Nuclear Materials and Energy 30 (2022) 101093

Contents lists available at ScienceDirect s

NUCLEAR
MATERIALS &

Nuclear Materials and Energy

journal homepage: www.elsevier.com/locate/nme

L)

Check for

Irradiation effects in tungsten—From surface effects to bulk mechanical o
properties

J. Riesch®", A. Feichtmayer »°, J.W. Coenen “, B. Curzadd ?, H. Gietl ¢, T. Héschen?,
A. Manhard ?, T. Schwarz-Selinger ?, R. Neu ®°

@ Max-Planck-Institut fiir Plasmaphysik, 85748 Garching, Germany

b Technische Universitdt Miinchen, 85748 Garching, Germany

¢ Forschungszentrum Jiilich GmbH, Institut fiir Energie- und Klimaforschung — Plasmaphysik, 52425 Jiilich, Germany
d Department of Engineering Physics, University of Wisconsin - Madison, Madison, WI 53706, USA

¢ Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

ARTICLE INFO ABSTRACT

Keywords: Advanced materials such as tungsten fibre-reinforced composites allow to overcome severe weaknesses of the
Tungsten baseline materials for plasma-facing components — copper and tungsten. The effect of the fusion environment
Wire

on the mechanical properties of these materials, e.g. the embrittlement by neutron irradiation, plays a key role
for the development of future fusion reactors. To simulate this effect, high-energy ions are used as a substitute
for the displacement damage by neutrons. We propose the use of very fine tungsten wire as a possibility
of studying the influence of irradiation damage on the mechanical properties. This is possible as they allow
full-depth irradiation of almost the entire volume despite the limited penetration depth of ions. Geometrical
size effects are mitigated due to the nanoscale microstructure of the wire. In addition, similar wire is used in
tungsten fibre-reinforced composites. Thus, the investigation of irradiated wire can directly be used for the
prediction of the bulk composite properties. For the proof of this concept tungsten wire with a diameter of 16
pm was electrochemically thinned to 5 pm and irradiated with 20.5 MeV W°* ions. The mechanical properties
were subsequently determined by macroscopic tensile testing. Irradiation to 0.3, 1 and 9 dpa did not lead to
a change of the mechanical behaviour. Both strength and ductility, the latter indicated by the reduction of
area, were similar to the as-fabricated state.

Ion irradiation
Tensile test
Embrittlement
Ductility

1. Introduction thin oxide layer, enables controlled deflection of growing cracks. This

activates energy dissipating mechanisms which allow the relaxation of

For next step fusion reactors such as DEMO [1] or a fusion power
plant, the requirements for first wall materials will be more stringent
than for current devices and will require for advanced materials [2,3].
Currently favoured candidate materials such as tungsten (W) for the
plasma-facing parts and copper (Cu) for cooling structures have severe
weaknesses. Tungsten is brittle at low temperature and susceptible to
embrittlement by thermal overload [4] and/or irradiation [5,6]. In the
case of copper, the strength is strongly reduced above 300 °C [7]. A
promising way to improve upon the properties of conventional mate-
rials is reinforcement with high-strength, ductile drawn W wire [8].
By using potassium doped tungsten wire these favourable properties
are preserved up to very high temperatures [9]. In tungsten fibre-
reinforced tungsten composites (W¢/W), the W wire is embedded in a
W matrix produced by powder metallurgy or a chemical vapour depo-
sition process. An engineered interface between wire and matrix, e.g. a
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stress peaks, increasing the resistance to fracture [10,11], as in ceramic
fibre-reinforced ceramics (see e.g. [12]). Tungsten wire is also used to
reinforce copper materials in order to improve their strength at elevated
temperature [13]. W and Cu combine very well as they form a strong
bond without forming a solid solution or intermetallic phases [14].

