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Abstract

The difference in the defect structures produced by different ion masses in a tungsten lattice is investigated using 80 MeV Au’* ions and
10 MeV B** ions. The details of the defects produced by ions in recrystallized tungsten foil samples are studied using transmission electron
microscopy. Dislocations of type b= 1/2[111] and [001] were observed in the analysis. While highly energetic gold ion produced small clus-
ters of defects with very few dislocation lines, boron has produced large and sparse clusters with numerous dislocation lines. The difference
in the defect structures could be due to the difference in separation between primary knock-on atoms produced by gold and boron ions.
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Introduction

In a nuclear fusion reactor, a hot and dense hydrogen isotope-
plasma interacts with the materials that are surrounding it and
depositing a high MW/m?> (up to 20 MW/m?) heat into them
(Pitts et al., 2013; Federici et al., 2017). The plasma-facing mate-
rials, therefore, need to have a high melting point. The energetic
hydrogen isotopes also cause the erosion of the wall materials and
in addition they become trapped in the wall (Roth et al., 2009).
From a reactor view point therefore, the plasma-facing material
should have low erosion yield and very little ability of H-isotope
trapping. The latter aspect results in stringent operational con-
straints in the form of radioactivity of tritium (H). Tungsten
has emerged as one of the most promising candidates for plasma-
facing materials because of its high melting point (3,695 K), low
erosion yield, and low hydrogen affinity (Kaufmann & Neu,
2007; Lassner & Schubert, 2012). However, while exposed to the
products of nuclear fusion reactions, 14.1 MeV neutrons, and
3.5 MeV a-particles, tungsten is going to accumulate radiation
damage. The defects produced due to irradiation can enhance
the T-trapping, which may adversely affect the operational life-
time of the reactor from the nuclear regulatory view point
(Taylor et al., 2017). Therefore, there is an urgent need to estimate
the H-isotope trapping in the defects created by neutrons. At pre-
sent, there exists no high energy, high fluence fusion-relevant
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neutron source. Therefore, ion irradiation is carried out in tung-
sten to mimic the displacement damage created by a neutron.
While neutrons dissipate their energy mainly in elastic collisions
and nonelastic nuclear collisions, ions in the lattice slow down by
inelastic collisions with electrons as well as elastic collisions. The
maximum kinetic energy of a recoiled tungsten atom created by
neutrons is about 300 keV. The damage rate created by neutrons
is about 1077 dpa/s, and to study a reactor relevant dpa (1-
10 dpa), the experiments need to be carried out for several
years. Ions, on the other hand, have the advantage that, depending
on the ion current and mass, very high dpa levels can be achieved
in short time (~hours) without causing transmutation of the
materials (Was, 2007).

Heavy ion and self-ion implantation experiments have been
carried out by various authors to study the effect of dpa in the
damage and defect microstructure (Hideo et al, 2014;
Ogorodnikova et al., 2014; Oya et al,, 2015). They have shown
that ion irradiation primarily results in vacancy and interstitial
clustering at room temperature. Dislocation lines and prismatic
dislocation loops are also been reported by various authors
(Grzonka et al., 2014; Hasanzadeh et al., 2018). Irradiation due
to low mass gaseous ions on the other hand has shown the forma-
tion of vacancy clusters (Labelle, 2011). All the above experiments
differed in their mass, fluence, energy, and the implantation range
and consequently the rate of creation of damage and the total dpa
were also different. The formation of the defect structure is a com-
plex process which involves the contribution of all the above
parameters along with the irradiation temperature. In this
paper, we systematically investigate the effect of ion mass on
the damage creation by choosing two extrema of mass. We
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present the results of damage from heavy gold ions (197 amu) of
80 MeV energy and 10 MeV boron ions (11 amu). The energy of
ions is so chosen that their penetration range overlaps (~4.5 ym).
The ion flux was kept constant in both the experiments such that
the effect of ion mass can be elucidated.

