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Abstract17
18

The effect of neutron irradiation on tensile properties and fracture mode has been investigated for19
several advanced CuCrZr alloys in the frame of the European fusion material development programme.20
Five material grades utilizing different strengthening principles have been exposed to neutron irradiation21
up to ~2.5 dpa (displacement per atom) in the target operational temperature range of 150-450 °C. The22
strengthening mechanisms are based on the application of: i) tungsten particles; ii) tungsten foils (laminate23
structure); iii) tungsten fibers; iv) Y2O3 particles; v) vanadium addition (0.22 %). Neutron irradiation was24
performed in the BR2 material test reactor inside the fuel channel in order to maximise the fast neutron25
flux. The upper irradiation temperature of 450 °C was selected to validate the ability of the pre-selected26
advanced grades to sustain the high temperature irradiation, since the baseline ITER specification CuCrZr27
is known not to retain sufficient tensile strength above 400 °C in non-irradiated conditions and shows28
strong irradiation induced softening above 300°C. Neutron irradiation at 150 °C caused severe29
embrittlement of tungsten-copper laminates as well as a considerable reduction of the total elongation of30
all other grades. The irradiation at 450°C led to the reduction of the yield strength and ultimate tensile31
strength (i.e. irradiation softening) in the vanadium-doped alloy similar to CuCrZr, while all other materials32
preserved or increased their strength (irradiation hardening). The fracture surfaces of the tested samples33
were analysed to investigate the modification of the deformation mechanisms in each particular case.34
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1 Introduction38
39

Assessment of the neutron irradiation effect on thermo-mechanical properties of materials40
constituting the plasma-facing components (PFC) for the divertor of DEMO, a demonstration reactor and41
the next step towards commercial use of nuclear fusion is an important milestone on the roadmap of the42
European fusion material programme [1]. The baseline concept of the PFC components for DEMO is similar43
to the one selected for ITER, which uses tungsten monoblocks with a pipe made of copper-based alloy [2-44
5]. The divertor PFC of ITER and DEMO will be exposed to high heat flux loads during normal operation45
where the temperature from the heat sink to coolant interface to the top surface of the plasma facing46
material will vary from 150 °C to 1200 °C (for thermal loads of up to 15 MW/m2) [6]. Following ITER47
requirements, the satisfactory performance of those alloys is confirmed up to an operational temperature48
of 300-350 °C and an irradiation dose of 0.5 dpa (displacement per atom) [7]. Above this threshold, a49
significant decrease of the strength is observed. However, higher neutron and thermal loads are envisaged50
in the PFCs of the DEMO divertor compared to ITER (i.e. neutron load ITER: 0.37–0.47, DEMO 1.8–2.451
[MW/m2], i.e. CuCrZr can reach up to 14 dpa in DEMO) [8, 9]. Therefore, development of advanced heat52
sink materials is in line with the primary goal to expand the operational temperature window to ensure53
compatibility with water (i.e. operation at as low as 150 °C) and sufficient strength up to at least ~450 °C54
thus closing the operational temperature windows between the heat sink material and tungsten as plasma55
facing material. At this, the advanced Cu-based alloys are currently being developed taking CuCrZr alloy (of56
ITER specification) as the basis which is then improved by various means including introduction of57
strengthening particles, armoring wires, laminar structures or by alternation of the composition inducing58
other than CrZr precipitates.59

Given that the matrix of the advanced Cu-based alloys is CuCrZr, it is useful to provide a brief review60
of its properties and irradiation effects, while more extended description is given in Section 2. The baseline61
material is alloyed with chromium (0.5-1.2 wt.%) and zirconium (0.05-0.25 wt.% in EN 12167 standard) and62
therefore it is usually referred to as CuCrZr. The mechanical properties of CuCrZr strongly depend on its63
microstructure such as grain size, precipitation size and dislocation and precipitation densities. The heat64
treatment is therefore applied to attenuate the mechanical properties (strength and ductility) to a required65
performance thanks to the formation, growth and coarsening of Cr-Zr precipitates. The design of the ITER66
specification CuCrZr, for the application in the divertor, accounted for the irradiation dose limited to 0.3-67
0.5 dpa and irradiation temperature range 100-300 °C in normal conditions, and escape up to 400 °C in the68
transient event [10]. In the case of DEMO application, the end-of-life irradiation dose will be varied as 3-69
14 dpa [11], depending on the location in the divertor, therefore the currently known information about70
irradiation effects is not sufficient.71

Fabritsiev and Pokrovsky have studied mechanical properties and irradiation-induced72
microstructure of the ITER specification CuCrZr   [10, 12] at 80 - 300 °C up to the irradiation dose of 2.5 dpa73
coming to a number of important experimental observations, namely:74
(i) under irradiation at 150-200 °C there is a drastic reduction of the uniform elongation, associated with75
the plastic flow localization and channel deformation [13]. The saturation of the irradiation hardening and76
complete loss of the uniform elongation is reached already at 0.5-1 dpa,77
(ii) the irradiation at 350 °C and above leads to the softening of the material [7], which represents an issue78
for mechanical stability of divertor components under exposure to thermo-mechanical fatigue loads.79
Given the issues pointed out in a short review of the irradiation effects on the microstructure and80
mechanical properties in the ITER specification CuCrZr, the main purpose of the development of the81
advanced heat sink alloys is to retain the tensile strength at high irradiation temperature (to push82



operational temperature window up to 450 °C) and avoid embrittlement/elongation reduction at lower83
irradiation temperature (100 - 120 °C) without major reduction of other properties owned by the baseline84
material.85

