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ABSTRACT

The understanding of the neutron irradiation effects in tungsten is of significant importance for
its use as a plasma facing material in future fusion devices. In this study, cold rolled tungsten is
neutron irradiated at the Belgian BR2 fission reactor at the temperatures 600, 800, 900 and
1200 °C to a dose of 0.18 displacements per atom (dpa). The neutron induced changes in the
microstructure are investigated as a function of irradiation temperature using transmission
electron microscopy, positron annihilation spectroscopy and electrical resistivity
measurements. The influence of the irradiation on the elastic properties and the hardness is
examined using the impulse excitation techniques and depth-sensing indentation. Voids and
dislocation loops are observed at all the irradiation temperatures. As the irradiation
temperature increases the number density of both voids and loops decreases whereas their
size increases. The total dislocation density increases after irradiation at 600 °C whereas it
decreases for higher temperature irradiations. Furthermore, the formation of very small
vacancy clusters in the temperature range of 800 - 900 °C is revealed by PAS measurements. A
systematic decrease in the values of Young’s and shear moduli is observed as the irradiation
temperature increases and this decrease is of about 3.5% after irradiation at 1200 °C. A
considerable hardening effect is observed at all irradiation temperatures. The hardness
increases with irradiation temperature reaching a maximum at 800 °C and remains almost
constant at higher irradiation temperatures.

Keywords: tungsten, neutron irradiation, transmission electron microscopy, positron
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1 INTRODUCTION

The safe and prolonged operation of fusion reactors requires the use of plasma facing
materials that can withstand high energy neutron irradiation, high heat fluxes, impact of highly
energetic particles and cyclic stress loading [1]. Tungsten (W) is the prime choice for armor
materials for the divertor and first wall in current and future fusion devices due to its attractive
properties such as high melting point, high thermal conductivity, low tritium retention, good
sputtering resistance, thermal stress and shock resistance and low swelling under irradiation [2,
3]. However, its brittle behavior at temperatures ranging from room temperature to several
hundreds of degrees Celsius depending on the microstructure, limits its performance and
therefore its potential for fusion applications. Several methods of microstructural modification
have been proposed in order to improve the ductility and fracture toughness of tungsten. It has
been shown that cold-rolling is a process which improves the ductility of W down to room
temperature and at the same time results to a rather high strength material [4, 5].

In the literature there is a number of investigations regarding the microstructure and
mechanical properties of tungsten and its alloys under fission neutron irradiation [6, 7, 8, 9, 10,
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26]. Neutron irradiation results in
extensive damage in the material that is revealed in the form of vacancy clusters or voids and
dislocation loops. In addition, transmutation reactions produce Re, Os and Ta which diffuse and
form precipitates or clusters [25]. These three types of defect clusters, i.e. voids, dislocation
loops and precipitates, can cause the increase of hardness and yield strength and decrease of
tungsten’s ductility. Dislocation loops prevail at temperatures below 500 °C [7, 13], whereas
higher irradiation temperatures promote voids formation. Void lattice formation has been
observed after irradiation at 550 °C to a fast neutron fluence of 10% n/cm? [27]. It has been
shown that the hardness and microstructure changes exhibit a clear dependence on the
neutron energy spectrum [12].

In the current work we investigate the evolution of the microstructure of cold rolled
tungsten irradiated at 0.18 dpa and in the temperature range from 600 to 1200 °C at the
Belgian Material Test Reactor BR2. Open volume defects are determined by positron
annihilation lifetime spectroscopy (PALS) and the irradiation induced changes in the
microstructure by transmission electron microscopy (TEM). The impact of the irradiation
induced microstructural changes on the elastic properties and hardness is assessed by impulse
excitation technique and depth sensing instrumented indentation. In addition electrical
resistivity measurements are employed to evaluate the microstructural evolution and the
contribution of the radiation induced defects.
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2 MATERIALS AND METHODS
2.1 Material and neutron irradiations

The tungsten material, with a purity of better than 99.97 wt%, was produced by PLANSEE
SE in sheet form using a powder metallurgical route consisting of sintering and rolling [28]. The
tungsten sintered compact is heated to a temperature of above 1250 °C (“hot-rolling”) and is
subsequently rolled to a plate thickness of 5.5 mm. Then this plate is “cold rolled” to a
temperature of below 1000 °C and it is brought by progressive rolling steps to 1 mm
thicknesses. The resulting material has a plate-like grain shape [28, 29]. Disks were sectioned
from the plate using electrical discharge machining and were subsequently mechanically
polished from both sides using diamond suspension up to 0.25 um and colloidal silica at the
final stage to obtain mirror quality surface and removing surface oxide and stresses/surface
damage induced by the EDM cutting. The resulting thickness of the samples was about 0.5 mm.

Neutron irradiations were performed at the Belgian Material Test Reactor BR2. In order
to maximize the fast-to-thermal neutron ratio and thus achieve transmutation rates of W into
Re and Os closer to those expected under ITER and DEMO conditions, the irradiations were
performed inside a fuel element and in the maximum fast neutron (> 0.1 MeV, 7 x 10*
n/cm?/s) flux position.

The samples were encapsulated in stainless steel tube filled with helium. The thickness
(1.5 mm) of the steel tube was adjusted to maximize the shielding from the thermal neutrons.
The gap between the samples and the tube was adjusted to achieve 600, 800, 900 and 1200 C
following thermal and neutronic calculations. The irradiation channel was selected to comply
as much as possible with the target neutron flux, which governs the irradiation temperature for
the given capsule design. The typical temperature excursion within a cycle is about 5% (or less
depending on the position of the capsule in the channel) of the target irradiation temperature.
The uncertainty on the temperature calculation is about 5% arising from the uncertainties of
the gap dimension and the nuclear heat release in tungsten.

The irradiation dose was 0.18 displacement per atom (dpa), which was calculated by
MCNPX 2.7.0 based on the total fast neutron fluence (8.9><1O20 n/cm?, >0.1 MeV) achieved after
three irradiation cycles of a total duration of 70 days [30]. The dpa cross sections for W have
been prepared from the JENDL4 file (MT444) for the threshold displacement energy of 55 eV,
following the recommendation of IAEA [31].