In a future fusion reactor, high neutron fluxes originating from
the D-T nuclear reaction will occur [15]. The impinging neutrons will
cause displacement damage and transmutation, possibly leading to a
significant change in the material properties. Exposure of metals to
irradiation in general leads to an increase in strength accompanied by
a decrease of ductility [16]. This behaviour is known as irradiation
hardening and can lead to a complete loss of ductility in bcc metals.
The reason for this hardening is the production of various defects in
the lattice. Beside the change in mechanical properties, an increase in
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the hydrogen isotope retention is of concern [17]. In a fusion reactor,
the materials are subjected to an energy spectrum of neutrons reaching
up to an energy of 14MeV (see e.g. [18]). Currently, there is no facility
available to test under these conditions. Alternatively, two methods are
used to simulate the expected effects: neutron irradiation in a fission
reactor and irradiation by high-energy ions. Although fission can be
readily used [19] there are concerns about the differences in the energy
spectrum [20]. Further, due to the need of long irradiation times and
the activation of samples, the costs and cycle times (from outlining
experiments until receiving results) are high [16]. On the other hand,
the use of ion beams allows fast iterations which are helpful in material
development programmes. Here, the damage created by heavy ions is
expected to produce dense cascades similar to neutron induced dam-
age [16,21]. The conditions during ion irradiation are easily controlled,
allowing defined energies, dose rates and sample temperatures [22].
Furthermore, it allows high dose rates up to 10dpa h™! if using heavy
ions (for comparison, dose rates in fission reactors are in the range of
1 dpayear~! [23]). Compared to neutron irradiation, activation of the
samples is absent for heavy ions which makes subsequent testing and
characterisation easier (no hot cells required). In contrast to neutron
irradiation no transmutation occurs for heavy ions. A large drawback
for the study of structural material is the shallow penetration depth of
a few nm to approximately 100 pm (for light ions). The implantation of
impurities is avoided by damaging the material with the same element
(i.e. self-ion implantation). For 20.5MeV W®* ions the damaging zone
reaches the peak damage at around 1.3 pm in W as calculated by
SRIM [24] (profile shown in Fig. 3(a), details in [25]). A comprehensive
overview about the use of ion irradiation as a substitute for neutron
irradiation is given by Was et al. [16,22] and in the ASTM Standard
E521-16 [26].

As a consequence of the shallow penetration depth, the mechanical
properties are frequently investigated by nano-indentation or micro-
mechanical testing [27]. During nanoindentation the affected volume
is typically larger than the irradiation depth, which complicates the
determination of the irradiation effect on the mechanical properties
[28]. In micro-mechanical testing, the actual sample size is often on
the same length scale as that of the microstructural features. As a
consequence, the results of those tests represent the properties of these
features . Using them for the prediction of general material properties
is challenging [29].

In this contribution, fine-grained tungsten wire is proposed as a
polycrystalline model system to avoid this problem. We assess the me-
chanical properties after ion irradiation by tensile testing to investigate
ductility and strength directly. The first results of irradiation by Wo* up
to 9dpa are presented.

2. Tungsten wire — a polycrystalline model system

Tungsten wire is produced by multi step drawing and available
down to a diameter of 16 pm (as produced by drawing). The large
deformation leads to a very fine microstructure. In Fig. 1, the longi-
tudinal sections of a tungsten wire with a diameter of 150 um (left), as
frequently used in W;/W composites, and of a wire with a diameter
of 16 pm (right) are shown. Especially the grain size of the 16 pm
wire is so small that even within the damage range of heavy ions many
grains are in the affected volume. In [30], it was shown that wires with
diameters of 150 pm and 16 pm, which was electrochemically thinned
to 5 pm, show very similar tensile behaviour and ductility (consider-
ing the reduction in area as the characteristic property). Assuming a
penetration depth of 2.3 pm (compare Fig. 3) for 20.5MeV W°* ions
and irradiation from two opposing directions it is possible to irradiate
almost the entire volume of 5 pm thick wire (see Table B.3 for concrete
values).

