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Precipitation hardened Copper-Chromium-Zirconium (CuCrZr) alloy is a prime candidate for divertor com-
ponents in future European DEMOnstration (DEMO) fusion reactors. To develop the DEMO Design Criteria
for In-vessel Components (DDC-IC), the failure criterion of CuCrZr needs to be investigated. Hence, the
effects of stress triaxiality and loading strain rate on the fracture of solution heat treated and annealed
CuCrZr alloys were studied using digital-imaging-correlation and electron microscopy techniques. It was
found that an increase in the stress triaxiality caused a significant decrease of over 50% in the equivalent
strain to fracture. On the other hand, increasing applied strain rate from 1.3 x 107> s~'to0 8.6 x 103 s~!
had no considerable effects on the yield stress and elongation. However, higher flow stresses and a larger
number density of voids were observed under the highest applied strain rate of 8.6 x 10~3 s~!. Fracture
surface analysis showed that the failure model was dominated by void growth and coalescence for all
the tests. This work has been performed within the Engineering Data and Design Integration (EDDI) sub-
project of the EUROfusion Materials work package and aimed to contribute to the development of the

DEMO Design Criteria for In-vessel Components.

© 2020 Published by Elsevier B.V.

1. Introduction

Copper-Chromium-Zirconium (CuCrZr) has been used as a
structural heat sink material for water-cooled plasma-facing-
components for over two decades in JET [1]. It has also been se-
lected in ITER type water-cooled divertors and is the promising
candidate material for divertor components in European DEMOn-
stration fusion power plants (DEMO, Fig. 1a), as shown in Fig. 1b-c
[2-4]. When manufacturing the divertor, CuCrZr cooling pipes need
to be joined to tungsten armour via brazing, hipping or other tech-
niques (Fig. 1d). For brazing, it involves melting and flowing a filler
metal (as shown in blue colour in Fig. 1d) into the joint of two
metal items.

The divertor components are cooled using pressurised water
and operate in extreme environments including high temperature,
irradiation and cyclic multi-axial thermal and mechanical loads
[5,6]. To develop the DEMO Design Criteria for In-vessel Compo-
nents (DDC-IC), the development of the CuCrZr material property
handbook (MPH) is also required [7]. Therefore, investigating the
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fracture behaviour of CuCrZr under monotonic loading conditions
is required to support the fusion component design and to meet
fitness-for-service criteria.

Ductility represents the ability of a material to withstand large
plastic deformations prior to failure by fracture. Equivalent strain
to fracture, &, is often used to represent the ductility of materials.
The &; is given by

éf=1n<’:f’> =21n<r70> 1)

where ry and r are the initial and final (fractured) radii of the ini-
tial (Ag) and final (A) minimum cross-section of a round bar spec-
imen.

For ductile materials, failure is often related to coalescence of
microscopic voids. Over the last half century, a significant amount
of work has been performed and has demonstrated that stress tri-
axiality (n) can influence the behaviour of void coalescence and re-
duce the equivalent strain to fracture [8-14]. The stress triaxiality
is defined as

n=— (2)
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(b) Divertor cassette assembly
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Fig. 1. (a) A schematic picture of a Europe Demonstration fusion reactor. Reprinted
from [2], copyright © 2015 Institute of Materials, Minerals and Mining. (b) divertor
cassette assembly and (c) a plasma-facing unit (reprinted from [3], with permis-
sion from Elsevier.) which consists of (d) tungsten armours brazing joined via an
interlayer material to a CuCrZr cooling pipe.
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where oy and ¢ are hydrostatic stress and equivalent stress given
by

oy = w 3)
and
6=\/(61—az)z—i—(02—03)2+(03—a1)2/«/§ (4)

where o1, 0, and o3 are principal stresses in decreasing magni-
tude.