2.2 Transmission Electron Microscopy

TEM was performed with JEOL 3010 TEM operating at 300 kV. The TEM samples were
prepared by cutting the irradiated disks into pieces with a size of about 1.5 x 1.5 x 0.5 mm and
then the coupons were mechanically polished using SiC paper with grit sizes of 220, 500, 1200,
2000 and 4000 to achieve 70-100 um thickness. The coupons were rinsed in ethanol and then
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glued on 3 mm copper grids with an aperture of 1 mm. Finally, TEM specimens were polished
electrochemically with a solution of 1.5 wt.% NaOH in water with applied voltage of 30 V. The
local thickness of the specimen was determined from the convergent beam electron diffraction
pattern. Several measurements in different areas were performed to make sure that the
observed microstructure is indeed statistically representative. A typical thickness of the area
under observation was 50-100 nm. The average dislocation density was measured following the
methodology used in [32]. The overall methodology for the registration of tungsten
microstructure was adopted from our earlier works where the same tungsten grades were
investigated after plastic deformation and high flux plasma exposure [33,34,35,36].

2.3 Positron annihilation spectroscopy

2.3.1 Positron Annihilation Lifetime spectroscopy (PALS)

Positron annihilation lifetime measurements were carried out at room temperature using
Ortec® PLS-system [37, 38]. The *’Na radionuclide (from evaporated *’NaCl metallic salt),
encapsulated in 3.6 mg/cm? thin polymide (Kapton®) windows, was used as the positron source
with an activity of 100 pCi. The active area of the source is 5 mm. The positron source was
sandwiched between two pieces of identical specimens. The time resolution, i.e. the Full Width
Half Maximum (FWHM) of the prompt spectrum, was measured with ®Co and was found
around 260 ps. The detectors were placed at a distance of about 5 mm from the sample. For
each spectrum at least four million counts were collected. The mean penetration depth of
positrons corresponding to the mean energy of the *’Na spectrum is 11 um, which is large
enough to avoid any surface effects.

The data analysis was performed using LT10 software [39, 40]. The experimental spectra
were fitted to the expression of the equation,

L N
S(t)=B+R(®(1,. +1)=B+ R(t)®[z Ie ™ + Zlie"“j : (1)
k=1 i=0

The components k£ of the I _refer to air, kapton and source part of the spectrum. The sample
response I, consists of N components with i=0 referring to the defect free material and
i=1,..,N to the different open volume defects within the sample. Each component is
characterized by the relevant intensity /,and its lifetime 7, =1/4,. R(¢)is the resolution

function and B the background. In this expression it is assumed that in each defect the positron
is annihilated independently of the other defects and the defect free matrix, i.e. there are no
correlations.

The resolution function was described by a sum of two Gaussians and it was determined by
®®Co measurements. The I, components (eq. 1) were determined by measurements of well

annealed and of high purity (better than 99.99%) reference materials (Al, Co, Ni, Cd and Pb).
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The lifetime value of the first source component, 7., comprising the annihilations in the

source itself and the surrounding Kapton® foil was found (371 + 1) ps and it is in good
agreement with values reported in the literature (in the range 368 - 386 ps for Kapton and NaCl
source in [39, 41, 42], 385 ps for Kapton in [43]). The second source component, 7.

sre,2 ?
corresponding to the annihilations in the air between the source and the specimen, exhibits a
lifetime value of (2.20 £ 0.03) ns and a small intensity of (2.0 £ 0.2) %.

2.3.2 Doppler broadening spectroscopy

The coincidence Doppler broadening (CDB) spectrum provides the momentum distribution
of the electrons in the material. Low momentum is associated to valence/free electrons found
near open volume defects. High momentum is associated to core electrons and it can be used
to determine the chemical environment around a positron—electron annihilation site.

The CDB setup [44,45,18] consists of two movable high-purity Ge detectors (coaxial HPGe
detector from Canberra type GC3018) with high-energy resolution (FWHM = 0.8 keV at 122 keV
and FWHM = 1.8 keV at 1332 keV) and build-in preamplifier (model 2101P). Both the
electronics as well as the hardware were optimized to measure highly active specimen with
moderate detector dead time (< 20%) and very low background. The measurements were
performed at room temperature using a >’Na positron source.

The low and high-momentum regions in the CDB spectrum were quantified based on the S-
and W-parameters, respectively. The S- and W-parameters were defined as the ratio of low
momentum (|c p,| < 2.5 X 1073 myc) and high momentum (15 X 1073 myc < |c p,| < 25 X
1073 myc) regions in the CDB spectrum to the total region, respectively. Here ¢ denotes the
lightspeed, m, the electron rest mass and p; the longitudinal component of the positron-
electron momentum along the direction of the Y -ray emission.

24 Electrical Resistivity

Electrical resistivity was measured employing the collinear 4-point probe (4PP) method
using Keithley 2182A nanovoltmeter and Keithley 6221 AC and DC current source. The two
outer pins of the 4PP are connected to the current source, while the two inner pins are
connected to the nanovoltmeter. The nanovoltmeter in combination with the current source
were configured to operate as a single device in the so called “Delta Mode”, where the current
source is supplying a DC current with alternating polarity (reversing at a frequency of 24 Hz) in
order to eliminate the effects of the thermal electromotive force (emf). The measurements
were performed at 20 °C and the current used was in the range 10-100 mA. The ratio of the
measured voltage to the supplied current is the 4PP resistance which has to be multiplied by
suitable geometric factors to give the resistivity of the sample [46, 47]. The geometric factor to
account for the sample thickness was calculated by combining Maxwell’s equations for static
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fields with Ohm’s law and the boundary conditions imposed by macroscopic geometric features
(such as sample thickness and pins’ spacing). For the geometric factor to account for the finite
sample dimension laterally compared to the 4PP spacing the relation as described in [47] for
circular samples was used which depends on the ratio of the sample’s diameter to the pins’
spacing.