In this work, we investigate the mechanical properties before and after irradiation of several86
prospective Cu-based alloys developed within the European fusion material programme [1]. Five material87
grades utilizing different strengthening principles have been exposed to neutron irradiation up to ~2.5 dpa88
in the target operational temperature range of 150-450 °C. The strengthening mechanisms are based on89
the application of: i) tungsten particles; ii) tungsten foils (laminate structure); iii) tungsten fibers; iv) oxide90
dispersion strengthening (ODS) particles; v) minor alloying with vanadium. The reference and irradiated91
materials were tested in uniaxial tensile mode, and the fracture surface was investigated by scanning92
electron microscopy (SEM). The paper is organized as follows: in Section 2 we provide information about93
materials including baseline CuCrZr alloy of ITER specification as well as test methods applied, in Section 394
the results and their discussion is given, and finally Conclusions are drawn in Section 5.95

96

2 Experimental procedures97
98

2.1 Background information on baseline CuCrZr99

100
The specification of the mechanical properties of the copper alloy for ITER application is provided in101

Ref [7, 14]. Cu is alloyed with chromium (0.5-1.2 wt.%) and zirconium (0.05-0.25 wt.% in EN 12167102
standard), and depending on a specific application, different types of thermo-mechanical treatments are103
available, namely: i) solution-annealed (SA), cold-worked (cw) and aged (A); ii) solution-annealed and aged104
(SAA); iii) solution-annealed and overaged (SAoverA) in non-optimal conditions (applied for large scale105
components for which annealing regime is difficult to adhere to).106

The mechanical properties of CuCrZr strongly depend on its microstructure such as grain size,107
precipitation size and dislocation and precipitation densities. The microstructure is developed by thermo-108
mechanical treatment during the production process. The alloy in SAoverA condition is characterized by an109
increased size of precipitates compared to the SAA condition (~20 nm after 600 °C treatment for 4 h110
compared to ~2 nm for SAA). The size of the precipitates, in the case of over ageing, is proportional to the111
heat treatment temperature and time. Also, the precipitate density decreases promptly with the overaging112
time. Coarsening of the precipitates in the alloy and decrease of the precipitation density usually lead to a113
loss of the alloy strength.114

The effect of the heat treatment on the strength of the CuCrZr alloy is also rather significant. The115
highest tensile strength, namely an ultimate tensile strength (UTS) of ~480 MPa and yield stress (YS) of116
~450 MPa at room temperature (RT) are obtained for the SAcwA condition. The SAA material has a lower117
strength (UTS of ~400 MPa and YS of ~280 MPa at RT) which is followed by the strength of the SAoverA118
(UTS of ~320 MPa and YS of ~200 MPa at RT [15]), while pure annealed copper is characterized by the119
lowest tensile strength among the alloys processed with the conditions listed above [7]. As reported in [7]120
the UTS of SAcwA drops from 480 MPa at RT to 290 MPa at 500 °C; UTS of SAA reduces from 400 MPa to121
200 MPa at 500 °C. Moreover, specimens in the SAA and the SA in overaged conditions show a decrease in122
the tensile strength with increasing the annealing time. This effect was observed at 50 °C and 300 °C test123
temperatures.124



The ductile characteristics of the ITER CuCrZr also depend on the heat treatment. The uniform125
elongation of SAcwA at RT is 7%, this value decreases to 1% at 300 °C and remains unchanged until 700 °C126
[16]. For SAA the uniform elongation is 18% for RT with a linear decline to 15% at 500 °C. For SAoverA the127
uniform elongation at 50 °C is 26% and 19% at 300 °C. The total elongation of SAcwA at RT is 19%, this128
value descends to 6% at 500 °C [16]. For SAA the total elongation decreases from 26% to 20% for the same129
temperatures. SAoverA has total elongation of 30% at 50 °C and 24% at 300 °C.130

