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ARTICLE INFO ABSTRACT
Keywords: Pure W and W-Cr-Hf alloy which are prospective materials for nuclear fusion reactors, such as DEMO, were
W and W-Cr alloy ion irradiation irradiated at room temperature with 5 MeV Au®" ions with fluences between 4 x 10'* and 1.3 x 10'° jons.cm~?
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to generate various levels of lattice damage from about units up to tens of dpa. The distinct character of radiation
damage accumulation, microstructure and defect nature have been observed in both pure W and W-Cr-Hf alloys,
the latter exhibited interesting ability of damage reorganisation and defect size decrease at the higher ion flu-
ences as determined by positron annihilation spectroscopy (PAS). High radiation damage rate in the irradiated
layer has been evidenced in the W samples already at the lower Au-ion fluences compared to W-Cr-Hf samples,
where the damage increased in steps with the increasing Au-ion fluence. The distinct defect accumulation was
accompanied with the different Au-ion implanted distribution in the irradiated layer determined by Secondary
Ion Mass Spectrometry (SIMS) as well as the thermal properties have shown the consequent worsening in the
depth in good agreement with the Au-depth concentration profiles. TEM corroborated above mentioned findings,
where the sub-surface layer exhibited defect release after the irradiation, the maximum of dislocation loop
density has been identified in the depth according the predicted dpa (displacement particles per atom) maximum
for the lower Au-ion fluences. Moreover, TEM shows the dislocation density band structure appeared in W-Cr-Hf
samples exhibiting the high density defect band according the projected range of the Au-ions simultaneously
with the additional layer with larger isolated dislocations pronounced in the higher depth as a growing function
of Au-ion fluence. Such phenomenon was not observed in W samples.

Introduction is a forerunner for the plasma facing components, such as the divertor
and the first wall, given its high melting point (3695 K), high thermal

Fusion reactor material technology is seen to be a key for successful conductivity and relatively low sputtering [4,5]. In fact, novel solutions
realization of fusion reactors [1,2]. Considerable neutron damage at with W, such as W-fiber composites, mixed W-Cr-based alloys and
rates of 3-4 dpa (displacement per atom)/year [3] and steady impacting functionally graded layers of W and Cu are being proposed as solutions
plasma loads pose a threat to the plasma facing materials. Tungsten (W) for handling the thermal and radiation load [6]. Recently, heavy ion
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irradiation damage in fusion reactor materials started to be in focus
[7,8], as it can mimic various stages of the radiation damage without
material activation. The presence of defects in materials applied in
fusion reactors can have a significant effect on their properties, perfor-
mance and lifetime under operational conditions. Therefore, the char-
acterization of irradiated materials can lead to a better understanding of
defect formation and help find ways to minimize or eliminate it.

Tungsten is a refractory metal, widely used in demanding industrial
applications, usually in high-temperature environment and this stems
out of its high melting point, good thermal conductivity and high
strength at elevated temperatures [9]. Nevertheless, tungsten also pos-
sesses high ductile-brittle transition temperature, recrystallization
temperature significantly lower than the melting point and poor
oxidation properties. New materials and production methods such as
mechanical alloying are applied to tungsten; they allow tailoring the
grain size, formation of dense dislocation structures and formation of
full solid solution with elements that possess otherwise limited solubility
in tungsten lattice. Frequently this method is used to improve mechan-
ical properties or to introduce new properties, such as self-passivation in
oxidizing environment [10,11]. Irradiation effects on tungsten materials
were reviewed in [5]. In general, radiation damage leads to degradation
of both mechanical and thermal transport properties. In [12], fracture
toughness of two tungsten materials conforming to ITER specifications,
processed by powder metallurgy and plastic deformation, was found to
progressively decrease with irradiation dose up to 0.7 dpa. Likewise,
neutron irradiation to 0.24 and 0.7 dpa led to fracture toughness
decrease in spark plasma sintered tungsten, causing a shift of about
300 °C in the ductile-to-brittle transition temperature [13]. Compared to
neutron irradiation, ion irradiation brings several advantages, mainly
the ability to achieve significant dpa faster and the lack of activation that
complicates post-irradiation handling and investigation of neutron-
irradiated materials [14]. The general approach of using significantly
higher ion energies for implantation and radiation damage studies in
plasma facing materials is accepted in most cases in order to circumvent
the complications associated with low ion energy implantation (e.g. for
electron microscopy, nano-indentation, and thermal transport mea-
surements [15-17]).

W samples irradiated with 1-4 MeV Re and exposed in He plasma
were investigated in Ref. [18] and it was found that the hardness in-
creases for all samples relative to the unmodified reference. The results
indicate that after sub-sequent He ion irradiation, the He was trapped in
vacancies and formed He nano-bubbles in the W matrix, resulting in
increased material hardness. Armstrong et al. [19] investigated changes
to the mechanical properties in pure W samples resulting from sequen-
tial self- ion implantation up to 13 dpa followed by He-ion implantation.
It was suggested that the self-ion implanted region contained pre-
existing dislocation loops and that He trapped in distributed vacancies
gives stronger hardening than He trapped in vacancies condensed into
dislocation loops. Recently Zhang et al. [20] used nano-indentation to
investigate the hardening effect of as-received and recrystallised W
samples using 6.4 MeV Fe3* and it was found that Fe>* ion irradiation
resulted in hardening in all W samples.

Ions lose their energy via ionization (electronic stopping) and colli-
sions with nuclei of irradiated targets (nuclear stopping). In swift heavy
ions (SHI) irradiation, typically featuring enormous electronic energy
transfer via ionization [21], e.g. by irradiation with a 60 keV.nm ! SHI,
the formation of elongated interstitial dislocation loops with a halo of
isolated vacancies was predicted by molecular dynamics [19]. However,
lower ion energies of several MeV are advantageous as the penetrating
ions modify the near subsurface layer of <1 um and such modified layers
are easier to be investigated with the above mentioned surface analytical
methods as well as to the requested dpa due to the significantly higher
nuclear stopping at the lower ion energies.

Extensive research is focused nowadays on the synthesis of materials
with an ultra-fine-grained microstructure, and on the synthesis of W-
based alloys with other element. The researchers aim at improving the
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radiation resistance, mechanical properties and oxidation resistance of
tungsten-based materials in the case of a reactor accident. Main strate-
gies for achieving such an improvement is the production of ultra-fine-
grained structure, control of impurity and grain size during sintering,
and addition of oxide forming elements. Thus, oxidation behaviour and
mechanical properties can be improved by addition of Cr and Hf,
respectively. Hf controls the grain growth during sintering and prevents
oxidation of Cr by formation of HfO, particles at grain boundaries and
lowering the oxygen content in the W-Cr alloy [22,24].

The authors in Ref. 23 studied ion irradiation on fine- and coarse-
grained tungsten, focusing on the effects of dpa rate and temperature
on the irradiation damage. It has been shown that grain size, number of
grain boundaries and their orientation caused different defect sink ef-
ficiencies and that the grain boundaries can improve radiation tolerance
due to the defect annihilation [23]. The radiation damage induced by 3
MeV Cu' at RT and 1050 K on thin foils of pure W of nano- and
micrometer grain sized was studied from 0.25 to 4 dpa for two-level dpa
rates [23]. The total radiation damage was quantified from the density
and average area of two loop types (111) and (100) present in W in the
same high magnified area of bright-field TEM images. Both W grades
underwent a 1-D interstitial loop migration during Cu-ion irradiation at
RT, a dislocation loop rafting phenomena and the formation of a uniform
distribution of voids across the different grains with a dominant pres-
ence of (100) loops which are suggested to be of vacancy type. The
nanocrystalline W reached higher loop densities (~3x) after irradiation
to 1 dpa at RT and at 1050 K and lower average loop areas than the
microcrystalline W, simultaneously the loop density increased up to 2-3
dpa, but at 4 dpa it decreased significantly due to loop coalescence
associated to growth of vacancy loops on the void sites, whereas in the
microcrystalline W the loop coalescence occurred at 0.25 dpa.

