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The results of small-scale mechanical tests are convoluted by the so-called size effect, whereby materials
appear stronger when the scale of the test is reduced to the order of microns or less. The dimensional
range over which this occurs has been shown to be linked to a change in sample microstructure, such
as the addition of defects induced by irradiation. To investigate this response, a CuCrZr alloy was sub-
jected to proton irradiation and mechanically tested using micro compression of pillars with a range in
size. It was found that irradiation defects dominate over the extrinsic size effect and the sensitivity to
differences in precipitate microstructure was also somewhat reduced, suggesting that size-independent
results could be obtained from much smaller test volumes in irradiated material compared to their non-
irradiated counterparts. Finally, comparison was made between the increase in yield strength predicted
by models and the experimentally measured values to establish the key parameters driving the strength-
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1. Introduction

Small-scale mechanical testing offers a wide range of advan-
tages when testing irradiated material. While the reduction of ra-
dioactive material volume enhances safety, extracting mechanical
properties from ion beam irradiated materials enables more effi-
cient research and development efforts [1]. There are a number of
different small-scale testing techniques that have been applied to
nuclear materials [1-5] with micro compression tests being a rela-
tively recent addition to this list [6-8].

When testing materials at small-scale one has to consider the
scaling effects and the fact that materials behave stronger at
smaller length scales [9]. Common to all miniaturised tests is the
influence of an extrinsic size effect; when the size of the test
volume approaches the length scale of the material microstruc-
ture, the measured mechanical properties diverge from the bulk re-
sponse [10-12]. This acts in combination with the well-established
intrinsic size effect, whereby the strength of the material increases
as the scale of the dominant microstructural features - e.g. grain
size, precipitate spacing, dislocation density - decreases. The exper-
imental parameters over which both these size effects act must be
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fully characterised if engineering-relevant data is to be extracted
from small-scale tests.

Size effects in micro pillar compression experiments have been
investigated for various precipitate-containing alloys. For exam-
ple, Bellén et al. [13] performed tests in Al-Cu alloys that had
either predominantly Guinier-Preston zones or 6’ or 6" precipi-
tates. It was found that the highest strength was achieved with
a fine dispersion of 6’ or 6" precipitates, which was attributed
to an Orowan mechanism due to the observation of dislocation
loops around precipitates in the compressed pillars. Furthermore,
it was identified that extrinsic size effects were negligible when
the micro-pillars (of square cross-section) had diameters > 5 m.
Alizadeh and LLorca [14] came to a similar conclusion for exper-
iments in a Mg-4Zn alloy, which exhibited size-independent me-
chanical properties when the cross-section was > 3 x 3um. The
authors additionally used an Orowan model to calculate the ex-
pected strength increase due to contributions from both precipi-
tates and solid solution and found good agreement between the
predicted values and their experimental results.

Further work has suggested that size-independent results can
be obtained from even smaller samples in irradiated material com-
pared to their non-irradiated counterpart due to a change in the
dominant deformation mechanism during testing. For example,
Kiener et al. [15] observed no extrinsic size effect in pillars with
diameters as small as 400 nm in proton-irradiated Cu. This was
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thought to be because yield strength was dominated by the inter-
action between dislocations and irradiation defects. lon-irradiated
oxide dispersion strengthened (ODS) FeCr also exhibited a similar
insensitivity to extrinsic size effects in pillars as small as 100 nm
[16]. Decreasing the sample size required for testing irradiated ma-
terial is highly desirable; any reduction in sample volume equates
to a reduction in activity, and hence cost, as well as maximising
the data that can be produced from limited volumes of irradiated
material.

This work aims to shed light on the question of how the micro
compression size effect is affected by small, hard obstacles (pre-
cipitates) in polycrystalline material and how radiation changes
this response.The material selected for this study was copper-
chromium-zirconium (CuCrZr). CuCrZr has been selected for use
in heat-sink components of future fusion reactors such as Iter
[17] since it exhibits a combination of good thermal conductivity
and high strength. To better understand the changes that may oc-
cur in CuCrZr and other fusion-relevant materials, proton irradia-
tion can be used to enable the understanding of neutron irradi-
ation [18,19] without activating the sample. The damage implan-
tation layer is limited to several microns, however, so testing re-
mains restricted to small volumes. Most importantly, this materials
precipitation structure can easily be tailored by specific heat treat-
ments allowing one to change the microstructure and study the
materials response with and without irradiation, allowing a unique
opportunity to study the effect of specific, well-known defects on
scaling laws.