As was briefly specified in the introduction, the mechanical properties of the ITER specification131
CuCrZr in neutron irradiated state were studied by Fabritsiev and Pokrovsky in Ref. [10, 12]. The irradiation132
temperature varied from 80 up to 300 °C and the irradiation dose up to 2.5 dpa. At low irradiation133
temperature (150-200 °C), the saturation of the irradiation hardening and complete loss of the uniform134
elongation is reached at rather low dose of 0.5-1 dpa. The drastic reduction of the uniform elongation is135
associated with the plastic flow localization and channel deformation [13], which is not the case at the136
irradiation at 300 °C. The explanation for the difference was provided thanks to an TEM study. The TEM137
investigation of the material irradiated at 80 and 150 °C up 0.1 dpa revealed that dislocation loops and138
stacking fault tetrahedra (SFT) are the two main defects induced by the irradiation [12]. Dislocation loops139
should represent the main source of hardening as they keep on growing in size with increasing the140
irradiation dose, while SFTs are limited in size (up to about 2-3 nm) [17]. The density of SFTs is ~1023 m-3,141
while the density of the loops is one order of magnitude lower, i.e. 1022 m-3, as reported in [12]. After142
irradiation at 300 °C, large dislocation loops (up to 500 nm in size) were observed, besides nano-metric143
defects, which was ascribed to diffusion and coalescence of the in-cascade produced loops [10].144

The summary of the tensile strength including non- and irradiated materials provided in [7] shows145
that the UTS of SAcwA CuCrZr changes from 480-500 MPa at RT down to 280-300 MPa at 400 °C in the non-146
irradiated state. In the same temperature range, the strength of the SAA CuCrZr (i.e. without cold working)147
is about 30-50 MPa lower, depending on the test temperature. After the irradiation (to the saturation148
dose), the UTS of both types of materials decreases to ~280 MPa at 300 °C. Increasing the test temperature149
above 300 °C leads to a further reduction of the UTS below 200 MPa, which is considered as an important150
limitation.151

152
2.2 Advanced Cu-based alloys153

154
The materials investigated in this work were developed as advanced risk mitigation materials in the155

frame of the EUROfusion project and in particular the Work Package Materials (WP-MAT) [1]. Five different156
materials, three of which are composites, were included in the present study. Basic information about the157
chemical composition and supplier is provided in Table 1. Below, we provide a brief description of each158
material, while detailed information can be found in the related references:159
· Tungsten – copper laminate acquires an unique combination of ductility, strength and low ductile to160

brittle transition temperature (DBTT) [18, 19] thanks to the dedicated thermo-mechanical treatment161
of the W foils. CuCrZr is used as an interlayer material to bond W foils, enhance thermal conductivity162
and reduce irradiation induced swelling compared to using pure Cu as interlayer material. This163
material will be referred to as „W-laminate“.164

· W fiber – copper composite [20-22] is produced for the irradiation in the form of a plate in contrast165
to the foreseen later use in tube shape and uses 145 µm tungsten fibers aligned in a grid as166
reinforcement, while CuCrZr is infiltrated to create the bulk material. This material represents a167



combination of the ductile CuCrZr matrix with high-strength drawn W fibers as reinforcement. This168
material will be referred to as „W-fiber“.169

· W particle reinforced CuCrZr containing nearly spherical W particles [23] owns a combination of170
ductile CuCrZr matrix with W particles, which increase tensile strength as well as provide large capacity171
for uniform elongation and work hardening. This material will be referred to as „W-particle“.172

· CuCrZr alloy doped with vanadium (0.221 %) is characterized by different precipitations compared to173
CuCrZr and therefore leads to the enhancement of high temperature creep strength. Given the174
vanadium doping, this material will be referred to as „V-doped“.175

· ODS-Cu in this case is pure copper strengthened with Y2O3 ODS particles industrially produced using176
parameters for alumina reinforced ODS materials. This material will be referred to as „ODS“.177

The basic physical properties, such as density, thermal conductivity and fraction of CuCrZr (relevant178
for the studied composition) are summarized in Figure 1. The information on ITER specification CuCrZr in179
various heat treatment states is also included.180

Table 1. List of materials studied in this work and brief information on the chemical composition.181

Material and
sample ID

Reference Supplier and material information

CuCrZr - W
laminate (73% W)
Label: L

W-laminate KIT Karlsruhe
W-27%CuCrZr (wt.%); 14.6 g/cm3; 255 W/m.K (parallel), 223 W/m.K
(perpendicular)
Microstructure: orientation of single rolled W-sheets parallel to tensile
loading

CuCrZr – W fibers
(54% W)
Label: F

W-fiber IPP Garching in collaboration with Louis Renner GmbH
W – 46%CuCrZr (wt.%); 12.55 g/cm3; 267 W/m.K (parallel), 258 W/m.K
(perpendicular)
Microstructure: infiltrated W-fiber fabric with main fiber orientation
parallel to tensile loading – minor contribution by woven fibers in
perpendicular direction

CuCrZr - W
particles (70% W)
Label: P

W-particle IPP Garching in collaboration with Louis Renner GmbH
W-30%CuCrZr (wt.%); 14.29 g/cm3; 243 W/m.K
Microstructure: homogeneous / isotropic;

CuCrZr – V
Label: V

V-doped KIT Karlsruhe
Cu-0.922%Cr-0.041%Zr-0.221%V (wt.%); ~8.90 g/cm3; ~300-350 W/m.K
(estimate)
Microstructure: homogeneous / isotropic

ODS Cu – Y2O3

Label: Y
ODS KIT Karlsruhe

Cu-Y2O3 (heat # C3/40-Y); ~8.90 g/cm3; assumption: 300-350 W/m.K (value
is indicative); Microstructure: homogeneous / isotropic

