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e A strong indentation size effect was seen at low indentation strains.
e The indentation size effect was suppressed at higher strains.
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Precipitation hardened CuCrZr will be used in heat-sink components in the ITER tokomak and is a pri-
mary candidate for EU DEMO. The measurement of mechanical properties of irradiated CuCrZr using
conventional, standardised techniques is difficult due to the challenges involved in working with
radioactive material and the relatively large specimen size required. Spherical nano-indentation offers a
technique to measure stress-strain properties from far smaller volumes than conventional tests. In this
work, CuCrZr has been heat-treated at different temperatures to vary the Cr precipitate size and spacing.
Keywords: Spherical nano—inc'lentation usiqg.n.'nultiple tip radii was then used to produce stress-strain curves for all
CuCrzr alloy samples, from which values of initial flow stress were calculated. It was found that there was a strong
ISE indentation size effect (ISE) in the stress required to initiate plasticity, however at higher indentation
strains the flow stress became constant for tip radii, R, >8 um. This suggests that at the initiation of
plastic deformation the ISE is dominated by dislocation source activation but in later stages the inter-
action with microstructural material length-scales dominate the measured mechanical strength. The
mechanical response of these small-scale tests is governed by multiple mechanisms, which convolute
interpretation of data and must be considered when measuring the effects of irradiation on the me-
chanical properties.

Spherical indentation
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components in fusion reaction vessels [3]. To this effect, CuCrZr has
also been selected as the heat-sink material for the International
Thermonuclear Experimental Reactor (ITER) and is a primary

1. Introduction

Due to its high thermal conductivity, high strength at elevated

temperature, and commercial availability [1,2], precipitation
hardened (PH) copper-chromium-zirconium (CuCrZr) alloy has for
many years been used to make actively cooled plasma facing
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candidate for EU DEMO and future power plants. The optimised
chemical composition for ITER-grade CuCrZr specifies the alloying
elements as being in the range 0.6—0.9wt.% chromium and
0.07-0.15wt.% zirconium with <0.15wt% impurities; peak
strength is achieved by aging at 475 °C + 5 °C for 3 h [4]. When used
for this purpose, the alloy response under neutron irradiation must
be considered. As previously driven by the fission industry, small-
scale testing techniques are preferred for neutron-irradiated ma-
terial due to the induced radioactivity of samples and the
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associated difficulty and cost in handling.

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 in-
formation 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 min-
iaturised test pieces, typically carried out using a focussed ion beam
(FIB), which can be expensive in terms of both time and facility
costs, and data are subject to variation due to the current lack of a
standardised approach for these techniques. One method that does
not require intensive sample preparation is instrumented inden-
tation testing (IIT), which is supported by ISO 14577 [13]. This
technique is now highly automated and can perform a large num-
ber 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 to hun-
dreds of nanometres.

I[IT using a spherical indenter tip has some advantages over
using pointed indenters; due to the blunt geometry, spherical
indentation can be initially elastic [14], therefore the whole strain
range from elastic, elastic-plastic, and finally fully plastic defor-
mation can be observed. This has made it is possible to generate
indentation stress-strain curves comparable to those from tradi-
tional tensile tests (see e.g. Refs. [15,16] and, more recently [17]).
Results from indentation tests are, however, influenced by the
indentation size effect (ISE), whereby the smaller the interaction
volume between tip and sample the harder the material appears.
The ISE has been the subject of many studies over the last two
decades [18—21]. For Berkovich indentation, ISE is exhibited by a
reduction in the measured hardness with an increase in penetra-
tion depth. For spherical indentation, the interaction volume and
ISE are a function of both the tip radius and penetration depth, with
a decrease in tip radii measuring a higher hardness. The extrinsic
length-scale imposed by the test is directly related to this interac-
tion volume and results in the commonly observed ISE; the un-
derlying mechanisms responsible for this size effect in plasticity are
yet to be fully understood and are a matter of debate [22].