Our intention was to collect the broad range of dpa values ranging
from 1 up to 100 dpa which is rather scarce in literature for W and W-Cr-
Hf samples. The Au-ions with high mass cause the denser collision
cascade, thus the desired dpa values are reachable using the lower ion
fluence compared to lighter ions.

For instance, when we compare calculation for Cu-ions with energy
5 MeV and Au-ions 5 MeV we can get in maximum 4-5 displaced atoms/
10 m.ion in the depth about 1,5 pm and 20-25 displacements/
10~ %m.ion in the depth about 0,5 pm, respectively. High fluence im-
plantation means the longer time of exposure which can be instrumen-
tally demanding, it can cause additional complex phenomena of defect
migration, common interaction and temperature rise in the sample etc.
The heavy ions are stopped in the shallower depth below the surface, the
more localised defects and implant distribution is achieved. Increasing
ion energy implies the broader depth distribution of ions and defects.
The shallower modified layers can be more advantageous for some of
analytical methods such as PAS, where we want to follow the whole
damage profile.

Based on above mentioned we decided to investigate and compare W
and W-Cr-Hf alloys under the irradiation conditions using Au-5 MeV
ions in order to: i) follow radiation damage accumulation for the wide
range of dpa from 0.8 to 98 being rare in literature; ii) understand the
nature of defects created under such irradiation conditions, structure
modification and internal morphology (microstructure) in the buried
layer and beyond for both materials using X-ray diffraction (XRD),
Positron Annihilation Spectroscopy (PAS) and Transmission Electron
Microscopy (TEM); iii) follow and discuss thermal transport properties
as direct consequence of structural modification after irradiation.

Experimental

The pure W samples were cut by electro-discharge machining from a
38 x 38 mm ingot produced by Plansee by powder metallurgy and
forging (ITER-qualified grade, 99.97% purity, C < 30 ppm, O < 20 ppm),
followed by stress relieving. It was polished by electro-polishing previ-
ously to the irradiation. W produced by Plansee according to ITER
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specifications is a widely used ‘reference’ material, while the W-Cr-Hf
alloy is a developmental material, produced in a laboratory, whose aim
is to improve specific properties over pure W. The next studied material,
W-Cr-Hf, was prepared by mechanical alloying and spark plasma sin-
tering. Alloyed powder was prepared in a planetary ball mill Pulverisette
5 (Fritsch, D) from the following powders: W (1.2 pm average powder
size, purity > 99.5%), Cr (0.4 pm average powder size, purity > 99%)
and Hf (bimodal 15 and 45 pm, purity > 99.2%). The powders were
processed in tungsten carbide vials with tungsten carbide grinding balls
with ball to powder ratio 11: 1. Argon was used as a protective atmo-
sphere preventing oxidation during the milling process. The overall
milling time for a W-10Cr-1Hf (wt %) alloy was 28 h at a speed of 240
rpm. A spark plasma sintering machine SPS 10-4 (Thermal Technology,
USA) was used to consolidate the mechanically processed powder at
1750 °C and 70 MPa with 3 min. hold time at the sintering temperature;
tungsten foil surrounding the sintered powder was used as a carbon
contamination barrier [24]. As a suitable electro-polishing procedure
was not found for the W-Cr-Hf alloy, it was polished only mechanically.
It was concluded in our previous findings that the matrix of the W-Cr-Hf
alloy consists of only one W-rich phase. HfO, particles in monoclinic
form were evidenced in W-Cr-Hf alloys in [24].

Ion irradiation and SRIM calculation

Irradiation of the pure W and W-Cr-Hf samples was performed with
5 MeV Au ions from Tandetron accelerator at ion implantation instru-
ment enabling homogeneous distribution of ion fluence over the sample
area. The samples were mounted using Cu-tapes to improve heat dissi-
pation, however the collection of the ion fluences was realized in couple
of minutes and hours for the lowest and highest fluences, respectively.
We didn’t observe any significant increase of the sample temperature
during the implantation. The 5 MeV Au-ions are heavy enough to
introduce collision cascade and displacement in the layer useful for
many surface analytical methods, simultaneously nuclear stopping is
large enough to create a significant number of displaced W atoms. The
calculation of electronic and nuclear stopping caused by 5 MeV Au ions
was realized with the SRIM software [25] and it is presented in Fig. 1a, b
for W and W-Cr-Hf materials, respectively, taking into account the
elemental composition and matrix parameters from f.

Various Au-ion fluences were used to reach broad range of radiation
damage to study the defect structure over a heavy ion damaged region.
The irradiation conditions, SRIM calculation parameters (the ion im-
plantation fluence, the elemental displacement energies Ep, the pro-
jected range Rp ions with the standard deviation ARp) and the material
properties such as bulk density and atomic composition are summarized
in Table 1. The appropriate W, Cr vacancy depth profiles and the Au
distribution were determined using the Quick Kinchin-Pease (QP) and
Full Cascade (FC) models [25], under the assumptions of a constant
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Table 1

Summary of the ion implantation experiment parameters and W and W-Cr-Hf
sample properties. SRIM calculated projected ranges Rp, dpa (displacement for
atom - the range of values), E4 displacement energies.

Material Pure W (min. W-Cr-Hf
99.97 %)
Density (g.cm %) 19.30 16.7
Eq (eV) W:90 + 18 W:90 + 18
Cr: 40 + 8
Hf: 61 + 12
Composition (% mass / % atomic) 100 W: 89 /70.981
Cr: 10 / 28.198
Hf:1/0.821
Projected range of Au ions Rp =321 Rp =349
Deviation of projected range (nm) ARp =118 ARp =119

Fluence (ions.cm2) / corresponding 4 x 104 0.8-3 4 x 10 1-4

dpa range 1.3 x 3-10 1.3 x 3-11
10'® 10-38  10%° 14-42
5x10° 2698 5x10° 32-101
1.3 x 1.3 x
10 10

threshold displacement energy for each of the elements as given in
Table 1, based on existing W experimental data [26] and on simulated
data for the W-Cr-Hf alloy [27,28].

It can be concluded that nuclear energy stopping is employed
comparably to electronic stopping being in order of several keV.nm
and comparable for both used materials. The total number of vacancies
is comparable for both materials and the maximum of the vacancy depth
profile is closer to the surface in comparison with the depth of Au ion
projected range. The modified layer thickness is estimated to be about
600 nm, however this calculation does not take into account any defect
migration specific in a given microstructure as well as gradual radiation
damage in a dynamic manner. SRIM calculation for W-Cr-Hf samples
was provided using the volume density given in Table 1 which can suffer
higher uncertainty, thus it could cause the higher discrepancy
comparing the predicted and the experimental Au-concentration
maximum depth.

