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Abstract

Micro-tensile testing has been used to study the response of pure tungsten and two tungsten alloys
to helium ion irradiation. Commercially supplied plates of W, W-5Ta and W-5Re were irradiated using
6MeV helium ions at room temperature. The ion energy was attenuated with an energy spreading
device such that a uniform level of damage at 0.6 dpa (and 11,000 appm He) was deposited at the 3 —
9 um depth. Focused ion beam milling was used to fabricate dog-bone shaped, micro-tensile samples
5 x5 um in cross sectional area and 17 um in length from the unirradiated and irradiated samples. All
micro-tensile samples were tested at a quasi-static strain rate and the stress-strain curves were
analysed to determine the mechanical properties. A close correlation was found between micro-
tensile results and the bulk mechanical properties reported in the literature. Comparison between the
unirradiated micro-tensile properties of W-5Re and W-5Ta with W showed that, as expected, W-5Re
was softer than W whilst W-5Ta had only minor differences in micro-tensile properties compared with
W. The micro-tensile results of the irradiated W, W-5Ta and W-5Re showed an increase in strength
and an almost complete loss of ductility compared to the unirradiated samples. In comparing micro-
tensile results to nanoindentation measurements, it was found that micro-tensile offers comparable

level of precision in measurement of irradiation hardening among W, W-5Ta and W-5Re. The
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implications of the results with respect to the future performance of tungsten-based materials in the

divertors in fusion reactors are discussed in detail.
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1. Introduction

Tungsten is the leading candidate material for the divertor component of future DEMOnstration fusion
reactors [1] and is also the material of choice for the International Thermonuclear Experimental
Reactor (ITER) [2] currently being constructed in Provence, France. The divertor components play a
critical role of ensuring the continuous operation of a fusion reactor by filtering out helium “ash” from
the deuterium-tritium fusion reaction. The divertor is made from a ring of “cassettes” located at the
bottom of the tokamak. Tungsten plates strategically oriented on each divertor cassette face the hot
plasma, cooling and filtering out helium ash accumulated on the periphery of the toroidal deuterium-
tritium plasma [3]. The divertor is expected to experience the most extreme environment in a fusion
reactor, withstanding operating temperatures of 1000 °C (in the event of accidents: 3000°C), neutron
damage (4.4dpa/annum for DEMO), thermal neutron transmutation of tungsten (3.8 at.% rhenium,
1.38 at.% osmium and 0.9 at.% tantalum after 5 years in a power plant reactor) and damage from
alpha particle bombardment [2,4—6]. Compared to other candidate materials for the divertor such as
carbon (early model of JET in Culham), tungsten has many advantageous qualities, especially its high
melting point and good thermal conductivity, relatively lower sputter, transmutation and activation
rates, and low tritium retention [4,7,8]. Despite this, the already poor mechanical properties of
tungsten can degrade further during operation from being exposed to radiation under high
temperature [9]. The rates of degradation of tungsten’s various mechanical properties are not known

and the mechanisms involved are the subject of extensive research by experimentalists and modellers.

Due to the complexity involved with studying neutron and helium ion effects simultaneously materials
scientists have undertaken research on either neutron or helium ion effects to date. Thus far, neutron
irradiation studies undertaken on tungsten using nuclear research reactors have identified the
formation of non-equilibrium precipitates between tungsten and its major neutron transmutation by-
product: rhenium (Re) [10-16]. For a tungsten 5 at.% Re alloy, sigma phase forms after ~1-2dpa

neutron irradiation at 500 — 800°C, in conflict with the W-Re thermodynamic phase diagram which



anticipates a complete solid solution [17]. Such precipitates are exclusively irradiation induced and
their presence has been found to significantly increase the hardness of the tungsten by ~4 GPa [11,18].
Further studies on the irradiation of W-Re alloys have been undertaken via self-ion irradiation using
tungsten ions as an analogue for neutron displacement damage [19—-24]. These studies have identified
semi-coherent Re metastable clusters post ion irradiation. Such clusters are softer and have a weaker
hardening effect relative to sigma precipitates. The same studies also identified irradiation flux (dpa
rate) as being crucial in formation of precipitates in W-Re alloy. Neutron damage to a level of 1dpa
over the course of a year induced precipitate formation in W-5Re while 10dpa tungsten ion damage

over 3 days could induce only Re clusters in the W-5Re alloy.

