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Abstract

Transmission electron microscopy of high temperature annealing of pure tung-
sten irradiated by self-ions was conducted to elucidate microstructural and de-
fect evolution in temperature ranges relevant to fusion reactor applications (500-
1200°C). Bulk isochronal and isothermal annealing of ion irradiated pure tung-
sten (2MeV W ions, 500°C, 10WT /cm?) with temperatures of 800, 950,
1100 and 1400°C, from 0.5 to 8 hours, was followed by ex situ characterisation
of defect size, number density, Burgers vector and nature. Loops with diame-
ters larger than 2-3 nm were considered for detailed analysis, among which all
loops had b = 1/2(111) and were predominantly of interstitial nature. In situ
annealing experiments from 300 up to 1200°C were also carried out, includ-
ing dynamic temperature ramp-ups. These confirmed an acceleration of loop
loss above 900°C. At different temperatures within this range, dislocations ex-
hibited behaviour such as initial isolated loop hopping followed by large-scale
rearrangements into loop chains, coalescence and finally line-loop interactions
and widespread absorption by free-surfaces at increasing temperatures. An

activation energy for the annealing of dislocation length was derived, finding

LCorrespondence author: Xiaoou Yi, xiaoou.yi@materials.ox.ac.uk. Full text available on
Acta Materialia, doi:10.1016/j.actamat.2015.01.067

Preprint submitted to Acta Materialia April 28, 2015


http://www.sciencedirect.com/science/article/pii/S1359645415000804

E, =1.34+0.2eV for the 700-1100°C range.

1. Introduction

Tungsten is seen as the primary candidate material for plasma-facing compo-
nents (PFCs) in future fusion reactors. Pure tungsten has been chosen as ITER’s
PFC material [I], and substantial research is being undertaken internationally
to improve its performance (through alloying, tailoring microstructure [2], and
compositing), and to understand its fundamental mechanical behaviour [3]. A
major issue with tungsten is its acute brittleness and high brittle-to-ductile tran-
sition temperature (BDTT) of ~400—500°C [4, [5 [6], rendered more severe by
radiation damage, which immediately creates dislocation loops and other defect
structures (SIAs, voids), and in the longer term can produce brittle phases as a
result of elemental transmutation, both of which are detrimental to tungsten’s
mechanical performance [7].

This paper attempts to address questions arising when tungsten is irradiated in
high temperature environments found in fusion reactors. What is the behaviour
of radiation damage at high temperatures in tungsten? What evolution pathway
do loops found in typical irradiated samples undertake, and can dislocations be
annealed away completely, and at what temperature? To this aim, in order to
understand the recovery behaviour of displacement damage, transmission elec-
tron microscopy (TEM) analysis, used successfully on other materials [8, [9], was
performed on ultra-high purity (UHP) tungsten samples following 2MeV W
ion irradiation (as a surrogate for neutron irradiation) and subsequent vacuum
annealing. The annealing temperatures ranged from 800°C to 1400°C, for times
ranging from 1 to 8 hours.

Finally, in situ annealing experiments were carried out, both isochronal tests
and dynamic ramp-up tests, detailed in subsequent sections. These were useful
to observe dislocation behaviour during annealing and to understand the under-
lying mechanisms associated with damage evolution, as well as the transition

between recovery stages and the role which free surfaces play.



1.1. Previous recovery studies

Several studies have probed the effect of temperature during irradiation in tung-
sten, using ion irradiation [I0] and neutrons [II]. Numerous studies have also
been undertaken with regard to the recovery of irradiation-induced defects post-
irradiation. However, these have mostly centred around resistivity measure-
ments [12] T3], [14] 15, 16, 17) 18, 19], with some early field ion microscopy work
[20, 21] and a single early TEM study on single crystal tungsten [22]. Similar
TEM work has also been done in molybdenum [23]. Resistivity measurements,
although useful in identifying the temperature and activation energies of recov-
ery stages (calculated using the Meechan-Brinkman theory [24]), do not provide
a direct method of the observation of defects, their nature and how they change
with different annealing conditions. This study looks to provide a more com-
plete picture by: 1) quantifying the damage immediately after irradiation, 2)
understanding the time and temperature dependence of recovery, 3) directly
observing the mechanisms associated with the radiation defect recovery. Such
a study has found to be lacking in the literature, with systematic experiments
being limited to loops and stacking fault tetrahedra formed during quenching
processes of fcc metals [g].