Defect accumulation analysis using PAS

Positron annihilation spectroscopy (PAS) is a powerful technique
providing unique information about open-volume lattice defects
[29,30]. In the present work PAS investigations were carried out either
using fast positrons emitted by a 2>Na radioisotope or using slow posi-
trons obtained by moderation of fast positrons. Doppler broadening
variable energy positron annihilation spectroscopy (DB-VEPAS) mea-
surements were carried out using a 22Na-based monoenergetic positron
beam, which serves for offline experiments. DB-VEPAS measurements
have been conducted at the apparatus for in-situ defect analysis (AIDA)
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Fig. 1. SRIM calculated Au-concentration depth profiles, nuclear and electronic stopping of 5 MeV Au ions as well as W, Cr vacancy depth profiles per nm and ion are

presented for W in a) and for W-Cr-Hf alloy in b).
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[31] of the slow positron beamline (SPONSOR) [32]. Positrons have
been implanted into a sample with discrete kinetic energies E, in the
range between 0.05 and 35 keV, hence realizing a depth profile starting
at the surface down to about 1 um in case of tungsten. Measurements of
the specimens were carried out at room temperature under vacuum
pressures < 2 x 1077 mbar. By DB-VEPAS it was possible to access the
relative changes of defect concentration induced by Au-ion irradiation
across the implantation profile and beneath. Variable energy positron
annihilation lifetime spectroscopy (VEPALS) measurements were con-
ducted at the Mono-energetic Positron Source (MePS) beamline at
HZDR, Germany [33,34]. The spectra were deconvoluted using the non-
linearly least-squared based package PALS fit fitting software [35] into
two or three discrete lifetime components, which directly evidence two
or three different defect types (sizes). The corresponding relative in-
tensities reflect to a large extent the concentration of each defect type
(size). In general, positron lifetime decreases with the defects size: the
larger is the open volume, the lower is the annihilation probability and
the longer it takes for positrons to be annihilated with electrons [36].
The positron lifetime and its intensity has been probed as a function of
positron implantation energy E, or, in other words, the implantation
depth (thickness).

Structure analysis by XRD

In order to study the structure modification of the pristine and
irradiated samples, X-ray diffraction (XRD) was used. The measurements
have been carried out on a PaNalytical 1.5 kW sealed-tube generator
using CuKa; characteristic radiation, equipped with a primary parabolic
multi-layered mirror combined with a 2xGe220 channel-cut mono-
chromator. A 0.04 rad Soller slit and a one-dimensional detector in the
scanning mode were used on the secondary side. Using this non-focusing
high-resolution setup we measured detailed symmetric 20/a-scans
around several diffraction maxima, as well as long-range scans
comprising a large 2@range (not used here). For the CuKa; radiation, the
penetration depth of the incoming X-ray beam in tungsten increases
from L ~ 1 pm for the incidence angle ® = 20/2 =10degup toL ~ 8 ym
for ® = 90 deg. In the symmetric scattering geometry, the information
depth from which the diffracted signal is collected equals L/2.

Au concentration depth profiles analysed by TOF-SIMS

Secondary Ion Mass Spectrometry (SIMS) is very powerful tool for
depth profiling of all elements with very low detection limits with su-
perior depth resolution of about 1 nm and detection limits 107 ~10'° at.
cm 2 down to 1 ppm bulk concentration in depth profiles. The crucial
point is the sputtering procedure, then the elemental depth profiling can
be realized over larger depths than those offered by other surface depth
profiling analytical techniques. The SIMS measurements were per-
formed by using a Time of Flight (TOF)-SIMS - IONTOF instrument in the
depth profiling mode using negatively charged secondary ions. A source
of Bi* ions were used with the following parameters: impact energy of
30 keV, impact angle of 45°, pulsed primary current of ~ 3 pA, raster
size 50 um x 50 um. The Cs™ co-sputtering was performed at the in-
terlaced regime with a crater size of 150 pm x 150 pm and an impact
angle of 45°. The parameters of the secondary ion optics were the
following: an extraction voltage of 3 kV, a cycle time of 60 pus, and a mass
resolving power of ~ 7000 at Au peak. The base pressure in the
analytical chamber was ~ 5 x 107 !° mbar. During the measurements,
the analytical chamber was at ~ 5 x 10~° mbar [37]. The TOF-SIMS was
used due to its high sensitivity and precision in measuring the Au depth
distribution in the tested samples after Au-ion irradiation for comparing
with the theoretical calculation performed by SRIM, see chapter 2.1.

Internal structure analysis by TEM

The internal structural morphology of the tested samples after the

Nuclear Materials and Energy 29 (2021) 101085

Au-ion irradiation was investigated by transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM) to char-
acterize the nanoscale microstructural evolution in the sub-surface
layers and relate to the Au depth distribution measured experimen-
tally as calculated by SRIM. Samples for TEM and STEM studies were
prepared as lamellas by focused ion beam-SEM technique using an FEI
Quanta 3D electron microscope. TEM and STEM observations were
carried out by a F|EI Tecnai F20 field emission gun transmission electron
microscope operated at 200 kV.

Thermal effusivity

Thermal effusivity as a function of depth was measured by a mea-
surement system based on pulsed photothermal radiometry decribed in
details in [38,39]. It uses a pulsed laser to heat the material surface and
fast infrared detector to observe temperature decrease after the laser
pulse. From the temperature decrease with time in the nanosecond time
range, the thermal effusivity in depth of hundreds of nanometres was
evaluated.

Results
PAS and XRD analyses

PAS and XRD analyses of the Au-ion implanted W

In PAS analysis of defect distribution across samples thickness the
VEPFit code [40] has been utilized to determine the so-called positron
diffusion length (L,), a parameter inversely proportional to defect
concentration. Increase in the defect concentration leads to a shortening
of the positron diffusion length. DB-VEPAS measurements of the pure
tungsten sample show the existence of large initial defect concentration
connected to the very short positron diffusion length (L, < 1 nm) in the
subsurface region about 74 nm thick and much better crystal quality
deeper than 74 nm (L, ~85 nm). Additionally, VEPALS analysis enables
positron life time T measurement being directly connected to defect size.
Two parameters were fitted as a function of the positron energy E,, that
is a function of the depth: S (positron annihilation with low electron
momentum fraction; valence electrons) scales with positrons trapped at
open-volume defects and W (positron annihilation with high electron
momentum fraction; core electrons) indicates defects atomic surround-
ing. When positrons are trapped at vacancy defects the probability of
their annihilation with valence electrons possessing low momentum
values increases, while the probability of annihilation with core elec-
trons with high momentum values decreases. This leads to growing S
and decreasing W, which is also affected by chemical environment at the
site of positron annihilation. S(E,) curves and their fits using the VEPfit
code in dependence on Au ion fluence are presented in Fig. 2 for W
samples (upper part). The value of the S-parameter, and hence the
concentration of defects, decreases with the depth in the pristine W. The
results show that we can recognize three regions: i) the very near sub-
surface region of about 5 nm (see Fig. 2a — region I) that represents
defect surface states and likely oxides; ii) the region about several tens of
nm (Fig. 2 — region II from 5 to 74 nm) contains defects in the pristine
sample. L, increases hence defect concentration decreases. This layer is
influenced by Au-induced vacancy creation (compare to the SRIM
calculated vacancy depth profiles in Fig. 1); iii) the defect maximum
caused by Au ion irradiation is much deeper about 200-400 nm (in re-
gion III), where the defect density increase with the Au-ion fluence is
observed. This fact is in correspondence with the calculated projected
range of Au-ions being about 320 nm (see Table 1). After the Au-ion
irradiation; S parameter is lowered in the sub-surface region I,
enhanced in the region II. with the damage edge shifted to the depth
with the increased Au-ion fluence. Finally, the S parameter shows sud-
den enhancement and saturation of defect concentration above 4 x 10'*
cm~2 in the region III (see Fig. 2a).