182
183
184
185
186
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Figure 1. Density and thermal conductivity measured at room temperature of the different Cu-based materials. The ODS material188
is based on technically pure Cu (not CuCrZr).189

190

2.3 Irradiation191
Neutron irradiation was performed in the BR2 Belgian Material Test Reactor inside a fuel element in192

the radial position close to the reactor center and in the mid-plane horizontal position where the fast193
neutron (E > 0.1 MeV) flux is 4 × 1014 n/cm2/s at a power of 60 MW. The samples were encapsulated in194
1.5 mm steel tube filled with He. The gap between the samples and the tube was adjusted to achieve the195
target temperature following the thermal and neutronic calculations. The irradiation dose was calculated196
by MCNPX 2.7.0 [24] and found to be 2.15 dpa, 2.5 dpa, and 2.55 dpa (1.02-1.25 dpa in W) for the capsules197
with the samples irradiated, at 150 °C, 350 °C and 450 °C, respectively, also summarized in Table 2.  For the198
materials containing W, the transmutation of Re and Os is calculated based on the ALEPH code developed199
by SCK CEN and available nuclear databases [25-29]. The concentration of Re in W after irradiation is 2.0-200
2.2 at.% and Os concentration is about 0.2 at.% (depending on the specific capsule).201

202
Table 2. Irradiation conditions.203

Notation used for
figures

Tirr, °C Irradiation dose, dpa

A 150 2.15
B 350 2.5
C 450 2.55

204



The tensile samples have a flat-type dog bone geometry with a total length of 16 mm and the205
dimensions of the grip section is a width of 4.2 mm and a thickness of 1 mm. The gauge length is 5.2 mm206
and the gauge cross-section is 1 × 1.5 mm2. Given the fine microstructure of the materials (grain size is less207
than 100 µm), the applied gauge section area is sufficient to be representative of the material tensile208
properties (i.e. certainly more than ten grains per cross-section area). The description of irradiation209
capsules and sample payload is provided in Annex 1.210

2.4 Mechanical and microstructural testing211
The uniaxial tensile tests of the irradiated and non-irradiated small dog-bone-shaped specimens were212
carried out in air using Instron universal test machines equipped with furnace. The test temperature for213
the irradiated specimens ranged from RT to 450 oC. The overall length of the specimens was 16 mm with a214
gauge length G of 5.2 mm. The initial cross section A0 of the samples was 1.60 mm2215
(W=1.6 mm × T=1.0 mm) for the un-irradiated and irradiated samples. The exact initial cross section for216
each sample was measured by profile projector.217
The constant displacement speed of the pull rod was 0.2 mm/min, which corresponds to a strain rate of 6218
× 10-4 s-1. The load F versus gauge length elongation ௧௘௡௦௜௟௘ܦ  was continuously measured during the test.219
The engineering strain was calculated as:220

௘௡௚ߝ =
௧௘௡௦௜௟௘ܦ
ܩ

(1)221
The engineering stress was derived following the equation:222

௘௡௚ߪ =
ܨ
଴ܣ

(2)223
224

Fracture strain was evaluated as [30]:225

௣௟ߝ = ݈݊ ൬
଴ܣ
ܣ ൰

(3)226
227

where A0 and A are the minimum cross-section areas of the gauge before testing and after fracture.228
Fracture stress was evaluated as the load at fracture divided by the cross-section area A at fracture. The229
latter was measured by SEM applied on the fractured samples. More information is provided in Annex 1.230

It is known that high temperature tests on Cu-based alloys may involve certain oxidation effects, which231
might affect the interpretation of the test result. A study of the oxidation of the surface of copper exposed232
to annealing at 200 and 300 °C up to few hours was performed [32]. The results showed that oxygen233
penetrates up to 1 µm at 200 °C for 6 hours, and up to 3 µm at 300 °C. Furthermore, the oxidation of Cu234
sheets was studied in the temperature range of 200-1000 °C [32]. The study has revealed that the oxidation235
at temperatures below 200°C leads to the formation of a thin layer of copper oxide, mainly of cuprous236
oxide (Cu2O). Oxidation at 300 °C promoted growth of a passivating oxide layer composed of CuO and Cu2O.237
In the temperature range from 400 to 700 °C, the passivating copper oxide layer was fragile and showed238
poor adherence to the Cu surface. The oxidation at higher temperatures promoted complete oxidation of239
the Cu sheets. Given that the present tests are performed up to 450 °C and the thickness of the sample is240
1 mm, the oxide layer is likely formed on the surface of tensile samples. However, its impact on the bulk241
mechanical properties is deemed to be minor.242

243



3 Results244
245

In the following, first, the mechanical properties of the materials in non-irradiated state will be presented,246
compared and discussed. Then, the effect of the neutron irradiation on the change of the mechanical247
properties will be shown. Finally, the analyses of the fracture surfaces and the effect of the irradiation on248
it will be presented. For the two non-composite materials, i.e. V-doped and ODS Cu, a detailed analysis of249
the fracture surface with the derivation of the cross-section area after the fracture and calculation of the250
true stress at fracture has also been performed, which can be helpful for the reconstruction of true stress251
– strain properties of the materials. This characterization would be meaningless for the composite252
materials (given that each material constituting the composite has its individual mechanical performance)253
and therefore it was not applied for the composites studied here.254