Early work conducted by Johnson and Cook [10] and Mirsa and
Barton [11] found that the ductility of a wide range of materials
(OFHC copper, steel, pure iron and aluminium alloys etc.) decreases
with the increase of stress triaxiality. Bao and Wierzbicki [12] in-
dicated that for a 2024-T351 aluminium alloy, the fracture is gov-
erned by shear and void growth model with negative and large
(>1/3) stress triaxialities respectively. When the values of stress
triaxiality are in between 0 and 1/3, the combination of shear and
void growth causes the fracture. Noell et al. [15] indicated that for
a given stress state and material, up to seven different mechanisms
can be associated in a sequential manner contributing to the fail-
ure of the material. These mechanisms can be a combination of
void growth and coalescence, shear localization and the Orowan
Alternating Slip (OAS) mechanisms etc. This is further confirmed
by Croom et al. [16] who investigated the rupture process of a
pure Cu wire using In situ X-ray computed tomography technique.
It showed that a sequence of mechanisms started from shear local-
ization, then to the voids growth and coalescence, and growth of
the coalesced voids via OAS caused to the damage in the Cu wires.
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Fig. 2. Two-dimensional Vickers hardness mapping the cross sections of the heat treated (a) 10 mm and (b) 25 mm diameter CuCrZr rods. Microstructure characterisation
of the heat treated CuCrZr alloy (c) Electron backscattered diffraction (EBSD) image showing the grain morphology, orientation and size and (d) grain size distribution from

the centre of CuCrZr specimen
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Fig. 3. CuCrZr specimen geometries for (a) smooth round bar (SRB) for uniaxial tension and torsion tests, (b and c) notched round bar (NRB) for uniaxial tensile and (d)
cylinder for compression tests. (e) 3D-DIC set-up on the smooth round bar specimen and (f) a close view of a notched round bar specimen.
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Fig. 4. Experimental force versus displacement along 25 mm gauge length curves
for smooth round bar and notched round bars with notch radii of 12.0 mm and
3.5 mm respectively.

In these studies, the same loading displacement rate was often
used to test specimens with and without notches. This brings the
applied strain rate in the localised region of a notch bar specimen
up to 35 times faster than that in a smooth round bar specimen.

For a given material, since ductility depends on both stress triax-
iality and loading strain rate, the decrease of ductility in notched
bar specimens is suggested to be due to the combination effect
of stress triaxiality and high loading strain rate [10,17-23]. Rao
et al. [20] carried out tensile testing of CuCrZrTi alloy under load-
ing strain rates ranging from 10~4 s~ to 10~3 s~'at both room and
elevated temperatures. The results indicated that the yield strength
and ultimate tensile strength increased with increasing strain at
room temperature, but no changes in elongation and reduction in
area were observed. Mirsa and Barton [11] also found that increas-
ing the strain rate from 10~% s=! to 10~3 s~! has no consider-
able effect on the fracture strain of pure iron and aluminium alloy
bs1474. Wang et al. [22,23] indicated that both a larger positive
stress triaxiality or a higher strain rate can promote the embrittle-
ment of Ti6AI4V. However, the fracture mechanisms of Ti6AI4V is
independent of the strain rate when the stress triaxiality is very
high (0.5) or very low (—0.31).

To the best of the authors knowledge, only limited studies have
been performed to investigate the effect of stress triaxiality and
loading strain rate on the fracture failure of the current CuCrZr al-
loy. This study aims to decouple the effect of stress triaxiality and
loading strain rate on fracture ductility of a heat treated CuCrZr
alloy. Tensile tests on smooth round bar and notched round bar
specimens were conducted in combination with digital-imaging-
correlation (DIC) technique. Tensile tests on smooth round bars
under different applied loading strain rates were also performed.
Fracture surfaces were characterised using scanning electron mi-
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Table 1
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Summary of Tests ID, specimen dimensions, test type and initial value of stress triaxiality for each test.

Test ID  Specimen type  Test type Gauge diameter/ length (mm)  Notch radius (mm) Initial stress triaxiality
1-2 SRB Tension 6/35 N/A 0.33
3-4 NRB 6/35 12 0.45
5-6 NRB 6/35 35 0.69
7-8 Cylinder Compression  6/13 N/A -0.2
Table 2

Summary of tests ID and applied loading strain rate for each test.