Tungsten wire has a high strength and is ductile at room temper-
ature (RT). The 150 pm wire has a strength around 3000 MPa, which
increases to 4500 MPa for 16 pm wire [30]. During a tensile test, W wire
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Fig. 1. Scanning electron microscopy (SEM) pictures of the longitudinal section of
tungsten wire with a diameter of 150 ym (left) and 16 pm (right) (Z contrast using
the circular backscatter detector (CBS)). Both sections were prepared by a focussed ion
beam polishing within the SEM. The magnifications are chosen to show similar sizes
for the grains but note the differences in the scale bars (ratio 1:3.5).

shows a pronounced ductile behaviour expressed in strong necking. The
reduction in area is a good measure for the ductility [31]. Tensile tests
can therefore be used to determine the strength and ductility and their
possible reduction by irradiation effects.

Tungsten wire is a standardized industrial product originally devel-
oped for illumination applications [32]. This ensures the availability
of well-defined samples with a well-controlled quality. Variability in
sample quality is thus reduced and a correlation between individual
tests is possible.

The as-fabricated fine-grained microstructure of a tungsten wire is
highly distorted [33,34]. Due to the drawing process the grains are
curled forming the so called van Gogh structure [35]. By annealing,
the microstructure can be modified in a very controlled way [33,34].
At moderate temperatures (1000 °C for pure W wire and 1600 °C for
K-doped W wire) the curling as well as most of the dislocations are
removed. Although the grain size increases slightly, the elongated fine
grain structure is maintained. Annealing at high temperature leads to
massive grain growth producing a few large grains (1600 °C for pure W
wire and 2300 °C for K doped W wire [9]). It can even yield a single
grain across the whole diameter.

3. Experimental

In this section we describe the experimental procedure. Detailed
values and results for the individual samples are given in section 4 and
Table 1. Samples were made from potassium doped (60-75 ppm) drawn
tungsten wire produced by OSRAM GmbH, Schwabmiinchen Germany.
The wire had a nominal diameter of 16 pm and was cut to pieces with a
length of 80-90 mm, referred to in the following as fibres. For handling,
the fibres were attached to a paper frame by a two component epoxy
(UHU Plus endfest 300). A mounting jig was used to held the fibres
straight and in position during gluing. In Fig. 2, a picture of such a
frame is shown together with the corresponding dimensions.

Electrochemical thinning was used to reduce the diameter to ap-
proximately 5 pm in the centre of the fibre (see Fig. 2, right). For that,
the fibre was coated by an insulating protective lacquer (Plastik70 by
Kontakt Chemie) except for a 2 mm long region in the centre. It was then
clamped on one end of the frame by a crocodile clamp and inserted into
an electrolyte (mixture of NaOH (9 g), H,O (300 g) and glycerine (450 g);
details in [36]) for electrochemical thinning. The electrical contact was
ensured by a left over wire piece at the top end of the frame. Applying a
DC voltage of 7V while constantly rotating the sample inside a cylindri-
cal cathode leads to a uniform removal of material in the uncoated area
until the target diameter is reached. Due to the ratio of 10 between the
cross-sectional area in the thinned and unthinned region the fracture
will occur in this zone. This will even be the case if a significant
increase in strength caused by irradiation hardening would occur. The
length of the thinned area defines the gauge length. Contaminations
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Fig. 2. Photo of a paper frame containing a 16 pm W wire attached by a two
component epoxy (UHU Plus endfest 300). Extract shows schematically the geometry
of the testing area where the centre part is thinned to a diameter of 5 pm over a length
of 2mm. On the left side an optical microscopy image of the thinned region is shown.

probably remaining from the fabrication process and/or defects in the
lacquer coating led to inhomogeneities in some cases. Only samples
where the gauge length was free of those inhomogeneities were used
for testing. The diameter was measured prior to testing by optical
microscopy and for selected fibres after fracture at the undeformed part
by scanning electron microscopy (SEM). In total nine samples met the
requirements and were used for the investigation. Three were tested in
the as-fabricated state and six samples were irradiated.