255

3.1 Mechanical properties in the non-irradiated state256
257

The reference (i.e. non-irradiated state) stress-strain curves are shown in Figure 2 a-b-c-d for 150 and 450°C258
test temperatures, the figures for other studied test temperatures are provided in Annex 2. The obtained259
results were found to be quite reproducible from one sample to another (spread of the curves within 5%)260
and therefore only one curve per material is shown in each sub-figure. From the presented data on the261
non-irradiated materials several conclusions can be drawn.262
First of all, the W-laminate has the highest strength among all the tested materials. However, the material263
is brittle at room temperature, but it becomes ductile at 150 °C. It should be noted that the brittleness at264
RT is not linked to the intrinsic properties of the W foil, as the latter is ductile at RT [33], but rather defined265
by the microstructure of the foil after the thermo-mechanical treatment applied to fabricate the266
composite. Clearly, the mechanical response of this composite is governed by the mechanical properties267
of the tungsten foils.268
The W-fiber material renders a considerable strength, being the second strongest material after the W-269
laminate. Due to the specific strengthening mechanism, the material exhibits essentially limited uniform270
elongation (compared to the baseline CuCrZr), which is dictated by the properties of the strengthening271
element i.e. W wire. Indeed, it is known that W wire applied in this composite has rather low uniform272
elongation (as revealed by the individual tests of the fibers under tension) [34]. The strength of W-fiber273
material progressively decreases with rising the test temperature without a recovery of the uniform274
elongation, which is in line with the evolution of the tensile properties of the W wire [34].275
Contrary to the two above discussed materials, the W-particle grade appears to have a lower strength but276
a high work hardening capacity. This means that the plastic deformation is controlled by dislocation slip in277
the CuCrZr matrix, while W particles act as strengthening non-coherent precipitates (W has bcc structure,278
while Cu has fcc structure). Size/density particle distribution likely controls the UTS. Since the post-necking279
deformation of this material is very limited, one can assume that the void nucleation and coalescence of280
voids near the W particles promote the formation and propagation of the microcracks. Should the281
size/density of W particles change (e.g. due to the irradiation), the UTS and post-necking deformation282
would be affected as well.283
The V-doped CuCrZr has a negligible uniform elongation at 150 °C and above. At RT, the uniform elongation284
is about 10%. One peculiar feature of this material is that the yield stress (and UTS) is almost constant in285
the temperature range 150-450 °C. Such feature may point to the reorganization of Cr-Zr-V precipitates286



depending on the temperature, such that an increase of the test temperature does not lead to a reduction287
of the yield stress.288
Finally, the Y2O3-ODS material has the lowest strength but the highest total elongation among the tested289
grades. Unlike the V-doped grade, the ODS material exhibits pronounced reduction of the yield stress with290
an increase of the test temperature.291
To enable a comparison of the mechanical properties of the advanced grades with the conventional ITER292
specification CuCrZr, the UTS and uniform elongation values are summarized in Figure 3(a) and Figure293
3(b). In terms of the strength, all advanced grades, except the ODS material, outperform the baseline294
CuCrZr. The UTS of V-doped grade is comparable to the SAcwA condition.295
The uniform elongation is provided in Figure 3(b). The uniform elongation of the SAA CuCrZr ranges296
between 15 and 18 % in the temperature range RT-450 °C [35], which means that all advanced grades have297
considerably smaller values. In the case of SAcwA heat treatment, the uniform elongation is 4% at 150°C298
and it decreases down to zero at 300 °C [36]. In terms of the uniform elongation, on Figure 3(b) we can299
see W-laminate and W-particle grades exhibit a larger uniform elongation as compared to ITER300
specification CuCrZr, especially at the high temperature side, which clearly reflects the improvement of the301
high-temperature performance.302

303

304

305
Figure 2. Stress-strain data on non-irradiated materials obtained at (a) 25 °C and (b) 450 °C.306
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307
Figure 3. (a) UTS in the temperature range of 150-450 °C for the advanced Cu-based alloys and reference ITER-specification CuCrZr308
in two post-heat treatment conditions. For the SAcwA and SAA heat treatment conditions of CuCrZr the average UTS is presented309
as reviewed in [7]. (b) Uniform elongation in the temperature range of 150-450 °C for the advanced Cu-based alloys and reference310
ITER-specification CuCrZr in the SAcwA and SAA annealing condition (the data for SAcwA and SAA is taken from [16]).311