Test ID  Specimen type  Test type  Gauge diameter/ length (mm)  Loading-up strain rate (s—')
9-10 SRB Tension 6/35 1.3 x 10~
11-12 Tension 6/35 2.5 x 104
13-14 Tension 6/35 8.6 x 1073
(a) True strain in [25]. This involves solution heat treatment of the materials at
True strain calculate from 1020 °C for 2 min to dissolve the Cr and Zr into the Cu matrix, fol-
calculate from an lowed by annealing at 475 °C for 2 h to promote the formation of
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Fig. 5. (a) A DIC image shows necking region before fracture of the tensile Test
(ID1) and (b) comparison of the true stress-strain plots derived from 25 mm gauge
length along the loading direction and from the minimum cross-sectional area in
the necking zone. It should be noted that the maximum principle stress is the stress
along applied load direction.

croscopy (SEM) technique. Both macroscopic tensile fracture char-
acteristics and underlying microscopic damage mechanisms in a
CuCrZr alloy are presented in this paper.

2. Materials and microstructure characterisation

Commercial CuCrZr rods of 25 mm and 10 mm diameters and
100 mm lengths were used in the current study. The chemical
compositions of the 10 mm and 25 mm CuCrZr rods are Cu-0.84Cr-
0.08Zr and Cu-0.7Cr-0.13Zr (all in wt.%) respectively. Both materi-
als meet the requirements of the ITER grade CuCrZr composition
(0.6-0.9Cr% and 0.07-0.15Zr%, all in wt%) [6]. It is well-known that
the mechanical properties of CuCrZr are significantly affected by
thermo-mechanical processes [7,24]. To replicate the initial condi-
tion of the divertor component, these 100 mm long rods were heat
treated in two-stages representing the brazing process as detailed

nanoprecipitates which provides optimised strength.

The microhardness (Hv) of cross sections of the heat treated
CuCrZr rods with diameters of 10 mm and 25 mm were mea-
sured using a LECO microhardness tester with a load of 0.3kgf
and a dwell time of 10 s. Samples were sectioned using the elec-
trical discharge machining method, and grinded and polished by
the normal methods. Fig. 2a and b show that the Vickers hardness
mapping for the samples and the hardness values of 25 mm sam-
ple is ~20% greater (and less uniform) than those measured in the
10 mm diameter sample. This is thought to be due to the slight
difference in chemical compositions between these two batches of
CuCrZr and/or because of the relatively short amount of solution
heat treatment time (2 min). Extra care is therefore necessary for
this brazing process to produce fusion components with optimal
and uniform mechanical properties.

The microstructure of the heat treated CuCrZr was characterised
by a JSM-7100F field emission scanning electron microscope (FE-
SEM) with a Thermo Fisher Scientific Lumis EBSD detector [26].
Samples were prepared using a standard method. Fig. 2c shows
a face-centred cubic (FCC) Euler orientation image collected from
the central region of a 10 mm diameter sample. The equivalent cir-
cular diameter (ECD) of grains were calculated from the equation
ECD = ./4Am and using Image] software [27], where A is the area
of the fitted oval (uum?). Fig. 2d shows the grain size distribution
histogram of a total 295 grains. The average grain size is approx-
imately 25 um + 5 pum and over 25% of grains fall in the EDC
range of 5 to 10 um.

3. Experimental method
3.1. Tests with different stress triaxialities

Eight tests (as summarised in Table 1) including tensile tests
for smooth round bar (SRB) and notched round bar (NRB) speci-
mens, and compression tests for cylinder specimens on the CuCrZr
alloy were performed to study the dependence of fracture ductil-
ity on stress triaxiality. These SRB, NRB and cylinder specimens, as
shown in Fig. 3a-d, were designed to obtain four different initial
stress triaxialities ranging from —0.2 to 0.7. The relationship be-
tween the value of stress triaxiality and the radius of notch, R, can
be described by Bridgman equation below and given in [8]

1
n=§+1n(#+l) (5)

To ensure that the results are comparable, all the specimens for
stress triaxiality study were manufactured using the 25 mm di-
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Fig. 6. The maximum principal true stress versus true strain plots for uniaxial tensile tests of CuCrZr (a) smooth round bar; notched round bar with notch radius of (b)

12 mm, (c) 3.5 mm and (d) compression tests using cylinder specimens.
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Fig. 7. 0.2% yield stress obtained from tests conducted at different stress triaxiality
and applied loading strain rates.

ameter rods where the specimens for strain rate sensitivity study
were manufactured from the 10 mm diameter rods.