Experimental

Mechanically polished cold-rolled tungsten foils of 8 mm X
8 mm x 0.1 mm size were annealed in vacuum at 107> mbar
with a 100 mbar Ar+8% H, gas environment at 1,838 K for
about an hour. The annealing temperature chosen was above
the recrystallization threshold of tungsten (~1,473 K). The sam-
ples were irradiated with 80 MeV Au’" ions for a fluence of
1.3x 10" ions/cm” using a 15 MV van de Graff generator
(Pelletron), at IUAC Delhi (Kanjilal et al., 1993). The beam cur-
rent was 1-1.5 nA (flux ~1 x 10'° jons/cm?/s) and the total irra-
diation time was 3 h. This amounts to a total dpa of 0.22 by using
the Kinchin-Pease damage model in the SRIM software with a
displacement energy of 90 eV, surface energy of 2 eV, and lattice
energy of 3 eV (Kinchin & Pease, 1955; Ziegler et al., 2010). The
dpa values are calculated by taking into account the entire damage
depth calculated by SRIM. At such high implantation energies,
surface sputtering is not expected. The rate of dpa was 2 x 10~/
s. Another set of samples were irradiated with 10 MeV B>* ions
for the same fluence (flux ~8.7 x 10'° ions/cm?/s) by using the
tandem accelerator facility at GGU Bilaspur (Trivedi et al.,
2017). The total dpa obtained was about 0.001 and the rate of
dpa was 5x1077/s. The range of both the ions was about
4.5 ym and the average energy lost in the electronic system for
Au was about 65 and 9.5 MeV for B. The ion range and dpa val-
ues are given in Figure 8. All the irradiation experiments have
been carried out at room temperature.

Transmission electron microscopy (TEM) analysis has been
carried out in recrystallized foil, Au-irradiated, and B-irradiated
foil. For comparison, TEM investigations have also been carried
out in the pristine foil before recrystallization. The specimen prep-
aration and TEM investigations have been carried out in an FEI
(300 keV) Tecani G2 F30 S-TWIN at FCIPT-IPR, Gandhinagar,
India. The samples for TEM are 3 mm in diameter with a thick-
ness of typically ~200 nm or less. This thickness was reduced to
the required level in various sequential thinning and polishing
steps. A sample of 3 mm in disc form was punched out from a
100 ym-thick foil of the dimension of 8 mm x 8 mm using a
Gatan disc punch (model 659). The 3 mm disc was ground,
using a Gatan disc grinder (model 623), on a fine lapping sheet
of 5 ym-sized abrasive particles and the thickness of the disc
was brought down to 80 ym. This ground disc was subjected to
pre-thinning and polishing using a Gatan dimple grinder
(model 656). In this process, a phosphor bronze wheel, along
with diamond paste and alumina suspension, was used for achiev-
ing the necessary pre-thinning and polishing of the disc sample.
After this process, the thickness of the sample was reduced to
20 ym at its central area while at the rim the thickness was still
maintained at 80 ym. This is required to facilitate the handling
of the sample. After this dimple grinding, the sample was sub-
jected to ion milling using a Gatan PIPS-II. In this process, two
ion guns are used for polishing the sample by sputtering material
from its surface. Argon ions with an energy of 5 keV were used.
After the completion of the milling, the thickness of a small
region of the sample at its middle was reduced to <200 nm
which was electron transparent.
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Grain boundary

Fig. 2. Transmission electron micrograph of annealed tungsten foil.

Results and Discussion

The microstructure of the pristine, recrystallized, and irradiated
samples was analyzed using TEM. The dislocation analysis of
the samples was carried out using Image] software (Rueden
et al., 2017). The dislocation density of the samples was quantified
by analyzing the TEM images using the line-intercept method
(Norfleet et al., 2008). In this method, three lines of length (L)
10 um were drawn along random directions on the image. The
dislocation density (p) is calculated by taking the ratio of the
number of intersection points of these lines with the dislocations,
N, to the product of line length (L) and average sample thickness
(t) [p = (N/Lt). An average thickness of 200 nm was considered in
the calculations.