Studies based on fast neutron-irradiated specimens (> 1MeV), have identified
five stages of annealing common to BCC metals based on the classifications of
Thompson [25]. There seem to be numerous inconsistencies in the literature on
the number of recovery stages, their nomenclature, temperature and physical
interpretation, particularly at higher temperatures [26].

Stage I occurs below —170°C and is attributed to the movement of free inter-
stitials. Stage II, between —170°C and 350°C, is a steady recovery attributed
to the release of interstitals from traps with a wide range of interaction energies
from 0.25—1.7eV [27]. This explains the many sub-stages observed for example
in resistivity studies [I7]. These two stages occur below fusion reactor operat-
ing temperatures, and will not be considered further here. For fusion-relevant
temperatures (from 500-1000°C [28]), the recovery of defects created by fast

neutrons in tungsten has been observed to occur in three major stages (III-V),



at ~0.157,,/350°C, ~0.22T,,/640°C, ~0.31T,,/970°C' [16].

Stage III, with an onset of ~350°C and activation energy of ~1.7¢V, was ini-
tially considered to be due to self-interstitial migration, primarily to immobile
traps [I8]. This explanation was later revised to being due to monovacancy
mobility activation [29] B0} 31 27]; this interpretation is also supported by DFT
calculations [32]. The onset temperature has also been shown to shift to lower
temperatures with increasing neutron fluence [I3].

Higher temperature recovery stages in tungsten have been largely un-researched
since the 1970s, with interpretation being limited to resistivity measurements
and early FIM experiments [17] 33 20].

Stage IV recovery, at 0.227,,, is still subject to debate [I4], being generally
attributed to vacancy-impurity complexes [33], or di-vancancies [I7]. Recent
DFT simulations have shown that di-vancancies are not favoured in tungsten
[34]. Other ab initio computational studies yield activation energies between
3.00-3.43eV for vacancy-carbon complexes, that may explain this stage as be-
ing controlled by the dissolution of vacancy-carbon complexes [35], noting that
the experimental activation energy calculated from resistivity measurements is
3.3eV [15]. Similar conclusions for this stage may be drawn by comparing to
other materials, such as a-Fe, where the recovery stage above Stage III ob-
served by simulations and positron lifetime measurements was ascribed to VC,
complexes [36], 37, 38].

Stage V recovery, starting at 0.317;, EL was initially explained as being due to
vacancy migration, based on early field-ion microscopy studies |20} 21], but later
attributed to the disappearance of “defect clusters” or formation of voids [19].
It is still unclear what is the cause of this recovery stage.

The majority of studies have been carried out on polycrystalline tungsten. In
single-crystal tungsten EL defects were found to be stable up to 1900°C, [I7]

presumably due to the absence of sinks at grain boundaries. Bykov et al [17]

2This stage is referred to as Stage TV in [I5].
3No crystal orientation is given in this study [17].



identified three stages of annealing: 500°C-800°C (Stage IV), 950°C-1200°C
(Stage V), and 1200°C-1900°C (Stage VI).

1.2. Irradiation-induced defects

Ton irradiation introduces several types of defects in the material such as self-
interstitial atoms (SIAs), vacancy clusters, dislocation loops, voids. Damage
formation specific to W+-ion irradiated UHP tungsten (and alloys) has been
characterised [39] [40] and shows the presence of both 1/2(111) and (100)-type
Burgers vector loops, as suggested by the Eyre-Bullough mechanism, with a
decreasing fraction of the latter with increasing irradiation temperature (from

~79% 1/2(111) loop fraction at 300°C to ~90% at 750°C, at 1.5dpa).

2. Experimental Procedure
2.1. Sample Preparation

Polycrystalline ultra-high purity tungsten (typically W >99.996wt%) was sourced
from Plansee Gruppe, Austria, in the form of 150um foils. These contained
traces of C (10ppm), P (<10ppm), Si and O (5ppm) impurities. 3mm diameter
TEM discs were punched from the foils, and mechanically polished to a thick-
ness of 100um using diamond lapping films (grit size 15, 9, 6, 3 and 1um). The
discs were then annealed in a vacuum furnace for 24 hours at 1400°C to pro-
mote grain growth and to ensure a dislocation-free microstructure. The vacuum
furnace used a diffusion pump, and had a pressure below 10~%mbar, to prevent
surface contamination. Furthermore, subsequent to annealing, the discs were
electropolished in a bath of 0.5wt% NaOH acqueous solution at close to 0°C
to remove any potential oxides or contamination during annealing and ensure a

mirror-like surface finish.