2.5 Elastic Properties

The Young’s modulus, E, the shear modulus, G, and the Poisson ratio, v, of the non-
irradiated and irradiated W samples were obtained employing Impulse Excitation Technique
(IET) [48] using the Buzz-o-Sonic system. For these tests, the disc shaped specimen was
supported by a foam material and excited by a light mechanical impulse. A microphone located
in the vicinity of the sample was used to transmit sound vibrations to the signal processing unit.
From the spectrum the first and second natural resonant frequencies, fl,z, are obtained and

the Young’s modulus according to ASTM E1876 [49] is given by

_E+E, . Snd'fip(1-)

E E
2 b2 KLf

(2)

where p is the density, ¢ is the thickness and d is the diameter of the sample and K, are

geometric factors. The Poisson ratio is determined from ASTM E1876 tables given as a function
of the ratio of thickness versus radius of the sample and the frequencies. The shear modulus is
determined by the equation

G= (3)

2.6 Vickers hardness

Indentation measurements were carried out at room temperature employing NANOVEA's
mechanical tester and a Vickers indenter. The indentation direction was normal to the plane
defined by the rolling and transversal direction of the W sheet. The maximum load was set at 3
N, while the (un)loading rate was 20 N/min. A dwell time of 200 s was applied before starting of
the unloading process. The loading rate was selected after a series of preliminary indentation
tests to achieve stability in the hardness values. The holding time was chosen such as to attain
equilibrium conditions, i.e. almost no change of the indentation depth. A set of nine
indentation tests, spaced by 200 um, were performed. An optical microscope was used to

select the indented area free from visible defects. The Vickers hardness, H, , was calculated as
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the ratio of the maximum applied force F,, and the actual pyramidal surface area, 4, of the

resulting indentation determined from the imprints using optical microscopy images as

F 2F .. .
H, =% =—"%gin(a/2), (4)
A
where d__ s the mean diagonal length measured from corner to corner on the residual

impression in the specimen surface and o =136" is the face angle of the square-based diamond
pyramid of the Vickers indenter.

3 RESULTS AND DISCUSSION
3.1 Microstructure characterization
3.1.1 TEM

The microstructure of the reference (unirradiated) material is characterized by grains
elongated along the rolling direction with sub-grain size in the range 1.5 — 2 um, while it
presents a dense tangled dislocation network with an average dislocation density of 1x10™ m™
and low angle grain boundaries [29, 50]. Also, dislocation loops were observed with their size in
the range of 3-11 nm and their density around 6.3 x 10 m™.

At 600°C (Fig. 1a, 1d) the mean size of the voids is 1.15 nm (density is 1.25x10*> m™) and the
mean loop size is around 3 nm (density is 2x10%* m™). The voids are distributed homogeneously
(see Fig.1d), while the loop’s spatial distribution depends on the presence/absence of
dislocation lines. In the dislocation-free region (see Fig.1a) the loops form random arrays, while
near the dislocation lines the loops decorate dislocation lines.

At 800°C the mean size of the voids (see Fig.1e) has slightly increased up to 1.8 nm and
their density has slightly decreased down to 8.8x10%> m™. The formation of voids having a mean
size of 3.8 nm and density 8x10** m™ has been observed in neutron irradiated pure tungsten
after irradiation at 800 °C up to a dose of 0.98 dpa while after the irradiation at 500 °C no voids
have been observed [11]. The same authors reported also the presence of dislocation loops
with a mean size of 2.9 nm and density 3.3x10% m? only at the lower irradiation temperature
of 500 °C. The density of the loops has decreased by one order of magnitude, while the mean
loop size decreased just slightly down to 2.66 nm. As in the case of 600 °C irradiation the spatial
distribution of the loops has been found to depend on the particular area of observation being
rich or depleted with dislocation lines, an example is shown in Fig.1b.
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600 °C 800 °C 1200 °C

Fig.1. Bright field TEM images of the samples irradiated at (a,d) 600°C, (b,e) 800°C, (c,f) 1200°C.
(a) Ty=600°C overview of the loops (black dots) in dislocation-free region; (b) T;,=800°C
overview of the loops (black dots) and dislocation rich areas; (c) T;,=1200°C overview of the
loops (black dots); (d) T;,=600°C voids in under focus contrast, loops are black objects; (e)
T,=800°C voids in under focus contrast, loops are black objects; (f) T;,=1200°C voids in under
focus contrast. The images were obtained with g[110] (a, b, d, e, f) and g[211) (c).

After irradiation at 1200°C the mean size of both the loops and the voids has been
increased. At the same time the density of the dislocation loops has decreased nearly by two
orders of magnitude compared to that at 600 °C. The mean loop size has increased by a factor
of three (from 1.15 nm at T;,=600°C to 3.81 nm). The voids and the loops present a
homogeneous spatial distribution. The large voids have well pronounced faceted shapes as
shown in Fig.1f.

Table | summarizes TEM findings for the voids, loops and dislocation lines at the various
irradiation temperatures at the same neutron irradiation damage of 0.18 dpa. Detailed
information about the TEM investigation of the microstructure of the W sheet material of the
current study is presented elsewhere [50]. The values measured directly from TEM are: a) void
diameter, d ., , and their number density per unit volume, N, , b) the diameter of loops,
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and their number per unit volume, N, , and c) the dislocation lines length per unit

oop ?

volume, N, . The total dislocation density is calculated as a sum of dislocation lines density
(N, Table 1) and the term zd,, -N,,, corresponding to dislocations loops.

Table I. Radiation damage microstructural parameters obtained by TEM and 1, / I ratio from
PALS results.

Voids Loops Dislocation Total PALS
Dislocations
lines
. Diameter| Density Volume | Diameter Density Density Density ]1 /]0
fraction
(°C) dvoid N void fvm‘d dloop N, loop N line N t
(nm) | (20 m?) (%) (nm) | (10%2m?® | (10*m? (10%m?)
Unirradiated - - 3-11 0.0063 1.0 1.02 1.012(8)
600 1.15 1.2 0.01 3 2.0 0.35 2.2 2.2(1)
800 1.83 0.88 0.028 2.66 0.317 0.308 0.57 0.60(2)
900 0.40(1)
1200 3.8 0.24 0.069 5.86 0.073 0.175 0.31 1.6(3)

Voids are not detected in the unirradiated material and irradiation results in their
formation. Their volume increases with irradiation temperature, a four-fold increase is
observed when the irradiation temperature is raised from 600 to 800°C and a nine-fold increase
when it is raised to 1200 °C. The volume fraction (in %) of the voids increases linearly with the

irradiation temperature, 7, , as

Funa(T)=F (6007, o Ty o'c) veicie (T, ey (9)
Dislocation loops are very few in the unirradiated sample. Irradiation at 600 °C increases
their number density by a factor of around 300. However, irradiation at 800 °C results to a loop
number density around six times lower than that produced at 600 °C and irradiation at 1200 °C
thirty times lower density compared to 600 °C irradiation. As in all the irradiation temperatures
the same damage has been produced (0.18 dpa) and the irradiation time is also the same, we
can conclude that the effects observed can be attributed solely to temperature. Therefore,
higher temperature can cause either reduction of the irradiation induced loop generation or
higher rate of annihilation of produced loops.
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Fig. 2. Dislocation loop and line density as a function of irradiation temperature. The solid
lines are least square fits of eq. (6) to the data.

