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Abstract
Precipitation-hardened CuCrZr will be used in heat-sink components in the Iter tokomak. After
irradiation it will not be possible to test the mechanical properties of CuCrZr using conventional,
large-scale, techniques and methods requiring reduced sample sizes will have to be used. Spherical
nano-indentation is one such method. In this work, CuCrZr has been heat-treated at different
temperatures to vary the Cr precipitate size and spacing. Spherical nano-indentation using multiple tip
radii was then used to produce stress-strain curves for all samples, from which values of yield
pressure were calculated. It was found that there was a strong indentation size effect in yield pressure
values, however at higher indentation strain the response became size-independent at tip sizes above
~10 pum. This supports the theory that at the initiation of plastic deformation the ISE is due to
dislocation source activation but in later stages of it is the interaction with intrinsic material length-

scales that dominates the measured mechanical strength.

Highlights:

e The hardness of CuCrZr was measured using spherical hano-indentation
e Astrong indentation size effect was seen in the yield point but not at high strains

e Microstructural length-scales dominate size effect at higher indentation strain



1 Introduction

Due to its high thermal conductivity, high strength at elevated temperature, good radiation resistance,
and commercial availability [1,2], copper-chromium-zirconium (CuCrZr) has for many years been
used to make actively cooled plasma facing components in fusion reaction vessels [3]. This copper-
based, precipitation-hardened alloy has also been selected as the heat sink material for the
International Thermonuclear Experimental Reactor (ITER); the optimised chemical composition for
ITER-grade CuCrZr specifies the alloying elements as being in the range 0.6-0.9 wt.% chromium and
0.07-0.15 wt.% zirconium with <0.15 wt.% impurities [4]. Peak strength is then achieved by aging the
material at 480 °C in a vacuum furnace. When used for this purpose in a reactor the material will be
irradiated with high-energy neutrons and so become active. Small-scale testing techniques will
therefore be required to monitor the condition of the component as large specimen volumes pose a
health and safety risk.

There are a range of small-scale experimental techniques that can be used to measure the mechanical
properties of materials and investigate the mechanisms responsible for plastic deformation. Micro-
and nano-pillar compression have extensively been used for this purpose [5-7], with in-situ studies
providing additional information on fundamental processes such as slip step formation, and
dislocation generation and movement [8,9]. Cantilever flexure is commonly used for experiments in
fracture mechanics and cyclic fatigue [10-12]. Both these techniques require fabrication of
miniaturised test pieces, typically carried out using a focussed ion beam (FIB), which can be
expensive in terms of both time and facility costs. One method that does not require intensive sample
preparation is instrumented indentation testing (1IT). This technique is now highly automated and can
perform a large number of tests in a short amount of time. Also, when sample size is limited (e.g. in
thin films or ion-irradiated material), nano-indentation can be used to probe the very first few tens —
hundreds nm’s.

I1T using a spherical indenter tip has some advantages over using pointed indenters; due to the blunt
geometry, spherical indentation is initially elastic, therefore the whole range from elastic, plastic-
elastic, and finally fully plastic deformation can be observed. This has made it is possible to generate
indentation stress-strain curves comparable to those from traditional tensile tests. Results from
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indentation tests are, however, influenced by the indentation size effect (ISE), whereby the smaller the
contact area between tip and sample the stronger the material appears. The ISE has been the subject of
many studies over the last two decades [16-19]. For Berkovich indentation a change in penetration
depth that causes a change in measured hardness; the shallower the indent the harder the material
appears. For spherical indentation, it is the tip radius that governs the size effect, with a decrease in tip
radii measuring a higher hardness. Such test-piece (extrinsic) size effects are distinguished separately
from the well-established size effect due to microstructural (intrinsic) length-scales, e.g. grain size or
film thickness [20-22].

Initial reasoning for the ISE was hypothesised by Fleck et al. [23] who suggested that since
geometrically necessary dislocations (GND’s) are required for material deformation in a restricted
volume, small indentations appear stronger because GND density scales with the plastic strain
gradient, which is higher for smaller penetration depths. This theory was later expressed by a model
by Nix and Gao [24], which showed good agreement with experimental data for Berkovich
indentation in Ag and Cu. However strain gradients cannot be the cause of all extrinsic size effects;
for example uniaxial micro-pillars have unconstrained geometry yet still exhibit a ‘smaller is stronger’
behaviour [25]. There have since been many studies exploring further plasticity mechanisms that
account for test piece size effects, which show that that dislocation starvation and dislocation
curvature also contribute to this phenomenon [26-28].