On the other hand, studies of helium ion irradiation of tungsten have been relatively less expansive
than neutrons. Until the end of 2022, the vast majority of literature on helium irradiation of tungsten
involves single energy helium ions with energies that penetrated into a depth of ~500nm [25-27].
These studies found the irradiation hardening to plateau at 5.5 GPa beyond 10 ions/cm? as the
helium bubble density saturates with only its diameter increasing. In most studies of helium ion
irradiation, nanoindentation is used to evaluate the mechanical properties which carries a certain
degree of inaccuracy as the hardness data extracted from such a shallow depth is a mixture of the
plastic response of both the irradiated layer and the unirradiated substrate. Moreover, whilst
hardness measurement is an effective means of gauging radiation strengthening it does not provide
direct insight into how yield stress, work hardening and elongation are affected by irradiation. This is
so because it creates a 3-dimensional state of stress, as opposed to uniaxial stress in a pure tensile
test. No studies have been undertaken whereby the investigators make use of alternative micro-
mechanical testing methodologies such as micro-tensile testing to understand helium ion irradiation

effects.

Due to the limitations of using nanoindentation alone to understand irradiation effects, in this study,
we have applied both micro-tensile and nanoindentation testing to understand the mechanical

response of tungsten before and after helium ion irradiation. Here, samples were irradiated using 6



MeV helium ions that had passed through an energy spreading system, designed to uniformly
distribute radiation damage and helium atoms through a 10 um depth. Formation of a uniform helium
damage layer over a greater depth in tungsten haven’t been attempted before to the best of the
authors’ knowledge, which allows the authors to extract mechanical properties more accurately.
Additionally, samples of W-5Re and W-5Ta alloys were irradiated in this study, in order to effectively
simulate a later stage of neutron irradiation since Re and Ta are transmutation by-products of the
neutron irradiation of tungsten. By studying these two alloys, we attempted to simulate helium
migration, displacement damage and transmutation effects taking place within the divertor since
there is very sparse literature to date comparing effect of Re and Ta on mechanical properties of W
under helium ion irradiation. By performing micro-tensile and nanoindentation testing of helium ion
irradiated pure tungsten, W-5Re and W-5Ta alloys, it was possible to determine the accuracy of micro-
tensile testing results relative to bulk scale results and nanoindentation testing and quantify the effect

of helium irradiation on the strength and ductility of tungsten-based materials.

2. Experimental

2.1 Materials and Sample Preparation

Pure tungsten, W-5wt.%Re and W-5wt.%Ta alloys were supplied from Plansee® as sheets 10 x 10mm
in length and width and 1mm thick (except W-5at.%Re sheets which were 0.5mm thick). For ease of
referencing, the pure tungsten, W-5wt.%Re and W-5wt.%Ta will be referred to as W, W-5Re and W-

5Ta from this point onwards.

The plates were initially annealed in a vacuum tube furnace for 24 hours at 1,000°C and air cooled to
room temperature to relieve internal stresses whilst avoiding recrystallisation. The expected

mechanical properties of Imm W sheet with 0.43 um diameter grain size (measured on cross-section



perpendicular to rolling direction) produced by sintering, hot rolling at temperatures above 1200°C
and cold rolling at 1000°C are shown in Table 1 as reproduced from publications of Bonk and Reiser et
al. [28,29]. Tensile data for W-5Re sheet were not available, but instead published results detailing
tensile testing of Plansee® W-5Re 1.5 mm diameter wires are shown for grain size ~3 um (when
measured on cross section perpendicular to wire length) and annealed for 1 hour at 1000 °C[30]. Data
could not be found in the literature for Plansee® W-5Ta as this is an experimental composition.
However, studies by Nogami et al. [24] on W-5Ta from A.L.M.T. Corp produced by sintering and hot
rolling followed by stress relief having grain size of 50 um (measured on cross-section perpendicular

to rolling direction) are reproduced in Table 1 as well.