The effect of irradiation temperature is also observed in the number of dislocation lines. An
irradiation at 600 °C reduces the high line dislocation density of the unirradiated material by a
factor of about three and irradiation at 1200 °C by a factor of about six. Therefore, the
combined field of neutron irradiation (characterized by the fluence or damage in dpa) and

temperature, 7,.., result in complex phenomena with respect to the generation/annihilation of

irr ?

both loop and line dislocations. These results may be summarized in a function of the number
density of dislocations in the form

N(T,,.t)=N,exp(-

irr?

4 Lipy
T(Tm‘))+afrrT(Tirr){1—eXP(— 7(1},,))}’ (6)

where N, is the dislocation density in the unirradiated sample, a,, the number of dislocations

generated by the irradiation per unit time per unit volume (assumed temperature

independent), ¢, is the irradiation time and rzroexp(E/kBTir,) the lifetime of the

dislocations with E the activation energy and k; the Boltzmann constant [51]. In Fig. 2 the
fitted curves of dislocation densities for both loops and lines using eq. (6) are shown and the
fitted parameters are presented in Table Il. The determined energies are reasonably accurate
(Arrhenius plot of asymptotic form of eq. (6)), whereas the other values are correct in the order
of magnitude. We observe that irradiation results in the formation of dislocation loops and not

10
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of dislocation lines. The dislocation lines pre-existing in the samples are annihilated and this is
due to the temperature and not to the irradiation, i.e. higher annihilation the higher the
temperature. The annihilation of dislocation lines with temperature is in correspondence with
the observed decrease of hardness after thermal ageing on a W material with higher rolling
degree in the work of Reiser et al. [52]).

Table Il. Fitted parameters of eq.(6) to the experimental data for dislocation line and loop
densities (see text for details).

E airr TO
(eV) m>.day* (day)
Loops 0.61 9.2 x 10% 6x 107
Lines 0.095 <10 19.7

3.1.2 Open volume defects using PALS

The normalized PALS spectra of the unirradiated and the irradiated W samples are
presented in Fig. 3. It is observed that after irradiation the average positron lifetime increases
compared to the unirradiated specimen.

As discussed in section 2.3.1 from PALS spectra the positron lifetimes in the defects present
in the material under investigation are determined. Therefore, the association of the
experimentally determined lifetimes with specific defects is essential. The lifetime that
corresponds to the defect-free W materials is reported to be in the range 100-116 ps [53, 54,
55, 56, 57, 58, 59]. The lifetimes for mono-vacancy and dislocation defects are reported in the
range of 160-200 ps and 130 — 180 ps, respectively [42, 55, 56, 60, 61]. The low lifetime value of
130 ps corresponds to screw dislocation as calculated by Staikov et al. [58]. Also the positron
lifetime of a vacancy associated to either screw or edge dislocation was calculated in the range
188-192 ps [58]. Therefore in the range of lifetimes 160-200 ps the defects to be associated
could be mono-vacancies and dislocations. The vacancy complex of 2-3 vacancies has been
found to exhibit a lifetime of 230 ps [62, 63]. Lifetime values from 200 to 380 ps have been
reported as equivalent to average cluster sizes containing 1 to 9 vacancies [62, 64]. Voids
having 13-37 vacancies have a lifetime of 410 - 440 ps [57], and a longest lifetime of 550 ps has
been associated with large vacancy clusters containing more than 40 vacancies [62]. Therefore
lifetimes above 200 ps are associated with vacancy agglomerates.

For the unirradiated sample two lifetimes are required to fit its PALS spectrum, a lifetime

7, ~100 ps which according to the discussion above corresponds to positron annihilations in

the bulk defect free material and a second lifetime 7, having a value of (170 + 1) ps which is

11
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attributed to positron annihilations at dislocations (Fig. 4). These dislocations have been
created during the cold rolling fabrication process of the W material. The intensities /, and /|
are almost equal demonstrating that the probabilities of a positron to be annihilated in the
defect free material or in the dislocations are equal. The high value of I, actually reflects the

high density of dislocations in the as fabricated material as it is presented in Table | containing
the TEM results.
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c —— T=800 °C
2.0l T=900°C |
; ——T=1200 °C
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Fig. 3. PALS spectra for cold rolled W plate irradiated at 600, 800, 900 and 1200 °C and the
unirradiated one.

Three positron lifetime components (7,, 7, and 7,) were required to describe the PALS

spectra for all the irradiated samples (Fig. 4). The obtained lifetimes with their average 7,
together with their relative intensities versus irradiation temperature are presented in Fig. 3. In
the fitting procedure the lifetime 7, was kept constant to that found in the unirradiated sample.
The average lifetime shows a two-fold increase after irradiation at 600 °C, reflecting the
creation of extensive open volume defects, whereas it increases almost linearly with the
increase of the irradiation temperature from 600 to 900 °C. Further increase of the irradiation
temperature does not change its value significantly.

The lifetime, 7,, after irradiation at 600 °C is (163 * 1) ps, close to that found for the
unirradiated sample ((170 + 1) ps). The defects associated with this lifetime in both the
unirradiated and irradiated samples are dislocations [42, 55, 56, 60, 61]. As the irradiation
temperature increases to 800 °C 7, increases to (205 * 2) ps. This lifetime must be a weighted
average of lifetimes corresponding to very small vacancy clusters of about up to 3 vacancies.

Further increase of the irradiation temperature to 900 °C causes the increase of 7, to (246 * 6)

ps which corresponds to a vacancy complex of 4-5 vacancies [57]. Irradiation at 1200 °C results

12
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in the decrease of 7, to (156 + 5) ps, similar to the values of the unirradiated sample and that
irradiated at 600 °C and reflecting positron annihilations at dislocations. Summarizing the
results forz,, for irradiation at 600 and 1200 °C 7, is associated with dislocations and with
probably vacancy-impurity complexes (as it will be discussed below) whereas at 800 and 900 °C
7, is attributed to both dislocations and small vacancy clusters.

After irradiation a second lifetime, 7,, is observed with values ranging from 492 to 553 ps.
This lifetime corresponds to positron annihilations at large vacancy clusters or voids having
more than 40 vacancies [57, 62]. The obtained values for 7, show that for irradiation at 600 °C
the voids have a diameter larger than about 1 nm, a value which is in agreement with TEM
results. The lifetime 7, increases almost linearly with the irradiation temperature up to 900 °C
and then it remains constant. The increase of 7, with irradiation temperature indicates larger

number of vacancies in a cluster. For large vacancy clusters (>40 vacancies) theoretical
calculations predict a small or no dependence of the positron lifetime on the void size [38, 57],
due to the localization of positron at the cavity surface, with a saturation positron lifetime value
of around 500 ps. Therefore, the increase of lifetime 7, with irradiation temperature reflects an

increase in the size of the vacancy clusters which is observed also by TEM.