In this work, indentation using spherical tips with a range of radii between 2 and 90 um has been used
to probe CuCrZr samples that have been heat-treated at different temperatures. The heat-treatments
have the effect of changing the dominant internal length-scale of the material, in this case the average
distance between Cr precipitates, which was characterised using transmission electron microscopy
(TEM). The aim of the study was to observe the impact of the ISE in combination with intrinsic size
effects in order to give insights into the dominant mechanisms of dislocation plasticity in a

precipitation-hardened alloy.



2 Material and methods

A piece of ITER-grade Cu-1.0%Cr-0.06%Zr (wt%) in the solution annealed state (970 °C followed by
water quenching) was divided into seven blocks; one block remained as-received (‘AR’) and the other
six were heat-treated for two hours in a vacuum furnace at the following temperatures: 400, 480, 550,
600, 650, and 700 °C. To highlight the main results in this paper, four of these have been chosen as
the focus: AR, 400, 480 and 500 °C. Previous studies have already shown that chromium precipitates
grow in size and the distance between them increases with higher aging temperatures [29,30],
therefore the aim of the heat treatments was to generate a range of internal length-scales. For nano-
indentation, small samples were cut from each of the heat-treated blocks and mechanically polished
with SiC abrasive paper down to a 2.5 um grit size. They were then electropolished in a nitric acid
and methanol 1:4 mix to produce a deformation-free flat surface. This electrolyte solution was also
used to twin-jet polish 3 mm discs for observation in the transmission electron microscope (TEM).
Instrumented nano-indentation was performed using a Keysight G200 with spherical tips of radii 2, 8,
15, 30, and 90 um. Tip geometry as a function of indentation depth was determined via the calibration
method described by Bushby and Jennett in [31], using reference samples of fused silica, sapphire,
and glassy carbon. Indentation data was collected using a load-controlled, modified Field and Swain
[32] approach with 40 load partial unload cycles per indent. Arrays consisting of a grid of 4x4
locations for the four smallest indenter tips and 3x3 for the largest, due to the increased area required
to accommodate adequate spacing between indents, were run for each test.

A Tescan MIRA3 FEG Scanning Electron Microscope (SEM) was used to perform electron back-
scatter diffraction (EBSD). The EBSD maps were then used to make grain size measurements using
Channel5 software Tango, which used elliptic fits to the grains in order to calculate the geometric
mean area and diameter. To measure precipitate size and spacing, a 200 kV FEI Talos scanning
transmission electron microscope (STEM) in the University of Manchester’s School of Materials was
used. Bright- and dark-field micrographs were taken as well as chemical maps, which were acquired

using the Super X-EDS (energy dispersive spectroscopy) system with four silicon drift detectors.



Precipitate size and spacings were calculated from the EDS maps using the particle analysis plugin in
Fiji [33].

3 Theory

The contact depth between sample surface and indenter tip was calculated using Hertzian contact
mechanics [34]; using the assumption that the unloading curve is purely elastic, Hertzian contact of a

sphere and a concave residual impression can be described by the following equation:
1 2 1
= (2 (£ (1_1L)
he = (16) (E) (R R’) (1)
where F is the force applied, R is the tip radius, R is the residual impression radius. E is the reduced
modulus, defined as follows:
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where v is Poisson’s ratio and the subscripts i and s refers to the indenter the surface respectively. The
radius of the residual impression, h,., is calculated on a per-cycle basis by extrapolating the unload
curve back to the x-axis when the data is displayed on a load-displacement plot.

The contact radius between tip and surface, a, is simply a geometric relationship:
a =+/2R*h, — h? (3)
Where the contact depth, h,, is defined as

_ hy+hy
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with h; being the indentation depth at maximum load. Indentation strain and indentation stress can

then be calculated using the following two expressions:

e=1 (5)
o=— (6)

Indentation stress and strain are calculated for every cycle of the indentation, which finally produces a

complete stress-strain curve that can be used to calculate a value of yield strength.



4 Results

4.1 Microstructural characterisation

EBSD showed that the average grain size did not significantly change after any of the heat treatments
were performed, with the AR sample having an average grain diameter of 78 pm (excluding X3 twin
boundaries) and no grain growth observed on the material aged at 700 °C. Therefore, all tests can be

considered as being performed on single crystals since the deformed region will most likely be

contained within a single grain.

Examples of Cr elemental maps obtained using STEM EDS, with background noise automatically
removed within the acquisition software, can be seen in Figure 1. In the as-received material the Cr is
in solution with the Cu matrix and no precipitates were observed. Some clusters of Cr became visible
in the 400 °C sample but discrete precipitates were first clearly observed in the prime-aged material
that had been heat treated at 480 °C. Larger and more defined precipitates were found in the 550 °C
sample and this trend of increasing precipitate size with higher heat-treatment temperature is

indicative of the other samples not shown here.