Figure 1 shows the transmission electron micrograph of the
pristine tungsten foil. The pristine foil consists of elongated grains
due to cold-rolling. The elongation of grains is observed in [121]

Downloaded from https://www.cambridge.org/core. Linkoping University Library, on 03 Nov 2019 at 10:22:52, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/51431927619000667


https://www.cambridge.org/core/terms
https://doi.org/10.1017/S1431927619000667
https://www.cambridge.org/core

Microscopy and Microanalysis

Fig. 3. a: Transmission electron micrograph at 2 ym depth of tungsten foil after 80 MeV Au-irradiation for 0.22 dpa (fluence 1.3 x 10** ions/cm?), (b) high magni-

fication view of the same image.

crystallographic direction which indicates the direction of rolling
of the foil. A high dislocation density (>2.3 x 10%cm?) is
observed along the grain boundaries and within the grains. The
high dislocation density zones were attributed to the plastic
flow due to heavy deformation during the rolling. The average
grain size of the pristine samples was found to be 2 ym.

Figure 2 shows the transmission electron micrograph of the
annealed (at 1,838 K) tungsten foil. From the visual examination,
it can be concluded that the grain growth and recrystallization
have taken place during annealing. From Figure 2 it may be
noted that the microstructure shows a much reduced dislocation
density in comparison to the pristine foil. This may be due to the
recombination of dislocations near the grain boundary during
annealing. The recrystallized W-foil contained dislocations of
lengths from 300 to 1,000 nm with 5.7 x 10%/cm® density. The
crystallographic orientation of the foil is shown in the inset at
the top right of the image. The bright field image, with visibility
criterion (g'- bneq0), identified dislocations of b =1/2 [-111] and
1/2 [111] near the zone axis [001] with the diffraction vector g
[-211] (dotted arrow) in the bright field image of the foil. A
higher density of the dislocations is observed parallel to the
[121] direction.

Figure 3a shows the TEM micrographs of (a) 80 MeV
Au-irradiated tungsten foil with 1.3 x 10'* Au/cm® fluence corre-
sponding to 0.22 dpa. The images were taken at a depth of 2 ym
from the surface. The figure shows dislocation lines of lengths
from 200 to 2,500 nm which are larger in comparison to the
lines observed in the recrystallized foil (up to a maximum of
1,000 nm). The dislocation density was found to be 6.0 x 10%/
cm? which is slightly higher than what is observed in the recrys-
tallized sample (5.7 x 10%/cm?). The bright field image of disloca-
tions is shown with the diffraction vector g [011] (dotted arrow)
near the [001] zone axis. The dislocations identified as b=1/2[ —
111] and 1/2 [111] are parallel to the directions [—110] and [110].
Many of the dislocations are found parallel to the [101] directions.

Figure 3b shows the high magnification view of the same sam-
ple. Small clusters of dislocations 2-10 nm in size adjacent to each
other are observed in the micrograph. The cluster density was
found to be 1.6 x 10'?/cm®. The Burgers vector analysis showed
that clusters with b=1/2[ —111], 1/2 [111], [0-10], and [001]
are identified in diffraction contrast with g [011] near the [001]
zone axis. The clusters with [001] are observed along the direction
normal to the foil plane. The clusters 1/2 [111] parallel to the
direction [110] has the highest density observed in the foil.

Figure 4a shows diffraction pattern and Figure 4b shows the
schematics of the crystallographic orientation of the Au-irradiated
tungsten foil. The diffraction pattern was taken at the zone axis
[001]. The schematic illustrates the shape of clusters parallel to
the [-110], [110], [101], and [0-11] directions. Clusters of
Burgers vector b=(001) parallel to the [001] direction are
shown as complete circles and elongated shapes parallel to
other directions, and clusters with b=1/2(111)were observed
elongated in the [110] direction.

Figure 5a shows the electron micrographs of a 10 MeV
B-irradiated W-foil at 2 ym depth for a fluence of 1.3 x 10'* ions/
cm? corresponding to a dpa of 0.001. We have observed dislocation
lines, loops, and clusters of defects in the analysis. The figure shows
branched dislocation lines varied in length from 150 to 1,500 nm.
The dislocation line density is found to be 1.7 x 10°/cm®. The
dislocations of Burgers vector b=1/2[1—11] and 1/2 [111] are
identified for g [101] near zone axis [11-1]. Some dislocation rafts
parallel to the direction [0-11] are also observed.