2.2. Ion Irradiation

The polished bulk samples were irradiated at the National Ion Beam Facility
at the University of Surrey, United Kingdom, using W+ ions at 2MeV, at a
temperature of 500°C to a fluence of 1-10* ions/cm?, producing an estimated

dose of 1.5dpa. The dose rate was 2.73 - 10? ions/cm?/s.



The dose was calculated using SRIM 2008, using a displacement threshold en-
ergy of 55.3eV [41]. More details on the SRIM computations can be found in
the Appendix.

2.3. Ezx situ post-irradiation annealing

After irradiation, samples were annealed isothermally or isochronally (i.e. fixed
temperatures for varying times, or at fixed time for varying temperatures), and
some kept as control samples. All the annealing conditions are given in Table
1. In order to prevent any contamination of the ion-irradiated surface during
the annealing stage, the samples were encapsulated in evacuated quartz tubes
(washed thoroughly in acetone and subsequently methanol) at a vacuum pres-

sure of < 10~%mbar, and annealed in a muffle furnace with argon atmosphere.

Time (hours) | Temperature (°C)
1,2, 4,8 800

0.5,1,4 950

1 1100

1 1400

Table 1: Bulk isochronal and isothermal annealing experiments

TEM foils were prepared with a twin-jet electropolisher (TenuPol 5), using a
0.5wt%NaOH acqueous solution close to 0°C. The sample was back-thinned with
the irradiated side coated with Lacomit varnish (a type of corrosion resistant
coating supplied by Agar Scientific). Once the central part reached electron-
transparency (thickness <200 nm), the varnish was removed with a dedicated

Lacomit solvent (a mixture of acetone and xylene).

2.4. In situ post-irradiation annealing

For in situ annealing experiments, a JEOL2010 TEM with a Gatan 628.TA
single-tilt heating holder was used. The vacuum pressure was kept at ~10~%mbar,
and oxide formation was not observed in the analysed regions. In situ isochronal
anneals of as-irradiated samples were carried out, as well as a dynamic ramp-up
experiment. For isochronal anneals, the desired temperature was reached using

a ~1400°C/hr ramp rate, to match that of the furnaces used for ez situ anneals.



TEM micrographs were taken at room temperature, at the end of the ramp-up,
and subsequently every 10 minutes; the dynamics of the damage microstructure
was recorded (on mini-DV tapes) throughout the annealing experiment.

In the dynamic ramp-up experiment, the temperature was increased in stages:
100°C every 10 minutes, from 100°C to 1200°C. The temperature ramp rate
between temperature levels was ~3°C/s. This was found sufficiently high to
minimise additional annealing between temperatures stages, and low enough to
minimise sample drift and deformation. At the end of each 10 minute annealing

stage, micrographs were taken.

Time (hours) | Temperature (°C)
2 800

2 950

1 1100

Table 2: In situ isochronal annealing experiments

2.5. Dislocation Characterisation Procedure

The transmission electron microscopes used for the ex situ analysis were either
a JEOL2000FX, or JEOL2100, operating at 200kV and ~10~%mbar vacuum.
Grains were chosen close to the (001) orientation, as samples following pre-
irradiation heat treatment had a predomintantly {001}(110) texture [42]. The
same sample area (~0.25um?) was imaged near three poles, exciting a total of
eight independent g-vectors in order to determine the Burgers vectors of loops,
using the invisibility criterion for a prismatic dislocation loop ElThe sign of the
Burgers vectors and the nature of the loops were extracted from inside-outside
contrast (sampling loops >4-5nm in diameter).

It has been shown that foil thickness may considerably change the dislocation
structure observed [9]. To ensure consistency throughout the numerous analysed
samples, the thickness in analysed regions was maintained constant, and the

TEM foil wedge angle was kept low. The local thickness of the samples was

4The strict version of the invisibility criterion is g- R = 0, where R is the lattice displace-
ment. One can expand it to g-b = 0 and (g b) x u = 0, where u is the dislocation line
direction, and b is the Burgers vector.



estimated by taking the product of the number of thickness fringes observed
at the edge of the grain in question, and the extinction distance in tungsten
(~33.2nm for a g=(200) condition at 200kV [43]).

For a detailed explanation on how to determine the Burgers vector and nature

(interstitial, vacancy) of dislocation loops in TEM, see Refs [44] [45].