As well as drawing qualitative conclusions from the results of
micro-pillar compression testing of irradiated compared to non-
irradiated CuCrZr, the ability of two obstacle hardening models to
predict the increase in shear stress, in this case due to precipi-
tates and irradiation defects, was also assessed. A simple dispersed
barrier hardening (DBH) model developed by Seeger [20]| and the
Bacon Kocks Scattergood (BKS) [21] models were chosen for this
comparison. These models were recently included in work by Sobie
et al. [22], who analysed their application to irradiation-induced
defects using dislocation dynamics simulations and found that
such models were able to accurately predict hardening for voids
and self-interstitial atom loops. It was also found that a superpo-
sition principle can be used to combine multiple predicted hard-
ness increases due to different defect types. Bergner et al. [23] like-
wise used the DBH and BKS models to predict an increase in yield
stress and found that a good fit to experimental data on neutron-
irradiated Fe-Cr could be obtained. In this current work, a similar
superposition principle has been used to combine hardening due
to the addition of fine precipitates and radiation defects.

2. Experimental
2.1. Material

The as-received material used in this work came in the form of
a solution-annealed Cu-1.0 Cr-0.06 Zr (wt%) alloy from ZOLLERN
GmbH & Co. Two additional samples were produced by anneal-
ing this alloy in a vacuum furnace at temperatures of 480°C and
650 °C for two hours. Applying such heat treatments results in the
generation and development of Cr-rich precipitates, the size and
spacing of which varies depending on the heat-treatment temper-
ature [24-26]. Annealing at 480 °C is known to produce the peak-
aged condition, at which the material exhibits the highest strength.
At 650 °C the material is over-aged and loses strength. Specimens
from each of these three conditions were taken and exposed to
proton irradiation, thus creating a total of six samples on which
pillar compression experiments were performed.
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Fig. 1. Pillar orientation with respect to incident irradiation and dpa damage profile
produced by SRiM.

2.2. Proton irradiation

Proton irradiation was carried out at the Dalton Cumbrian Fa-
cility, UK, using a pelletron ion accelerator [27]. All samples were
irradiated using a rastered beam of energy 1 MeV and current of
25 A, which generated a fluence of ~3.37 x108 jons/cm? for the
six-hour exposure. Samples were held in place using a tantalum
mask that reduced the irradiated area to a 10 x 10 mm central
region and water-cooling ensured that the bulk sample tempera-
ture did not exceed ~40 °C, as measured using two thermocouples
attached to the sample edge. The profile of radiation damage as
a function of depth into Cu was calculated using SRiM [28] and
can be seen in Fig. 1. A 5 m thick layer of approximately uniform
damage of 0.4 displacements per atom (dpa) was produced, within
which the pillars could be entirely contained.

2.3. Material characterisation

Characterisation of the crystal microstructure was carried out
using electron backscatter diffraction (EBSD). Specimens were me-
chanically polished using SiC papers, followed by 1 and 0.25 m di-
amond suspensions, and a chemical mechanical polish using col-
loidal silica. EBSD was performed in a Tescan Mira3 scanning elec-
tron microscope (SEM), with grain size analysis carried out in line
with ASTM standard E2627 [29].

To obtain information on average Cr precipitate size, energy-
dispersive X-ray spectroscopy (EDS) was performed in a FEI Talos
scanning transmission electron microscope (STEM). For this, 3 mm
discs of each material condition were twin-jet electropolished us-
ing a 1:4 nitric acid to methanol mix to create a central region of
electron transparency. The Super-X EDS detector was used to gen-
erate chemical maps with high spatial resolution from which pre-
cipitate size could be measured. However, since sample thickness
is unknown these maps could not be used to measure precipitate
spacing. Instead, precipitate spacing was calculated from data col-
lected by electron energy loss spectroscopy (EELS) in a FEI Titan
STEM. For this technique samples are required to have consistent
thickness, therefore thin lamellae were prepared using the focused
ion beam (FIB) lift-out method [30]. Final polishing was done using
a low beam voltage of 2 kV with the sample held at 7° to the beam
direction. In both cases, identification of precipitates and measure-
ment of size and position was carried out using the Cr elemental
maps and the ‘Analyse particles’ tool in FIJI [31].
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Table 1
Values within the table represent the number of pillars
tested for each combination of material condition and

pillar size.
Pillar Non-irradiated Irradiated
width
AR 480 650 AR 480 650
400 nm 4 4 4 4 4 4
1m 4 4 4 4 4 4
4 m 3 3 3 3 3 3

