16]. The *He beam with
a spot size of 1 mm? was positioned in the sample center. *He energies ranging from 0.5 to 4.5
MeV were applied to probe the samples down to ~7 um. Emitted protons were detected at a
scattering angle of 135° for all energies in addition to alphas under a scattering angle of 102°
for energies below 1.2 MeV. Decomposition of the measured proton and alpha spectra was
performed with the NRADC software [17] to derive the most probable D concentration as a
function of depth.

D desorption from W samples was measured by thermal desorption spectroscopy (TDS)

at Beihang University [18]. The time lag between the plasma exposure and TDS measurement
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was at least one month to ensure the release of interstitial D atoms. The sample was placed in a
vacuum chamber with a base pressure of about 1x10 Pa. The sample was heated up to 1273
K by a W rod heater under the sample at a constant ramping rate of 1 K/s. The sample
temperature was monitored by a W-25Re thermocouple contacting the rear of the sample. A
quadrupole mass spectrometer (MKS Microvision Plus) detected the mass 4 and 3 (D> and HD)
signals, the absolute sensitivity of which was calibrated using a standard leak (VTI). The total
D retention consists of both D> and HD and the contribution of HD is usually less than 10%.

The tritium migration analysis program (TMAP) code was used to simulate the TDS and
give information about D diffusion and trapping by defects in this study. It computes the time
evolution of HI species depth and concentration in a one-dimensional system with a preset
defect distribution. The TMAP code has been described in detail in [19]. The code has been
widely used to simulate HI irradiation and desorption in W [20-26]. In this study, the diffusion
coefficient was taken from Frauenfelder [27] after the mass correction. The corrected diffusion
coefficient is Dp=2.9x107 exp(-0.39 eV/kT) [m?/s], where k is the Boltzmann constant and T
is the temperature [26]. As HI release from W surface is rapid, the surface D concentration is
set to be zero as a boundary condition, C**/(0,t) = 0 [20,21,28-30]. The assumption of single
atom occupancy of a trap is adopted in TMAP. DFT calculations [31,32] show that multiple
atoms occupancy in a trap and the detrapping energy is filling-level dependent. However, the
two assumptions of single and multiple occupancy can only be discerned in experiment of
isotope exchange at low temperature. For other cases, the single occupancy assumption does
suffice to describe H trapping [3,33]. Besides, traps were assumed to be saturated with D atoms,
thus the D depth profile represents the trap depth profile.

Positron annihilation doppler broadening (PADB) was used to detect vacancy-type defects
[34-37] at Key Laboratory of Nuclear Techniques Multi-research Center, Institute of High
Energy Physics, Chinese Academy of Sciences [38]. The measurement was carried out at room
temperature with an energy-variable slow positron beam. Positrons were produced by adopting
a ?*Na radioactive source and then projected into W material. The mean incident depth of
positron, R (nm), was calculated by R = (A/p)E™, in which E (keV) stands for the positron
incident energy, p (g/cm?®) is the material density (19.35 g/cm® for W), and A and n (nth

power) are constants depending on the given material. Here, for W, A and » are 40 and 1.6,
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respectively. The positron incident energy ranged from 0.18 to 25.18 keV, thus corresponding
to a depth of 0.1-360.6 nm. In the annihilation reaction between a positron and an electron,
gamma rays with energies of 499.5-522.5 keV were probed by a high-purity Ge detector. In the
obtained doppler broadening spectra, the S parameter is determined by the ratio of the central
spectra area (510.2-511.8 keV) to the whole spectrum area (499.5-522.5 keV). The S parameter
is related to the positron annihilation with valence electron, thus sensitive to defects with an
open volume such as vacancy-type defects [34]. The S increase indicates the increase of

vacancy-type defect concentration.

3. Results

3.1.Surface blistering

Surface blistering dominates the surface morphology change after plasma exposure as shown
in figure 2. It is evident that the density of blisters develops with increasing fluence. The blister
size remains relatively constant below 10 pm, but the blister shape varies with fluence. In the
2h_sample and 8h_sample, blisters have elliptic and domed shapes. A small number of blisters
are burst with a hole at the edge of the blister cap. For 16h_sample and 64h_sample, blisters are
mostly irregular and burst. Besides, small material extrusions such as fissures on the surface
are found in the case of 16 h and 64 h exposure.