3. Bulk Isochronal Annealing Results
3.1. Damage microstructure

Figure[I] provides a qualitative overview of the effect of annealing on the disloca-
tion density in ion-irradiated tungsten: (1) a reduction in loop number density
with increasing temperature, (2) an increase in average loop size with increas-
ing temperature (particularly transitioning between 800°C and 950°C), (3) the
appearance of line dislocations and networks (presumably as glissile loops col-
lide and coalesce) at 950°C and 1100°C, (4) a complete removal of dislocation

structures at 1400°C.
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Figure 1: Damage microstructure in (a,b) as-irradiated tungsten (1.5dpa, 2MeV W, 500°C)
and post-irradiation annealed tungsten subject to conditions of (c¢) 800°C for 1hr, (d) 950°C
for 1hr, (e) 1100°C for 1hr, (f) 1400°C for 1hr. All micrographs shown were imaged close
to [001], with g=(200) excited. The arrow in each micrograph shows the direction of the
g-vector. (b) is weak-beam dark-field (g, 3-4g), to pick-up the diffraction contrast of very
small loops, 1-2 nm, (a) and (c)-(e) are two-beam kinematical bright-field images.

By methodically imaging areas of interest using the procedure detailed above, a
complete picture of the loop nature can also be achieved, albeit with increasing
uncertainty at lower temperatures (unannealed, 800°C) due to a large number

of loops being below <2-3nm in size [44].

3.2. Total loop population

For total loop population, micrographs were recorded in weak-beam dark field
conditions of g==+(200)/(020), 3-4g. Contrast invisibility correction was not
deemed necessary, due to lack of observable (100)-type dislocation defects, as

detailed in later sections.
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Figure 2: (a) Variation of loop number density (loops/m3) with annealing temperature (1hr
anneal time), (b) Variation of mean dislocation loop image diameter (nm) with annealing

temperature (1hr anneal time). Error bars for the mean loop size are calculated using a 95%
confidence interval

Figure[2]suggests that there is a transition between 800°C and 950°C, with a two
order-of-magnitude reduction in loop number volume density, from 1.1-1022 to
2.1-10%° loops-m™3. This is in contrast to the transition between unannealed and
800°C, where loop number density decreases ~30%, or the transition between
950°C and 1100°C where it is decreased by ~50%. As temperature is increased,
there is greater uncertainty in the mean dislocation loop diameter due to the
increased scatter (see Figure [4]) as well as fewer loops within an imaged area,

despite it being easier to accurately measure the size of single dislocation loops.
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Nonetheless, it is evident there is an overall increase in size, particularly at 950
and 1100°C.

Dislocation loop size distributions for isochronal anneals are given in Figures 3]
and [4] in the form of cumulative and continuous probability distributions re-
spectively. Experimental data in Figure[J|was fitted with a Weibull distribution.
This is shown as a continuous probability distribution in Figure [d] overlayed to
binned experimental dataﬂ To the authors’ knowledge, there is no standard fit
for the probability density function (pdf) of loop diameters. A Weibull distribu-
tion (which was originally proposed for particle size distribution [46]), assumes
that there exist processes unknown which generate or annihilate loops of dif-
ferent sizes. With a shape parameter of <1, physical processes are acting to
increase the population in the small diameter region, by fragmentation of large
loops and/or generation of small ones. Conversely, a shape parameter of >1 in-
dicates that the physical processes are acting to increase the population in the
large diameter region, by coalescence of small loops and/or generation of larger
ones. Intuitively, as annealing temperature increases, loops collide and merge.
This is confirmed by the shape factor k£ in each temperature pdf being greater
than 1 (specifically, ksopoc = 1.9, kgooec = 1.4, kgsooc = 1.3, ki1000¢c = 1.6).
It can be seen that whereas the as-irradiated sample displays dislocation loops
with a pronounced peak at ~3nm diameter, subsequently annealing the sample
produces a broader distribution with larger maximum and average loop sizes,
increasing with annealing temperature. The loop size distribution broadening
is especially evident between the 800°C and 950°C samples. The mean disloca-
tion loop diameter was calculated by measuring their effective area (since the
majority are elliptical in shape) and calculating a mean diameter. Sampling in
micrographs was done on distinctly visible loops (>1nm). The same procedure

was repeated for later isochronal experiments.