These tests were performed using an INSTRON 8502 testing ma-
chine at an applied loading displacement rate of ~0.00875 mm/s.
This gives an approximate applied loading strain rate of

2.5 x 10~% s~'along the gauge length of the smooth round bar
specimen.

An extensometer with a 25 mm gauge length was used to
measure the displacement change in the specimen’s gauge length.
True stress and strain measurements were also obtained using 3D
stereoscopic DIC using a subset size of 35 pixels and a step size of
9 pixels, as shown in the set-up in Fig. 3e and f. Two samples were
tested for each condition. Accurate equivalent fracture strains were
not able to obtained from DIC due to the speckle pattern were in
poor quality before failure.

3.2. Tests under different strain rates

The tensile testing for the strain rate sensitivity study was con-
ducted using an Instron 5500R testing equipment [28], as sum-
marised in Table 2. The displacement change across the speci-
men’s gauge length was measured by a dynamic extensometer
with 25 mm gauge length. A set of tests were carried out at ap-
plied loading displacement rates of ~0.025 mm/min, 0.5 mm/min,
and 18.0 mm/min respectively. These loading displacement rates
give applied strain rates of 1.3 x 10> s~ ! (low), 2.5 x 1074 s~!
(intermediate and standard) and 8.6 x 103 s~! (high) in the gauge
length of the smooth round bar specimen. The low and high ap-
plied strain rates are 1/20 and 30 times of the standard (interme-
diate) one, respectively. This set of tests was repeated once. The
experimental set up for both stress triaxiality and strain rate stud-
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Fig. 8. (a-b) Force versus engineering strain plots and (c-d) true stress versus strain plots at different applied strain rates. (a and c) The first set of tests and (b and d) the

second set of tests.

ies are in accordance to the respective ASTM, E8-99 tensile testing
standards [29].

3.3. Fracture surface characterisation

Fracture features of failed tensile samples were characterised
using SEM via a HITACHI 2-3200 N machine, a TESCAN Mira3 XHM
and a JSM-7100F FE-SEM operated at a voltage of 20 kV [26]. SEM
images were used to measure the diameter of the fractured sur-
face which can provide more accurate measurements than using a
micrometre. SEM images were further used to analyse the number
density of the nucleated voids in the ductile failure zone further
using Image] software. Four SEM images covering a total area of
400m? were analysed for each testing condition to provide quan-
titative results. These SEM images were acquired from four differ-
ent regions at the central ductile fracture zone.

4. Experimental results
4.1. Tests with different stress triaxiality

The force-displacement curves for the SRB and two NRB speci-
mens are shown in Fig. 4. The peak force increased approximately
20% and 10% with increased initial stress triaxiality from 0.33 to
0.45 and from 0.45 to 0.69 respectively. A similar trend is also ob-
served for the force at yield. The displacement at failure decreased

significantly with the increase of stress triaxiality. In order to ob-
tain the maximum principal true stress with true strain across the
necking zone, displacements perpendicular to the loading direction
in the necking zone were calculated from DIC data for each test.
The true strain (e) and true stress (o) were calculated from the
equations in below.

g =1In (éf) (6)

Ot = a (7)
where F is the applied force; Ay and final A are the initial and cur-
rent minimum cross-section of the specimens.

A ~4 mm long digital strain gauge was used for tracking the di-
ameter changes in the necking zone perpendicular to the loading
direction, as shown in Fig. 5a. The maximum principal true stress
with true strain plots of the uniaxial tensile test ID1 obtained from
25 mm gauge length along the loading direction (rose dash line)
and the minimum cross sectional area in the necking zone (dark
dash line) are shown in Fig. 5b. Clearly, the true stress-strain plots
obtained from these two different methods are similar before neck-
ing, but significantly dissimilar after necking.

