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ABSTRACT

Reliable and accurate knowledge of the physical properties of elementary point defects is crucial for predictive modeling of the
evolution of radiation damage in materials employed in harsh conditions. We have applied positron annihilation spectroscopy
to directly detect mono-vacancy defects created in tungsten through particle irradiation at cryogenic temperatures, as well as
their recovery kinetics. We find that efficient self-healing of the primary damage takes place through Frenkel pair recombination
already at 35 K, in line with an upper bound of 0.1 eV for the migration barrier of self-interstitials. Further self-interstitial migra-
tion is observed above 50 K with activation energies in the range of 0.12-0.42 eV through the release of the self-interstitial atoms
from impurities and structural defects and following recombination with mono-vacancies. Mono-vacancy migration is activated
at around 550 K with a migration barrier of EY, = 1.85 + 0.05 eV.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http: //creativecommons.org/licenses/by/4.0/).

Self-healing through migration and annihilation of lattice
point defects determines the durability of a crystalline solid in
heavy irradiation conditions.' Exposure to particle irradiation
leads primarily to the formation of vacancy-type of defects
and self-interstitial atoms (SIAs). With increasing particle flux,
fluence, and time, these point defects migrate and eventu-
ally cluster, forming dislocation loops,?* voids,* and stacking
fault tetrahedra®® in metals. Further growth of such defects
leads to the appearance of features such as swelling, harden-
ing, embrittlement, and direct failure. Full understanding of
these phenomena and reliable prediction of material lifetime
requires accurate knowledge of the radiation-induced cre-
ation and migration processes of the primary defects—mono-
vacancies and SIAs—as well as the recombination rates of these
defects.

Tungsten (W), a metal with bcc lattice structure, is
relied on as a plasma-facing material in ITER, one of the
world’s most ambitious energy projects.'® The irradiation

environment in the high-temperature fusion plasma is
extremely hostile, eventually leading to the deterioration of
thermal properties and loss of mechanical integrity of this
so-called first wall. It is of paramount significance for the
functioning of the reactor that this material preserves its
structural integrity throughout its planned lifetime. Our abil-
ity to accurately and reliably determine the physical proper-
ties of radiation-induced defects currently limits the reliability
of predictive modeling of the evolution of primary radiation
damage.

A wide variety of methods has been employed to exper-
imentally characterize early stage radiation damage recov-
ery in tungsten, with the focus on SIA migration.!" More
recently, Amino et al. used high-voltage transmission electron
microscopy to monitor low-temperature SIA dynamics.
These studies are based on the detection of large defect clus-
ters, such as dislocation loops or macroscopic properties,
since the ability of the applied methods to detect point-like
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defects is limited. Irradiation damage phenomena in tungsten
have been studied with positron annihilation spectroscopy
but mainly from the point of view of hydrogen-vacancy and
helium-vacancy interactions and high-temperature recovery
processes.

In this work, we apply positron annihilation spectroscopy
to directly detect mono-vacancy defects created in tung-
sten through 10-MeV H* irradiation at 35 K. We analyze the
recovery kinetics of these mono-vacancies and SIAs through
post-irradiation thermal annealings up to 700 K. We find
that the primary damage introduced at 35 K is efficiently
reduced through Frenkel pair recombination, in line with the
low migration barrier of the SIAs-recent defect clustering
experiments'® propose it to be less than 0.1 eV. In our exper-
iments, we observe SIA migration above 50 K with activation
energies in the range of 0.12-0.42 eV, and we interpret this to
originate from the release of SIAs from impurities and struc-
tural defects. We observe the migration of mono-vacancies
above 550 K and determine their migration barrier as
EY =1.85+0.05eV.

Positron annihilation spectroscopy allows non-destructive
identification and quantification of atomic-sized open-volume
defects in crystalline solids.'® Thus the experimental approach
adopted in this work is as follows. We apply our unique exper-
imental setup'® where 10-MeV proton irradiation was per-
formed at 35 K with in situ positron lifetime measurements.
High purity tungsten (99.95%, as rolled, thickness 50 gm, sup-
plied by Goodfellow) with randomly oriented grains (aver-
age diameter of 250 nm) was employed. To induce recrys-
tallization, the samples were annealed for 1 h at 1973 K in a
vacuum of 5 x 107 Pa. The cooling rate after the anneal-
ing was roughly 300 K/min. During annealing, grain bound-
ary movement took place, merging grains into larger ones
with an average size of 25 um. The samples were mounted
in the conventional sandwich setup with a 1-MBq?? NaCl e*-
source wrapped in a 3-um Al foil, on an aluminum sample
holder in thermal contact with a closed-cycle helium cryo-
stat. For the positron lifetime analysis, we used a fast digi-
tal spectrometer?® with a resolution of 260 ps. The average
positron implantation depth in W is approximately 15 ym, and
the projected range of 10 MeV protons in W is approximately
170 um. Hence we avoid end-of-range effects in the positron
experiments. Approximately 10® counts were collected for
each lifetime spectrum, and the corrections for annihila-
tions in the source were determined as 15.7% (210 ps) and
6.0% (400 ps).