Samples were irradiated with a static Wo* beam in the TOF beam
line of the 3MV tandem accelerator at the Max-Planck-Institute for
Plasmaphysics, Garching [37]. The beam profile can be approximated
by a Gaussian with a width at half maximum of 2 mm. The samples were
individually irradiated using an actively cooled copper sample holder.
The thermal contact to the sample holder was ensured by a metal frame
(opening 10mm) or pins at both ends of the sample (distance 16 mm)
that push the wire down. The sample holders are shown in Fig. A.7
in the appendix. The beam was targeted on the centre of the thinned
part and was held static (no rastering). Due to the sufficient large beam
size (see Table 1) the gauge section was irradiated completely. After a
first irradiation, each sample was manually turned and irradiated again
from the opposite side with the nominal same fluence. Fora 5 pm wire
and a fluence of 3.6 x 10 cm™? this leads to the 2d damage profile
shown in Fig. 3(b). This is defined as an average damage of 1dpa as
most of the wire, i.a. 74.5 %, receive a damage level between 0.5 and
1.5dpa. The detailed values are given in Table B.3 in the appendix.

As a consequence of the energy input by the impinging ions, the
samples are heated. For an approximation, we calculate the incoming
heat based on ion energy, flux and projected area of the irradiated
region for each sample. We assume heat conduction to the metal
frame or pins (temperature 25 °C) and calculate the temperature us-
ing Fourier’s law. We double-checked the results by a finite element
calculation using Autodesk Simulation Mechanical 2017 for an ion flux
of 3 x 10! em~2 s~!. The energy deposited by the impinging ions was
modelled as internal heat source where the ions are implanted into the
material. Both heat transfer to the supports as well as heat radiation
were considered.

Nuclear Materials and Energy 30 (2022) 101093

(a) 1.2 T T T :
©
[oR 4
S
[0
o ]
©
= _
©
)

0 1 1 1 1

0 05 1.0 1.5 2.0 25

Depth [um]

(b)

2.0

y-axis [um]
[edp] ebewep

-1.0

2.0 1.0 0 -1.0 -2.0

x-axis [um]

Fig. 3. (a) Damage depth profile caused by 20.5MeV W ions in W at a fluence of
3.6 x 10 c¢m™? calculated with the *Quick Calculation of Damage’ option in SRIM [24]
with a displacement energy threshold of 90eV. The peak damage is at depth of 1.3 pm,
the maximum penetration depth at approximately 2.3 ym (b) Damage profile in a W
fibre with a diameter of 5 pm irradiated under these conditions from two opposite
sides (for the visualisation 100 lines as shown in (a) were considered). In Table B.3 an
overview of the area fraction per damage level is given.

The applied damage levels were 0.3 dpa, 1 dpa and 9 dpa, respectively
(damage levels with respect to the definition of 1dpa above). The
damage levels were chosen to provide a large spread and correspond to
estimated damage levels in a DEMO divertor (10dpa for a Cu heat sink
and 2 dpa for a W armor [38]). The actual ion flux was determined for
each irradiation using a Faraday cup with a circular opening of 2 and
3mm respectively. The irradiation time was then adjusted according
to this flux and the desired damage level. For this study, the ion flux
varied between 2 and 8 x 10! cm~2 s~!. The values for the individual
samples are given in Table 1.

The tensile tests were performed with a universal testing machine
(TIRA Test 2820) at room temperature. A 20N load cell was used to
measure the force in combination with a contact-less optical strain
measurement system (details in [30]). In this system, the measuring
length is defined by chosen reference points which were the transition
points to the thinned centre region of the fibres. After mounting into
the testing device, the paper frame was cut prior to tensile testing. The
samples were preloaded to 5mN and aligned using an x-y table. The
tests were performed in a displacement controlled mode with a constant
cross-head speed of 0.5pms~!. The engineering stress was calculated
using the measured load and the initial diameter of individual sample
as given in Table 1. Engineering stress—engineering strain curves were
derived using the measured strain and the calculated stress.