A blister is usually associated with a crack or cavity beneath the surface. The characteristic
of the crack is observed in two typical types of blisters found on 64h _sample via the cross-
section prepared by FIB. In figure 3(a) the crack is right beneath the surface, which has been
widely observed in literature [5,18,39,40]. While the crack in figure 3(b) is found to be
perpendicular to the surface, it is suggested that this crack is part of the blister nearby, which is
identified as a small extrusion in the view of the top surface. Both of the cracks are located at a

depth of 5 um from the surface.
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Figure 2. SEM images of recrystallized samples exposed to D plasma at 500 K with various exposure
durations/fluences. They were exposed to (a) 2 h (3.2x10%¢ ions/m?), (b) 8 h (1.3%10?7 ions/m?), (¢) 16 h
(2.5%10%7 ions/m?), and (d) 64 h (1.0x10?® ions/m?), respectively. The images in the same row were taken at
the same magnification. The burst blisters with broken edges are indicated by solid arrows. Small material

extrusions such as fissures are indicated by dashed arrows.

Figure 3. Cross-sections of blisters prepared by FIB from the sample exposed to plasma for 64 h. The target

stage was tilted at an angle of 54 degree.

3.2.Deuterium depth profile
Figure 4 shows the depth profiles of D concentration in the W samples after plasma exposure

as derived by NRA. D retention within the first 7 um is calculated by summing D concentration
8
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over the depth, which is (6.040.9)x10" D/m?, (1.140.1)x10* D/m?, (1.04£0.2)x10?° D/m?,
and (3.540.4) x 10*° D/m?, for 2h sample, 8h sample, 16h sample, and 64h sample,
respectively. In general, the high concentration at depth of 1~7 um is suggested to be attributed
to blisters [6,39,41]. The rear of 64h _sample is measured by NRA but the signal is below the
detection limit. Overall, D concentration in the shallow surface layer (0—7 pm) increases with

exposure duration.
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Figure 4. D depth profile of samples exposed to D plasmas at 500 K with a duration from 2 hours to 64

hours measured by *He NRA.

3.3. Thermal desorption spectra of deuterium

D desorption spectra are exhibited in figure 5. The desorption spectra show two distinct peaks
in all cases. For both peaks, the peak intensity increases with fluence. With increasing exposure
duration, the main peak position remains fixed at ~654 K, while the secondary peak gradually
shifts from ~744 K to ~823 K, which is towards high temperatures. Sudden excursions of D
signals in the low-temperature region of the spectra are visible and ascribed to the sudden blister
ruptures during desorption [42]. Desorption at temperatures below the exposure temperature of
500 K is observed, which could be attributed to the fast cooling of exposed samples after the
plasma is stopped.

The total D retention is calculated using desorption signal of D> and HD, which is 0.7, 1.4,

9
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2.2, and 3.5%10?! m for 2h_sample, 8h_sample, 16h_sample, and 64h_sample, respectively.
As shown in figure 6, the dependence of D retention on the fluence @ is close to ®%°, which

meets the expectation based on the diffusion-limited trapping mechanism.
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Figure 5. Thermal desorption spectra of the samples exposed to D plasma at 500 K for different durations in
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up to 1273 K. The main peaks are indicated by a black dotted line, and the secondary peak shifts from 744 K

to 823 K and this range is indicated by a grey shaded area. The retention values are marked in the figure.
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Figure 6. Retention measured by TDS and NRA as a function of the exposure fluence.

4. Discussion

4.1. Simulation of TDS using a uniform depth distribution of intrinsic defect

In the figure 6, the comparison between the total D retention derived from TDS and NRA
measurement implies that a large part (>90%) of total retained D atoms are trapped in the bulk,
that is at depth larger than 7 pm, which indicates a deep D trapping in the bulk. As defects
induced by plasma ions are usually considered to be limited to a shallow sub-surface layer (~ a
few um) [3], the preliminary explanation to the large D retention in the bulk is trapping at
intrinsic defects uniformly distributed in the bulk. As the base for analysis, the fluence
dependence of TDS is simulated using TMAP based on this defect model.