W (Imm thick. Plate) W-5Re (1.5mm diameter W-5Ta (4mm thick. Place)

Wire)

(Source: Plansee) (Source: A.L.M.T. Corp)

(Source: Plansee)

Yield Strength 1593 - 1120
(MPa)

Ultimate Tensile 1713 1375 1220
Strength (MPa)

Elongation to UTS 0.014 0.03 0.01
(mm/mm)

Elongation to Failure | 0.031 0.03 0.02
(mm/mm)

Table 1. Mechanical properties of W, W-5Re and W-5Ta metal sheets and wires as reported in the

literature.

The plates of W, W-5Re and W-5Ta were ground using SiC grinding paper from 80 to 1,200 grit
followed by a diamond cloth polish using 15, 3 and 1um grit diamond paste. Finally, a ~100nm colloidal
silica polish was applied to the plates to guarantee a finish suitable for electron microscopy analysis
as well asion irradiation. A Zeiss Ultraplus Scanning Electron Microscope (SEM) equipped with Oxford
Instruments Nordly S EBSD detector was used to perform EBSD analysis on the as-polished W, W-5Re
and W-5Ta samples. The EBSD pole figure maps for W, W-5Re and W-5Ta are displayed in Figure 1(a-
c). The grain size measured from the SEM images for W, W-5Re and W-5Ta using the line intercept

method were all in the range 1-3 um. The Inverse Pole Figure (IPF) map for Euler angles and grain



orientation along the X, Y and Z directions are shown in Figure 1(a-c) for each material. It is apparent
across all three materials that there is strong texturing present. IPF plots for the W-5Re sample show
strong texture towards the {100} planes along the x, y and z axis. The IPF Z and IPF X plots for the W
and W-5Ta samples, respectively, show about half of the grains are textured along the {100} plane
with the other half being textured along the {111} plane. The rolling process applied to these samples
in their production most likely introduced the textures observed here. Furthermore, Appendix 1(a,b),
Appendix 2(a,b) and Appendix 3(a,b) present an enlarged Euler angle IPF maps along with the 3° and
10° angle grain boundaries for the Pure W, W-5Ta and W-5Re samples. The use of 3° was most
appropriate to highlight sub-grains present in the micro-structure across the Pure W, W-5Ta and W-

5Re samples since the material is highly textured already.

2.2 Irradiation Environment

The 2MV tandem STAR ion accelerator at the Australian Nuclear Science and Technology Organisation
(ANSTO) was used to irradiate W, W-5Re and W-5Ta samples with 6MeV He?* to a fluence of 5.6x10
ions/cm?. The irradiation took place at room temperature (25°C) and the energy of the He ions was
attenuated via the use of Al foils, placed in between the path of the ion beam and the sample. This
energy spreading system is made of a steel disk of 15 cm in diameter, and 1 mm thick, out of which
21 equal sectors were cut out, and each hollow sector was covered by an aluminium foil of particular
thickness (except one sector left uncovered by the foil). The thickness of each Al foil was chosen to
reduce the energy of the He ion by a specific quantity. Each foil thickness is either higher or lower than
the adjacent foil by 0.8 or 1 um. The simulation of radiation damage and helium concentration profile
were calculated using the radiation damage simulation software: Stopping Range of lons in Matter
(SRIM) [31] using the Kinchin-Pease method using the mode: “ion distribution and quick calculation of

damage”. The damage was estimated from the vacancies and the displacement energy used is 70eV



[32]. The results are displayed in Figure 2(a-b). At depths of 3 to 10 um below the W sample surface,

SRIM predicts a plateau in displacement damage at ~0.6 dpa and He concentration at ~11,000 appm.

2.3 Micro-Tensile Testing

Dog-bone samples 5 x 5 um? in cross-sectional area, 17 um in length and having 3 um radius fillets at
the corners (to minimize stress concentration) were milled using a Zeiss Auriga 60 Focused lon Beam
Scanning Electron Microscope (FIB-SEM). In fabricating a dog-bone tensile sample, a large Ga* ion
current of 20nA at 30kV was initially used to perform rough milling followed by smaller currents of
4nA at 30kV and 1nA at 30kV to achieve the final dog-bone dimensions. All unirradiated and irradiated

micro-tensile samples were fabricated along the rolling direction of the material.