312
313

3.2 Mechanical properties in the irradiated state314
315

The mechanical tests after the irradiation were performed at two temperatures, namely at the irradiation316
temperature and 150 °C, whilst the latter is considered as the lower boundary temperature for the317
operation in DEMO divertor cooling pipes. We shall first present the results for Tirr=Ttest and then Ttest=150318
°C. Given that at Tirr=150 °C some spare samples were available, extra tests were also performed at RT. The319
effects of the irradiation and test temperature on the tensile strength, uniform and total elongation are all320
together visualized in Figure 4 (W-laminate), Figure 5 (W-fiber), Figure 6 (W-particle), Figure 7 (V-doped),321
Figure 8 (ODS) for each material separately. The figure captions also collect the most important messages322
regarding the discovered irradiation effects. For the sake of briefness, the engineering stress-strain curves323
are collected in Annex 2, while observations made based on those results are summarized below.324
At Tirr=Ttest=150 °C, we can reveal embrittlement of the W-laminate material, which fractures without any325
plastic deformation. The W-fiber material exhibits an increase of the yield stress (i.e. irradiation hardening)326
and the rise of UTS is by a factor of two with only a moderate reduction of the total elongation. W-particle327
material exhibits irradiation hardening, which is, however, more moderate (ΔσUTS is 100 MPa) as compared328
to the two other composites. Also, the uniform elongation of W-particle material drops down from 5% to329
1%. The irradiation hardening in V-doped material is the same as in W-particle (ΔσUTS is 100 MPa) with330
almost no change in the uniform elongation, which was only 0.5% before irradiation. The incurred331
irradiation hardening did not essentially alter the extensive post necking deformation, which also occurred332
in the non-irradiated state. The ODS material exhibits considerable irradiation hardening (UTS increases by333
70%) and uniform elongation reduces down to 0.5%, although the post-necking deformation yields ~8% of334
the total elongation. In fact, the mechanical performance of V-doped and ODS grades becomes comparable335
after irradiation at 150 °C.336
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Test results at Tirr=Ttest=350 °C show that the W-laminate material remains fully brittle and the stress at337
fracture, being 800 and 1100 MPa (for the two samples tested) is comparable to the one measured at338
Tirr=Ttest=150 °C. The response to the tensile load of the W-fiber material is also similar at 350 and 150 °C,339
meaning a comparable increase of the UTS and insignificant reduction of the total elongation. An340
interesting observation is that the uniform elongation has slightly increased after the irradiation at 350 °C.341
This could be explained by the irradiation hardening of the W fibers, which enables to reach a slightly342
higher strain in the composite prior to the UTS point. In the case of W-particle material, the UTS at343
Tirr=Ttest=350 °C is lower than at 150 °C, and the uniform elongation is reduced down to 1.5% (from 6% in344
the non-irradiated state). The fracture occurs shortly after the UTS, which is also the case for Tirr=Ttest=150345
°C and the tests in the non-irradiated state. V-doped material exhibits slight irradiation softening (ΔσUTS is346
-25 MPa), and negligible uniform elongation (0.5%). In the case of ODS material, the hardening is 100 MPa,347
which by a factor 2 lower compared to the results at Tirr=Ttest=150 °C. However, the uniform elongation still348
remains very small, i.e. only 0.5%. Overall, for most of the properties of the studied materials, the effect of349
the irradiation at 150 and 350 °C is rather similar, except for (i) enhancement of the uniform elongation of350
the W-fiber material up to 2.5% (exceeding the one before the irradiation) at Tirr=Ttest=350 °C and (ii)351
essential reduction of the irradiation hardening in ODS material at Tirr=Ttest=350 °C  compared to the results352
at 150 °C.353
The increase of the irradiation temperature up to 450 °C, makes more prominent effect on the mechanical354
properties. The W-laminate composite still demonstrates fully brittle behaviour. W-fiber material appears355
to exhibit a significant reduction of the UTS (compared to results at Tirr=Ttest=350 °C) and an increase of the356
uniform elongation up to 5%. During the post-necking deformation, the composite was so strong that357
instead of the rupture of the wires in the neck, a shoulder of a grip end of the specimen was sheared off.358
It was therefore not possible to determine the total elongation or area reduction for the W-fibers in this359
test condition. In the case of the W-particle material, the effect of the increase of the irradiation360
temperature is minor, and it is mainly expressed in the recovery of the uniform elongation and reduction361
of the UTS. In the V-doped material, the irradiation at 450 °C leads to a pronounced (more than a factor of362
two) reduction of the UTS from 336 MPa (in non-irradiated state) down to 145 MPa. As a result of this363
softening, the uniform elongation reaches 5%, while it amounts only to 1% before the irradiation.364
Modification of the structure and/or size/density distribution of strengthening particles could be an365
explanation for such a strong softening effect. The ODS material retains the UTS and uniform elongation to366
be very close to the non-irradiated values.367
In addition to Tirr=Ttest condition, a set of data has been obtained at Ttest=150 °C, while the irradiation368
temperature was 350 °C (see Figure 23) and 450 °C (see Figure 24). The following findings were noticed369
as outcomes of the results presented on these two figures. The fracture stress (in this case, the same as370
UTS) of W-laminates reduces down to ~500-600 MPa, i.e. even lower than the UTS of the non-irradiated371
material. This implies that the suppression of the micro-yielding due to the irradiation defects differs at372
150 °C and higher test temperatures. As a result, the W-laminate material irradiated at high temperature373
exhibits a loss of strength at 150 °C, and the fracture is purely brittle irrespective of the irradiation and test374
temperature. Secondly, we can see that the softening of the V-doped material irradiated at 450 °C remains375
for the tensile test at 150 °C. This implies that the softening truly comes from the change of the material376
microstructure and not just from the dislocation-defect interaction, where the softening could be377
explained by assistance of thermal activation to overcome specific irradiation defects or irradiation378
modified Cr-Zr-V precipitates. The mechanical performance of W-fiber, W-particle and ODS materials379
remains similar at Ttest=Tirr and 150 °C.380
Finally, a set of tests was done at Ttest=RT and Tirr=150 °C, as presented in Figure 25. For the W-fiber381
material, the reduction of the test temperature to RT has resulted in the brittle fracture. This is quite an382