0.55[(a) T2 % g S 50 ]
0.50 | } —
0.45% ~40f .
. Mean lifetime Ta",; S
®030r AT >30r 1
< -t =
025} % 201t i
<
020} “ = ol ]
0.15}
1 1 1 1 1 0 o 1 1 1 1 1 -
unirradiated 600 800 1000 1200 unirradiated 600 800 1000 1200
. . 0 . .
Irradiation Temperature (°C) Irradiation Temperature (°C)

Fig. 4. Lifetime components (a) and their relative intensities (b) obtained from least square fit of
equation (1) to PALS spectra for the unirradiated and irradiated cold rolled W plate at the
various irradiation temperatures.

The intensities 1, (i =0,1,2), reflect the probability of a positron being annihilated within
the defect free matrix (i =0 ) or a defect (i =1dislocation or monovacancy or small vacancy
complex of up to 5 vacancies, i=2 vacancy cluster of more than 40 vacancies). The relative
probabilities (1,/1,,i=1,2 ) reflect the extent of the defects in relation with the defect free
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regions. In the unirradiated sample I,/1, =1, i.e. it is equal probable the positron to be
annihilated in a dislocation and in the defect free matrix. This indicates that ~50% of the sample
can be considered as affected by the dislocations introduced by the cold rolling.

Irradiation at 600 °C increases this ratio to around 2.2, reflecting the dislocations arising
from the irradiation. According to TEM results the total dislocation density increases from
1x10™ m™ for the unirradiated sample to around 2.2x10'* m™ for the sample irradiated at 600
°C (Table 1, dislocation total density), and this increase is in excellent agreement with the
obtained ratio ,/1,. At 800 °C I,/1is reduced by a factor of about 4 and the same reduction

is observed in the dislocation density observed by TEM. As it has been discussed above there is
an increase in the lifetime 7, and this increase has been associated with small vacancy clusters.

As the decrease of the ratio 1, /1, at 800 °C is equivalent to the decrease of the dislocation
density the contribution of the vacancy clusters in I, could be assumed small. For the
irradiation at 1200 °C the ratio 1,/1, is 50 % higher than that of the unirradiated sample. On

the contrary, the observed dislocation density by TEM is by a factor of three lower. As these
two findings are inconsistent we might assume that other defects formed at 1200 °C and having
annihilation times close to that of dislocations contribute. Yabuuchi at al. [61] calculated a
positron lifetime of ~170 ps for the V-C, V-N, and V-O complexes and a lifetime of 169 ps for a
monovacancy decorated with two hydrogen atoms (V-2H) and 164 ps for a monovacancy
decorated with three hydrogen atoms (V-3H). However, at the irradiation temperature of 1200
°C vacancy-hydrogen (V-nH) clusters are not expected to be present because the dissociation of
hydrogen from vacancy takes place at much lower temperatures according to thermal
desorption spectroscopy studies [65]. As the intensity /, reflects the region of the material free

of defects, it can be concluded that the defect free volume of the material at 1200 °C is 50%
lower than that at 900 °C. It is improbable that vacancy-impurity complexes have generated
such a numerous number of defect complexes at the higher irradiation temperature. However,
at 1200 °C the volume of voids has been increased by a factor of nine compared to that at 800
°C (Table I). These larger voids generate a stress field around them which might act as a trap of
the positrons. In any case, further results are needed for a comprehensive explanation of the
considerable decrease of the defect free volume at 1200 °C.
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Fig. 5. Intensity /, corresponding to voids obtained from least square fit of eq. (1) to PALS data

versus void volume fraction as determined by TEM measurements (Table I). The solid line is a
linear least square fit to the data.

As discussed above the lifetime 7, and consequently the intensity /,have been attributed
to large vacancy clusters or voids. As the irradiation temperature increases the intensity /,and

the lifetime 7, increase almost linearly (Fig. 4). This increase of /,indicates the respective

increase in the volume fraction of vacancy clusters under the assumption that the trapping
strength for positrons remains constant and it is in very good agreement with the void’s volume
fraction as determined from TEM results (Table 1) as it is shown by its almost linear correlation
with the volume fraction measured by TEM (Fig. 5).

2.3.2 Open volume defects using PAS-DB

In Fig. 6 the CDB spectra obtained at different irradiation temperatures are presented. The
spectra focussed around the low momenta are shown in Fig. 6a, while the ones around the high
momenta are presented in Fig. 6b. For the low momenta, the spectra for the irradiated samples
increase significantly compared to the reference, while for the high momenta no obvious
difference can be observed within the scatter. Although a measurable increase is measured for
low momenta, little variation with irradiation temperature is observed. To check this increase in
more depth, the S-parameter is computed. Computation of the W-parameter is omitted due to
the large scatter (low statistics).
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Fig. 6. CDB spectra for the different irradiation temperatures in the low momentum region (a),
and high momentum region (b).

In Fig. 7 the S-parameter is presented as a function of irradiation temperature. Consistent
with the CDB spectra, the S-parameter varies little with temperature: 11% at 600 °C and 8% at
1200 °C. Thus, even at the irradiation temperature of 1200 °C, a significant amount of open
volume defects is still present in the material.

The slight decrease of S-parameter with irradiation temperature is consistent with a shift in
vacancy cluster population towards larger clusters, as explained in [18]. This observation is
consistent with the picture sketched following the PALS measurements.
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Fig. 7. S-parameter as a function of irradiation temperature.
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2.3.2 Electrical Resistivity

The electrical resistivity of the unirradiated W material was found to be
(5.65%£0.03) uQ-cm. In the literature the reported resistivity value of high purity (99.99% or
higher) W at 20 °C is 5.28 uQ-cm for polycrystalline samples [66, 67]. The difference of
0.37 uQ-cm between the resistivity of the W material used in the current study and the value
reported in the literature is due to the dislocations induced by the cold-rolling process as it will
be discussed below.

The resistivity of the irradiated samples was found higher than that of the unirradiated
reflecting the additional electron scattering from the irradiation induced defects and
transmutation products. By subtracting the resistivity of the unirradiated sample from that of
the samples irradiated at the various temperatures, the Radiation Induced Resistivity, RIR, is
derived. With this subtraction the electrical resistivity arising from the scattering of conduction
electrons from phonons and also scattering arising from dislocations or other defects produced
during the fabrication process of the material have been removed. Therefore, the result of this
subtraction refers to the resistivity increase caused by the irradiation, i.e. from additional
defects such as voids, dislocations and transmutation products.