5The following bin sizes were used: for unannealed and 800°C, binning centers at
1,2,4,6,8,10,13.3,16.6,20,30,50,70,90,100 nanometers were used. For 950°C and 1100°C, bin-
ning centers at 0,10,20,30,50,70,90,100 were used. A sample size of 3340 for the unannealed
sample, 4940 for 800°C, 1116 for 950°C and 231 for 1100°C was used.
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Figure 3: Variation of cumulative probability distribution of dislocation loop image diameter
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Figure 4: Variation of continuous probability distibution of dislocation loop image diameter
following annealing for 1hr shown as dashed lines (using fitted Weibull parameters). His-
tograms show the binned experimental data.
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3.3. Dislocation loop characteristics

Loops having a diameter of >3nm were exclusively of b=1/2(111)-type. For
smaller loops, it becomes increasingly difficult to determine b reliably. No ev-
idence of b=(100) vector loops was observed in the annealed samples (50-100
loops analysed per sample, >1nm diameter).

This is consistent with the general trend seen elsewhere [39, [40], [47], of decreasing
b=(100) fractions in UHP-tungsten with increasing irradiation temperature. It
is also consistent with the hypothesis that (100) loops are metastable defects
which form only in high-energy cascades [47], and that such nano-scale defects

can be absorbed in a non Burgers vector-conserving fashion by larger 1/2(111)

loops [4g].
1 .
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Figure 5: Nature type for dislocation loops analysed in 2MeV 500°C 1.5dpa W irradiated
UHP-W, followed by bulk isochronal and isothermal anneals.

Nature analysis was carried out for the isochronal bulk experiments, on an
average of 50 loops (>4nm diameter) for each sample. Dislocation loops were
found to be predominantly of interstitial type, as shown in Figure[}] The fraction
does not appear to vary with annealing treatments, within error (95% confidence

interval).

3.4. Voids

The dislocation loops, which were primarily of interstitial type, were clearly

visible in the as-irradiated conditions. These defects became significantly mobile
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at temperatures above 800°C, and were annealed away completely at 1400°C.
On the other hand, the vacancy population produced by self-ion irradiation was
unaccounted for, and was presumed to be in the form of vacancy clusters which
could not be reliably sized using TEM (<1nm diameter, [44]) in the as-irradiated
conditions. Once annealed for 1 hour at 800°C and above, voids became visible
in the TEM. Example micrographs (under and over-focus pairs) are shown in
Figure [6] and the results are summarised in Figure [7] Until 1100°C the visible
voids do not appear to change in size and number density, with an average
diameter of ~1.540.1nm, and a density of ~6 -10%6 voids - m™3 . At 1400°C,
there is a significant increase in size (~4.0+0.5nm), and decrease in number
density. When performing size measurements for voids, the inside edge of the
dark Fresnel fringe in the under-focussed condition was used, as per [44]. The
defocus was kept constant at £1000nm. The measurements were conducted on

a JEM 3000F, operating at 300kV.

b ! s’ ™

(c) 1400°C. Over-focus (d) 1400°C. Under-
focus

Figure 6: Example micrographs of imaged voids at 800°C and 1400°C. The defocus was
+1000nm.
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Figure 7: (a) Size (diameter, nm) and (b) number density (voids/m?) of visible voids in
under-focussed condition, for varying temperatures (1hr anneals).

4. Bulk isothermal annealing results
4.1. Total size distribution

It can be seen quantitatively from Figure[§land qualitatively from Figure [0] that
for the temperatures tested, loop growth is not just a temperature-dependent
but also time-dependent process. For longer anneals, the loops were larger, at
lower densities, and significantly more varied in size. Nonetheless, the rates
of loop growth can in principle be compared at different temperatures. For
example, a 1hr 950°C anneal yields approximately the same average dislocation
loop diameter as a 800°C ~6.5 hours one. An estimate of activation energies

using bulk isothermal annealing data is made in Section 6.2.
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Figure 9: Damage microstructure after (a) 1hr annealing, (b) 8hr annealing, at 800°C anneal,
with ramp-rate of 1400°C/hr. Two-beam kinematical bright-field with g=(020) excited.

5. In situ annealing results

In situ annealing experiments allow direct observation of the recovery of radiation-
induced dislocation loops. Isothermal experiments at 800°C, 950°C and 1100°C
were carried out. It was also possible to conduct dynamic temperature ramp-up

experiments, results of which are summarised in Figure

6Video clips of such processes are provided as supplementary material in the online version
of the publication
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5.1. Dynamic ramp-up
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Figure 10: Variation of visible total dislocation line length (normalised to that at room
temperature) during ramp-up experiment; the same area was analyzed at each temperature.