The fracture surface of all samples was investigated using a FEI
Helios NanoLab 600 scanning electron microscope (SEM). As a measure
of ductility, the reduction of area was determined for selected fibres
using the SEM images.
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Table 1
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Overview of characteristics and test results for the individual irradiated samples. The uncertainty for strength and reduction
in area results from the uncertainties in diameter measurements. The ion flux is given for both sides for an individual sample.
Calibration measurements of the W flux give an absolute accuracy of better than 10% [37]. As the damage is directly related

to the ion flux we assume a similar error for the damage.

Actual diameter Ion flux Damage Beamspot (width Temperature Strength Reduction of
(measured) (sidel/side2) x height) (estimated) area
[pm] [10' em=257!] [dpal [mm?] [°C] [MPa] [%]
8.5+0.1 3.1/3.7 0.28 3x5 78 4015+ 52%6
6.6+0.1 2.2/3.6 0.28 3x5 67 4310%)38 56*¢
57+0.1 2.0/2.8 0.28 3x5 60 4986 *1%0 517
54+0.1 2.1/3.7 1.4 3x5 64 3248412 60"
54103 8.0/8.0 12 2x2 58 3998 432 5814
38402 7.1/8.3 9.2 2x2 48 348077 60*7

Table 2
Summary of tensile test results calculated as the weighted mean. For comparison the
value for 16 pm wire is given (taken from [30]).

Nominal diameter Damage Strength Reduction in area
[pm] [dpa] [MPa] [%]
16 - 4481 + 35 49+1
5 - 4080 + 71 55+3
5 0.3 4256 +70 53+4
5 1 3310+ 115 60+5
5 9 34847 60°

20nly one valid test.

4. Results

In Table 1, the detailed characteristics and test results for the
irradiated samples are given. The ion flux is given for each side of
the individual sample. The irradiation time was adjusted according to
the actual flux in order to reach the anticipated damage (a fluence
of 3.6 x 10 cm~2 corresponds to 1dpa). The actual fibre diameters
after thinning differ from the desired diameter of 5 ym and from each
other (compare also Fig. 5(c) and (d)). Depending on the actual fluence,
beamsize and the used sample holder the calculated temperature varies
between 48 and 78 °C. Although two samples have much larger ion
flux, the temperature is quite similar due to the smaller beamspot. In
contrast to that, the more realistic FEM calculation leads to a maximum
temperature of 59 °C for the intermediate flux of 3 x 101! cm=2 s~'.

In Fig. 4, the engineering stress—strain curves of non-irradiated and
ion-irradiated samples are shown. In both cases the curves show a clear
ductile behaviour with yielding after elastic loading. There is a large
scatter in the elastic slope, fracture strain as well as in the strength
for the individual irradiation conditions. The strength varies between
3000 and 5000 MPa corresponding to loads between 60 and 100 mN (see
Table 1 for concrete values). With respect to the uncertainties no clear
trend is detectable although the strength seems to decrease rather than
increase with damage. A similar trend seems to be valid for the yield
point. In Fig. 5, corresponding fracture surfaces are shown. All fibres
show the typical knife-edge fracture and a pronounced necking known
for W wire [39,40]. No difference is visible for non-irradiated and
irradiated material.

In Table 2, the mean strength and mean reduction in area are
summarized. For comparison, also the value for a non-irradiated 16 pm
wire is given (taken from [30]). The mean strength increases for 0.3 dpa
and decreases afterwards but at the same time shows a large error. The
reduction in area shows a very small spread and lies between 50 and
60 %.