The variation of RIR with the irradiation temperature is depicted in Fig. 8. The statistical
error from the voltage - current measurements are of the order of 10° pQ2.cm or smaller. The
mean value and the experimental errors in Fig. 8, which are of the order of 107 pQ2.cm, are
calculated from the variation of the resistivity for different in-plane orientations of the collinear
4-point probe. The RIR for irradiation at 600 °C has the largest value compared to all the other
values measured for the irradiation temperatures 800 to 1200 °C. The increase of the
irradiation temperature from 600 to 800 °C causes a decrease of RIR of about 27%. At higher
irradiation temperatures RIR remains almost constant.

Further analysis of the electrical resistivity data requires their combination with available
data from TEM measurements through the use of a simple quantitative model for the scattering
of conduction electrons on the various types of defects and impurities. RIR can be considered
as the sum of four main components (ignoring cross scattering of the electrons from the
different defects)

+RIR. + RIR

RIR=RIR ..+ R]Rloop line trans (7)

void

where RIR RIR,, , RIR,, and RIR  are the contributions of voids (including mono- or

void 7 line trans
cluster of vacancies), dislocation loops, dislocation lines and transmutation products,
respectively.

The contribution of monovacancies to resistivity is proportional to their number density, if
their concentration is small (e.g. of the order of 10~ or smaller) and they are randomly

distributed [68]. In the case of a vacancy cluster, a structure factor is needed for the description
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of the relative position of vacancies inside it [69]. Detailed calculations for the determination of
the contribution of vacancy clusters to resistivity were performed by J. W. Martin et al. [70, 71,
72] and it was found that, for nearly spherical clusters, the corresponding resistivity can be
described approximately by a power law dependence on the number 7 of the vacancies in a

cluster as

RIR

void

- 0.7
~ Ry -n, N

vac void = C ’ (d /a)2~1 : Nvoid (8)

void

where B, ~107* Q-m® [73] is the vacancy specific resistivity, i.e. the resistivity corresponding
to 1 monovacancy per m’ and N, (m™)is the number density of a vacancy cluster having n,,,

vacancies. For a void of diameter d_ ., the first term of eq. (8) results to the second one where

void
o the W lattice constant and C a known constant (1.033x107° puQ-cm-m?). Using eq. (8) and

the density and diameter of the voids determined by TEM the RIR ., has been calculated and

void
it is presented in Table Ill. The voids have a small contribution to RIR of 1.4% at 600 °C which
increases to 4.6% at 1200 °C.

The transmutation products Re, Os and Ta have been evaluated by FISPACT-II nuclide
inventory code and TENDL-2017 and EAF-2010 nuclear data bases (to be published). The
calculated concentration for Os and Ta are about two orders of magnitude lower than that of
Re and therefore only Re is taken into account for the calculation of RIR arising from the

transmutation productions, thus

RIR, =B, N, (9)

trans

where P, =1.3 pQ-cm/(Re at.%) the specific resistivity applicable to dilute W-Re alloys [74,

75]. However, the calculated Re concentration depends on the nuclear data base used (TENDL-
17 or EAF-2010). The RIR

trans

(eq. (9)) has been calculated for the two nuclear data bases and it

is shown in Fig. 8. The produced Re calculated using the two data bases differs of about 60%.
The different RIR

trans

values for different irradiation temperatures are due to a slightly varying

neutron fluence at the irradiation positions. The RIR,_values arising from EAF-2010 nuclear

trans
data base and in the range 800 to 1200 °C are larger than the experimentally determined RIR
values corresponding to all the irradiation produced defects. This leads us to the conclusion
that the calculations based on EAF-2010 data base are inconsistent with the experimental data
and, thus, the calculations based to TENDL-2017 data base will be used further on.

Regarding the contribution of radiation induced dislocations to RIR, it is considered that
electrical resistivity due to dislocations is insensitive to the details of dislocation arrangement,
since the main contribution to dislocation resistivity emerges from scattering of conduction
electrons within a few Burgers lengths from dislocation lines [76] and, therefore, the effects of
the dislocation cores dominate those of the long-range strain fields [77]. Due to this
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insensitivity to the details of dislocations arrangement, the contribution of dislocations to
electrical resistivity is expressed as [78, 79, 80, 81]

RIR;,. = Bysg Nyjne (10a)

where B, the Dislocation Specific Resistivity, and N the dislocation density. In the case of

dislocation loops, eq. (10a) takes the form

R]Rloop (dloop) = PDSR : ﬂ-dloop : Nloop (dloop) (10b)

is the diameter of the dislocation loop and A,

where d oop

(d,.) their number density.

loop loop

Therefore the RIR from both lines and loops, RIR,, , can be written as

R,,=RIR._ +RIR

disl line loop

PDSR I:Nline + ﬂdloop ’ jvloop (dloop ):I (11)

There is a discrepancy between the values reported in the literature for P, of W where
three different values are found forP,,: 7.5x10”Q-m’, 1.9x10* Q-m’ and

6.7x107 Q-m’ spanning two orders of magnitude [78, 79, 80, 81]. The measurement of P, is

based at measurements of deformed high purity materials at cryogenic temperatures (~4.2 K)
where the contribution of electron-phonon scattering is practically zero, and the measured
values are considered to be due to dislocations. However, impurities can never be completely
removed and their presence may cause a correlation between electron-dislocation scattering

and electron-impurity scattering in a metal, which results in the dependence of P, on
dislocation density [82, 83]. Dislocation densities smaller than a threshold value of about

10" m™at 4.2 K can result in overestimation of P, of an order of magnitude [81]. A.S. Karolik

et al. [81] concluded that the value of 6.7x107 Q-m’ given for W in Ref. [79] is overestimated
since it emerged from measurements in samples where the dislocation density was not high
enough.