Interesting is the fact, that with the increased Au-ion irradiation
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fluence defect free zone in region II. increases in thickness. The disorder
in this layer is released with the increasing Au-ion irradiation fluence or
the damage edge is shifted into the depth. Contrary, in the depth of the
maximum vacancy creation induced by Au-ions (region IIL.), the defect
density in the pristine sample is lower and in this depth a significant
enhancement of disorder (increase of defect concentration and/or size)
is observed after the Au-ion irradiation exhibiting sort of saturation ef-
fect of the defect concentration with the increased Au-ion fluence. The
originally defected layer in sub-surface region II exhibits smaller open
volume with the increased Au-ion fluence see Fig. 2. This effect is also
documented by the progressively enhanced positron diffusion length L.
in the sub-surface layer (region II.) which changes with the Au-ion flu-
ence as summarized in Table 2. The sub-surface region II. is positioned in
the depth, where vacancy concentration starts to grow caused by Au-ion
collisions (recoils) of sample atoms (see Fig. 1). The calculated positron
diffusion length L, and corresponding defected layer thicknesses are
presented in Table 2. After the irradiation with Au-ions L, increases with
the Au-ion fluence in the subsurface layer which is connected with the
release of the existing disorder in the sub-surface layer.

From VEPALS results, two positron lifetime components were
observed in all the measured spectra 77 (annihilation at dislocations and
monovacancies) and 7, (annihilation in large vacancy clusters, voids).
The positron lifetimes component 77 as a function of positron implan-
tation energy E, in W samples are presented in Fig. 3a, where the sub-

Table 2
Calculated positron diffusion length (L) and thickness of the sub-surface layer
(region II.) (d) created due to ion irradiation in the pure W samples.

Sample Irradiation fluence (cm~2) L, (nm) d (nm)
W pristine 0 <1 74
W irradiated 4.0 x 10 <1 <2
W irradiated 1.3 x 10 6 ~12
W irradiated 5 x 10%° ~10 ~29
W irradiated 1.3 x 10%¢ ~31 ~60

surface layer is followed mainly (<100 nm). The value of the shortest
lifetime in the pristine W sample, 7; ~ 160 ps, is much lower than ex-
pected for a mono-vacancy and likely represents dislocations [41]. The
second minor (<10%) lifetime component (not shown), 73 ~ 340-410
ps, represents superposition of surface states and larger vacancy clusters
likely at grain boundaries [42,43]. After irradiation, 7; increases to ~
200-220 ps (vacancy cluster of 2-3 vacancies [44,45]) and 7, to
370-440 ps with an increase of intensity I; (see Fig. 3b) and corre-
sponding reduction of intensity I, (the relative intensity I; = I; + I3). The
weighted average defect size is connected to the average positron life
time 74, where the lifetimes as well intensities play a role via the
expression: 74, = > ; 7. I;. The increased positron lifetime components
show damage accumulation with the increased Au-ion fluence in the
deep implanted layer (region IIL.). However, very similar intensity of I
for the higher Au-ion fluences suggests no variation in defect concen-
tration, but rather a slight change in defect size. We can conclude, that S
and W parameters in the depth of Au implanted ions (200-400 nm) are
comparable for fluences above 1.3 x 10'5 em 2, where we can see dif-
ferences only in the sub-surface less defected layer thickness (region IIL.)
being thicker with the increased Au-ion fluence. The region below the
sub-surface layer (region II1.) is likely defect saturated hence variation of
defect concentration cannot be detected anymore. However, the in-
crease of defect size due to ions is evident. The drop of average positron
lifetime for the largest fluence could be explained as Au accumulation in
the material filling the available open volume.

The XRD diffraction curves of the pristine and the as-irradiated W
samples are presented in Fig. 4, where the peaks related to 110, 200,
211, 220 and 310 reflections are depicted in Fig. 4a, b, ¢, d, and e,
respectively). These diffraction peaks are typical for W in a-phase bcc
structure [46]. We did not identify significant differences in the shapes
and positions of the diffraction maxima for the pristine and irradiated W
samples. From the 20 positions of the maxima we determined the lattice
parameter using the Cohen-Wagner graph method [47], we obtained the
values of 3.1656 + 0.0001 A, 3.1661 + 0.0001 A, 3.1658 + 0.0001 A
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Fig. 3. PALS results: positron lifetime component 7, in the Wsamples for the various Au-ion fluences in a) and its relative intensity I; as a function of positron energy

Ep in b).

110
4
T 10
€
=}
a8 402
i 10
2
2
Q 10°
£

102

39.5 40 40.5 41 57.5 58 58.5 59 72.5 73 73.5 74
20 [deg] 20 [deg] 20 [deg]
dpa

T A 4x10™ 220 (d) 5x10"° 310 (e) g 26 85 32 84
2 * 13x10" * 1.3x10'® ®
5
e g6
= 5
= o 4

0 o

QC) hai
c S2

L s L L

86.5 87 87.5 88 100
20 [deg]

100.5 101
20 [deg]

1015 0 0.3 1 3 10
fluence [1015 cm'2]
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diffraction peaks in MR setup in a), b), ¢), d), e), respectively. The dislocation density determined from XRD analysis using Wilkens model as a function of the Au-

implantation fluence in f).

and 3.1658 £ 0.0001 A for the 4 x 10'#, 1.3 x 10'%, 5 x 10'°cm 2 and
1.3 x 10'%m™2 Au-ion fluences, respectively. These values agree quite
well to the tabulated value of 3.1652 A and a possible influence of the Au
implantation on the lattice parameter lies below the resolution limit of
the method. It has to be emphasized that the information depth of the
XRD method comprises several micrometers (see above), so that the
measured signal is averaged over the implanted layer and non-

implanted substrate. Moreover, due to the symmetric scattering geom-
etry the XRD data are sensitive only to the lattice parameter in the di-
rection perpendicular to the sample surface. We tried to limit the
penetration depth by using a strong asymmetric scattering geometry, in
which the incidence angle ® = 1 deg was kept constant, and the infor-
mation depth was roughly 100 nm. We have not detected any measur-
able shift of the diffraction maxima due to implantation, most likely due
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to the fact that the angular resolution was poor in this asymmetric
arrangement.

The full widths at half maximum (FWHM) of the diffraction peaks are
affected by the vertical size D of crystalline grains (coherently diffract-
ing volumes) and by dislocations. These two effects could be distin-
guished by comparison of the FWHMs of different reflections; the former
effect causes the same broadening of the maxima along the Q, axis in
reciprocal space in different reflections, while the Q, broadening due to
dislocations increases with increasing 20.

The lattice atomic displacement caused by irradiation produces
interstitial atom and vacancy, then the dislocations and voids form
through the movement and aggregation of interstitial atoms and va-
cancies. The dislocation can capture many interstitial atoms to form
dislocation lines, dislocation walls, dislocation loops and dislocation
tangles [46]. The Wilkens dislocation model [48,49] was applied for the
estimation of the dislocation density (p) of the pure W samples. Using
this model we have fitted the shapes of the diffraction maxima 200, 211,
220, and 310, assuming D and p as fitting parameters; in Fig. 4a—e the
fitted curves are plotted as full black lines. The resulting values of p are
plotted in Fig. 4f; they decrease slightly for the highest Au-ion fluence,
however the whole analysed volume was used for its determination
being in order of micrometers, thus the results come from both the
irradiated and presumably unaffected layers. The vertical grain sizes
were found as follows: 4 x 10'* em™2 (90 + 2 nm), 1.3 x 10'% cm ™2
(169 + 8 nm) and 5 x 10"%cm™2 (136 + 5nm), 1.3 x 10'®cm™2 (142 + 4
nm).