Initial reasoning for the ISE was hypothesised by Fleck et al. [23]
who suggested that since geometrically necessary dislocations
(GNDs) are required for material deformation in a restricted vol-
ume, small indentations appear stronger because GND density
scales with the plastic strain gradient, which is higher for smaller
interaction volumes. This theory was later expressed by a model by
Nix and Gao [24], which showed good agreement with experi-
mental data for Berkovich indentation in Ag and Cu. However strain
gradients cannot be the cause of all extrinsic size effects; for
example, (perfect) uniaxial micro-pillars have no strain gradient yet
still exhibit a ‘smaller is stronger’ behaviour [25]. There have since
been many studies exploring further plasticity mechanisms that
account for extrinsic size effects, which show that dislocation
starvation and curvature also contribute to this phenomenon
[26—29]. The fundamental mechanisms controlling the ISE are
distinguished separately from the well-established strengthening
due to microstructural intrinsic length-scales, e.g. grain size,
obstacle spacing or film thickness [30—33].

In this work, indentation using spherical tips with a range of
radii between 2 and 90 um have 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 be-
tween Cr precipitates, which was characterised using transmission

electron microscopy (TEM). The aim of the study was to observe the
effect of varying contributions from extrinsic and intrinsic length-
scales on the observed size effect to give insights into the domi-
nant mechanisms of dislocation plasticity in a PH alloy.

2. Material and methods

A 35 mm thick slab of 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 2h in a vacuum furnace at the
following temperatures: 400, 480, 550, 600, 650, and 700 °C. Pre-
vious studies have already shown that fine, chromium-rich pre-
cipitates grow in size and the distance between them increases
with higher aging temperatures [34,35], which is typical of PH al-
loys. The aim of the heat treatments was to generate a range of
internal length-scales. Larger precipitates produced during solution
annealing have also been identified in this ternary alloy (e.g. CusZr
[36]), however they were not found to change after ageing heat
treatments and subsequently are unlikely to be responsible for
relative differences in hardness between ageing temperatures. A
Leco LM-100 microindentation hardness tester was used to mea-
sure the Vickers hardness of the material after heat treatment. A
load of 100gf was applied with a dwell time of 15s.

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 TEM.

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 to
calculate the geometric mean area and diameter. To measure pre-
cipitate size and spacing, a 200 kV FEI Talos scanning transmission
electron microscope (STEM) was used. Bright- and dark-field mi-
crographs were taken as well as chemical maps, which were ac-
quired using the Super X-EDS (energy dispersive spectroscopy)
system with four silicon drift detectors. Precipitate size and number
density were calculated from the EDS maps using the particle
analysis plugin in the software ‘Fiji’ [37].

Instrumented nano-indentation was performed using a Key-
sight G200 instrument 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 Ref. [38], using reference samples of fused silica, sap-
phire, and glassy carbon. Indentation data was collected using a
load-controlled, modified Field and Swain [39] approach with 40
load partial unload cycles per indent. Arrays consisting of a grid of
4 x 4 locations for the four smallest indenter tips and 3 x 3 for the
largest, due to the increased area required to accommodate
adequate spacing between indents, were run for each test. Indents
were separated by a distance of greater than 10 times the final
contact radius, a, of the indent impression.

3. Theory

The contact depth between sample surface and indenter tip was
calculated using Hertzian contact mechanics [40]. 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:
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where Fis the force applied, R is the tip radius and R’ is the residual
impression radius. E is the reduced modulus, defined as follows:
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where E is Young's modulus, v is Poisson's ratio, and the subscripts i
and s refers to the indenter the surface respectively. The reduced
radius, R, is similarly defined as,

1 1 1
R Ez R75 (3)
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 geo-
metric relationship:

a=\/2R*hc — h? (4)

Where the contact depth, h¢, is defined as

- hy + hy

he

with h; being the indentation depth at maximum load. Indentation
strain and indentation stress can then be calculated using the
following two expressions:

a
€=E (6)

F
o=— 7
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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

The results of initial hardness testing using a Vickers indenter
can be seen in Fig. 1, where each point represents an average of
sixteen indents on each sample. This provided confirmation that a
change in microstructural length-scale had the desired effect of
altering the macroscopic hardness. The curve is typical of that of
ageing of a PH alloy; peak strength is achieved when the material
transforms from a solid solution to a fine distribution of coherent
and semi-coherent precipitates with optimal spacing. This is then
followed by a drop in strength due to coarsening of precipitates,
increasing their size and decreasing their number density [41].

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 74.5 um (excluding
=3 twin boundaries).