There is one limitation for comparing RIR experimental values versus the calculated ones.
It arises from the fact that the Dislocation Specific Resistivity, P , is not well established (in
the literature it varies by two orders of magnitude, see discussion above). As we require
RIR,, = RIR,,. and taking into account egs. (7)-(11) we have

RIRexp = Rchal(? = R[Rtrans calc + Rleoid calc + PDSR (Ndisl +7- dloop ’ Nloop ) ( )
’ ’ 12
RIRtrans,calc (PDSR ) = (RIRexp - RIRvoid,calc ) - PDSR (Ndisl +7- dloup : Nloop )
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Fig. 8. Radiation induced resistivity, RIR , of the neutron irradiated cold rolled W plate samples
to 0.18 dpa at various irradiation temperatures. (B): experimental data, ([J): calculated using
eq. (7) for By, =2.6x107>’ Q-m’ and Re production according to TENDL-2017, (A, V):

R]Rtrans
2010 nuclear data base, (O, <|): RIR

calculated contribution from Re transmutation product using TENDL-2017 and EAF-
wans.cale » the difference between experimental data and that

calculated values for the defects (voids, dislocations loops and lines) determined from the TEM
data in Table | and egs. (8), (11) and (12), using for Py, the values of 2.6x10% Q-m’ (<I) and

3.2x107% Q-m’ (O) (see text for details).

As the densities of voids, dislocations and their sizes are known from TEM, RIR,,.. ... (Fpsz ) can
be calculated if the correct value of B, is known. As this is not the case, we may use the fact
that RIR,,.q cac (PDSR) for the correct value of F,g; should be a line almost parallel to x-axis as
the concentration of Re transmutation produced defects is almost constant versus

temperature. RIR has been calculated for two values of P, (P =2.6x107° Q-m’ and

trans,calc
3.2x107 Q-m’) shown in Fig. 8. Values outside these limits give values with large slopes so

they have to be dismissed. Further we observe from Fig. 8 that RIR

trans,calc

is in satisfactory
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agreement with that evaluated using the Re concentration obtained employing TENDL-2017
nuclear data base. Finally in Fig. 8 the calculated RIR, RIR ., using P, =2.6x10" Q-m’ and

calc /

RIR,__ evaluated using TENDL-2017 nuclear data base is compared with the experimental data

trans
and a reasonable agreement is obtained. The experimental and calculated values of resistivity
as well the contribution of the different defects are presented in Table Il in which a good
agreement between calculated and experimental values is observed.

Table Ill. Experimental and calculated values for Radiation Induced Resistivity, RIR, for defects
as determined from TEM measurements, and Re transmutation production using TENDL-2017
nuclear data base.

Experimental | Calculated Contribution to Calculated
irr RIR RIR . RIR,,, RIR,,;, RIR '
(°C) (nQ.cm) (nQ.cm) | (Q.cm) | (uQ.cm) (nQ.cm)
600 1.40£0.05 1.30 0.70 0.019 0.58
800 1.02£0.05 0.91 0.72 0.036 0.15
1200 1.01+£0.03 0.90 0.77 0.046 0.08

YFor Py, =2.6x107% Q-m’

At the beginning of section 2.3.2 the difference of 0.37 nQ-cm between the resistivity of the
W material used in the current study and the value reported in the literature was attributed to
the dislocations induced by the cold-rolling process. Using the obtained value of
2.6x107 Q-m’ for P, the dislocation density was determined equal to 1.4x10™* m™ for the

unirradiated state of the W plate material. This value is in excellent agreement with that
determined by TEM (Table 1).

3.2 Mechanical Properties
3.2.1 Elastic Properties

The Young’s modulus, E, shear modulus, G, and Poisson ratio, v, of the non-irradiated
and irradiated W plate were determined as described in Section 2.5 and are presented in
Table IV. The values for the unirradiated sample are in a good agreement with literature

data which are reported in the range 400 to 420 GPa, 158 to 163 GPa, and 0.278 to 0.282, for
E, G and v respectively [84, 85, 86]. As the irradiation temperature increases a systematic
decrease is observed in the Young’s and shear moduli and this decreases is of about 3.5% after
irradiation at 1200 °C. This may related with the increase of the volume fraction of voids which
presents a seven-fold increase as the irradiation temperature increases from 600 to 1200 °C.
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The effects of radiation on metals are expected to be greatest in annealed materials and
decreased in magnitude as lattice defects are introduced by cold work or heat-treatment.
Taking into account that the reference material is heavily deformed it is expected that due to
the fact that irradiation takes place at rather high temperatures there is an effect from the
annealing itself, being of a duration of about 70 days, at the irradiation temperature. It is noted
that irradiation and annealing, as already mentioned in 3.1.1, have a competing role in the
microstructure and as a result in the mechanical properties of the material. The competing
effect of annealing and radiation damage on the elastic properties is investigated in [87] on
ITER grade W, which is less heavily deformed in the as fabricated condition compared to the
material of the current work.

Table IV. Experimentally determined Young’s modulus, £, shear modulus, G, Poisson’s ratio,

v, and Vickers hardness, H, , of unirradiated and irradiated to 0.18 dpa cold rolled sheet W.

Tirr E G v H,

(°C) (GPa) (GPa) (GPa)
Unirradiated 402+ 3 158+1 0.27+0.03 | 4.77+0.04
600 3966 155+ 2 0.28+0.03 | 5.61+0.07
800 392+6 154 +2 0.27+0.03 | 5.97+0.06
900 389+6 153+2 0.27+0.03 | 5.84+0.06
1200 388+6 152+2 0.28+0.03 | 5.94+0.08

3.2.2 Vickers hardness

From the optically determined diagonal of the Vickers’ indenter imprint and eq. (4), the

Vickers hardness of the material was determined (Table IV). The Vickers hardness, H, , of the

unirradiated cold rolled W plate material was found (4.77 + 0.04) GPa. The Vickers hardness
reported in [28] for the same reference W material (1 mm thickness) using a load of around 1 N
is 5.8 GPa (592HV0.1). The lower value in the current work is probably related to the well-
known indentation size effect (ISE) [88], wherein the hardness is observed to increase with
decreasing indentation size, especially in the sub-micrometer depth regime, and it is attributed
to the evolution of geometrically necessary dislocations beneath the indenter, which gives rise
to the strain gradients that cause enhanced hardening. The indentation hardness measured for
the same material at a load of 50 N with a Vickers’ indenter in [29] has a value of (4.8 £ 0.1)
GPa, which is very close to that of the current work. Although the indentation hardness is
expected to be lower than the Vickers one by about 7% the similarity of the two hardness
values can be accounted for taking into consideration ISE effects which result in lower hardness
value as the load increases.
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Irradiation to 0.18 dpa at 600 °C increases the hardness by 17 % while irradiation at higher
temperatures leads to a further increase of the hardness (Fig. 9). The highest hardness increase,

AH,, of about 25% is observed after irradiation at 800 °C, while further increase of the

irradiation temperature does not affect hardness significantly.
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Fig. 9. Experimental (W) Vickers hardness increase versus irradiation temperature of cold rolled

W sheet irradiated to 0.18 dpa. Calculated contributions employing eqgs. (15) and (16) and TEM

data (Table 1) from voids (O), loops (/\) and the total of defects (Xl) assuming root-sum-square
law.