From Figure[I0] it can be seen that major dislocation line loss begins at ~900°C
(consistent with bulk experiments). At 1100°C, approximately 90% of the dis-
location damage has been annealed out. The morphology of the defects has
drastically changed, from very small loops with a well-characterised peak of
~4nm in diameter at as-irradiated temperatures to very large loops (up to
~70nm diameter) and dislocation lines at 950°C and 1100°C, similarly to the
bulk annealed samples (shown in Figure 4)).

Figure [11| shows a number of dislocation reactions observed during annealing,
mainly loop-loop coalescence, loop annihilation from free surfaces (Figure ,
and loop-line interactions (Figure . Intermediate steps for each example are
shown with a time label: this signifies the time immediately after the split-
second reaction. This is because dislocation motion is generally jerky, whereby
a coalescence or interaction event happens within a fraction of a second, followed
by periods of relative stability characterised by small vibrations around a stable
or pinned configuration. This suggests the events are thermally activated and
stochastic in nature, and driven by elastic interactions. The only exception is
Figure (a)-(c), in which two loops gradually and steadily move towards a
third larger loop in the course of ~1 minute (a-b), in what appears to be a

conservative self-climb process, and subsequently (very quickly) merge (c). A

17



similar behaviour has been observed in interstitial loops in molybdenum [23],
and uranium oxide [49]. This so called self-climb mechanism is explained in [50]

as pipe-diffusion of vacancies, although it remains unclear.

100 nm
(a) t=0sec (b) t=66 sec (c) t=67 sec

SREN

Toon l
= e)t 1 sec ) t= 26 sec (g ) t=27 sec

- -

A

(h) t=0 ) t=10 sec ) t=34 sec

L

(k) t=35sec (1) t=36 sec (m) t=42 sec

Figure 11: Examples of loop coalescence: (a)-(c) at 900°C, a cluster of loops; (d)-(g) at
1000°C, several loops forming a large irregular loop. (h)-(m) at 1000°C, five loops coalescing
into an oblong finger loop. g=(020) held constant through-out the frames.

S

(a) t=0 (b) t=0.05 sec (c) t=0.1 sec

Figure 12: Example of dislocation loops being absorbed by a free surface at 1000°C, as
indicated by the pair of arrows in (a). This is a very fast process occurring in a tenth of a
second.
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) t.=45 s (g) t=51s

Figure 13: From in situ ramp-up experiment, when held at 1100° C. Example of dislocation line
gliding freely, interacting with dislocation loops and either absorbing them or being pinned
and released. The dislocation line marked A “sweeps” out other dislocations in its path,
marked by arrows

. It develops knots which are subsequently straightened out. Magnification

and g=(020) kept constant for all frames.

ad g ¥ . . { ps
(a) Over-focus (b) Under-focus
(4+1000nm) (-1000nm)

Figure 14: Appearance of small void-like features after in-situ annealing (T=1200°C) in 2MeV
Wt ion irradiated tungsten.
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5.2. Dislocation recovery stages

From closer inspection of the behaviour of dislocation loops at various tem-
peratures during annealing, one can broadly identify the following sequence of

events.

1. RT - 300°C: Stable dislocation structure. No loop hopping or loops being
absorbed by the surface were observed.

2. 300°C - 700°C: Smaller 1/2(111) loops were seen hopping in 1D, with
sporadic loss of loops to the surface, increasing in frequency at higher
temperatures.

3. 700°C - 800°C: Reorganisation of loops from a relatively homogenous dis-
tribution into discrete “chains” and clusters.

4. 900°C - 1000°C: Coalescence of loops within chains or clusters, examples
of which are shown in Figure In the case of chains (where loops
rearrange themselves in line, most likely in the same habit plane as this is
elastically favourable), coalescence formed oblong finger loops; for clusters
(resulting from pinning due to loop-loop interactions), coalescence formed
large, sometimes irregularly shaped, dislocation loops. The resulting loops
were sometimes observed being subsequently absorbed by the free surfaces
(Figure [12)), or moving along their glide direction to cluster with another
loop. At this temperature, dislocation lines began to be observed.