5. Discussion
5.1. Measuring technique

Sample preparation by electropolishing allows a reduction of the
diameter to the necessary dimension. However, the precision with

which the final diameter is achieved is limited at the moment. As long
as the actual diameter is measured with high accuracy and close to
the location of final fracture the influence is expected to be low for
strength and reduction of area as both is defined by the thinnest region.
However, already small diameter variations along the gauge length
could be a reason for the variations seen in the stress—strain curves (see
Fig. 4). For example, a variation of the mean diameter of only 5% due
to inhomogeneous thinning would explain the deviation of the Young’s
Modulus in Fig. 4. On the other hand, the accuracy of the diameter
measurement has a strong influence on the accuracy of the strength
values due to a quadratic dependence. Another aspect which has to
be considered when comparing the stress-strain curves is described
in [30]. Due to the elastically stored energy in the testing system
accelerated failure might occur and thus the strength is underestimated.
This could be e.g. the case for sample number 6 in Fig. 4(d). These
issues together with the very small load (depending on the diameter
between 40 and 260 mN) and strain values make exact quantitative mea-
surements difficult. A optimized method for diameter measurement as
well as a load cell and a strain measuring system specifically designed
for the small scale samples would be very beneficial.

The large beam size ensures the full irradiation of the sample and
minimizes the risk of misalignment. However, as the beam shows a
gaussian distribution a variation in the damage level along the fibre
axis might still be present. A beam scanning along the fibre axis
should be used to avoid this problem in the future. Calculations show
that the sample only reaches moderate temperatures below 100 °C
(compare Table 1). Even assuming a bad thermal contact, e.g. by
isolating epoxy resulting from sample preparation, the temperature
would in the worst case only reach 120 °C as calculated by the FEM
model. This temperature region is far from any temperature where
significant annihilation of irradiation defects or otherwise annealing of
W is expected. Vacancies become mobile only above 280 °C [41] and
only at temperatures well above 1400 °C full recovery sets in [42,43].
The presented procedure only allows sequential investigations. Simul-
taneous irradiation and loading could lead to different results due to
synergistic effects, like they were reported for H retention [17,44].
Having an in-situ testing capability would in addition lower the risk of
damaging the fragile samples during transfer. Therefore, a setup that
allows irradiation and in-situ testing of such small samples is presently
in development.

5.2. Conservation of ductility

All samples showed a ductile behaviour irrespective of the damage
level. This can clearly be seen in the fracture surface (see Fig. 5) as well
as in the yielding visible in the stress strain curves (see Fig. 4). In Fig. 6,
an overview of the strength and reduction in area is given. There is a
moderate decrease in strength with increasing damage level and thus
no sign of irradiation hardening. The reduction in area stays more or
less constant and even shows a slight increase. There is no reduction of
ductility detectable.
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Fig. 4. Engineering stress—strain curves of tensile tests on drawn tungsten wire with a nominal diameter of 5 pm in (a) initial state and after irradiation to (b) 0.3dpa, (c) 1dpa
and (d) 9dpa. In (a) the diameter of the respective sample is given in the rectangular box. In (b-c) the numbers in the circles correspond to the respective sample in Table 1
(number corresponds to row). The curves were adjusted such that the elastic line starts in the origin and smoothed by a quadratic regression (MATLAB function: “smoothdata -
rloess™). After elastic loading all samples show yielding and distinct plastic behaviour. The red dashed lines indicate an elastic deformation corresponding to a Young’s modulus

of 400 GPa.

Fig. 5. Typical fracture surfaces of tensile tests on drawn tungsten wire with a diameter of 5 pm in (a) non-irradiated state and after irradiation to (b) 0.3dpa, (c) 1dpa and (d)

9dpa. All samples show pronounced necking.



J. Riesch et al.

5000 eaosum |1 70
oA F16pum )
4500 | -] 1 65 .°;
g $ ©
S 4000 ¢ a 160 &
£ 'c
€ 3500 | . 1{ 55 %
5 5 =
3000 | lg @
9 o

2500 : : : £ . 45

o

0.5 1.0 9.5 10.0 105

Damage [dpa]

Fig. 6. Overview of strength (red circles) and reduction in area (blue triangles) for
tungsten wire with a diameter of 16 ym (open symbols) and 5 pm (closed symbols) in
the as fabricated case and for a diameter of 5 pm after irradiation.