Fig. 6a-c show the maximum principal true stresses with true
strain plots for uniaxial tensile tests of smooth round bar, notched
round bars with notch radii of 12 mm and 3.5 mm, respectively.
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Fig. 6d shows the true stress with respect to the true strain of
the compression tests. The data a few seconds prior to facture
were not obtained due to the poor quality of DIC images. Fig. 6a-c
demonstrate that the true fracture strains were decreased with in-
creasing of initial stress triaxiality. The 0.2% proof stress, ultimate
tensile stress (UTS) and final radius of specimens as well as equiv-
alent strain to fracture for each test were summarised in Table 3.
The compression specimens buckled and therefore did not fracture.

Journal of Nuclear Materials 543 (2021) 152546

Hence, it was not possible to obtain ultimate tensile stress (UTS)
and equivalent strain to fracture for these two compression tests
ID7-8.

Fig. 7 shows the plot of 0.2% proof stress versus stress triax-
iality. It is evident that the 0.2% proof stress increases steadily
with increasing stress triaxiality; an average 14% increase (286 to
325 MPa) from the 0.33 to 0.45 stress triaxiality region and a fur-
ther 19% increase from the stress triaxiality of 0.45 to 0.7 (325 to
386 MPa).

4.2. Tests under different strain rate

Fig. 8a and b and ¢ and d show two sets of force versus engi-
neering strain and true stress versus strain plots for uniaxial tensile
tests of smooth round bar performed under different loading rates.
The dark red, black and orange lines present results under applied
strain rates of 1.3 x 1072 s71, 2.5 x 1074 s~'and 8.6 x 1073 s~1,
respectively. No considerable and consistent changes in the yield
stress and elongation can be observed. Fig. 8c and d show that the
true stress versus strain curves started to diverge manifestly be-
yond the yielding point under the applied highest strain rate of
8.6 x 1073 s~1. This indicates that the plastic flow of CuCrZr alloy
is more sensitive to the loading strain rate beyond the yield point.
Fig. 9a shows the natural logarithmic true stress and true strain
plots in the range of the 0.2% proof stress to the UTS for the fist
set of tests. The gradients of the plots represent strain hardening
exponents (n) which can be obtained by linearly fitting the plots.
Fig. 9b shows the strain hardening exponents, n, as a function of
loading strain rates. The strain hardening exponent increased sig-
nificantly from ~0.2 to 0.25 with increasing loading strain rate from
2.5 x 107* 571 to 8.6 x 10~3 s~1. The values of n represent the re-
sistance ability of the CuCrZr alloy to plastic deformation. The dis-
location pile-ups might be more significant under applied higher
strain rates, which allow the materials to gain higher flow stress.
Hence, a ~8% higher UTS was observed in CuCrZr alloy with in-
creased values of n, as shown in Fig. 9b and c. The results obtained
from the current study are in a good agreement to those previously
observed in a CuCrZr-Ti alloy [20].

4.3. Fracture surface

Figs. 10 and 11 show the SEM images representing the frac-
ture surface features of tested CuCrZr specimens in tension with
different stress triaxialities (0.33, 0.45 and 0.69) and under dif-
ferent applied strain rates of 1.3 x 107> s=1, 2.5 x 1074 s~! and
8.6 x 1073 s~1, The labels 1, 2 and 3 represent SEM images with
relatively low, medium and high magnifications. The low magnifi-
cation images in Figs. 10 and 11 show that for all the cases, the
fracture surface morphology includes a ductile zone at the central
region and shear lips at the edge. Higher magnification SEM im-
ages in Fig. 12a and b show that the central region is decorated
by typical ductile equiaxial dimples and voids while the shear lips
at the edge showed parabolic elongated dimples. The equiaxed and
elongated dimples were formed by a process of voids growth and
coalescence due to tensile and shear stresses respectively. Clear
dimple walls and slip bands are also shown in Fig. 12b. These slip
bands represent dislocation pile-ups due to shear stresses at mi-
croscopic scale. The transition from the tensile to shear fracture
caused a typical cup-cone shaped fracture morphology. This was
consistent across all of the stress triaxiality and strain rate tests
conducted in this study.