2.4. Pillar fabrication

Samples were mechanically polished using SiC papers down to
a final grade of P4000, followed by 1 and 0.25 m diamond suspen-
sions, and a chemical mechanical polish using colloidal silica. For
the irradiated sample set, this was done prior to irradiation. Using
a wire saw, specimens of approximately 14 x 2.5 x 2 mm were
then cut from all samples and the cut face (which was parallel to
the irradiation direction) polished to remove any induced damage
using the same procedure. Finally, specimens were mounted on in-
dividual pin stubs that met the requirements of the in-situ indenter
rig.

All pillars were made using a FEI Helios 600i NanoLab dual
beam SEM-FIB at the Materials Research Facility, UKAEA. Cylindri-
cal pillars are more commonly used in micro-compression experi-
ments, however tapering has been found to affect the stress-strain
response [32] therefore for this work pillars had square cross-
sections (after e.g. Kiener et al. [33]). Final polishing of the samples
was carried out using a low beam current (80 pA) to minimise
FIB damage (i.e. Ga implantation). Pillars were fabricated entirely
within the first 5 m of the irradiated surface, where damage was
approximately uniform at 0.4 dpa. They were orientated such that
the compression direction was perpendicular to the direction of in-
cident irradiation, and positioned along an edge so that they could
be viewed from the side during compression. A schematic of this
arrangement can be seen in Fig. 1.

Three sets of either three or four pillars were made in each
condition, each having square cross-section and constant width to
height ratio of 1:2.5 but varying widths of 400 nm, 1 m and 4 m.
An experimental matrix showing the number of pillars tested for
each material condition is given in Table 1.

For each material, pillars of equivalent size were all contained
within single grains for each irradiated and non-irradiated condi-
tion. Not all pillar-containing grains had the same crystal orienta-
tion, therefore EBSD was used to identify the orientation and thus
calculate the Schmidt factor. Maximum Schmid factor for each test
was used for the purpose of normalising the results to account
for different crystal orientations and enable the comparison of re-
solved shear stress (RSS).

2.5. In-situ pillar compression

In-situ micro compression experiments were performed using a
Hysitron PI88 indenter within a FEI Quanta 3D FIB/SEM at the Uni-
versity of California, Berkeley, USA. The internal camera view and
schematic of the indenter rig can be found in the supplementary
material. A flat punch tip having a radius of 15 m was used and all
tests were carried out at a constant strain rate of 0.025 s~1. Pillars
were compressed until a displacement of 20% of the pillar height
was reached, or sooner if contact was made between the slipped
pillar and surrounding material. Load and displacement data were
used to calculate engineering stress, o, and strain, €, as standard,

€= (1)
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F
o= )
where F is the load on the indenter, A is the initial pillar cross-
sectional area, Al is the compression distance, and [ is the original
pillar height. There was a small degree of tapering from pillar front
to back therefore the cross-sectional pillar area, A, used in the cal-
culation of engineering stress was taken to be a trapezium,

w1 + W
2
where w; and w, are the widths as measured at the back and front

of the pillar, and d is the pillar depth. Engineering stress was con-
verted to RSS using the Schmid factor, m,

A= x d (3)

OR = Mo (4)
3. Theory

It is well understood that plastic deformation in metals requires
the movement and multiplication of dislocations. Microstructural
features, such as precipitates and solute atoms, hinder this pro-
cess because they act as pinning points, increasing the stress re-
quired to bend a dislocation so that it may bypass the obstacle.
The distance between pinning points defines the stress increase
since the strain energy of a dislocation is proportional to its line
length; based on this concept, several models have been proposed
that aim to predict hardening given basic microstructural parame-
ters.

Seeger [20] proposed the following DBH model that gives the
increase in shear strength, Atpgy, as a result of obstacles with
number density N and average diameter D:

ATppy = Qxppr bV ND (5)

where i and b are the shear modulus and Burgers vector magni-
tude, respectively, which in this work are taken to be typical val-
ues for Cu of 45 GPa and 2.55 A. oyppy is a strength parameter,
which depends on the defect type (x). It should be noted that the
use of ayppy, and the comparable fitting parameters used by the
other models, can vary somewhat. Although it describes the barrier
strength, it is not necessarily treated as equivalent to « as used in
the Orowan equation, which depicts the character of a dislocation.
The absolute values are expected to differ according to the hard-
ening equation; values exceeding unity have been used [34] and
for the DBH model it has been established that the strengthening
parameter is required to vary with obstacle size to achieve a good
fit to experimental data [22].