PAS and XRD analyses of the W-Cr-Hf samples

The parameters S and W extracted from DB-VEPAS measurements
and VEPfit analysis as functions of positron energy (depth) are presented
for W-Cr-Hf pristine and the irradiated samples in Fig. 5a and b,
respectively. We can identify the very thin subsurface layer — region I
(see Fig. 5). W-Cr-Hf pristine sample shows gradual defected layer (see
Fig. 5a). It can be concluded, contrary to the Wsamples, that the W-Cr-Hf
pristine sample has overall larger concentration of defects in bulk (the
positron diffusion length L, ~ 51 nm, compared to L, ~ 85 nm for bulk
W-film) due to the shorter monotonic S(E,) decay and contains mostly
dislocations and vacancy clusters (as it is shown later by PALS). This
effect we observed in the regions II and III as well with the non-
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negligible depth profile showing defect decrease with the depth (see
Fig. 5). The W-Cr-Hf samples exhibited the same effect of the disorder
release and the broadening of the defect-free sub-surface layer after the
Au-ion irradiation as a function of the ion fluence in region II, similarly
to the W samples. However, contrary to the W samples, S(E,,) parameters
exhibited gradual decrease in region III., containing Au, with the
increasing Au-ion fluence (see Fig. 5), which suggests reduction of the
open volume. It is difficult to fit these results in the similar fashion to the
W-sample due to limited number of data point in the region Il as well as a
visible depth profile in region II. More layers would need to be utilized,
which usually makes fitting less accurate. Nevertheless, general reduc-
tion of the open volume and broadening of the region II, is evident even
without S(E,) fitting.

From PALS results, two positron lifetime components were observed
in the measured spectra of the pristine W-Cr-Hf: 7; ~ 150-180 ps
(annihilation at dislocations and monovacancies, respectively) and 75 ~
250-410 ps (annihilation in large vacancy clusters: voids consisting of
5-20 vacancies, respectively). After irradiation with the lowest fluences,
the increase of 7; suggests a dominant positron annihilation at the size
close to monovacancies (4.0 x 10" ¢cm~2) and dislocations (1.3 x 10>
em2) (see Fig. 6a), considering the literature positron lifetime values
for pure W [42]. For the 1.3 x 10" cm™2 fluence, the largest concen-
tration of large vacancy clusters has been found, since I; decreases (see
Fig. 6b). For the two highest fluences used in this study (5 x 10'® and
1.3 x 10 em™?), the parameter 7; decreases further to 160-180 ps,
which was found associated with dislocations, possibly monovacancies.
The averaged positron lifetimes 7,y are generally lower after the Au-ion
irradiation in W-Cr-Hf compared to the W samples (compare Fig. 3b and
6b, respectively), thus the irradiation led to a smaller defect size for W-
Cr-Hf, under the same irradiation conditions since their crystalline lat-
tice is similar.

According to the literature, the positron lifetime in W monovacancies
is about 200 ps [42] and the positron lifetime in dislocation loop was
found to be down to 150 ps [43,50]. We can conclude that at the Au-ion
fluence above 5x 1015cm’2, the size and defect concentration decrease is
connected to the fact, that preferably smaller defects (monovacancies)
are created in W-Cr-Hf in comparison to W samples in the irradiated
layer. It has to be emphasized, that this phenomenon is observed in the
layer investigated with PAS up to 600 nm.

mean positron implantation depth in W-Cr-Hf, z___. (nm)
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Fig. 5. DB-VEPAS positron lifetime measured S and W parameters as a function of the implanted positron energy E;, and equivalent mean depth for W-Cr-Hf samples.
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XRD diffractograms of the pristine and the irradiated samples W-Cr-
Hf are presented in Fig. 7, with the details of diffraction peaks: 110, 211,
220 and 310 in Fig. 7a, b, ¢ and d, respectively. XRD diffractograms of
the W-Cr-Hf alloys showed the diffraction peaks typical for o (W, Cr)
phase as a prevalent in the alloy. It is W-rich phase with Cr in solution
[11]. The compositions of bcc phases a(W, Cr) and a(Cr, W) was found e.
g.in [11] to be in a proportion of Cr dissolved in W being about 5 wt%
(16 at.%), whereas the amount of W in solid solution in Cr being about
41 wt% (17 at.%) being more less in accordance with W-Cr phase dia-
gram in [24]. However, these two phases should be identified with XRD,
where typical shift of the diffraction peaks associated with described
phases would have to be identified [11]. In our case we didn’t observe
the latter one phase (Cr-rich phase) in our samples which was consistent
with our previous study focused on the W-Cr-Hf alloy preparation [24].
However, it was concluded in our previous findings that the matrix of
the W-Cr-Hf alloy consists of only one W-rich phase; the second phase is
connected to particles as HfO, in monoclinic form at matrix grain
boundaries. Therefore, W-Cr solution formed by mechanical alloying
was preserved during spark plasma sintering and no chromium was
expelled to form Cr-rich phase. Hf role lays mainly in a grain size control
to avoid large grain growth. Such single-phase composition of W-Cr
alloy is unique, as processing by conventional sintering methods such as
HIP (Hot Isostatic Pressing) leads to the development of a Cr-rich phase
[11,24].

Newly in this experiment, we can identify two phases with the very
near lattice parameters in XRD analysis of W-Cr-Hf (see Fig. 7). The two-
peak structure appearance cannot be connected to the presence of the
stable spinodal decomposition, when in a thermodynamically unstable
initial state long-wavelength delocalized small-amplitude statistical
fluctuations grow spontaneously in amplitude as the time after the
quench increases. The twin phases produced by the spinodal decom-
position of a supersaturated solid solution differ in composition from the
parent phase, but have basically the same crystal structure, but this ef-
fect was excluded in [11,24]. However, this effect of the two-component
diffraction peaks in XRD diffractograms seems to be real not an artifact.
It implies the lattice parameters misfit connected to very close but

distinct W concentration in bcc a(W, Cr) phases estimated as 77 and 82
at.% according the W-Cr phase diagram presented in [11] (see Fig. 7 —
the vertical lines show the various W-concentration in atomic %). Ver-
tical grain sizes of the crystalline phase with smaller lattice component
decreases from about 20 + 2 nm in the pristine sample to about 5 + 0 nm
in the sample irradiated at the Au-ion fluence 5 x 10'° cm™2. Simulta-
neously, the vertical grain sizes of the phase with the higher lattice
constant increases with the irradiation fluence from 31 + 2 nm to 82 +
11 nm for pristine and irradiated sample, respectively, at the same Au-
ion fluence. The highest Au-ion fluence exhibited sudden vertical
grain size drop to the sizes close to the pristine sample sizes.

Au distribution and damage profile by TOF-SIMS and TEM defect
microstructure analysis

The TOF-SIMS profile of the in-depth concentration of Au seems to be
in a reasonable agreement with the simulated profile as calculated by
SRIM see Fig. 8a for W and Fig. 8b for W-Cr-Hf alloy. Slightly asym-
metrical Au profile is observed by SIMS, where a small Au-implanted
portion is identified in the depth creating non-normal depth distribu-
tion. Moreover, Au concentration—-depth distributions were broader than
in SRIM simulations; the depth distributions had right-hand tails
differing in W and W-Cr-Hf samples. The broadened shapes of the
implanted specie concentration—depth profiles have already been
observed elsewhere as a consequence of distinct host structure modifi-
cation and ion energy straggling during the ion bombardment [52-54]
which can be connected to the distinct microstructure (distinct grain
sizes, complex multielemental alloy versus single elemental material) of
the irradiated materials [51]. This fact is supported by the distinct
shapes of the Au-depth profiles in the W-Cr-Hf samples compared to the
W samples. However, Au diffusion cannot be excluded in this case; as not
all samples have the same broadening of the Au-depth profiles (see
Fig. 8). In general, it is observed that the Au-ion calculated penetration
depth is underestimated in comparison with the experimentally deter-
mined Au-concentration depth profiles due to an overestimation of the
electronic stopping power for heavy incident ions in the SRIM program
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Fig. 7. XRD diffractograms of the W-Cr-Hf samples irradiated with Au-ions with the ion fluences 4x10'* cm™2, 1.3x10'® ecm ™ and 5x10'® cm ™2 with the detail of
(110), (211), (220) and (310) diffraction peaks in a), b), c), and d), respectively. Vertical lines indicate the W concentration scaling the vertical lattice parameter

and consequently the diffraction peak position.