important result, because at Tirr=Ttest=150 °C the composite remains ductile with a considerable uniform383
and total elongation. Hence, the ductile to brittle transition for the W fibers irradiated at 150 °C up to ~2.5384
dpa is in the range RT-150 °C. The W-particle material experiences significant irradiation hardening and the385
reduction of the uniform elongation by about factor of three. V-doped and ODS materials exhibit irradiation386
hardening with immediate necking after the yield (i.e. zero uniform elongation), but preserve extended387
post-necking deformation. The irradiation hardening in the ODS material is about 70%, while in the V-388
doped material it is only 5%. The W-laminate material has not been tested at RT given that it was found to389
be brittle even at higher temperature.390

391
392

393
Figure 4. Effect of the irradiation on the UTS/YS and total/uniform elongation of W-laminate material. The details of the irradiation394
conditions are provided in Table 2. The arrows are added to guide an eye reflecting the most prominent effects, namely: (1)395
Significant low temperature hardening at Tirr=150 °C and complete loss of total elongation. (2) Significant scatter of strength after396
the irradiation at 450 °C, complete loss of total elongation. (3) At Ttest=150 °C, the irradiation at 350 °C and 450 °C causes loss of397
fracture strength.398
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Figure 5. Effect of the irradiation on the UTS/YS and total/uniform elongation of W-fiber material. The details of the irradiation401
conditions are provided in Table 2. The arrows are added to guide an eye reflecting the most prominent effects, namely: (1) Strong402
low temperature hardening at Tirr=150 °C and loss of total elongation implying embrittlement of the fibers. (2) At Tirr=450 °C, the403
strength is preserved after the irradiation, with a presence of ductile fiber deformation.404

405

406
Figure 6. Effect of the irradiation on the UTS/YS and total/uniform elongation of W-particle material. The details of the irradiation407
conditions are provided in Table 2. The arrows are added to guide an eye reflecting the most prominent effects, namely: (1) Low408
temperature hardening at 150 °C and loss of uniform elongation. (2) At Tirr=450 °C, the strength is preserved after irradiation, but409
with loss of uniform elongation.410

411
Figure 7. Effect of the irradiation on the UTS/YS and total/uniform elongation of V-doped material. The details of the irradiation412
conditions are provided in Table 2. The arrows are added to guide an eye reflecting the most prominent effects, namely: (1) Low413
temperature hardening at 150°C and high temperature softening at 450 °C. (2) No strong effect on the initially low uniform414
elongation at 150-450°C. (3) Recovery of total elongation at Ttest=150 °C after irradiation at 450 °C.415
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418

419
Figure 8. Effect of the irradiation on the UTS/YS and total/uniform elongation of ODS material. The details of the irradiation420
conditions are provided in Table 2. The arrows are added to guide an eye reflecting the most prominent effects, namely: (1) Low421
temperature hardening at 150 °C and complete loss of uniform elongation. (2) At Tirr=450 °C, the strength (and low uniform422
elongation) is preserved.423