There is a total of 6 combinations of different material compositions (W, W5Re, W5Ta) and conditions
(unirradiated, irradiated). For each combination, 3 dog-bone micro-tensile samples were fashioned
totalling 18 micro-tensile samples in all. All samples were tested at low strain rates of 1.5 x 10®—3.9
x 10 /s in both the unirradiated and irradiated states. Each micro-tensile sample was analysed via
EBSD before and after micro-tensile testing. The micro-tensile testing took place on a micro-test rig
(MTR-3™) developed by MicroTesting Solutions® Ltd. (Hilliard, OH, USA). The micro-test rig was
mounted within a Zeiss® Ultra Plus™ SEM which was used to image the micro-tensile samples at
regular displacement intervals. For every micro-tensile test, the strain was derived from the SEM
images via a MATLAB image correlation code which requires the user to specify identify the neck
regions of the dog-bone and then calculates the changes in length between the two points across all
images. The code is owned by MicroTesting Solutions so it cannot be shared in this manuscript. During
testing of the sample, it was paused temporarily while the SEM image was being taken (requiring 20
seconds for a high-resolution image). The testing rig also output the displacement, time stamp and
load as measured by the load-cell. The engineering stress experienced by the micro-tensile sample

was calculated by dividing the load by the dog-bone cross-sectional area. The displacement was



calculated by the testing rig software using an equation that accounted for calibration parameters and
the voltage experienced by the load cell. Previous, studies by Xu et al [33] found the displacement

values to be linearly correlated with strain measurements from SEM.

2.4 Nanoindentation

An Agilent® G300 Nanoindenter fitted with a Berkovich diamond tip was used to probe the hardness
of the W, W-5Ta and W-5Re samples before and after irradiation. The “hardness at depth” mode was
applied and 1.2 um was the depth of choice for hardness measurement of all samples. The selection
of 1.2 um makes it possible to overcome tip shape effects and indentation size effects present at
depths below 0.2 um and is also a depth where the plastic zone (8-10 um radius as per findings of
Saleh et al [34]) falls within the helium ion damage zone of 11 um, thus measuring the hardness
response from exclusively the irradiation layer. For each sample 100 indents were performed and the

mean and standard deviation calculated from the measurements.

3. Results

The engineering stress-strain plots from multiple micro-tensile samples of W, W-5Ta and W-5Re in the
unirradiated and irradiated state are displayed in figure 3(a-c). The strain values were calculated from

the SEM images of the dog-bone samples taken at regular intervals as detailed in §2.3.

Across all the engineering stress-strain plots presented, the unirradiated micro-tensile samples
exhibited plasticity upon reaching the yield stress and necked upon reaching the ultimate tensile
stress. However, there is no macro-plasticity present amongst the helium ion irradiated samples

where the samples fracture at failure strains significantly lower than the unirradiated samples. Such



ductility present amongst the unirradiated W, W-5Ta and W-5Re is further emphasized in figure 4 (a),
figure 5 (a) and figure 6 (a) where Inverse Pole Figure (IPF) plots of grain orientation relative to the
tensile axis of micro-tensile samples before and after fracture are presented. In contrast, the
embrittlement of W, W-5Ta and W-5Re after ion irradiation further evidenced in IPF plots in figure 4
(b), figure 5 (b) and figure 6 (b) respectively. All the micro-tensile samples presented in Figure 4 — 6

are oriented along the y-axis as labelled in Figure 1(a-c), the EBSD images of the bulk material.

The average values of the yield stress (YS) at 0.2% strain, ultimate tensile strength, strain to ultimate
tensile strength (UTS) and strain to failure along with strain rate for all the stress-strain plots of W, W-
5Re and W-5Ta samples presented in Figure 3(a-c) are summarised in table 2. All the values reported
in table 2 are the engineering stress and strain values and the error values reported are calculated
from the standard deviation of the data sets. Since the irradiated W, W-5Ta and W-5Re samples
possessed no measurable ductility, there is no YS to report. Only the failure stress is reported as the

UTS instead in table 2.