[54]; this effect can explain the Au maximum concentration being
shifted into the depth versus SRIM calculation. SRIM calculation is based
on input parameters — density, elemental composition and displacement
energies for elements (see Table 1). The lower density of W-Cr-Hf ma-
terial caused the higher calculated projected ranges of Au-ions
compared to W material. In case of the W-Cr-Hf samples can play a
role also the higher uncertainty of the used volume density in SRIM
calculation.

We observed the asymmetry in the Au-ion distribution with the
significant Au-distribution tail towards the depth in the W samples and
in the W-Cr-Hf samples. This effect — distinct shape in comparison to
Gaussian fit is presented in Fig. 8 and the mean values of the Gaussian
fits are presented in Table 3. The maximum concentration is positioned
in higher depth for the W-Cr samples for each Au-ion implantation flu-
ence. The W samples exhibited the in-depth Au-concentration tail hav-
ing similar slope for the fluences above 1.3 x 10'® cm™2. We have
chosen the concentrations cg, in the depth range 800-1200 nm, as
measured by SIMS, where the Au migration appears and where we
identified non-Gaussian tail. For illustration, we plotted In(ca,) versus
depth for the Au-ion fluences 5 x 10'® cm™2 and 1.3 x 10'° em ™2 in the
W and W-Cr-Hf samples (see Fig. 8c). We saw that after the linear fit the
slope is slightly higher in the W samples. The concentration cy4, falls
more progressively with the depth in the W samples. It seems that a

portion of Au-implants migrates towards the sample depths and this
portion is increased with the Au-ion fluence in W-Cr-Hf samples instead
being very similar in the W samples above the implantation fluence 5 x
10%° em™2,

Figs. 9 and 10 show cross section STEM micrographs of the W-Cr-Hf
and W samples. STEM identified the damaged surface layer in the
pristine W-Cr-Hf sample, which was also evidenced in PAS analysis,
however the thickness of the layer appeared in STEM has been broader
about 300 nm (see Fig. 9a) in comparison to PAS (~90 nm). The damage
profiles in dpa resulting from the implanted Au ions and from recoils
were simulated with SRIM as a function of the penetration depth and are
shown overlaid on top of the corresponding STEM micrograph (at 4 x
10 ecm™2) for the W-Cr-Hf alloy (see Fig. 9b). The dpa depth profiles
show the good agreement with the creation and appearance of the dense
defect net according the dpa maximum in case of the lower Au-ion flu-
ence see Fig. 9. However, we see as well the dislocations created in the
depth beyond the predicted dpa depth profile. With the increase of the
Au-ion fluence, higher density of longer dislocations appears in greater
depths beyond the predicted Au-ion range exhibiting a kind of disloca-
tion ordering in Fig. 9d, e.

In pure W alloy in Fig. 10, the STEM micrographs show different
results compared to the W-Cr-Hf samples. The damage resulting from the
implanted Au ions is less visible here, we can clearly recognize the grain
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Table 3

The mean depth-values of the normal-distribution fit of the Au-concentration
depth profiles determined from TOF-SIMS depth profiles in the W and W-Cr-
Hf samples. The concentration maximum depth determined by SRIM calculation
and as-extracted from TOF-SIMS analyses in the W-Cr-Hf and Wsample are
compared.

Au-ion
fluence
[ions.cm™2]

Mean depth of Au-
concentration depth profile
W samples [nm]

Mean depth of Au-
concentration depth profile
W-Cr-Hf samples [nm]

1.3 x 10 390 448
5 x 10'° 415 435
1.3 x 10'° 394 431
4 x 10" 392 441
SRIM 321 349

boundaries (long bright lines). In the W samples irradiated with lowest
ion fluence (4 x 10 cm_z), the dislocation net is practically invisible in
the STEM micrographs (see Fig. 10a). The pristine sample image is not
presented due to the similarity to the Fig. 10a. In case of the 1.3 x 10%°
cm 2 ion fluence (see Fig. 10b), we observed defected layer thicker than
predicted by SRIM. Due to the contrast in STEM micrographs we could
assume mainly defect clusters evidenced in the depth appropriate to the
projected range of Au-ions visible in the area around 300-400 nm below
the surface. The defect clusters at the lower fluences increase in density
and size according PAS analysis, finally the dislocations created in the
depth beyond the simulated dpa profile start to be visible with the in-
crease of the Au-ion fluence at 5 x 10 cm™2 (see Fig. 10c and d),
however, they do not reach the same density, length and depth below
the surface as in the W-Cr-Hf alloy. Thus, the migration of defects is

10

smaller in W alloy.

Thermal effusivity

In pure W, free electrons are the dominant heat carriers, while
phonons contribute to merely around 10% [55,56,58]. The scattering
mean free paths of these heat carriers are sensitive to crystalline im-
perfections (impurities, dislocations, vacancy clusters and grain
boundaries etc.) [57,59].

In the Fig. 11, the thermal effusivity evolutions in time are plotted
showing in fact the effusivity evolution through the depth. The thermal
effusivity is a square root of thermal conductivity, specific heat and
density and it expresses the ability of the material to extract the heat
from surface to the material. The experimentally measured effusivity
evolutions in time can be analysed and fitted to get thermal conduc-
tivity. The thin film thermal properties are varied in the model until the
calculated effusivity temporal evolution fits the experimental one. The
model is a three layer 1D model with surface absorption of laser light
without thermal interface resistances between layers; the details are
published in [60]. The measured thermal conductivity is the apparent
thermal conductivity, because it also contains thermal interface resis-
tance between the investigated thin film and substrate. The analytical
model described in [39,60] was applied and the appropriate fits of the
thermal effusivity curves are presented in Fig. 11, where the two or three
layered system was taken into account for the fit. The last layer is the
non-affected material.

The W sample implanted with the various Au-ion fluences exhibited
effusivities from 11,500 to 16,400 Jm~2. s~ /2 K1 compared to the
pristine W sample with effusivity of 21000 =+ 4500 Jm™2. s"/2. K1, The
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Fig. 9. Cross section STEM micrographs of W-Cr-Hf alloy for: (a) pristine sample, (b) sample irradiated with Au-ions with the ion fluences 4 x 10" em™2, (¢) 1.3x10%°
—2
cm

, (d) 5x10*° em~2 and (e) with the ion fluence 1.3x10'® cm™2. A simulated SRIM dpa depth profile for 5 MeV Au-ion irradiation with the fluences 4x10** cm ™2
is as an inset in (b). A [111] zone axis (ZA) diffraction pattern is as an inset in (d).
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_Depth (nm)

Fig. 10. Cross section STEM mlcrographs of w alloy for: (a) sample irradiated with Au-ions with the ion fluences 4x10™ cm’z, (b) 1.3x10%° cm ™2, 2 (¢) 5x10™° cm 2
and (d) with the Au-ion fluences 1.3x10'® L
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Fig. 11. The thermal effusivity of the pristine and the as-irradiated samples in W samples in a) and in W-Cr-Hf samples in b) as a function of time (roughly cor-
responding to depth). The fitted curves for the various layer thickness and thermal conductivities in the layers are depicted. The details of the fitted thermal

effusivities in various depths are described in the text.