Subsequently, the dispersion hardening barrier (DHB) model is used to describe the
radiation hardening in metals [11, 89]. According to the DHB model each type of defect induces
an increase in the yield strength, Ao, , that can be expressed as

Ao, =Ma,,Gb N Ny (13)

where M is the Taylor factor, «,, is the defect cluster barrier strength, G is the shear
modulus, b is the magnitude of the Burger’s vector (b =0.274 nm for W), N, is the number
density of the defects, and d,, is the mean diameter of the defects. Combining eq. (13) with

the equation that correlates hardness and yield strength as proposed by Tabor [90]
H, = kadef , (14)
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the hardening, AH,, induced by irradiation defects can be determined through

AH, = kM ¢y, Gb N, d,, . (15)

In Tabor’s theory the proposed value of & is 2.74 [91]. However, Hu et al. [11], following the
work of Busby et al. [92], have proposed 3.20 as a more appropriate value of k. For the Taylor
factor, M, R.E. Stoller and S.J. Zinkle [93] have recommended the value of 3.06 for non-
textured BCC and FCC crystals. The same authors recommend the use of the value of 3.06 even
for textured crystals, as the W material of the current study, to provide a standard basis of
comparison when publishing results of microstructure-mechanical property correlations. The
value of the obstacle strength factor, «,,, depends on the type and size of the defects. For the

dislocation loops for «,, the value of 0.15 was adopted as suggested in [11]. The obstacle

strength for voids depends on their size and taking into account the mean size of voids
measured by TEM we can develop a scaling using the measured values of hardness. Assuming a
root-sum-square law the measured hardening is connected with the voids and loop obstacles as

+AH?

void

2 2
AH cale AH/oop

= (kj\l(;b)2 (alioleoopd/nop + avzoid (dvaid )Nvoiddvoid ) (1 6)

Setting AH_, =AH

cale V ,exp

we can calculate «,,, (d,,,) since all the other values are known. The

a,,., has been calculated in Fig. 10 using relevant TEM values and for k£, M and «,, the values

suggested by Hu et al [11], and for the shear modulus, G, that measured employing IET (Table
IV). We observe that «,,,, and the void size, d,,,, are well correlated, and the obtained values

are in good agreement with those obtained by Hu for the corresponding sizes. Finally the
hardness arising from the loop and the voids as well the total hardness are calculated (Table 1V).

As it can be observed in Fig. 9 and Table V the calculated hardening, AH,.", is in good

agreement with the experimental values within error. At 600 °C the contribution from loops to
the hardening is comparable with that from voids, whereas at 1200 °C the hardening is mainly
due to the voids and the loops have a minor contribution because of the drastic decrease in
their number density.

It is noted that the evolution of microstructure, and as a result that of hardness, versus
irradiation temperature is governed by the competing effects of damage recovery at the high
irradiation temperature and by damage formation. The separation of these two mechanisms is
outside the scope of the current work.
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Fig. 10. Obstacle strength versus void diameter calculated using eq. (16). The solid line is a
linear least square fit to the data.

Table V. Experimental Vickers hardness increase, AH,,, and calculated one using the dispersion

barrier hardening model and the data obtained from TEM measurements (Table I).

Tirr AH Vexp AH voids Xoia ' AH loops AH calc 2
(°C) (GPa) (GPa) (GPa) (GPa)
600 | 0.84+0.08 0.83 0.17 0.48 0.96
800 1.20 + 0.07 1.10 0.21 0.18 1.12
1200 | 1.17 £0.09 1.21 0.31 0.13 1.21

'From the least squares fitted line in Fig.10.

ZAHcalc :\/AH2 +AH,

loop void
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4 SUMMARY AND CONCLUSIONS

Disks of tungsten material produced by PLANSEE SE by sintering and rolling to 1 mm
thickness were irradiated by fast neutrons to a damage level of 0.18 dpa and in the
temperature range from 600 to 1200 °C.

Voids and dislocation loops are observed at all irradiation temperatures, with their number
density decreasing and their size increasing with the increase of the irradiation temperature.
This microstructural evolution should be perceived as the result of the rivalling factors of
radiation damage production and recovery due to the annealing at the corresponding
irradiation temperature. The total dislocation density after irradiation at 600 °C increases by a
factor of two compared with that of the unirradiated sample. This increase is explained by a
relatively high density of the dislocation loops formed. As the irradiation temperature is raised
to 800 °C the total density of dislocation decreases showing that at this temperature pre-
existing dislocations are removed during the irradiation. In general, the neutron irradiation
reduces the density of pre-existing bulk dislocations by a factor of three. Voids are formed
after irradiation at 600 °C having a mean size of around 1.15 nm. An increase of the irradiation
temperature to 800 °C increases their size to 1.83 nm and their volume fraction by around
three times. Further increase of the irradiation temperature to 1200 °C increases their volume
fraction by a factor of two. These TEM observations are corroborated by positron annihilation
spectroscopy results that show the formation of voids at all investigated irradiation
temperatures with size larger than 1 nm. Furthermore, PALS also shows the formation of very
small vacancy clusters in the temperature range of 800 - 900 °C.

The irradiation induced resistivity is in good agreement with the calculated values taking
into account the partial contribution to the resistivity from transmutation, voids and
dislocations. Therefore, three techniques TEM, positron annihilation spectroscopy and
resistivity measurements give a consistent picture of the defects produced after 0.18 dpa fast
neuron irradiation in the temperature range from 600 to 1200 °C.

A systematic decrease in the values of Young’'s and shear moduli is observed as the
irradiation temperature increases and this decrease is of about 3.5% after irradiation at 1200
°C. This may be due to the increase of the volume fraction of voids which presents a seven-fold
increase after irradiation at 1200 °C compared to that after irradiation at 600 °C. The Vickers
hardness after irradiation at 600 °C has increased, compared to the unirradiated sample, by
0.83 GPa. Irradiation at 800 °C results to a further increase of 0.36 GPa. Higher temperature
irradiation does not change the hardness, within errors, with respect to that measured at 800
°C. The hardness increase is mainly due to the voids and the higher the irradiation temperature
the lower the effect from the dislocation loops is. The irradiation induced hardness is in good
agreement with the values calculated using the dispersion hardening barrier model.
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