The DBH model is based on a periodic array of obstacles imped-
ing dislocation motion, whereas the BKS model assumes a random
distribution of spherical pinning points and includes an additional
contribution from dislocation self-interaction. The increase in yield
stress Atpys is predicted by the BKS model as follows,

by, (INTEH[ (DY i
Atgs = xBKS 5T [lﬂ (E)] [ln (b) + 0.7:| (6)

1 /s .
NG and D’ is the hDaLr

monic average of the obstacle diameter and spacing, i.e. D' = DI
Dunn et al. [34] found that the BKS model was able to provide a
good match with simulated data for irradiated material. They ob-
tained fitting parameters of «; = 1.135 and oy = 0.049 to predict
hardening due to self-interstitial (SIA) loops and voids, respectively,
using fits to experimental data. They also found that these param-
eters were valid over a range of defect sizes (i.e. a range of total
dose received during irradiation), whereas the DBH model required
varying values of « as a function of defect size.

where the spacing between obstacles L =
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650 °C aged
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Fig. 2. EDS maps of the three non-irradiated CuCrZr samples, with green representing Cr content. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

The as-received condition (Cr in solid solution) was taken as the
“baseline” material to which the increase in strength, as calculated
by Egs. 5 and 6, was added in order to compare total shear stress.
Using the characterisation methods described in Section 2.3, aver-
age values for precipitate size and spacing were obtained for the
material conditions aged at 480 °C and 650 °C, which enabled the
calculation of the increase in shear strength due to precipitates.
The strength parameter for precipitates, «p, was obtained by find-
ing the best fit to experimental data for the non-irradiated mate-
rial. Note that this encompassed just two data points, since only
the heat-treated samples contain precipitates that contribute to-
wards hardening.

It was not possible to perform rigorous characterisation of the
irradiation defects in the irradiated samples, so to calculate the in-
crease in shear strength due to irradiation defects values for obsta-
cle size and spacing were instead taken from available literature.
There have been several studies on CuCrZr subjected to similar ir-
radiation conditions as this work [35-37] and it has been shown
that the defects produced during irradiation in CuCrZr are very
similar to that of pure Cu, being largely SFT and self-interstitial
atoms (SIA) [38]. Estimates for defect size and density did not vary
greatly across the literature and for this work the average values
for these two parameters were taken as N; =4 x 1023 m~3 and
D; =2 nm. Previous work has shown that for this alloy precipi-
tates do not change in size or density following ion irradiation at
low temperature [39], therefore the addition of radiation defects is
the only microstructural change expected.

To combine the hardening contributions from precipitates, Atp,
and irradiation defects, At;, the following square superposition
principle [22,40] was used,

Aty = /AT + AT? (7)

where Aty is the total increase in shear stress. This subsequently
allowed the identification of «; via a best fit to the irradiated data.
Predicted hardening due to precipitates and irradiation defects was
carried out independently for the DBH and BKS models so that the
efficacy of both could be compared.

4. Results
4.1. Material characterisation

The net Cr chemical maps, produced by EDS and used for pre-
cipitate size analysis, are shown in Fig. 2. These maps clearly
demonstrate the transition from Cr in solid solution for the as-
received material, to Cr-rich precipitates in the peak aged material,
which coarsen at a higher heat treatment temperature.

Results of the full grain size and Cr precipitate characterisation
for the non-irradiated material can be seen in Table 2. Note that

Table 2
Results of Cr precipitate characterisation.
AR 480 °C aged 650 °C aged
Grain diameter (m) 77.9 73.6 74.1
Precipitate diameter (nm)  Cr in solution 3.2 (+ 1.6) 16.0 (£ 7.0)
Precipitate spacing (nm) Cr in solution  13.3 60.0

here the precipitate spacing refers to the average distance between
precipitate edges, not distances between centre of mass. This was
possible to measure since TEM lamella thickness can be calculated
from the low-loss energy data produced by EELS.