lowest thermal effusivity has been evidenced for the Au-ion highest
fluence and the highest thermal effusivity for the lowest irradiation
fluence (excluding the pristine sample) correlating well with the Au-ion
fluence (see Fig. 10a and Table 4). It means that thermal properties and
heat dissipation worsened gradually with the increasing Au-ion fluence
and radiation damage. Simultaneously, at the highest Au-ion fluence the
second layer exhibited the significant thermal properties decline in
comparison to other fluences. The lowest thermal conductivity in W
samples has been evaluated according to the model as 80, 60 and 52 W.
m~ . K! for the Au-ion fluences from 1.3 x 10'% to 1.3 x 10'® cm’z,
respectively, in the deeper layer 300-800 nm below the surface
compared to the pristine value in this layer estimated as 174 W. m ™.
K 1. The identified layer with the progressive decrease of the thermal
conductivity is located around the Au-implanted maximal concentration
depth (392-415 nm as it has been identified with SIMS exhibiting the Au
redistribution into the depth up to 1 pm). In case of the highest fluence
irradiated W-sample, the low thermal conductivity was observed from
the surface up to 530 nm. These depths correspond well with the
experimentally determined Au-concentration distribution as analysed
by SIMS in Fig. 8 as well as with the SRIM calculated damage profiles
presented in Fig. 1.

The W-Cr-Hf samples exhibited the depth profile of the thermal
effusivity in the pristine sample already, moreover the thermal proper-
ties are worsened after the Au-ion irradiation without the clear corre-
lation to the ion fluence and the worsening is not so progressive as in the
case of the W samples. The depth profile of the thermal effussivity of W-
Cr-Hf pristine sample differs from the pristine W-sample (see Fig. 11b).
For W-Cr-Hf the effusivity exhibited depth evolution, where the thermal
properties are enhanced towards the depth for the pristine as well as the
Au-ion irradiated samples (see Table 4). Thermal effusivity fitting for the

Table 4

pristine W-Cr-Hf sample shows a 230 nm thick layer, where reduced
thermal effusivity is observed. Such result is in accordance with the
STEM findings. STEM identified the defected layer up to ~ 300 nm (see
Fig. 9) in the pristine W-Cr-Hf sample.

In case of the W-Cr-Hf samples, the pristine surface layer has the
effusivity of 7300 + 400 Jm 2. s~ /2. K~!. The thermal effusivity of
implanted surfaces of W-Cr-Hf ranges from 6000 to 7100 Jm 2. s~ /2,
K! in the first layer and from 6200 to 8800 Jm~2 s/2, K1 in the
second layer (compared to 11,000 Jm~2. s /2, K1 for the pristine
sample). The evaluated thermal conductivity of the surface layer about
250 nm thick is not significantly influenced by the Au-ion irradiation
being from 12 to 17 W. m . K™! (compared to pristine sample value 18
W. m L. K1), contrary the deeper layer 250 — 1200 nm below the sur-
face is sensitive on the irradiation and shows the decrease of the thermal
conductivity from 40 W.m ™!, K~! for pristine to value from 13 to 26 W.
m~ L. K~! for the irradiated samples without the correlation to the Au-ion
fluence (see Table 4).

Discussion

We have observed a distinct damage accumulation in W and W-Cr-Hf
alloy samples irradiated in a broad range of dpa with the 5 MeV Au-ions,
where the latter samples exhibited lower damage accumulation and the
sort of dynamic defect reorganization and possible annihilation with the
increased ion fluence in the depth of the Au-ion projected range.
Recently, radiation damage study in prospective materials for nuclear
fusion was successfully imitated with heavy ions, where mainly Fe and
Au of MeV energy-ions were employed to cause radiation damage [20].
In Ref. 51, ferritic/martensitic steel was irradiated by 6 MeV Au ions at
room temperature (RT) and 400 °C to 25 dpa and 54 dpa. The lattice

Thermal properties and thickness of the surface and subsurface layers of W and W-Cr-Hf samples after Au-ion irradiation as determined by the thermal effusivity

measurement and model fitting.

Sample Irradiation fluence (cm™2) thermal effusivity Um2s 2Kk thermal conductivity (Wm 'K Thickness (nm)

first layer second layer first layer second layer first layer second layer
W pristine 0 0 21,054 174
W irradiated 4.0 x 10™* 0 16,355 105 500
W irradiated 1.3 x 10%° 17,485 14,276 120 80 300 300
W irradiated 5 x 10'° 15,961 12,363 100 60 280 650
W irradiated 1.3 x 10 0 11,510 52 530
W-Cr-Hf pristine 0 7310 10,897 18 40 230
W-Cr-Hf irradiated 4.0 x 1014 6561 6212 15 13 200 750
W-Cr-Hf irradiated 1.3 x 10%° 7104 6892 17 16 250 800
W-Cr-Hf irradiated 5 x 10'® 6673 8785 15 26 250 1000
W-Cr-Hf irradiated 1.3 x 10%¢ 5968 6673 12 15 250 1000
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atomic displacement caused by irradiation produces interstitial atoms
and vacancies, then dislocations and voids form through their move-
ment and aggregation. [51].

In our experiment, the PAS analysis shows the damage accumulation
with the increased Au-ion fluence in the deep implanted layer of the W
samples, however PAS does not suggest variation in defect concentra-
tion, but rather an increase in defect size (we cannot exclude positron
saturation trapping effects). We can conclude that damage accumulation
in the W samples saturates in the depth (200-400 nm) for fluences above
1.3 x 10" em ™2, with the simultaneous release of defects from the sub-
surface layer which likely originate from the polishing procedure. The
surface damage release after the irradiation could be connected to the
effect observed in [66], where the kinetic energy from 5 MeV Si-ions
irradiating W layers caused the activation of point defects which were
removed from the crystal structure and in consequence led to the
decrease of the compressive stress in the layer.

XRD did not observe significant modification of the diffraction
pattern of the Au-irradiated W samples, however the evaluated density
of dislocations is decreased slightly for the highest Au-ion fluence.
However, the numerical values of the dislocation densities are unfav-
ourably affected by the fact that the X-ray information depth is larger
than the implantation depth so that the resulting densities have to be
considered only qualitatively. The dislocation density decrease above
the fluence 1.3 x 10'® cm™2 would not be evidenced by PAS due to
saturation of the radiation damage in W matrix and less PAS sensitivity
on such defects. We can also speculate that due to the saturation of
positron trapping, PAS analysis did not identify dislocations, but defects
like bi-vacancies, this being a general issue of positrons as a probe in the
saturation regime. There were evidences in the literature [67], that
dislocation line could act as a shallow positron trap and weak positron
localization at dislocation can lead to diffusion along dislocation lines,
thus this fact supports the previous suggestion as well. It should be
emphasized that XRD gives information about the whole analysed vol-
ume, where various microstructural non-homogeneities are averaged.
On the other hand, PAS analysis is sensitive on defect size, while XRD
evidences the microstructural character and displaced atoms.

TEM analysis confirmed the maximum of defect in the predicted
depth of the W samples according the Au-ion energy, where the higher
density of larger defects is created in accordance with PAS. Dislocations
are visible at the Au-ion fluence 5 x 10> em ™2 being localized in the
irradiated layer.