YS (MPa) UTS (MPa) Failure Stress (MPa) €@ UTS € @ Fail €' (x 10°/s)
W_UNIR 1403 + 256 1581 + 113 - 0.013 +0.003 0.273 £ 0.059 3.4+05
W_HEIR — — 3423 £312 - 0.01 £0.004 1.5+0.7
W5Ta_UNIR 1357 + 164 1484 + 117 - 0.013 +0.006 0.013 £ 0.006 3.9+0.2
W5Ta_HEIR _ - 2834+ 145 - 0.009 + 0.002 1.8+0.3
W5Re_UNIR 1146 + 39 1299 + 37 - 0.032 £0.017 0.398 £ 0.032 21+1.1
W5Re_HEIR _ - 2488 + 304 - 0.013 +0.003 1.8+0.4

Table 2. Mechanical properties: yield stress (YS), ultimate tensile strength (UTS), strain to UTS and
strain to failure and strain rate of micro-tensile samples of W, W-5Ta and W-5Re in unirradiated and

irradiated condition (UNIR and HEIR respectively).

Nanoindentation measurements of the hardness of the W, W-5Ta and W5Re samples at 1.2 um
depth are reported in Table 3 along with the error values (standard deviation). The irradiation
hardening for each sample is also presented in Table 3 and is calculated by subtracting the
unirradiated hardness from the irradiated hardness measurement. Also present in the table is the

estimated increase in UTS from irradiation for each sample which is calculated by dividing the



irradiation hardening values by 3 (estimated Tabor factor). The increase in UTS from irradiation as

calculated from micro-tensile (table 2) and nanoindentation (table 3) are visually represented in

Figure 7 bar chart for W, W-5Ta and W-5Re

Unirradiated Hardness Irradiated Hardness Irradiation Hardening Increase |r.1 U.TS from
(GPa) (GPa) (GPa) Irradiation
(GPa)
W 6.27+0.33 8.87+0.33 2.6+0.46 0.87 +0.15
W5Ta 5.64 +0.44 7.55+0.58 1.92+0.73 0.64 +£0.24
W5Re 522+1.21 9.16+0.32 394+1.25 1.31+0.42

Table 3. Nanoindentation hardness measurement of W, W-5Ta and W-5Re in unirradiated and

irradiated state. Also presented here is the irradiation hardening and strengthening for each sample.

4. Discussion

4.1 Micro-tensile results vs bulk tensile properties

Micro-tensile testing of W and W-5Re (table 2) yielded results similar to those from the bulk materials
as reported by the Plansee supplier in table 1. The W micro-tensile samples have a YS and UTS of 1403
+ 256 and 1580.77 + 113.33 MPa respectively (table 2) which approaches the YS and UTS of bulk W
plate (Table 1): 1593 and 1713 MPa respectively. Similarly, the W-5Re micro tensile samples measured
a UTS of 1299.45 + 36.67 MPa, which matches the UTS reported for bulk W-5Re 1.5 mm diameter
wires of 1375 MPa. The close correlation in strength between the micro-tensile samples and the bulk
properties for W and W-5Re confirms the reliability of micro-tensile testing in reproducing bulk

properties.

The replication of yield strength and UTS of tungsten on the micron scale extends to other mechanical
properties, such as elongation. Table 2 reports the strain at UTS of the micro-tensile samples of
unirradiated W and W-5Re which are 0.013 + 0.003 and 0.032 + 0.017 respectively. The values
approach the elongation to UTS for bulk samples of W and W-5Re at 0.014 and 0.03 respectively (table

1). However, the W and W-5Re micro-tensile samples failed at 0.273 + 0.059 and 0.398 + 0.032 (table



2) respectively which did not reproduce bulk values (table 1). It is likely that shear strain is less
constrained for the micro-tensile samples than for the bulk tensile samples reported in the literature,

allowing for a greater degree of elongation to failure.

Meanwhile, there is discrepancy when in comparing the micro-tensile results for W-5Ta (Table 2)
compared to the bulk tensile results for W-5Ta from Nogami et al. [24] in Table 1. The micro-tensile
YS and UTS for W-5Ta are 1357 + 164 and 1484 + 117 MPa respectively which are larger than the bulk
YS and UTS values in Table 1: 1120 and 1220 MPa. The difference can be largely attributed to the grain
size of the bulk W-5Ta tested by Nogami et al, which is 50 um an order of magnitude greater than the
grain size reported here. Thus, the Hall-Petch effect is likely the major reason for the difference in
stress measured here and it is further evidenced in the YS and UTS reported for Pure Tungsten (grain
size 120 um) having a 880 MPa significantly lower than that measured for Pure Tungsten (grain size
0.43 um) by Reiser et al. [29]. There is similarity in the elongation to UTS for W-5Ta but the difference
grain size between the sample studied here from Plansee and Nogami’s sample from A.L.M.T. corp

make it difficult to compare between the two.