5. 1000°C - 1200°C: Loss of dislocation loops greatly accelerated, with an
additional mechanism: dislocation lines, formed from coalescence and
“breaking” of large loops (a surface phenomenon), glided freely in the
sample and interacted with dislocation loops in their path. The collid-
ing loops were absorbed into the dislocation line, or occasionally acted as
temporary pinning sites for the dislocation line. At higher temperatures,
these pinning sites were overcome quickly. Finally, once the dislocation
line had finished “sweeping” dislocation lines in its path, it was absorbed
by a free surface. This process can be seen in Figure Small void-like

features were also observed in the post-annealing characterisation.
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6. Discussion
6.1. Defect behaviour

From the bulk isochronal results on number density in Figure [2, there is an
accelerated decrease between 800°C and 950°C. From the in situ results in
Figure one can confirm that loop loss accelerates from 800°C. Despite con-
tradictory information in the available literature on the underlying mechanisms
of the recovery stages, several independent experiments on neutron-irradiated
pure tungsten recovery, using resistivity as a measure, observed a recovery stage
at ~ 970°C. Whereas early work attributed this to migration of single vacancies
[15] (largely due to FIM results by [20} 21]), later studies attribute it to defect
clustering: “a complex recovery mechanism and could possibly be related to the
disappearance of some defect clusters or formation of voids” [19].

From the TEM studies presented here, dislocation loop coarsening and loss oc-
curs at >950°C, suggesting this contributes to the observed 970°C recovery
stage found in resistivity experiments. There are some uncertainties involved in
directly comparing the two type of experiments. For example, self-ion irradia-
tion produces a relatively shallow region of damage (<200nm for 2MeV W)
which can be affected by the presence of foil free-surfaces during the anneal-
ing experiments, particularly in situ ones. This may distort the actual rate of
dislocation loss. Nonetheless, it does not change the underlying physical pro-
cesses activated: there is a clear dependence on temperature. This may be due
to the activation of the motion of large dislocation loops and lines decorated
with impurities, such as carbon [51], or to vacancy-activated climb leading to
coarsening.

Voids can be seen following the bulk 1-hr anneals at >800°C. However, the
mean size and density of the observed voids does not particularly change up to
1100°C. Only in the 1400°C anneal was there a noticeable increase in average
size (and decrease in number density). This is consistent with a recovery well
above the onset of Stage V recovery, characterised by an enhanced interaction

between (now mobile) vacancy clusters.
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6.2. Activation energy estimation

The quantity chosen to measure damage recovery was the total dislocation line
length per volume, normalised by that measured in the as-irradiated sample.
The motivation behind this choice is two fold. Firstly, particularly at higher
temperatures, loops turn into lines, making loop area comparisons within the
same sample section erroneous. Secondly, radiation damage recovery in the
literature has commonly been measured using resistivity. Above the Debye
temperature, the electrical resistivity in the kinetic theory approximation is
inversely proportional to the electron scattering time. According to Mattheisen’s
rule, one can write the scattering rate as the sum over possible contributors,
such as impurity scattering, electron-phonon scattering and electron-electron
scattering. Dislocations (larger ones more so), would have a constant scattering
power per unit length, as opposed to enclosed area [52] [53]. This is predicated
on the idea that the electron-phonon scattering inside a relatively large loop
(above ~1nm diameter) is virtually zero [54].

From Figure (a), we calculate the logarithmic change in normalised disloca-
tion line length between 700°C and 1100°C, and plot it against the inverse of
temperature to extrapolate an activation energy from the gradient of the linear

fit, as seen in Figure [I5] This yields E, = 1.34£0.2¢eV.
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Figure 15: (a) log(y) plot of the change in normalised dislocation line length versus inverse
temperature, to extrapolate activation energy.

One can also attempt to estimate an activation energy by looking at the isother-
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mal bulk annealing data given in Figure|8] Assuming a linear extrapolation be-
tween the 4 and 8 hours data points for 800°C, the mean loop size at ~6.5hours is
equal to a 1-hour anneal. In other words, the loop growth rate at 950°C is ~6.5

times larger than at 800°C, which yields an activation energy of 1.414+0.1eV.

6.3. Estimation of climb mobility

Equilibrium positions of loops can be found using the isotropic elasticity ap-
proximation found in Hirth & Lothe [55]. These elastic interactions have been
shown to be the driving force of loop re-organisation into chains via glide [56],
with some coalescing due to direct collisions. These chains are clearly visible at
~800°C in Figure

One hypothesis for increased recovery above 800°C is the activation of disloca-
tion climb. As shown in Figure coalescence seems to occur when two adja-
cent loops which have reached their elastically-determined equilibrium positions
through glide join together via climb, to form oblong loops. For isolated infinite
straight dislocations, analytical expressions for climb mobility laws are available
[57, 58], which allow estimation of typical timescales expected for climb motion,
based solely on vacancies. Assuming a linearly varying dislocation velocity with

applied force, climb velocity can be written as (Eq. .