W-Cr-Hf alloys as prepared exhibited a different microstructure
compared to the W samples. In our previous research, W-Cr-Hf exhibited
grains about 5 pm in size, as analysed with Electron Backscattering
Diffraction (EBSD), a scanning electron microscope (SEM) based tech-
nique that gives crystallographic information about the microstructure
of a sample [24]. W samples microstructure has been investigated in
[13] showing grains about 200 pm in length and tens of pm in lateral
size. A role of grain boundary efficiency (different grain boundaries have
different sink efficiencies) has been investigated in [61]. It was shown
that fine-grained materials exhibit improved resistance to radiation
damage due to the reduced grain size increasing the volume fraction of
grain boundaries. The high density of grain-boundaries network serves
as paths for diffusion/transport of defects. However, the sink efficiency
was shown to depend on the overall grain boundary macroscopic
character which includes both the misorientation angle and the grain
boundary plane [62]. PAS in W-Cr-Hf showed smaller defect sizes
induced by the Au-ion irradiation compared to the W samples; thus
monovacancies and lower defect density saturating at lower fluences,
showing evidence of its distinct radiation resistance and response under
the Au-ion irradiation, but this phenomenon was evidenced in the
buried layer, where the Au-ions were implanted. Simultaneously, the W-
Cr-Hf samples exhibited defect density decrease in this depth at the Au-
ion fluence above 5 x 10°cm™2 The size and defect concentration
decrease is connected to the fact that preferably smaller defects (dislo-
cations and monovacancies) are created in W-Cr-Hf in comparison to W
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samples. However, TEM analysis confirmed the maximal damage in the
predicted depth and the smaller defect appearance in the dpa maximum
depth at the highest Au-ion fluence. Surprisingly, defects seem to be very
dynamic and gliding into large depth beyond the projected range of Au-
ions and beyond the scope of PAS analysis. The appearance of less dense
net of the larger dislocations in the deeper layer beyond the Au-ion
projected range is observed with the increasing Au-ion fluence. XRD
identified slight modification of vertical grain sizes with increasing
irradiation fluence. Energetic ions seem to dynamically change the
vertical grain sizes and transfer energy to point defects, release the pre-
existing strain. This fact would be beneficial feature of the solid solution
of the W-Cr-Hf [24], dynamically responding to the radiation damage,
creating smaller defects in the upper layer with simultaneous migration
of defects into the depth. This phenomenon could be somewhat con-
nected to the fact, that the lowest activation energy of diffusion is
referred for W in Cr (386 + 33 kJ. mol™!) investigating various com-
bination of W and Cr. Localized Cr-rich regions at grain boundaries can
be created during the sintering which act as a diffusion paths for W
displaced atoms [24].

SIMS analysis of the Au-depth profiles evidenced asymmetry of the
Au-concentration depth profiles versus normal distribution in both types
of samples. The Au-concentration depth profiles showed the concen-
tration maximum being in a higher discrepancy with the theoretical
SRIM calculation, but it can be connected to the fact, that W-Cr-Hf
density is not so precisely known as in case of W samples. On the other
hand, the lower slope of the Au-concentration in the depth beyond the
maximum in the W-Cr-Hf samples could be connected to more pro-
nounced Au-migration into the depth. It would be connected to the
observed migration of defects and their accumulation in the form of
large dislocations in the layers beyond the irradiated depth in STEM. In
more complex, multi-elemental solid solution alloys, the annihilation of
defect might be connected to the obstacles [67] as e.g. grain boundaries
as sink and annihilation centers, lower-sized defect clusters are created
with the increased ion fluence in the W-Cr-Hf samples in the implanted
layer where Au is located. Simultaneously, one should take into account
the different internal morphology, grain sizes and the radiation resis-
tance of both investigated materials. The W-Cr-Hf exhibited fine and
smaller grains [24] and smaller defect size and density (the PAS results
in this experiment) and the Au-migration into the depth is more
pronounced.

Analysis of thermal properties shows a progressive decrease of the
thermal effusivity with irradiation in the depth appropriate to the Au-
ion penetration; the subsurface layer, exhibiting the worsening of ther-
mal properties, increases in thickness with the Au-ion fluence in
accordance with SIMS results. The thermal properties in the W-Cr-Hf
samples seem to be similarly influenced by the Au-ion irradiation,
although for the pristine samples the surface already exhibited thermal
effusivity depth profile, where the surface layer has the lower thermal
effusivity, probably connected with the originally defected surface layer
(proved by PAS and TEM) caused by the polishing procedure. PAS
confirmed the thicker defected layer in pristine W-Cr-Hf samples
compared to W samples which is recovered after the Au-ion irradiation
and thermal effusivity is not modified in the shallow sub-surface layers.

We can conclude that W-Cr-Hf structure responded distinctly to the
Au-ion irradiation: smaller size defects were created in the implanted
layer . PAS identified significant decrease of the defect size; there are
several scenarios possible: defects can be lost at grain boundaries or can
be absorbed by other defect clusters [64]. However, from TEM it seems
that smaller defect clusters are created in the buried layer according the
Au-ion range, but dislocation net of oriented dislocations is created in
very deep layers.

On the other hand, in W samples the Au-ion irradiation induced
defects which were retained in the material and they can create obsta-
cles for gliding dislocations [63]. Thermal transport properties can be
degraded by grain boundaries along the direction of heat transfer which
can significantly increase scattering of electrons [61]. The origin of
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thermal property degradation must be tied with the nature, size and
population of radiation defects in materials, this fact is exhibited in the
thermal effusivity depth profiles in the W-Cr-Hf samples showing the
worse surface layer quality in the pristine sample already.

Our TEM and PAS results showed interesting dislocation behaviour,
which has been observed also in Fe-Cr steel [65]. In Vogel et al. [65],
two dislocation loop layers in steel irradiated with 5 MeV Au-ions were
evidenced, first one close to the surface with larger dislocation loops
appropriately to the predicted dpa maximum and the second deeper
layer with the injected interstitials with much smaller dislocation loops.
In our case in W-Cr-Hf alloy, the band structure is observed as well, but
we see opposite trend concerning the sizes of the dislocations which
creates very dense net of small dislocations close to the dpa maximum,
where the size and density cannot be determined clearly and larger
separated dislocation in the depth. Preferential orientation of the large
dislocations observed in W-Cr-Hf above the ion fluence 5 x 10'°cm ™2
could be connected to the findings in Ref. 65, where the fraction of 111-
type loops was 75% in case of an irradiated bulk steel sample. We cannot
clearly identify dislocation loops orientations in our experiment due to
the deformations however this would be further task in future.

Conclusion

We have been followed specific defect dynamics in W-Cr-Hf alloys
compared to W samples in the broad range of dpa from 1 up to 98 dpa.
Broad spectrum of analytical methods (PAS, XRD, SIMS and TEM)
offered novel information about the distinct defect accumulation, defect
character and mobility in the irradiated layers and beyond in both
materials. Thermal properties were followed as a function of the Au-ion
fluence. Au-ion irradiation of W-Cr-Hf alloy samples demonstrated a
surprising trend of defect size and concentration decrease in the sub-
surface buried layer containing the implanted Au-ions. A thin defected
sub-surface layer in the pristine samples was released after the Au-ion
irradiation in both materials as a consequence of ion-energy transfer.
We can conclude that W-Cr-Hf structure responded distinctly to the Au-
ion irradiation: smaller size defects were created in the implanted layer
and higher Au-ion dissipation in the depth compared to W samples has
been observed. The radiation damage was found to be saturated at
average value of 3 dpa for pure W. W-Cr-Hf alloy exhibits a higher defect
migration into the deeper layer without clear damage saturation in the
irradiated depth.
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