Overall, micro-tensile testing of W and W-5Re gave mechanical property values of yield strength, UTS
and strain to UTS that replicated bulk mechanical properties reported in the literature. Such
comparison highlights the usefulness of micro-tensile testing in ascertaining bulk properties and
shows size-effects are absent at the micron level where there are more than 25 grains within the cross-
sectional area. This is consistent with prior studies on Ni-3wt%SiC [35]. Itis also supported by studies
of Vo et al. [36] where micro-tensile testing of unirradiated and proton irradiated 304 stainless steel
produced yield stress values that closely matched yield stress estimated from the nanoindentation
hardness measurements. We therefore expect that the mechanical properties reported here for the

irradiated W, W-5Ta and W-5Re will also be representative of bulk mechanical properties.



4.2 Comparison of mechanical properties of W, W-5Re and W-5Ta alloys.

In the unirradiated state, the presence of rhenium or tantalum in solid solution appears to have
differing effects on tungsten. In figure 3(a-c) and table 2, the elongation to UTS for W-5Re is 3 times
greater than that of W while the elongation to UTS for W-5Ta is the same as W. The W-5Re alloy has
a lower UTS than W whilst W-5Ta has a similar UTS to W. In all, when comparing mechanical response
of W-5Re to W, the presence of Re appears to increase the elongation to failure which is consistent
with literature findings on Re addition to tungsten [37]. On the other hand, the W-5Ta alloy possesses
mechanical properties similar to those of W which implies the presence of Ta to have a negligible
effect on W mechanical properties at room temperature. There is a difference in texture between the
pure W, W-5Re and W-5Ta samples but the inherent effect of Re and Ta solute elements appear to
overcome this as we observed trends in mechanical properties that mirror the literature. Nonetheless,
only qualitative comparison is possible at this point as the differences in texture do not allow for a

detailed quantitative comparison of the effect of Re and Ta solute elements.

4.3 Effect of irradiation on W, W-5Re and W-5Ta alloys.

In this study, helium irradiation of W, W-5Re and W-5Ta to a radiation damage level of 0.6 dpa and
helium concentration of 11,000 appm (figure 2) brought about embrittlement of the samples which is
evidenced by the increase in failure stress and decrease in ductility. In figure 3(a-c) and table 2, there
is a minimum two-fold increase in failure stress across all samples. This increase in strength between
the irradiated and unirradiated state is particularly pronounced for W at 1,842 + 332 MPa as it is
statistically greater than the strengthening observed for W-5Ta and W-5Re at 1,350 + 186 and 1,188
+ 307 MPa respectively. The error bars overlap for the irradiation strengthening of W-5Ta and W-5Re
samples, so it appears Ta and Re have similar irradiation response under the helium irradiation

conditions used here.



The presence of Re or Ta reduces the degree of hardening from irradiation but, it has negligible impact
on the reduction in ductility brought about by helium irradiation. Across W, W-5Re and W-5Ta,
ductility almost completely disappeared post irradiation and all samples failed in a brittle manner. This
contrast in ductility before and after irradiation is evident in EBSD images in figure 4(a-b), figure 5(a-
b) and figure 6(a-b). The fractured micro-tensile sample for unirradiated W, W-5Re and W-5Ta all show
a strong degree of grain rotation along with slip line formation occurring near the fractured surface,
which indicates that ductile failure occurred. On the other hand, the fractured micro-tensile samples
for irradiated W, W-5Re and W-5Ta feature no grain rotation or slip line formation. The micro-tensile
samples all cleaved trans-granularly across the sample. The irradiated samples also exhibited small
failure strains (table 2), an order of magnitude smaller than the failure strains recorded for the

unirradiated samples.