A general problem for micromechanical testing is that at very low
dimensions (i.e. below 10 pm) the uncertainties caused by the measure-
ment system become proportionally more important. Here uncertainties
in the diameter measurement have a large influence on the stress values
(quadratic dependence) and thus complicate quantitative statements
about hardening. However, hardening typically observed for tungsten
increases to 34 % for ion-irradiated tungsten [27] and up to 100% for
neutron-irradiated samples [45] which should also be clearly visible
in strength values. Regarding ductility, it has to be considered that
the brittle to ductile transition (BDT) of the tungsten wire is well
below RT (BDT of wire with a diameter of 250 pm occurs around
—100 °C) [46]. Therefore, it might be that BDT did increase due to the
radiation but has not yet reached room temperature and is hence not
yet detectable. Measurements of the BDT of as-fabricated and irradiated
samples are planned. However, BDT shifts of 600 °C have been observed
for tungsten irradiated to 1 dpa in a fission reactor [47]. We can clearly
exclude such a drastic increase in the present study.

The irradiation of the sample is not uniform (compare Table B.3)
and most of the samples are thicker than the desired 5 pm. However,
due to the circular shape the non-irradiated area is low up to a diameter
of approximately 6 pm (approximately 80 % exhibit 25 % of the total
dose or more). For the sample with a diameter of 8.5 pm the non-
irradiated centre is more than 35 %, but no clear trend is obvious when
comparing with thinner samples irradiated to the same dpa level (see
Fig. 4(b)). The sample with highest damage rate does show a lower
strength compared to the non-irradiated case although it is also the
thinnest sample and thus exhibits full-depth irradiation. Therefore, we
assume that the diameter variation does not conceal irradiation hard-
ening. Since the use of thinner samples would be technically difficult to
achieve, the use of lighter ions could lead to a more uniform irradiation
of the entire volume. To avoid implantation of these ions the damage
peak should be beyond the sample. In this case 3MeV H ions would
have a penetration depth of 20 pm and 6 MeV He ions would have a
penetration depth of 8 ym (calculated by SRIM [24]). However, the use
of lighter ions will lead to a reduction in dose rate (10° for H and 10*
for He).

Nevertheless, a direct evidence of the irradiation damage in the
microstructure would be helpful to get an idea about the uniformity.
However, due to the already strongly distorted microstructure in the as-
fabricated condition (see Fig. 1) the detection of damage is challenging.
Transmission electron microscopy (TEM) is planned for as-fabricated
and irradiated material. In addition, gentle heat treatment before irra-
diation can help to reduce the defect density in the as fabricated case
(see e.g. [33,34]) and allow for easier detection of irradiation-caused
damage.

Typically bulk tungsten shows distinct hardening [27,45] and loss
of ductility [48] during irradiation. In neutron-irradiation experiments
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transmutation is suspected to play an important role for the change
of mechanical behaviour. Therefore, the missing transmutation in this
experiment could have reduced the effect of irradiation on the de-
formation behaviour. However, hardening was also observed for ion-
irradiation. Another important effect might be that irradiation effects
are not so pronounced in highly deformed and very fine grained mate-
rial [49]. In the case of tungsten sheet material, Armstrong et al. [50]
attributed this to the recombination of irradiation-caused point defects
on subgrains which are caused by the high dislocation density. This is
probably also true for the thin W wire as also the wire has a very fine
microstructure (see Fig. 1). Walter et al. [51] showed that for drawn
tungsten wire with a diameter of 63 pm the grain size is around 0.2 pm
whereas for rod or sheet material showing irradiation hardening the
average grain size is in the range of 10 pm and more [52].