Examples of background-subtracted Cr elemental maps ob-
tained using STEM EDS are shown in Fig. 2(a)—(d). In the as-
received material no obvious segregation of Cr was observed and
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Fig. 1. Vickers hardness as a function of heat treatment temperature.

the Cr appeared to be homogeneously distributed in the sample.
Heterogenous distributions of Cr were observed in the 400, 480 and
550 °C samples. Small clusters of Cr became visible in the 400 °C
sample, as shown in Fig. 2(b). Discrete precipitates were first clearly
observed in the prime-aged material that had been heat treated at
480 °C as shown in Fig. 2(g). They may have also been present in the
400°C sample, however poor sample quality (oxidisation)
obstructed the identification of fine features. Larger and more
defined precipitates were found in the 550 °C sample and this trend
of increasing precipitate size with higher heat-treatment temper-
ature is indicative of the other samples aged at higher tempera-
tures. Some of the precipitates were semi-coherent with the Cu
matrix, as indicated by red circles in Fig. 2.

The results of Cr precipitate analysis using the EDS maps are
summarised in Table 1 and shown graphically, to emphasise the
overall trend, in Fig. 3. It was estimated that the areas observed by
STEM were between 120 and 150 nm thick. The large variation in
local thickness is due to the sample being produced via electro-
polishing, hence it is difficult to ensure a homogeneous thickness
across the specimen. Precipitate number density calculations were
made based on this range and the EDS map area used for the an-
alyses. Average precipitate diameter measurements were calcu-
lated using ellipse fits to each precipitate detected and represent
the mean of the measured major and minor axes. These measure-
ments confirm that a variation in internal length-scale has been
achieved via systematically heat-treating at different temperatures.

Considering the above microstructural observations, indents are
likely produced in a single grain or few grains, however the rela-
tively smaller length-scale imposed by the precipitate structure
(apart from the AR material) is considered to dominate the me-
chanical response of the indentation tests conducted in this study.

4.2. Spherical indentation

An example of load-displacement (after frame compliance and
surface corrections) data, in this case for the as-received material
and 2 um tip, can be seen in Fig. 4. Deformation is initially elastic, as
characterised by the loading and unloading points for each cycle
being collinear, until a pop-in occurs. For subsequent cycles there is
an offset in the load-unload curves, indicating that plastic defor-
mation has taken place.

A plot of indentation stress versus indentation strain for the AR
material, all indenter tips, can be seen in Fig. 5(a). As can be seen
from the larger error bars, which here represent one standard de-
viation, data for the 2 pm tip was more scattered. This is likely due
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40 nm 40 nm

Fig. 2. (a)—(d) EDS chemical analysis Cr maps with (e)—(h) corresponding bright-field STEM micrographs for AR, 400 °C, 480 °C, and 550 °C heat treated CuCrZr respectively.

Table 1
Average precipitate diameter and number density for all samples.
Sample Precipitate diameter (nm) Precipitate density (m~3) %
AR N/A N/A =
400 1.56 3.3-4.1 x 10* !
480 318 7.2-89 x 102 g
550 7.04 1.6-2.0 x 102 g
600 12.02 5.6—7.0 x 102 2
650 15.99 3.0-3.8 x 10% S
700 33.17 7.6-9.5 x 10%!
to surface effects (e.g. contamination, hydration, inadequate surface
finds, etc.) having a larger impact on contact area miscalculation )
. . . Displacement (nm)
when penetration depths are smaller. The elastic modulus is also
affected by this, which exhibits as a systematic reduction in Fig. 4. Load-displacement graph for the as-received CuCrZr, 2 pm spherical tip.
measured elastic modulus at low strain. An example of this can be
seen in Fig. 5(b). The ISE is exhibited as higher hardness for smaller
tip radii, however at high strains there is little variation between The first data point of each interpolated and averaged data set

the responses from the largest four tips.

was taken as a measure of initial flow stress. Furthermore, to
compare the response of the material at the initiation of plastic
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Fig. 3. Graphical representation of Cr precipitate number density (bars, logarithmic axis) and average diameter (line plot).
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Fig. 5. 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.

deformation at low strains to stress measured at higher strains,
additional measurements of stress were taken at values closest to ¢
= 0.15 for each test. The results from these measurements, made on
all samples with all indenter tips, can be seen in Fig. 6.