The results presented here are significant as they bring to light three major findings that clarify
previous helium ion irradiation studies of tungsten in the literature, which were based mainly upon
hardness measurements. The first is that the presence of Re or Ta additions have a negligible effect
on the embrittlement rate of tungsten. This is evidenced by the almost complete loss in ductility
across all W, W-5Re and W-5Ta samples. This result dispels any notion that the inherent softening and
ductilising effect Re have on W would be carried over under irradiation conditions. Secondly, whilst
grain boundaries act as sinks for helium, they are not substantially weakened as a result of the helium
accumulation and so do not become points of failure at this level of helium. This is demonstrated in
the EBSD analysis of all the helium ion irradiated W, W-5Re and W-5Ta samples which consistently
show trans-granular cleavage. Finally, irradiation hardening measured in tungsten from helium ion
irradiation does equate to embrittlement. This is in good agreement with a similar study by Zhao et al
[25], in which a tungsten plate was implanted with helium ions to a fluence similar in order of
magnitude (3 x 10' ions/cm?) to the fluence used here. Zhao et al measured the ratio in hardness of
the irradiated to unirradiated tungsten to be ~2, very similar to the value determined here for micro-

tensile specimens: 2.2. As such, the elongation to failure afforded by micro-tensile testing shows the



irradiation hardening brought about by helium bubble formation results in severe embrittlement of
the materials. All findings reported here are restricted to room temperature helium ion implantation
and testing, the micro-tensile performance of these alloys at higher temperatures is unknown and yet

to be investigated.

The findings reported here raise a point of concern for tungsten divertors within fusion reactors.
During the operation of the proposed DEMO fusion reactor, the helium plasma that bombards the
tungsten divertor armour is expected to vary in energy from tens to millions of eV with a large flux of
108 - 10% ions/cm?/s [38]. Under such conditions, the fluence used in this study of 5.6 x 10*” ions/cm?
would be achieved within merely half a second. Within such a small time-frame and even at room
temperature, the tungsten in the sub-micron region immediately below the surface of the divertor
armour would quickly become embrittled as a result of helium implantation. At operating
temperatures of 1000°C where vacancies are mobile [39] and assist in formation of bubbles at grain
boundaries [40,41], it is likely tungsten will fail intergranularly and embrittle to a greater extent. The
micro-tensile performance of Pure W, W-5Ta and W-5Re under helium ion implantation at
temperatures above the vacancy activation temperature is subject of investigation by the authors.
The study presented here where only self-interstitials and helium migration dominate serves as a
reference point in appreciating the role of vacancies when they are mobile at temperatures above

470°C [21,39,42].

4.4 Comparison of micro-tensile and nanoindentation results

Micro-tensile testing was able to determine differences in mechanical properties between W and W-
5Re and W-5Ta compared to nanoindentation. As figure 7 shows, the irradiation strengthening
measured for micro-tensile tests featured a spread of results similar in magnitude to the
corresponding spread for nanoindentation tests even though the sample size for micro-tensile is 3 -5

compared to 75 — 100 for the indents. Thus, micro-tensile testing can achieve at least the same degree



of precision in measurement of UTS compared to nanoindentation. Interestingly, micro-tensile testing
can reveal at a statistically significant level the lower degree of increase in UTS where Re or Ta is
present, compared to pure W. In comparing the irradiation hardening values reported between micro
tensile and nanoindentation for W and W-5Ta, the nanoindentation reports a hardening value that is
nearly half that of the micro-tensile results. It is suspected that there is an asymmetrical mechanical
response in compression stress state of nanoindentation compared to the tensile stress state of micro-
tensile testing. The authors have observed this behaviour in other materials when comparing nano-
indentation and micro-tensile testing and is a subject of investigation. Moreover, this anomaly relating
to nanoindentation and micro-tensile testing have been previously observed in a study by Yu et al.
[43] where tungsten was irradiated to 1dpa with self-ions at 500 and 800 °C after which Yu et al.
measured the strength and hardness by micro-tensile and nanoindentation respectively. In their
publication, the hardness values at 1dpa 500 °C and 800 °C closely approach each other, implying that
the irradiation temperature has little effect on irradiation hardening. This was in contrast to the UTS
values measured via micro-tensile testing where the 1dpa 800C sample showed greater degree of
hardening than the 1dpa 500 °C samples. Clearly, micro-tensile testing can complement

nanoindentation very well to reveal otherwise hidden trends.