Figure 1: EDS chemical analysis Cr maps for (a) AR, (b) 400 °C, (c) 480 °C, and (d) 550 °C heat treated CuCrZr.

Table 1: Average precipitate diameter and spacings

Sample Average precipitate diameter (nm) Precipitate spacing (nm)
AR Coherent in matrix N/A
400 1.56 6.06
480 3.18 10.08
550 7.04 16.53




The results of Cr precipitate size and spacing using the EDX maps can be seen in

Table 1. It should be noted that precipitate centre-to-centre spacing was calculated using an estimate
of 110 nm for the sample thickness, since it was not possible at the time to measure the exact value.
This was considered to be a reasonable approximation for the regions examined, based on the beam
current used and signal intensity collected. Nevertheless, these measurements confirm that a variation

in internal length-scale has been achieved via systematically heat-treating at different temperatures.

4.2 Spherical indentation

After failed or erroneous tests had been removed, linear interpolation was used to fit the raw data to
equivalent a/R values and averaging was performed. A plot of indentation stress versus indentation
strain for the AR material, all indenter tips, can be seen in Figure 2(a). As can be seen from the larger
error bars, which here represent one standard deviation, data for the 2 um tip was more scattered. This
is likely due to the surface roughness having a larger impact on contact area miscalculation when
penetration depths are smaller. The elastic modulus is also affected by this, which can be seen in
Figure 2(b). The ISE is exhibited as higher hardness for smaller tip radii, however at high strains there

is little variation between the responses from the largest four tips.

b
150 A (b)
2.5 4
7 g
o
o 2 e
2 3
S 3
% 15 A =}
5 5 100 1
g 1] g
3 L
£ 08 um
05 A15um
' 30um
X 90 um
0 T T T 50 T T :
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Indentation strain (a/R) Indentation strain (a/R)

Figure 2: Indentation results for AR (solution annealed) CuCrZr using five indenters of different radii; (a) indentation stress
and (b) elastic modulus as a function of indentation strain.



To calculate indentation yield pressure a linear fit to the plastic region of the averaged data was first
made; this was then extrapolated back to the elastic line calculated from Hertzian mechanics (Eq. 2)
and the yield pressure defined as the point of intersection. This approach has previously been used by
Zhu et al. for ceramics [35] and metals [36]. This was carried out within a custom-made Python

routine and an example of the final result for one sample and one indenter tip is shown in Figure 3.
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Figure 3: Example of method used to calculate indentation yield stress, here using the 15 um tip on as-received CuCrZr.

In order to compare the response of the material at the initiation of plastic deformation and at more
advanced stages, another measurement of pressure was made at 0.15€ (or at a strain as close as
possible to this value, if 0.15€ was not achieved during indentation). The results from both these

measurements, made on all samples with all indenter tips, can be seen in Figure 4.
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Figure 4: Hardness calculated at (a) intersect between elastic and extrapolated plastic lines, and (b) 0.15 indentation strain.

A pronounced ISE can be seen in Figure 4(a), showing a decrease in indentation yield pressure with
an increase in indenter tip radius. There is not a great difference in hardness between the four samples,
although as expected the material heat-treated at 480 °C exhibits the highest value at most indenter
radii. A different result can be seen in Figure 4(b), however, where the ISE begins to taper off after an

indenter radius of ~10 um but a clear intrinsic size effect can be seen throughout.

5 Conclusions

By applying heat treatments to solution-annealed CuCrZr, a variation in precipitate size and spacing
can be achieved that greatly alters the hardness of the material. When tested using spherical
nanoindentation with different tip radii an ISE in hardness is clearly observed in all samples, as
expected. What is interesting to note, however, is that the size effect due to test piece length-scale is
less apparent in the later stages of plastic deformation. This would indicate that, past a certain point,
dislocation-precipitate interaction is the dominant mechanism in resistance to plastic deformation in
CuCrZr, meaning that outside of the elastic regime size-independent results can be obtained using
spherical indenter tips in the range of ~tens um. Similar results have been reported from TEM in-situ
pillar compression of proton-irradiated Cu [37] and, more recently, in ion-irradiated Fe-9%Cr ODS
alloy [38] where yield strengths similar to macroscopic values were recorded from irradiated pillars of

~ 400 nm and ~100 nm respectively. The authors of the former of these conclude that below this
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value, “size-dependent strength results from dislocation source limitation”. Results from the
investigation presented here support this idea, albeit at a larger test piece threshold due to the larger
obstacle spacing, since a strong ISE can only be observed in the yield pressure, where smaller tips
create a smaller plastic zone size and are therefore less likely to activate dislocation sources in a

relatively dislocation-free material system.
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