We start with the model of a single intrinsic defect type. The typical concentration levels
of intrinsic defects in W are of the order of 10 at.fr. [2,43]. Thus, the defect concentration is
set to be 1x10* at.fr.. The maximum calculated diffusion depth of 2h_sample, 8h_sample,
16h_sample, and 64h_sample is then about 113 pm, 222 pm, 354 pm, and 561 pm, respectively.
This is calculated by dividing the total retention by the trap concentration of 1x10* with the
assumption of single atom occupancy of a trap. The detrapping energy of the defect is set to be
1.10 eV. The depth distribution of the defect and the simulated TDS are shown in figure 7. As
the main feature, the desorption peak moves significantly towards high temperature (from 670
K to 830 K) with increasing fluence. Note that the maximum depth of the 64h _sample in this
condition is 561 pm showing that permeation is not achieved, which agrees with the NRA
measurement at the rear of the 64h_sample. In [44], ITER grade W samples were exposed to a
series of high fluence plasma exposures at relatively high temperature to avoid blistering
damage and the retention scales as the square root of time/fluence, which indicates a diffusion
dominating retention uptake by filling intrinsic defects in W. Correspondingly, the TDS results
show that a single desorption peak shifts obviously towards high temperature with fluence. This
agrees with the simulated TDS in figure 7(b).

In a next step the model is modified to include two types of intrinsic defects based on the

observation of two peaks in TDS measurement while keeping a uniform depth distribution at a
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total concentration of 1x10™ at.fr.. After fitting TDS profiles with two peaks using a Gaussian
function, the area ratio of the main peak to the second peak is close to ~3.3 for four fluences.
Then the concentration of defect 1 and defect 2 is set to be 7.7x107 at.fr. and 2.3x107 at.fr.,
respectively. The detrapping energy of defect 1 is again set to be 1.10 eV, the detrapping energy
of defect 2 is set to be 1.35 eV. The simulated TDS result is shown in figure 8. Similar to the
case of a single defect, in the dual defect model the main feature is the shift of the desorption
peaks towards high temperatures with increasing fluence. Besides, the distinction between the
two peaks becomes harder as the fluence increases.

It should be noted that the detrapping energies of 1.10 eV and 1.35 eV are values derived
from the simulation in section 4.2. The difference between simulated spectrum with a same set
of detrapping energies shows the impact of the defect depth distribution. Using a uniform depth
distribution of defects, the main feature of desorption spectrum is the shift of the desorption
peak towards high temperatures with increasing fluences, if the detrapping energy is kept
constant. This peak shift can be understood by the delay of D arriving at the surface due to the
longer migration path during desorption. As the desorption peak at ~650 K is almost immobile
with changing fluences in the experimental TDS results, it indicates the failure of using the

intrinsic defect model of a uniform depth distribution to explain the retention results.
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detrapping energy in the defect is 1.10 eV. Note that all D concentrations assumed in (a) are identical, but for

view convenience, the tiny intervals among the lines are drawn to avoid overlapping.
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Figure 8. Simulation of thermal desorption spectra using two types of intrinsic defects with uniform depth
distributions. (a) D concentration depth profile of two types of intrinsic defects with uniform depth
distributions. (b) Simulated TDS by TMAP. The detrapping energies for defect 1 and defect 2 are 1.10 eV

and 1.35 eV, respectively. D concentrations in (a) follows the same treatment as in the caption of figure 7.

4.2. Simulation of TDS using a depth distribution of defects

After the simulation solely based on the intrinsic defects with uniform depth distributions, the
defect distribution is adjusted to account for the different distributions close to the surface and
within the bulk.

After numerous attempts of adjusting detrapping energies and defect distribution, the
simulation of experimental TDS is achieved as shown in figure 9, which uses two types of
defects with detrapping energies of 1.10 eV and 1.35 eV and their depth distribution. In the
depth distribution of the defects, two important features are observed. The first is that the defect
concentration increases significantly with the fluence at depth less than ~40 um, instead of
staying constant. The other is that the defect profile has a sharp edge at ~40 pm, which separates
the depth profile into two parts. For defect 1 with a detrapping energy of 1.10 eV, its

concentration falls gradually from 1.4x1073 to 2x10 at.fr. at depth less than 40 pm, but drops
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to nearly 1x107 at.fr. at a depth larger than 40 pm. Because most of defect 1 is limited to a
thickness of 40 pm, the position of the corresponding desorption peak stays relatively constant
at ~650 K even if the fluence increases by a factor of 32. For defect 2, the concentration
gradually falls at depth less than 40 um. While at depth beyond 40 um, the defect concentration
reaches a saturation of ~9.0x107 at.fr. but its maximum depth increases with the fluence,
which accounts for the peak shift towards high temperature at ~800 K.