5. Conclusions

In this study, the authors successfully used micro-tensile testing to investigate the mechanical
properties of W, W-5Ta and W-5Re in the unirradiated state and room temperature helium ion
irradiated state. The results are compared to those obtained from nanoindentation tests. Key findings

are as follows:

e Micro-tensile testing is capable of reproducing bulk mechanical properties of tungsten and its
alloys provided the cross-section of the sample contains at least ~25 grains. The yield stress

and elongation to failure as measured for micro-tensile samples of W and W-5Re closely



mirrored the bulk properties reported in the literature. The success of this work justifies the
use of micro-tensile testing in future ion irradiation tests for understanding performance of
tungsten under fusion reactor environments.

The presence of Re in W produces, as expected, a strong softening and ductilising effect. This
is evidenced by lower yield stress and higher elongation to failure in W-5Re compared to W.
On the other hand, Ta has negligible effect on the mechanical properties of W, only the strain
hardening coefficient appears to have increased relative to W-5Re at a statistically significant
level.

Helium irradiation of W, W-5Re and W-5Ta at room temperature brings about an increase by
a factor of two in strength, and severe embrittlement of the alloys. Unirradiated samples
failed in a ductile manner demonstrated by the grain rotation and slip line formation shown
in SEM and EBSD analysis. Post irradiation, all micro-tensile samples failed in a brittle manner
within the elastic regime. SEM and EBSD analysis showed an absence of slip lines or grain
rotation. This study confirms that irradiation hardening measured in W and its alloys, as
reported in the literature, coincides with embrittlement of W.

The presence of Re and Ta which are expected transmutation by-products of W operating
under fusion conditions, reduce the extent of increase in strength after helium ion irradiation
at room temperature. However, Re and Ta presence does not provide any radiation damage
resistance because W-5Re and W-5Ta both exhibit the same degree of ductility loss as W.
Despite the helium accumulation anticipated along grain boundaries as reported in the
literature in helium ion implanted tungsten, tungsten grain boundaries do not act as points of
weakness. This is evidenced in the transgranular failure observed in both unirradiated and
helium irradiated (room temperature) micro-tensile samples of W, W-5Re and W-5Ta.
Micro-tensile testing offers same level of precision in measurement of YS and UTS compared

to nanoindentation. There is a discrepancy in measurement of irradiation hardening for micro-



tensile testing vs nanoindentation which have been observed in previous studies. This is a

subject of ongoing research.
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Figure 1 (a). SEM images and EBSD pole figure of pure W along X, Y and Z direction.
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Figure 1 (b). SEM images and EBSD pole figure of W-5Ta along X, Y and Z direction.
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Figure 1 (c). SEM images and EBSD pole figure of W-5Re along X, Y and Z direction.
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Figure 2. SRIM simulation of (a) radiation damage and (b) helium concentration depth profile of 6 MeV He ions implanted
into pure W via an energy dispersion device.
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Figure 3 (a) Stress-strain plot of micro-tensile samples of Pure W for unirradiated (UNIR) and helium ion irradiated (HEIR).
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Figure 3 (b) Stress-strain plot of micro-tensile samples of W-5Ta alloys unirradiated (UNIR) and helium ion irradiated (HEIR).
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Figure 3(c). Stress-strain plot of micro-tensile samples of W-5Re alloys unirradiated (UNIR) and helium ion irradiated (HEIR).



Figure 4 (a). EBSD IPF plots showing grain
orientation relative to the tensile axis
direction for unirradiated pure W micro-
tensile samples.




Figure 4 (b). EBSD IPF plots showing grain
orientation relative to the tensile axis
direction for irradiated pure W micro-
tensile samples.
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Figure 5 (a). EBSD IPF plots showing grain

orientation relative to the tensile axis
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direction for unirradiated W-5Ta micro-
tensile samples.
Sample 2




Figure 5 (b). EBSD IPF plots showing grain
orientation relative to the tensile axis
direction for irradiated W-5Ta micro-tensile
samples.
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Figure 6 (a). EBSD IPF plots showing grain
orientation relative to the tensile axis
direction for unirradiated W-5Re micro-

tensile samples.




Figure 6 (b). EBSD IPF plots showing grain
orientation relative to the tensile axis
direction for irradiated W-5Re micro-tensile
samples.
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Figure 7. The increase in UTS from irradiation as calculated via micro-tensile and nanoindentation.