The irradiations of the whole sample-source-sample
sandwich were performed at 35 K in three stages, starting
from a fluence of 1 x 10 cm=2 up to 1 x 10 cm=2, to
monitor the defect production. The current density was kept
low, below 100 nA/cm?, to avoid local heating effects dur-
ing the irradiation. After the highest-fluence irradiation, the
samples were annealed for 1 h with 10 K steps up to room
temperature (RT) and the positron lifetime was measured at
35 K between the annealing steps. After reaching RT, the
positron lifetime was measured as a function of temperature
in the range 35-300 K. Finally, the sample-source-sandwich
was removed from the cryostat; thermal annealings were
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continued with 20 K steps (1 h) up to 700 K; and the
positron lifetime was measured at RT between the anneal-
ing steps. The experimental positron lifetime spectra were
analyzed as the sum of exponential decay components con-
voluted with the Gaussian resolution function of the spec-
trometer after subtracting the constant background and anni-
hilations in the source material. Each positron state in the
matter gives a characteristic lifetime z; = 1/4;, where
is the annihilation rate associated with the positron state.
The increase in the average lifetime 74, above the bulk lat-
tice lifetime 7p shows that vacancy defects are detected
in the sample. The average lifetime that coincides with
the center of mass of the lifetime spectrum is statisti-
cally very accurate, enabling reliable detection of spectral
changes.

shows the average positron lifetime 7, mea-
sured at 35 K as a function of annealing temperature in
the irradiated tungsten sample. For reference, we measured
several well-annealed high-purity single crystal W samples
that produced a lifetime spectrum with only one component
that can be associated with the W lattice: g = 110-112 ps.
As the figure shows, 10-MeV proton irradiation to fluences
10™-10 cm~2 produced only modest changes to the aver-
age positron lifetime, from 7ave = 112 ps to Tave = 115 ps. The
annealing experiments were stopped around 150 K for these
irradiations. Only the irradiation to a fluence 1 x 10'® c¢m~2
produced a significant increase, and the recovery of the irra-
diation damage is clearly visible starting at around 50 K. Two
lifetime components were separable in the spectra, giving
7o = 180 + 15 ps for the second (longer) component. Inter-
estingly, the first lifetime component 7; is also rather con-
stant and slightly longer than 7g, in the 112-120 ps range. The
decrease in 7ave at annealing temperatures 50-130 K is evi-
dently due to the decrease in the intensity I of the second
lifetime component 7.

The as-received polycrystalline W sample gave taye
= 112 ps when measured at 35 K, but at RT, the average life-
time was significantly longer, tave = 118 ps. Typically, thermal
expansion of the crystalline lattice produces changes?! of at
most 0.2-1 ps/100 K in 74ve. Hence, in order to check whether
the positron annihilation data measured in the irradiated sam-
ple are affected by temperature-dependent positron trapping
phenomena, we performed the positron lifetime experiments
as a function of measurement temperature after the thermal
recovery of the 1 x 10'8 cm~2 irradiated sample up to RT. The
behavior of the average lifetime in shows very clear tem-
perature dependence, with almost 20 ps difference between
35 K and RT. The two-component decomposition of the life-
time spectra gives a second lifetime component of 7, = 180
+ 15 ps as in the annealing experiment, but with significant
scatter and larger statistical uncertainties in the fitting at low
temperatures. Similar scatter is in fact observed in the anneal-
ing data at 200-300 K in , and it is due to the rather
low intensity I (in the data of , I is in the range of
30%-40% above 150 K and reduces to less than 10% at low
temperatures). The shorter lifetime component 7; is in the
range 110-125 ps throughout the measurement temperature
range.
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FIG. 1. Average positron lifetime as a function of annealing temperature in irradi-
ated W. Measurements were performed at 35 K. The upper panels show the two
lifetime components 71 and 7, separated from the lifetime spectra, as well as
the intensity /, of the second lifetime component. The recovery of the irradiation
damage is clearly visible, starting at around 50 K.