Fig. 13d-f show the corresponding micro-void mapping of frac-
tured surfaces (Fig. 13a-c) acquired from the central ductile zone
of specimens tested specimens at applied low, intermediate and
high loading up strain rates respectively. Four different SEM im-
ages covering a total characterised area of 400um? were analysed
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Table 3
Comparison of 0.2% proof stress, ultimate tensile stress (UTS) and equivalent strain to fracture obtained from the tensile and compres-
sion tests.
Test ID  Study 002 (MPa)  UTS (MPa)  Final radius (mm)  Equivalent strain to fracture
1 Stress triaxiality 0.33 290 987 1.1 1.99
2 effect 0.33 282 728 1.2 1.75
3 0.45 331 727 1.65 1.20
4 0.45 320 709 1.665 1.18
5 0.69 392 712 1.95 0.86
6 0.69 376 703 1.965 0.85
7 -0.2 302 / / /
8 -0.2 296 / / /
9 Loading strain 1.3 x 1075 57! 208 399 1.11 1.98
10 rate effect 200 398 1.12 1.97
11 2.5 x 1074 57! 231 401 1 2.19
12 236 418 1.08 2.04
13 8.6 x 1073 5! 226 459 1.02 2.15
14 201 423 1.03 2.14
[22]
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Fig. 10. SEM tensile fractography of (a) smooth round bar sample, (b) notched round bar sample with R = 3.5 mm and (c) notched round bar sample with R = 12 mm. The
1, 2 and 3 in captions represent relatively low, medium and high magnifications respectively.

Table 4

Summary of quantitative analysis of voids under different strain rates.

Test ID  Strain rate (s-')  Analysis area um?  Average void number density (mm~2)
9 1.3 x 107> 400 pm? 180 + 50
11 2.5 x 1074 400 pm? 460 + 30
13 8.6 x 1073 400 pm? 440 + 40

for each loading strain rate condition. Table 4 summarises the av-
erage nucleated void number density at the centre ductile zone of
the specimens tested under different applied strain rates. It can be
seen that the number density of void characterised on the fracture
surface of specimen tested at loading strain rate of 1.3 x 10> s~!
is two times less than that of the specimens tested at higher strain
rates of 2.5 x 1074 s=! and 8.6 x 10~3 s~!. The increase of strain

rate from 2.5 x 104 s~ to 8.6 x 10~3 s~'has no significant influ-
ence on the nucleation of voids.

5. Discussion

The relationship between initial stress triaxiality, applied strain
rate and equivalent strain to fracture of the CuCrZr specimens
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13x105s1 SRB:2.5x10%s' SRB:8.6x103s™1

SRB

(c-1)
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(c-3)

Fig. 11. SEM tensile fractography of smooth round bar sample tested (a) high strain rate 8.6 x 10~ s~1, (b) intermediate strain rate 2.5 x 10~% s~! and (1) low strain rate
1.3 x 1073 s~'. The 1, 2 and 3 in captions represent relatively low, medium and high magnifications respectively.

tested at room temperature is shown in Fig. 14. The equivalent
fracture strain of tensile specimens decreased approximately 60%
from ~2.0 to ~0.82 with increased initial stress triaxiality from
~0.33 to 0.7. This agrees with the trend found in typical duc-
tile metals [9,11,21]. The ductility of CuCrZr shows no distinc-
tive change when the loading strain rate was increased from
13 x 107> s7! to 8.6 x 10-3 s~1. Overall, this study identifies
that the reduction of ductility in CuCrZr at room temperature is
dominated by the stress triaxiality effect, but not the loading strain
rates.

Furthermore, the relationship between the fracture strain and
initial stress triaxiality is fitted by a modified Rice and Tracey ex-

“Dimple Wall b
Y 9y

Surfacesteps 1\

N
N
A

(b)

Fig. 12. High magnification SEM images show (a) elongated dimples and (b) an equiaxial dimple showing finer details of dimple wall. Both images taken from test ID9.

ponential equation [9,28].
&5 =26.1exp(—9.45n) + 0.82 (8)

The fitted curve is shown in Fig. 14 with a solid black line. A
satisfied fit was obtained for the current range of stress triaxiality
from ~0.33 to 0.7.