Figure 5b shows the high magnification view of the same sam-
ple. Defect clusters varied in size between 8 and 35 nm and are
observed as the dark dots in the micrograph. The cluster density
was found to be 9.3 x 10°/cm”. Dislocation loops varied in size
between 25 and 70 nm were observed which is marked with an
arrow. The loop density was found to be 6.8 x 10%/cm® The
dislocation loops [—-100], [010], [00-1], 1/2 [11-1], 1/2 [1-11],
and 1/2 [111] are identified with g [211] near zone axis [11-1].
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Fig. 5. a: Transmission electron micrograph at 2 um depth of tungsten foil after 80 MeV Au-irradiation for 0.22 dpa (fluence 1.3 x 10* ions/cm?), (b) high magni-

fication view of the same image.

In the image, loop A is circular and identified as b=1/2[11 —1].
The plane of the loop A is normal to zone axis which implies a
circular or rectangular shape. Dislocation loop B is identified as
[010], which is elongated and parallel to the [-101] direction.
Similarly, loop C is identified as 1/2 [111] and parallel to the
[110] direction. Loop D is [—100] which is parallel to the direc-
tion [01-1].

Figures 6a and 6b show the diffraction pattern and the sche-
matics of the crystallographic orientation of the B-irradiated tung-
sten foil. The diffraction pattern was taken near zone axis [11-1]
in the B-irradiated foil. The schematic illustrates the shape of clus-
ters parallel to the [—110], [110], [101], and [0-11] directions.
Clusters with Burgers vector <001> parallel to the [001] direction
are shown in a complete circle and elongated shape parallel to
other direction. A summary of various defects observed and
their density and size is given in Table 1.

Figures 7a and 7b show the high-resolution TEM images of the
Au and B ions irradiated W-foils. Figure 7a shows defect clusters
in the tungsten lattice as indicated by the arrows, after
Au-irradiation. Dislocation loops observed in B-irradiated foil
are shown in Figure 7b. The heavily distorted lattice planes in
Figure 7a could be due to high defect cluster (vacancy and inter-
stitial) density observed in Au-irradiated samples. Figure 7b
shows dislocation and vacancy dislocation loops with the agree-
ment of Figure 5b.

The 80 MeV Au ion irradiation led to the formation of dislo-
cation lines and a cluster of defects in tungsten lattice. However,
boron irradiation produced dislocation loops, apart from the dis-
location lines and clusters. Although the irradiation fluence of
both the ions was kept constant, i.e., 1.3 x 10'*/cm?, the type of
defects and their distribution was found to be different.
While longer dislocation lines were observed in the case of
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Fig. 6. Electron diffraction pattern (a) and schematic of the crystallographic directions of bcc tungsten (b) of B-irradiated foil at zone axis [11-1].

Table 1. Summary of Defects and Measurements of Their Density and Sizes.

Fluence Dislocation Average Dislocation Loop Size Loop Density Cluster Cluster
Samples (cm™) Density (cm™2) Size Range (nm) (nm) (cm™) Size (nm)  Density (cm™2)
Pristine - >2.3x10" - - - - -
Annealed at 1,838 K = 5.7x 108 300-1,000 = = = =
80 MeV Au-irradiated tungsten foil 1.3x 10" 6.0x10° 200-2,500 - = 2-10 1.6 x 102
10 MeV B-irradiated tungsten foil 1.3x 10" 1.7x10° 150-1,500 25-70 6.8 x 10° 8-35 9.3x10°

Fig. 7. High-resolution TEM images of Au-irradiated (a) and (b) B-irradiated W-foils.