Approximately 300 precipitates, on average, were counted per
condition and TEM samples were taken from the centre of grains
as a Cr-depleted region of around 200 nm adjacent to grain bound-
aries was observed. No defined Cr segregation was observed in the
as-received material, which was to be expected since the material
is in a solution-annealed condition. Whilst the average grain size
for each CuCrZr condition is similar, the precipitate size and spac-
ing increases with higher heat-treatment temperature.

4.2. Micro compression experiments

Either three or four pillars of each size in each condition were
tested and samples from the same set - meaning same size and
material - were found to produce an extremely consistent re-
sponse. An example of this can be seen in Fig. 3, which is for the
1 m pillars in the non-irradiated, as-received condition.

To compare across all sample conditions a single stress-strain
curve from each type can be seen in Fig. 4. There was no con-
siderable difference in the general deformation behaviour between
irradiated and non-irradiated pillars. Strain bursts of varying mag-
nitude were evident in most material conditions, with sudden and
significant slip occurring in the irradiated, peak-aged 4 m pillars
that caused the indenter tip to lose contact with the pillar as can
be seen in Fig. 4(f). For the non-irradiated material, both intrinsic
and extrinsic size effects influence the measured mechanical re-
sponse, as expected. The 400 nm pillars exhibited the highest RSS
across all material conditions and the peak-aged material (480 °C
heat treatment) was the strongest when compared to pillars of the
same size in as-received or over-aged material. For the irradiated
sample set, however, size effects were greatly diminished. There
was little influence from either sample or microstructural length
scales on measured strength; only the smallest pillars showed a
slight increase in RSS compared to the larger pillars but results
from the three material conditions were indistinguishable.

To highlight overall trends, average values of RSS at 0.5% strain
offset were identified and these can be seen in Fig. 5(a) for the
non-irradiated material and Fig. 5(b) for the irradiated material. In



A.J. Cackett, H.T. Vo, JJ.H. Lim et al.

140

120 A

100 A

——Test 1
80
——Test 2

60

RSS (MPa)

“l Test 3
l Test 4

;

0.1 0.15 0.25

Engineering Strain

0.05

Fig. 3. Resolved shear stress (in MPa) vs engineering strain for all as-received (AR)
pillars tested.

addition to the length scale effects discussed above, the irradiated
data in Fig. 5 (b) also demonstrates that there was a slight increase
in scatter for the tests in irradiated material. In these experiments
scatter is expected in all samples since the result from each pillar
inherently depends on its initial microstructure [41].

4.3. Application of hardening models

The predicted strength increase as a result of the addition
of precipitates following heat treatments, as calculated using

400 nm unirradiated

1 pum unirradiated
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Table 3

Obstacle strength pa-
rameters used in the
DBH and BKS mod-
els for precipitates (ctp)
and radiation defects

(o).

DBH  BKS
a, 035 084
o 048 134

the DBH and BKS models, is shown in Fig. 6(a) alongside the
experimentally-obtained average values of RSS at 0.5% strain offset.
When comparing the experimental increase in strength with that
predicted by the models, only data produced by the largest pillars
was considered as this was the least influenced by the size effect
(as evident from Fig. 5) and therefore most analogous with the
models, given that the models are sample size independent. The
strengthening parameters for hardening due to precipitates were
identified via best fits to the non-irradiated experimental data and
found to be appgy =0.35 and oppxs = 0.84. These values of a)
were able to produce very good agreement experimental data for
both the peak-aged and over-aged material conditions.

The results of predicted hardening due to irradiation defects,
as calculated by the two models, are shown in Fig. 6(b). The fit-
ting parameters for the irradiation defects were ojgs = 1.34 and
o;ppy = 0.48, which were found through best fits to the experi-
mental data. Again, a single fitting parameter for each model was
able to produce good agreement with the experimental data re-
gardless of microstructural length scale.

The four obstacle strength parameters identified are sum-
marised in Table 3.

4 um unirradiated
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Fig. 4. Resolved shear stress (in MPa) vs. engineering strain for all samples investigated. Results are from (a) 400 nm wide, (b) 1 m wide, and (c) 4 m wide pillars at different
ageing conditions in the non-irradiated material. (d) - (f) show the equivalent micro-compression data for the irradiated material.
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Fig. 6. Experimental (average RSS at 0.5% strain) and predicted data for (a) non-irradiated and (b) irradiated CuCrZr.