The solution to the simulation of an experimental TDS is in principle not unique, which is
affected by detrapping energies and depth profiles of defects. While judging from the evolution
of desorption peaks with fluences and the values of detrapping energies (as shown in section
4.3), the depth profiles proposed in figure 9 is considered as the most probable solution. Besides,
the simulated depth profile matches the retentions measured by NRA and TDS. Firstly, the
average concentration at a depth of 10 um in the simulated profile is in line with the average
value in the NRA measurement. And defect concentrations at depth beyond 10 pm agree with

the fact that the majority of D atoms are trapped at depth beyond 7 um as shown in figure 6.
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Figure 9. Simulated D concentration depth profile (a) and the simulated TDS (b). Note that the Y-axis is
plotted in logarithmic scale in (a). The comparison between the simulated TDS and the experimental TDS is

included in (b). The detrapping energies for defect 1 and defect 2 are 1.10 eV and 1.35 eV, respectively.

4.3. Defect characterization
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Although the simulated defect distributions in section 4.2 are in line with TDS
measurement, the nature of the defects needs to be clarified. The TMAP simulations indicate
that most defects are not intrinsic defects and caused by plasma irradiation. However, the
simulated irradiation-induced defects with a depth distribution over ~40 pm require further
investigation, because irradiation-induced defects such as superabundant vacancies [45] are
generally considered to be limited to shallow depth at a few microns.

The development of blistering shown in figure 2 is considered as a major source of
irradiation-induced defects. D> molecules trapped by blisters are generally considered to
contribute to D retention [7,39]. Recent TEM investigations of irradiation-induced defects near
blistering [8,46,47] show the production of dislocation-type defects, indicating a potential
contribution to D trapping. The idea of blister-relevant trapping is examined in this section.
4.3.1. Major retention not from D> molecules in the blister cavities
D atoms or D, molecules in the cavity associated with a blister are generally regarded as the
effect of blister on D retention [7,39]. However, this is not likely the main source of D retention
in this study. As measured in the cross-section of blisters, cavities are usually located at a depth
of ~5 um (figure 3) which is covered by the probing depth of NRA. This means that the number
of D atoms or D2 molecules in blister-relevant cavities is not more than that detected by NRA.
Besides, the observed blister bursting is a general observation in high fluence case in figure 2,
and indicates a possible loss channel for D> molecules rather than an incremental contribution
to retention. In fact, the highest retention is observed in the 64h _sample in which most blisters
on the surface burst, indicating a limited contribution of D2 molecules retained in cavities to the
total retention. Manhard et a/ suggested that the D release from blister bursting of low flux D
exposures of polycrystalline tungsten at 370 K only accounted for 3—5% of the total D retention
[42]. Therefore, the major contribution trapped by defects is unlikely D> molecules retained in
cavities.

4.3.2. Blister-induced dislocation-type defects

In recent studies of blister-induced damage in the W matrix, dislocation-type defects are
widely investigated and discussed [8,9,48]. These defects are the product of the matrix
deformation during blistering. Considering the D detrapping energy at dislocations is in the

range of 0.85-1.25 eV [25,49,50], defect 1 with detrapping energy 1.10 eV in section 4.2 is
15
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speculated to be of dislocation-type defect.

In order to further verify the speculation, a dedicated TEM sample was exposed to D
plasma at STEP to create blisters. Before exposure, no clear defect is observed as shown in
figure 10(a). Because dense dislocations are expected in the blister cap due to plastic
deformation, the blister cap is removed via electrochemical polishing after exposure. A very
dense network of dislocations or dislocation tangles is observed near a blister cap in figure 10(b)
and 10(c). The highest density of dislocations is located at the blister edge which has suffered
from the most severe deformation.