Au-irradiated samples, the line density was roughly an order of
magnitude higher in the case of B-irradiation. The defect clusters
were found to be smaller with small inter-cluster separation in the
case of Au-irradiation leading to higher cluster densities in com-
parison to B-irradiation. This could be due to the difference in the
damage energy available for the defect formation which manifests
in the differences in the primary knock-on atom (PKA) distribu-
tion in the lattice. The number of defects produced per ion due to
80 MeV Au-ions and 10 MeV B-ions was calculated from SRIM
(Ziegler, 1988; Ziegler et al.,, 2010) and is shown in Figure 8. It
can be seen that gold ions produce 1,000 times more defects at
2 ym depth in comparison to boron ions. The small inter-PKA

separation of high-energy PKA in the case of gold ions leads to
the spontaneous formation of small defect clusters. In-situ TEM
observations have shown the spontaneous nucleation of defect
clusters at low temperature due to high-energy PKA in tungsten
(Yi et al.,, 2016). The larger inter-PKA separation of low-energy
PKA leads to the formation of isolated Frenkel pairs. The intersti-
tial diffusion at low temperature might have led to the formation
of large-scale defects (Was & Andresen, 2014; Nandipati et al.,
2015) as observed in the case of 10 MeV boron.

The gold ion-irradiated foil contains dislocations of the larger
average size of ~1,300 nm compared with that of ~800 nm which
were found in boron ion-irradiated foil. This might imply the
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Fig. 8. Depth profile of vacancy produced per ion calculated from SRIM.

formation of large screw dislocations in the case of Au-irradiated
samples. The line energy of an edge dislocation is always larger
than that of a screw dislocation. For a Poisson ratio v~ 1/3, the
quantity (1 —v) <1, and the energy of the screw dislocation,
Eqcrew ® 0.66 Ecgge. This means the dynamics allows either a dislo-
cation that tends to have as large a screw component as possible
for minimization of energy by dislocation interaction or reaction
or rafting/fastening of dislocations (Chou, 1972; Hull & Bacon,
2011; Yao et al,, 2013). In order to minimize the energy, the dis-
location needs to have a zig-zag shape as much as geometrically
allowed, which enhances its screw character which is observed
in the case of Au-irradiated samples. Whereas, in the B-irradiated
sample, short and fastened dislocations are present in the form of
a network which is of edge in character. Dislocation loop forma-
tion is governed by the defect interaction such as glide and climb
of mobile defects and dislocations in the lattice.

Summary and Conclusions

In order to study the effect of ion mass in the damage creation, we
have carried out irradiation experiments with two largely different
mass ions of 80 MeV Au (197 amu) and 10 MeV B (11 amu). The
ion fluence and range are kept the constant for both the ions, i.e.,
1.3x 10" ions/cm® and ~4.5 um. The dpa in the experiments
correspond to 0.22 and 0.001 for a displacement energy of
90 eV. Transmission electron micrographs from 2 ym deep from
the surface are analyzed. The major observations from the study
are:

In tungsten, gold ions produced small (2-10 nm), dense clusters
of defects while boron ions produce large (8-35nm) and
sparse clusters of defects. The cluster density in Au-irradiated
samples (1.6 x 10"%/cm?) was found to be 2 orders of magni-
tude higher than that of B-irradiated samples (9.3 x 10°/cm?).

The major Burgers vectors identified in the irradiated samples
were 1/2 [—111], 1/2 [111], and 1/2 [1-11]. Long dislocation
lines were observed in Au ion-irradiated foil; on the other
hand, a network of dislocations was observed in B ion-
irradiated samples.

The clusters with b = [0-10], [001], 1/2 [—111], and 1/2 [111]
were identified near the [001] zone axis in the irradiated sam-
ples. The high density of clusters with b=1/2 [111] was
observed parallel to the [110] direction in the Au-irradiated
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foil. The dislocation loops with b= [-100], [010], [00-1], 1/2
[1-11], and 1/2 [111] were identified near the [11-1] zone
axis in boron-irradiated foil samples.

The difference in the defect structures of Au- and B-irradiated
samples might be due to the inter-PKA separation. While gold
produces several high-energy PKA that can cause spontaneous
nucleation of defect clusters at the end of cascade, boron produces
low-energy PKA that predominantly formed isolated Frenkel
pairs. The diffusion and agglomeration of them might have led
to the formation of large-scale structures in the boron-irradiated
samples.
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