5. Discussion

In the non-irradiated alloys, strength is determined by the pre-
cipitate microstructure. The peak-aged material (480 °C heat treat-
ment) contains the optimal size, distribution, and coherency of fine
Cr-rich precipitates that oppose dislocation motion and generation
thus increasing mechanical strength. Over-ageing the alloy (650 °C
heat treatment) coarsens the precipitates and increases the space
between them, reducing mechanical strength as dislocation lines
are more easily able to bow out between pinning points. In addi-
tion to this, across all pillar sizes an extrinsic size effect, whereby
smaller pillar dimensions exhibited higher strengths, was clearly
observed in the micro-pillar compression experiments performed
on the non-irradiated samples (see Fig. 5(a)). This type of size ef-
fect is thought to be determined by dislocation source size [42].
Plastic flow requires the generation of many dislocations and in
pillars this is done via single-ended sources, since any Frank-Read
sources would quickly be truncated by the pillar walls. The disloca-
tion length, or radius of curvature for a Frank-Read source, dictates
the critical stress for yield on any particular slip system therefore
yield strength is proportional to the pillar width. This has been
shown in 3D discrete dislocation dynamics simulations that exam-
ined strengthening mechanisms over a range of pillar sizes [43].

In contrast, for the irradiated materials there was no extrin-
sic size effect apparent for any of the material conditions (see
Fig. 5 (b)). This was in good agreement with previous studies (e.g.
[15,16]) that have shown that the presence of irradiation defects
changes the extent to which the sample size effect alters mechani-
cal response. Since defect spacing is generally orders of magnitude
smaller than sample size it should be the determining factor in
the effective length parameter. This can be explained by dislocation
source restriction, where the effective length is the space available
for dislocations to operate, which explains the diminished size ef-
fect due to sample volume in irradiated material. This is not dis-
similar to work by Hou et al. [44] who demonstrated the absence
of an indentation size effect when the grain size of polycrystalline
Cu was less than six times the indentation contact area.

The obstacle strength parameters (Table 3) could be kept con-
stant for all material conditions, despite the variation in Cr pre-
cipitate size and spacing. This suggests that it was indeed the mi-
crostructural length scales used in the DBH and BKS models that
determined the predicted strength increase. For both models «;
was found to be greater than «), indicating that radiation defects
present a more significant barrier to dislocations than precipitates.
The irradiation defect parameter in particular agreed well with
the values identified by similar studies. For example, Sobie et al.
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[22] used aggs = 1.209 and appy = 0.435 for SIA loops, and Dunn
et al. [34] used agys = 1.135 for dislocation loops.

6. Conclusions

In this work, in-situ micro-pillar compression experiments were
carried out on three CuCrZr conditions that had a variation in Cr-
precipitate size and spacing, alongside a second set that were ad-
ditionally exposed to proton irradiation. In the non-irradiated ma-
terial both intrinsic and extrinsic size effects influenced the mea-
sured mechanical response. In the irradiated material, however, the
pillar strengths were higher for all conditions (compared to their
respective non-irradiated material equivalents) and independent of
pillar size. There was also a reduced variation due to microstruc-
ture, particularly in the smallest pillars where results from the
three ageing conditions are almost indistinguishable.

Provided information on characteristic microstructural length
scales, two dispersed barrier hardening models were able to pre-
dict hardening due to precipitates and irradiation defects and pro-
vide a good match to experimental data. Interestingly, despite the
varying form and complexity of the DBH and BKS models they
were both found to produce very good agreement with experimen-
tal data for a constant irradiated microstructural parameter de-
scribing the obstacle spacing. Because the obstacle hardening mod-
els predict the strengths so well, this demonstrates that the mi-
crostructural length scales used in those models are driving the
strength behaviour. This result is key, as it shows that the intro-
duction of irradiation damage dominates over other length scales
to give a size-independent strength.

The results shown here are highly promising for the nuclear
materials testing community as they suggest that samples could be
further miniaturised in irradiated materials whilst still generating
size-independent results. Decreasing sample size continues to be
an active area of research and is sought after because of the result-
ing reduction in activity, minimising operational risks and costs as-
sociated with handling active material. It would also maximise the
number of tests that could be performed on each sample, which is
vital to making best use of the limited volume of irradiated ma-
terial currently being produced. Further work is needed to deter-
mine the minimum test size required for any given microstructural
length scale so that bulk-scale data can be produced from such
small-scale testing techniques, with the data from this systematic
study providing an excellent basis for such future analyses.
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