In figure 10(b), it is observed that the dislocations are distributed throughout the surface
and a few dislocations are ~ 3 um away from the blister edge. This indicates that the blister-
induced dislocations would not stay in the confined area of the bottom of blister cap but could
move away from blister. This is the result of the dislocation slide under stress, which could be
facilitated by the presence of HI [51-53]. That is to say, blister-induced dislocations could
possibly slip towards the bulk. In fact, depth distribution of dislocations extending deep into
the material originating from blisters has been observed in a large cross-section by TEM in
recent experiments [46,48]. Generally, blister-induced defects are considered to be close to the
cavity, i.e., the cavity depth is regarded as the defect depth. However, Chen et al [46] recently
demonstrated that cavity/blister formations in recrystallized W could emit substantial
dislocation loops into the bulk, resulting in the diffusion depth of blister-induced dislocations
much larger than the cavity depth. Thus these dislocations turn out to be diffusive defects which
provides an important support for the simulated large depth distribution of defect 1 in figure
9(a). The depth distribution of dislocations in [46] shows a decrease of concentration with depth,
which supports our simulated depth distribution. Besides, considering the large exposure
duration and fluence compared with that in [46], dislocations in this study are expected to reach

even a larger depth.
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Figure 10. TEM images of the pristine microstructure in the unexposed TEM specimen (a), microstructures
of blisters in the specimen exposed to plasma with a fluence of 1.0x 102 m (b), and an enlarged view of
microstructures (c). Blister microstructures are indicated by white dashed circles in (b). The dislocations are
distributed throughout the specimen and a few dislocations are about 3 um away from the blister edge in (b).
The microstructure of a blister consists of dense dislocation tangles similar to a ball of black wool. The

dislocations are pointed by white solid arrows in (c).

A dislocation is usually terminated at or absorbed by sinks such as surfaces or interfaces
[54,55]. Because pure W samples are used, the sharp edge at ~40 pm is considered as the first
interface that dislocations could encounter, which should be the first layer of grain boundaries
(GBs) parallel to the surface. The effect of GB on the dislocation sliding is unfolded by TEM
observation as shown in figure 11. The GB is a clear boundary of the matrix with and without
dislocations, thus blister-induced dislocations are all limited on one side of GB and can not

cross over to the other side. Furthermore, 40 um is very close to the average grain size measured
17
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on the surface in figure 1. In fact, if we check the lateral fracture surface as shown in figure 12,
the average depth of the first layer of GBs is ~33 um away from the exposed surface, which is
close to 40 um. This serves as another support for the identification of defect 1 as the
dislocation-type defect.

The defect 1 at a depth beyond 40 pm in figure 9(a) is considered to be intrinsic dislocation-
type defect in W, but its concentration is very low close to the minimum value set in TMAP
simulation of this study. This agrees well with the TEM observation of no clear dislocation
defects in the unexposed specimen (figure 10(a)) due to high temperature annealing. Thus, the

contribution of intrinsic dislocation-type defects to retention is negligible.

Blister
N

Figure 11. TEM image of blister-induced dislocations near a GB. As dislocations are not visible on the other

side of the GB, it indicates that the movement of dislocations is hindered by the GB.
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Figure 12. SEM image of the lateral fracture surface of W bulk, which is vertical to the exposed surface. The
first layer of GBs is marked by a red dashed line. The average distance between the first layer of GBs and

the exposed surface is ~33 pm.

4.3.3. Blister-induced vacancy-type defects

The detrapping energy of defect 2 falls in the range of that of a vacancy-type defect [56].
The simulated concentration of defect 2 close to the surface increases with exposure duration
as shown in figure 9(a). To verify this simulation result, PADB was used to detect the vacancy-
type defect in the exposed samples. As shown in figure 13, the PADB result exhibits an increase
of S parameter with exposure duration, which indicates the growth of the vacancy population
with exposure duration. Although the D incident energy is much less than the damage threshold
(~900 eV) to displace W atom [57], the generation of the vacancy-type defect by low energy
and high flux D plasma was found by PADB in many experiments [36,37,58,59]. The reason
for vacancy formation is often suggested to be D supersaturation in W [36,60,61]. As H in W
could reduce the vacancy formation energy [62,63], a spontaneous formation of mono-vacancy
will occur when the ratio of H atoms over W atoms exceeds 0.5 [64].