An increase in strength often causes a reduction in ductility,
which is referred as the strength-ductility trade-off [30]. Although
approximately 8% higher UTS was observed in CuCrZr alloy when
the loading strain rate was increased from 2.5 x 104 s~! to
8.6 x 1073 s~1, no significant changes on the ductility was found.
This is possibly due to the adiabatic heating effect, which can
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Fig. 13. (b, d and f) Void mapping of representative (a, b and c¢) SEM images captured from the central zone of the fracture surfaces from tests have been conducted under
(a-b) low strain rate, (c-d) intermediate strain rate and (e-f) high strain rate.
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14. Plot of equivalent strain fracture versus initial stress triaxiality in CuCrZr.
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soften the material and allow dislocations ease more easily dur-
ing plastic deformation at the applied highest strain rate [31]. The
fracture characteristics of the CuCrCr alloy did not alter under dif-
ferent stress triaxialities and applied loading strain rates. For all
tests, the ductile failure mechanism is dominated by micro-void
nucleation, growth and coalescence. The true stress-strain plots in
Fig. 4 show that the maximum principal stresses are reached at
lower true strains at higher stress triaxialities of 0.45 and 0.6. This
indicates that micro-crack propagation occurs at lower true strains
as beyond the UTS the specimens start necking. The combination
of micro-crack propagation at lower strains as well as the increase
in the void growth and coalescence rates in notched specimens
caused the reduction of ductility [9,32-34].

The image processing analysis shows both the average num-
ber density and void size are strongly dependant on the stress
triaxiality and the loading strain rate. The number density of
void increases significantly when the stress triaxiality is increased
or the loading strain rate is increased from 1.3 x 107> s ! to
2.5 x 107* s1. A possible mechanism that could increase sites
for voids nucleation is dislocation ‘annihilation’ [35] as the in-
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crease of loading strain rate creates more dislocation pile-ups. The
size/number density of dimples are observed to decrease/increase
with increasing in loading strain rates. The dimple size can be
affected by the number density of micro- void nucleation sites.
When there are fewer and widely spaced voids, the voids have
more chance to grow, producing larger dimples. On the con-
trary, smaller dimples are the indicators of fewer and more
closely packed nucleation sites. Voids can coalesce before they
have a chance to grow, producing many more small dimples [36].
Figs. 10 and 11 show that the fracture surfaces of NRB specimens
were covered with a larger number density of dimples (but with
smaller size) than that of in smooth SRB specimens. For given a
constant loading strain rate, better ductility represents larger frac-
ture strain and a longer duration of deformation. Hence the micro-
voids in SRB specimens have a longer time to grow and accumulate
to larger dimples than that in NRB specimens. The number density
of voids and size of dimples can be also dependant on other factors
including impurity of elements and nano-sized precipitates, which
were not examined in this study.

6. Conclusions

In this study, the effects of stress triaxiality and applied strain
rate on tensile fracture characteristics of a CuCrZr alloy at both
macroscopic and microscopic scales were investigated using com-
bined digital-imaging-correlation and electron microscopic tech-
niques. It was found that:

o Optimised strength properties can be achieved in CuCrZr alloys
using a brazing process, but care needs to be taken to obtain
uniform properties for fusion components of large dimensions.
The facture ductility of the CuCrZr alloy was found to be
strongly dependant on the stress triaxiality. An increase in the
initial stress triaxiality from ~0.33 to 0.7 results in a significant
decrease in fracture strain.

Changing the applied strain rate from 1.3 x 107> s—1 to
8.6 x 1073 s—1 has no considerable effect on the ductility of
the CuCrZr alloy, but it does result in an increased strain hard-
ening.

Fracture surface analysis suggested that the fracture mode was
ductile for all the monotonic tensile tests. A possible depen-
dency on the void number density, and the sizes of dim-
ples with different stress triaxialities and applied loading strain
rates were found.

[e]

(e}

o]

Future experimental studies on a wider range of stress triaxi-
ality, under higher applied strain rates, and combining the effects
of strain rate and stress triaxiality at both room and elevated tem-
peratures are needed to fully understand and quantify their effects
on the ductility of CuCrZr alloy. Neutron irradiation has been found
can degrade the ductility of this alloy [37]. Hence, an additional set
of tests must be performed on irradiated CuCrZr samples.
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