Our previous work has shown that the 10-MeV proton
irradiation at low temperatures leads to mono-vacancy forma-
tion.'?2225 Hence we identify the second lifetime component
72 = 180 + 15 ps observed in the irradiated tungsten samples
as originating from mono-vacancies. This finding is consistent
with earlier positron annihilation experiments and theoret-
ical calculations that have attributed lifetimes in the range
160-200 ps to the W mono-vacancy.'>?426 To quantify the
mono-vacancy production in the irradiation and to analyze
the damage recovery in detail, we first need to consider the
implications of the temperature dependence of 7,y = 118 in
Fig. 2.
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FIG. 2. Temperature behavior of the average positron lifetime 74ve in the irradi-
ated sample after annealing at RT. The upper panel shows the second lifetime
component 7,. The temperature behavior of these data suggests that structural
defects such as dislocations and grain boundaries compete with vacancy defects
in positron trapping at low temperatures. The solid curve shows the best fit of the
two-defect model described in the text.

The fact that 7y > 7p in all the experiments implies that
positrons are trapped at other defects than mono-vacancies
in the irradiated samples, with a defect-related lifetime close
to that of the W lattice. The temperature dependence of 7aye in
both the as-received and irradiated polycrystalline W samples
(at RT 7ave > 75 also in the as-received sample) indicates that
the trapping of positrons to these defects is strongly enhanced
at low temperatures. This suggests that the trapping is diffu-
sion limited to the defects in question. With the short lifetime,
this makes structural defects such as dislocations and grain
boundaries the most likely cause for the observed positron
trapping.

In the presence of two kinds of defects (D1 and D2) that
act as positron traps, the average positron lifetime is written
as

_ ABTB + Kp17TD1 + KD2TD2 1
Tave = ( )
Ap +Kp1 t KD2

where Ag = Tgl is the bulk annihilation rate, «; is the trap-
ping rate to defect i, and 7; is the lifetime related to defect i.
The trapping rate to a defect is proportional to its concen-
tration (c;): x; = pici, where the proportionality factor y; is
called the trapping coefficient. For mono-vacancies in body
centered cubic transition metals, puy ~ 10 s7127 and it is
temperature-independent. However, if positron trapping is
limited by diffusion (and hence scattering off, e.g., phonons),
the trapping coefficient behaves as T-", with experimentally
observed values of n ranging from 0.5 to 1.5.28

APL Mater. 7, 021103 (2019); doi: 10.1063/1.5082150
© Author(s) 2019

7,021103-3



APL Materials ARTICLE

We can fit the temperature-dependent 7,ye data in
with Eq. (1) using 7p = 180 ps for mono-vacancies, 7p; = 110-
120 ps for the structural defects, and 75 = 100-110 ps for the
annihilations in the bulk. In addition, the trapping rate to the
mono-vacancies is kept constant as a function of temperature.
The best fit (shown in the figure) is obtained by assuming 7p
=100 ps, 7p; = 112 ps, and a T-% temperature dependence for
the structural defects. We obtain «ps =~ A and «pi(T = 35 K)
=~ 3. At RT, kp2 > kp1 = 0.11p, making positron trapping at
the structural defects a negligible effect at RT. The magnitude
and temperature dependence of xp; also explain the temper-
ature behavior of 7,y in the as-received W, with an effective
Kb, = 0.31g. In addition, the effect of the lower-fluence irra-
diations (see ) is consistent with these numbers. Hence,
the structural defects (collectively called D1) are not modi-
fied by the irradiation and the following thermal annealing
below RT and can be assumed to affect all the results of the
low-temperature measurements in the same way. It should
be noted that the vacancy defects in the as-received samples
are probably not mono-vacancies, but since they cannot be
resolved, we make this simplification in the further analysis
to better estimate the mono-vacancy introduction rate in the
irradiation.