A pronounced ISE can be seen in Fig. 6(a), showing a decrease in
initial flow stress with an increase in indenter tip radius for all tips
from R = 2—90 um. There is not a great difference in this flow stress
and ISE between all seven samples. A different result can be seen in
Fig. 6(b), where the ISE appears to have little effect after an indenter
radius of 8 um but a clear intrinsic size effect can be seen
throughout, which reflects that expected from the precipitate
structure observed by TEM. It should be noted that it is not possible
to fully rule out further slight decreases in hardness for tips larger
than R =90 um, since this data is not available in the current study.

Fig. 7 compares the normalised hardness, with respect to that
measured by the tip with a radius of 90 um (Hgg), with the inverse
of tip radius for the CuCrZr material aged at 480C for 2 h. Mea-
surements of stress at values closest to ¢ = 0.05 have also been
included; here it is easier to identify the gradual transition from a
significant ISE observed at the initiation of flow stress, to smaller
critical radii for minimal to no ISE.

The measurements of initial flow stress exhibit a particularly
strong size effect and are all within the scatter of data for all
samples. This suggests that the plastic flow stress near yield is in-
dependent of the comparative differences in the intrinsic length-

scale between samples and is dominated by the same mechanism
for all materials. In contrast, the indentation stress measured at &
=0.15 appears relatively independent of indenter tip radii above
R=8um and clear differences in flow stress are evident for the
range of materials at this strain. Therefore, it is indicated here that
the plastic response measured by these tests is dominated by the
extrinsic length-scale at yield and transitions to a response influ-
enced by intrinsic length-scale at higher strains; this transition
strain is decreased with increasing tip radii. This may be explained
by considering multiple size effect mechanisms influencing results.
For example, on yield the response is dominated by dislocation
source activation (i.e. starvation [42] or truncation [29]), which is
more prominent with smaller tip radii due to a smaller interaction
volume, and transitions to conventional dispersive barrier hard-
ening once plasticity is fully established (e.g. at ¢ = 0.15, as shown
in Fig. 6(b)). As shown in Fig. 6(a), the measurement of initial flow
stress between tips of R =30um and R =90um is consistent, sug-
gesting that these ISE mechanisms are not present for the largest
tip radii due to the relatively large interaction volume of these tests.
These results are comparable to those produced from TEM in-situ
pillar compression of proton-irradiated Cu [43] and, more
recently, in ion-irradiated Fe-9%Cr ODS alloy [44], where yield
strengths similar to macroscopic values were recorded from irra-
diated pillars of ~400 nm and ~100 nm respectively. The authors of
the former of these conclude that below this value, “size-
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Fig. 6. Indentation stress calculated at (a) first available data point, and (b) 0.15
indentation strain.

dependent strength results from dislocation source limitation” as
alluded to here. However, a larger interaction volume/length-scale
threshold is observed in the current work, which is likely due to the
larger obstacle spacing.

This concept requires substantiation by comparison of the
experimentally observed data with available models regarding
strain gradient plasticity and the dispersive barrier hardening
model, to further understand the variation in mechanical response
and associated mechanisms of dislocation plasticity. This is being
conducted as part of future work.

5. Conclusions

By applying heat treatments to solution-annealed CuCrZr a
variation in precipitate size and spacing can be achieved and, as the
dominant intrinsic length-scale, greatly alters the hardness of the
material. When tested using spherical nanoindentation with

12
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Normalised Hardness (GPa)
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0 :
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Fig. 7. Comparison of normalised hardness (H/Hgo) versus the inverse of tip radii,
showing the contribution of ISE relative to R =90 um for strains of ~0, 5 and 15% for
tests in CuCrZr aged at 480 °C for 2 h.

different tip radii an ISE in hardness is clearly observed in all
samples. The observed size effect due to extrinsic length-scale (i.e.
that imposed by external test geometry) is less apparent when
testing with larger tip radii (R>8 um) and in the later stages of
plastic deformation, where plasticity is well developed. This would
indicate that once the interaction volume has grown to a critical
size, the intrinsic length-scale is the dominant mechanism in
resistance to plastic deformation, which is dislocation-precipitate
interaction in these CuCrZr alloys. This suggests that opportu-
nities to measure macroscopic mechanical properties may be ob-
tained using spherical indenter tips in the range of ~tens um in this
and similar alloys. In the case of irradiated material, where the
dominant internal length-scale is altered by defects, the test piece
size threshold may be reduced further still.
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