Furthermore, thin W wire (@ < 1mm), although featuring a high
dislocation density, exhibits distinct ductility as e.g. shown in [33] for
as-fabricated wire. Whether this means that the deformation mech-
anism active in W wire is also less affected by defects induced by
irradiation needs further investigation.

5.3. Consequences for the use in tungsten fibre-reinforced composites

In the case of W¢/W, the properties of the composite are dominated
by the properties of the used wire [53]. Understanding the effect
of irradiation on the tungsten wire can help describe the composite
behaviour. At the moment, mainly wire with a diameter of 150 pm is
used in W¢/W. The use of thinner wires down to a diameter of 16 pm is
envisaged [54]. In [30], it was shown that the deformation behaviour of
150 pm wire is very similar to the thin wire. This means that even now
the presented approach will help predicting the irradiation behaviour
and help interpreting the results of irradiation studies [55] of W¢/W.
The studies will be even more relevant once the thin wire is used in
the composites.

Furthermore, the state of the wire influences the activation of extrin-
sic toughening mechanisms. A ductile fibre consumes crack energy by
ductile deformation and is therefore more effective than a brittle fibre,
which is rather being pulled out [56]. Because of this, the observed
conservation of the ductility would be very beneficial for the composite
toughness. In addition, due to the missing embrittlement the strength
of the wire is preserved which is especially favourable for W;/Cu.

6. Concluding remarks and outlook

Very thin W wire was irradiated by high-energy ions to DEMO-
relevant damage levels. Due to the small size most of the volume is
irradiated and the effect on mechanical properties could be studied
using tensile testing. No significant change of the mechanical behaviour
due to irradiation in terms of strength and ductility was observed.
Using this technique, a systematic study of irradiation effects on the
mechanical properties of thin W wire is now possible. This opens up
possibilities for the further development of tungsten based composites
and eventually helps to understand better the microscopic effects of
irradiation.

It is planned to increase the number of tests and the dose to increase
the statistical relevance of the results. To allow synergistic studies a
tensile testing rig allowing mechanical tests in combination with ion
beam loading is currently being developed. Here, the focus also lies in
an optimized experimental setup e.g. a low load sensitive load cell and
an improved and direct strain measurement.
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Table B.3
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Percentage of irradiated volume per dpa level as a result of the irradiation by 20.5MeV W ions at a fluence of 3.6 x 10" cm™
from two sides (see profile given in Fig. 3). The first column gives the values for the target diameter of 5pm, the other
columns for the actual diameters of the tested samples. Sample numbers in last row correspond to samples in Table 1 and

Fig. 4.
Damage 6 in [dpa] 5.0 pm 3.8 um 5.4 pm 5.7 pm 6.6 pm 8.5pum
Percentage in [%]
0.00 < 6 <0.01 32 0 7.5 10.4 19.8 353
0.01 <6 <0.25 83 0 9.0 9.7 9.2 83
0.25 <6 <0.50 9.0 5.6 9.1 8.3 82 7.0
0.50 <6 < 1.00 57.0 56.3 54.2 53.1 47.5 383
1.00 < 6 < 1.50 17.5 24.8 16.3 15.1 132 10.2
1.50 <6 <2.00 4.4 11.6 34 2.9 1.8 0.8
2.00<6 0.6 1.7 0.5 0.4 0.3 0.1
Sample 6 4/5 3 2 1

(a)

W sheet

cooled copper
sample holder

stainless steel cover
for fixation of paper frame

Fig. A.7. Sample holders used for irradiation. The holder shown in (a) was used for
sample 1-4, the holder shown in (b) for sample 5 and 6 as given in Table 1. Both
holders consist of a water cooled copper base and stainless steel covers to fix the
samples. The thermal contact of fibre and base is ensured in (a) by the stainless steel
cover and in (b) by pins pushing down the fibre. In (a) a tungsten sheet below the
fibre prevents sputtering of the copper base.
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