With the knowledge «pi(T = 35 K), we can solve kpy from
Eq. (1) for each annealing temperature from the lifetime data

shown in , giving
Tave — T D1 — T
Kpy = ave B Ap — D1 ave KDl(T - 35 K). (2)
TD2 — Tave TD2 — Tave

The trapping rate associated with the irradiation-induced
mono-vacancies is finally estimated as «y = «p2 - «f), and
shown as a function of annealing temperature in . The
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FIG. 3. Positron trapping rate to mono-vacancies in tungsten. The curves are fitted
based on the model describing the isochronal annealing process.
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above-RT annealing 7ave data are much more straightforward
to analyze since the contribution of the structural defects (D1)
can be neglected, eliminating the second term from the right-
hand-side of Eq. (2). As the trapping rate is proportional to
the concentration of the irradiation-induced mono-vacancies,
we can fit the activation energy E, for their removal similarly
as in Ref. 23. The isochronal annealing process for a defect
concentration N can be described as

Ni+1 = Neo + (Ni - Nm)exp(—vt . exp(—EA/(kTi))), (3)

where the subscript i denotes the annealing step, t = 3600 s is
the annealing time, and v = 10®® s7! is an estimated frequency
factor.

Using this model, an activation energy of E, = 1.85
+ 0.05 eV can be fitted to the annealing stage observed at T
= 550 K. In earlier experiments, the mono-vacancy migration
barrier has been determined as 1.78 + 0.1 eV,*° while theoreti-
cal predictions for mono-vacancy migration barriers are in the
range 1.4-1.8 eV. These are in agreement with our value,
and hence we identify this activation energy as the mono-
vacancy migration barrier, EY, = 1.85 + 0.05 €V, found through
direct observation of the recovery of irradiation-induced
mono-vacancies. The low-temperature annealing stage at
50-130 K could not be fitted with single activation energy.
Instead a linear dependence E, = Eg + a(T; — Ty) was assumed.
The fitting gave activation energies ranging from 0.12 + 0.01 eV
at the beginning of the stage at 50 K to 0.42 + 0.01 eV at
the end at about 130 K. This kind of “sliding” of the activa-
tion energy can be expected if the migrating defects are not
all identical and have different diffusion barriers, leading to
a complex annealing behavior. Earlier experimental and the-
oretical work suggests that the SIA migration barrier is well
below 0.1 eV. However, in poly-crystalline tungsten,
the SIAs may be trapped by structural defects and by impuri-
ties. The dissociation energy of SIA from hydrogen has been
predicted as 0.43 eV,*? similar to the activation energy fitted
above. Hence we interpret the first recovery stage observed
in our experiments as SIAs being released from their traps
and recombining with mono-vacancies. Roughly 40% of the
irradiation-induced mono-vacancies are annealed out in the
first stage through the SIA migration and the rest through
mono-vacancy migration.

The introduction rate of the mono-vacancies in the
10-MeV proton irradiation (fluence 1 x 10 cm=2) at 35 K can
be estimated from the trapping rate ky =~ 1.25 x 10'° s~! using
the trapping coefficient uy = 10" s~! and the W atomic density
Ngt = 6.4 x 10?2 cm~3. The density of the introduced mono-
vacancies is [V] = 8 x 10 ¢cm~3, giving an introduction rate Xy
~ 80 cm~!. This value should be compared with the primary
defect production rates that can be calculated, for example,
with the McKinley-Feshbach relativistic displacement cross-
sectional formula.?® Using an average threshold displace-
ment energy>> of 55-60 eV and averaging over 3-10 MeV to

mimic the range of irradiation damage probed by the
positrons, the introduction rate is obtained as Z;heory
~ 400 cm~'. SRIM simulations*¢ give somewhat higher values,
5 SRIM

v

= 800 - 1000 cm™!, along the ion range probed by
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positrons. The difference in the experimental and simulated
values suggests that a significant part of the radiation dam-
age is already self-healed at the very low irradiation temper-
ature of 35 K. This means that SIAs already recombine with
mono-vacancies very efficiently during the irradiation pro-
cess, placing an upper bound on the migration barrier as ES
<0.1eV.

In summary, we have made direct observations of SIA and
mono-vacancy migration phenomena in tungsten. Applying
positron lifetime spectroscopy in situ with ion irradiation at
cryogenic temperatures allowed us to perform fast and accu-
rate measurements of the migration barriers. We first observe
that the mono-vacancy introduction rate is significantly lower
than that expected for primary damage and interpret this as
evidence of efficient dynamic Frenkel pair recombination. This
places an upper bound on the SIA migration barrier as ES
< 0.1 eV, in line with the recent defect clustering experi-
ments.'® Then, at 50 K, we observe the onset of SIA migration
through their release from impurities and structural defects,
with activation energies in the range of 0.12-0.42 eV. Finally,
around 550 K, mono-vacancy migration is activated with a
migration barrier of EY, = 1.85 + 0.05 €V.

This project was partially funded by the Academy of Fin-
land Project No. 277193 and by the Finnish Center of Excellence
in Atomic Layer Deposition.
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