Here, we suggest that the vacancy-type defects should be created by blistering. In the
literatures [36,37,58,59], the vacancy-type defect formation is correlated with blistering. This
is because vacancy-type defects can be produced via blister-induced dislocations with the help
of two formation mechanisms [65,66]. The first is that when two dislocations with opposite
Burgers vectors intersect with each other which would separate their glide planes by one or
more interatomic distances, a row of vacancy-type defects will be produced. The second is that
the motion of a screw dislocation along with a jog could lead to the generation of a row of
vacancy-type defects, and this generation process is favoured because the presence of HI can
reduce the vacancy formation energy. This explanation of vacancy defect generation via
dislocation intersection and motion can agree well with the observation that both of defect 1
and defect 2 have a similar depth distribution at depth less 40 um in figure 9(a). It should be
noted that the S parameter of 2h_sample remains relatively unchanged compared to that of the
non-exposed sample. This is in line with the observation of a small amount of blister on the

surface, thus supports the proposed relationship between blisters and vacancies.
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As for the sharp edge at ~40 um in the depth profile of defect 2, the first layer of GBs
could also obstruct the transportation of vacancy defects. Thus, the defect 2 at depth beyond 40
um should be attributed to intrinsic vacancy-type defect in the bulk. This explains why the
defect 2 concentration reaches a saturation value of ~9.0x 107 at.fr., but the diffusion front is

extended over the exposure duration.
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Figure 13. PADB of samples after plasma exposure with a duration from 2 h to 64 h at 500 K. The result

from a non-exposed sample is also included.

4.4. Blister-dominated retention mechanism

Based on the discussion in section 4.3, defects 1 and 2 in the TDS simulation are suggested
to be the dislocation-type defect and the vacancy-type defect, respectively. The defects induced
by plasma exposure are suggested to be associated with the formation of blisters, and consist of
dislocation-type defects and part of vacancy-type defects that are related to blistering.
Following the simulated depth profile in figure 9(a), the contribution of blister-induced defects
and intrinsic defects to D retention is calculated and plotted in figure 14. The D retained in
blister-induced dislocation-type defects and the blister-induced vacancy-type defects accounts
for at least ~63% and ~14% of the total retention, respectively, for all exposure durations. Thus,

the percentage of retention trapped at blister-induced defects accounts for more than 77% of the

20


https://doi.org/10.1088/1741-4326/abb600

Accepted manuscript, Mi Liu et al., Nucl. Fusion 2020 https://doi.org/10.1088/1741-4326/abb600

total retention and the rest accounts for less than 23%. In addition, as shown in figure 14 the
blister density (number/m?) is counted and compared with the amount of D trapped by blister-
induced defects in the simulated profile. This comparison shows a positive correlation between
each, which implies blister-related trapping processes. To account for the contribution of
blistering to D retention, we propose a blister-dominated retention mechanism if the plasma
exposure condition permits severe blistering. The schematic diagram of this mechanism

including defect growth, defect distribution and D trapping is shown in figure 15.
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Figure 14. D retention in blister-induced defects and intrinsic defects as identified in the simulated depth
profile in figure 9(a). The blister density on the surface is counted and plotted as well for the comparison

with D trapping by the simulated blister-induced defects.
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Figure 15. Schematic diagram of the proposed blister-dominated retention mechanism. (a) When blistering
happens, many dislocation-type defects and vacancy-type defects are generated to attract a large part of
incoming D atoms and the intrinsic defects absorb a small part of incoming D atoms. (b) As exposure
time/fluence increases, the more blisters create more dislocation-type defects and vacancy-type defects to
enhance absorption of incoming D atoms and the more deep intrinsic defects are also filled by D atoms due
to increasing diffusion depth. In (a) and (b), the density of blister-induced defects is much higher than that of
intrinsic defects, resulting in a blister-dominated retention. Besides, the blister-induced defects would diffuse
into bulk, but would be limited in the first layer of grains due to that their movement is hindered by the first

layer of GBs, which results in that majority of retention is located in the surface layer of a certain thickness.

5. Conclusion

In this work, a series of D plasma exposures with fluences from 3.2x10% to 1.0x10?® ions/m?
were performed at 500 K using recrystallized W samples. It is found that surface blistering, D
concentration measured by NRA and total D retention measured by TDS increase with the
fluence.

D desorption spectra were simulated using TMAP to investigate the binding energy and
depth profile of defects. The TDS simulation suggested that the irradiation-induced defects are
related to blistering and consist of the dislocation-type defects and the vacancy-type defects,
which are the major contribution to total D retention. The simulated depth profile of the

irradiation-induced defects features a large depth distribution of ~40 pm, indicating the
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irradiation-induced defects, especially the dislocation-type defects could be diffusive and result
in a deep distribution of the defects. To account for the potential contribution of blistering to D

retention, a blister-dominated retention mechanism is proposed to model D retention.
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