Vel = Mcl [Fcl + Fos] (1)

where M is the climb mobility, Fi; the climb force, and F,s the osmotic force.
The osmotic force occurs when there is a vacancy supersaturation [58]. However,
in the present analysis, it is considered negligible as large loops were not observed
growing through processes such as Ostwald ripening. The climb force Fy is
the projection of the Peach-Koehler force in the direction perpendicular to the
dislocation glide plane and is given by F, = [(ob x v] - n, where o is the
local stress, b the dislocation Burger’s vector, and n the climb direction. For
two infinitely long straight edge dislocations, the climb force reduces to Eq.

where |r| is the separation distance in the climb direction.
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The climb mobility is then given by Eq.

Fog=+

B 27D, Qch
 ETB2sin?(0)In(re /1)

Md(o) (3)

where 2 the atomic volume, 6 the dislocation character ﬂ k the Boltzmann
constant, T the temperature and r. the inner core radius of the dislocation line.

D, = DY%exp <

Z; ), with U™ being the vacancy migration energy, DY the con-

stant prefactor characterising vacancy diffusion, and cj = exp [—(Uf — PAV,/kT ],
where U/ is the vacancy formation energy, and AV, the associated relaxation
volume. The vacancy migration and formation energies of tungsten, U;" and
Ui,

is ~1.5-107° m? - s7! according to DFT studies [60].

are 1.78 and 3.56eV respectively [59], and the vacancy diffusion prefactor

With the above parameters, the climb mobility is extremely low, even for the
highest temperatures and smallest segment separations. For example, at 1200°C
two segments with Inm separation would coalesce solely by vacancy-mediated
climb in ~1hr, making this hypothesis very unlikely based on the experimental

observations reported here.

7. Conclusion

High temperature isochronal (1hour, 800-1400°C) and isothermal (1-8 hours)
annealing of pure tungsten was carried out, followed by post-annealing charac-
terisation. No b=(100)-type loops were found for loops above 2-3nm diameter,
only 1/2(111)-type, of predominantly interstitial nature. Average loop size in-
creased and loop density decreased with increasing temperature, with a partic-
ular acceleration above ~950°C. Average loop diameter after 1 hour annealing
was ~ 5nm at 800°C (1lhr) and ~ 23nm at 1100°C. Virtually no dislocation

defects were observed after annealing at 1400°C for 1 hour.

9= 5 for pure edge, and 0 for pure screw (capped at a maximum mobility)
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In situ annealing experiments up to 1200°C were also carried out, including dy-
namic temperature ramp-ups. These confirmed an acceleration of loop loss from
800°C. Small dislocation loops were observed hopping from 300°C, increasing
in frequency from 500°C. By 800°C, loops had rearranged into loop “chains”
or clusters. Increasing the temperature resulted in formation of larger irregular
or oblong finger loops from coalescence of smaller loops in such chains. Above
1000°C, dislocation lines moved relatively freely, interacting with smaller dislo-
cation networks and “sweeping” out damage. Small voids (~ 2nm) were also
observed at such high temperatures. The acceleration of loop loss at ~ 1000°C
may be related to “Stage V” annealing, as observed in previous resistivity re-
covery experiments on neutron-irradiated tungsten [26]. Voids were observed
in all 1-hr anneals at 800°C, but were found to increase substantially in size
(up to ~4nm) and decrease in number density at 1400°C. An activation energy
for the annealing of dislocation length was derived from the ramp annealing

experiments, finding E, = 1.34 4+ 0.2eV for the 700-1100°C range.
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9. Appendix

The damage profile as predicted by SRIM 2008, is given in Figure The sim-
ulation was run using the full-cascade mode, using 10,000 implantation events,
and extracted from the vacancy.txt files. The peak damage is approximately at
~100nm depth, quickly falling to relatively negligible levels doses at <300nm.
The displacement energy threshold used was 55.3eV [41]. From this, a nominal

dose of 1.5dpa was extrapolated.
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Figure 16: SRIM damage profile, as calculated using SRIM 2008, with a displacement thresh-
old energy of 55.3eV [41].
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