424
425

3.3 Fracture surface analysis426

427
The fracture surface of the W-laminate material in the reference and 150 °C-irradiated condition tested at428
150 °C is shown in Figure 9. The fracture of the reference sample occurs by the delamination and necking429
of individual tungsten grains, which is fully consistent with the original work [18] where the authors have430
developed this composite. The CuCrZr interlayers exhibit fracture by dimple rupture, which is a normal431
fracture mode for this material. After the irradiation, CuCrZr-interlayers still show ductile deformation with432
well-resolved dimples, while W foils exhibit brittle intergranular fracture with large lateral cracks emerging433
near the W-CuCrZr interfaces. Examples of such cracks are shown for two different fracture areas on Figure434
9(g). The cracks are extended along the W-Cu interface but there is no delamination between Cu and W.435
This means that the formation of cracks inside the W foil occurs prior the stress level exceeds the W-Cu436
interface bond strength. This indicates that the primary impact of the irradiation damage at 150 °C is437
expressed in the embrittlement of the W foil. Here, we need to note that the irradiation embrittlement of438
the laminate composite has been reported earlier by Garrison et al. [37]. In that work, the irradiation was439
performed at higher ratio of thermal to fast neutrons, thereby causing a higher Re/Os generation rate in440
tungsten. The irradiation temperature was also higher (400-800 °C) than in this study. Yet, the present441
results demonstrate that a lower transmutation rate and irradiation temperature also leads to the severe442
irradiation embrittlement of this composite. A recent work performed by Zinovev et al. [38] reported the443
investigation of the bending tests of individual W foils irradiated up to 0.15 dpa (in W) at 400 °C, which444
showed no embrittlement of the foils. The foil were retained its ductility even at RT tests.445
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447
Figure 9. SEM micrographs showing the typical fracture surface of W-CuCrZr laminates in the reference (upper pane) and448
irradiated (lower pane) states tested at 150 °C. The upper pane shows a series of zoomed images extracted in tungsten region449
from macro-view (500 µm scale bar, a) to meso-scale view (50 µm scale bar, b) and down to micro-scale (10 µm scale bar, c), the450
latter shows a pattern of the neck-to-edge tungsten grains. A zoomed area is shown as blue-filled rectangular. The lower pane451
shows a series of zoomed images extracted in W-Cu interface from macro-view (100 µm scale bar, d) to meso-scale view (10 µm452
scale bar, e) and down to micro-scale (1 µm scale bar, f). Fig.(g, magnification scale is 10 µm) shows the ductile dimples on the453
Cu part near the W-Cu interface and the presence of microcrack in W part.454

455
The features of the fracture surface of W-laminate tested at 350 °C are very similar to those at 150 °C 456
shown in Figure 9. The fracture surface of the W-laminate tested at 450 °C is shown in Figure 10. The 457
upper pane shows the microstructure in non-irradiated state, the lower in the as-irradiated state. The 458
reference material fractures by delamination and the latter may occur either at the W-CuZrCr interface or 459
within the W foil itself. Individual tungsten foils fracture by delamination and necking. A zoom-in of the 460
delamination of W-CuCrZr interface is shown on the upper pane of Figure 10. After the irradiation, no 461
delamination of the W-CuCrZr interface was observed. All inspected W-CuCrZr interfaces are free of cracks. 462
CuCrZr interlayers exhibit ductile fracture. W foils exhibit mixed fracture surface, part of the foils are 463
fractured by brittle cleavage, another part appears to have necking of the individual grains. Multiple small 464
lateral cracks are present across the whole thickness of the foils, but large lateral cracks are found next to 465
the W-CuCrZr interfaces, such as shown on the lower pane of Figure 10. 466

467



468
Figure 10. SEM micrographs showing the typical fracture surface of W-CuCrZr laminates in the reference (upper pane) and469
irradiated (lower pane) states tested at 450 °C. Fig.(a) is a macro-view (200 µm scale bar), Fig.(b) has 50 µm scale bar, Fig.(b) has470
10 µm scale bar, Fig.(d) has 100 µm scale bar, Fig.(e) and (f) has 10 µm scale bar.471

472

Figure 11 presents SEM micrographs of the typical fracture surface of W-fiber material irradiated at 150 473
°C, an example of the fracture surface in the non-irradiated state after testing at 150 °C is provided as well. 474
In the non-irradiated state, macroscopic necking of the composite as well as individual necks on the 475
tungsten fibers occurs. The fracture pattern registered in the non-irradiated fibers tested individually at RT 476
and elevated temperature in Ref. [39] is very similar to what is found here. The surrounding copper matrix 477
is deformed in a ductile mode by dimple rupture. The comparison of the fracture surface of the samples 478
tested at RT and 150 °C after irradiation shows clearly that brittle fracture occurs in the W fibers at RT, 479
while delamination and necking takes place at 150 °C. This observation confirms an earlier made 480
suggestion that the ductile to brittle transition for the W fibers irradiated at 150°C occurs between 150°C 481
and RT. The CuCrZr matrix remains ductile after irradiation and the fracture mode is dimple rupture. 482
The fracture surface of the W-fiber samples tested after 450 °C irradiation is presented in Figure 12. In the 483
non-irradiated state, the fibers are pulled out and the fracture, as expected, occurs by necking and 484
individual grain delamination. After irradiation, in the test at 150 °C, the macroscopic necking is 485
considerably reduced and W fibers fracture either in a brittle way by cleavage or ductile manner by necking. 486
A very similar fracture mode as shown in Figure 21b and Figure 21e is seen for Tirr=Ttest=350 °C. At 487
Tirr=Ttest=450 °C, both tested samples did not rupture in the gauge section, but instead the fibers were 488
pulled out together with the cross-head. Accordingly, we could not investigate the fracture surface. Instead, 489
we took the image of the CuCrZr matrix in the location of the pulled fiber (see Figure 12(c)). In that 490
location, we found numerous needle-like particles (see Figure 12(f)) present only in the region of the 491
contact of the fiber with the matrix. We did not observe such particles on any of the other CuCrZr matrices 492
tested in this programme. Due to a high residual activation of the samples, it was impossible to perform 493
reliable chemical analysis by EDX to determine the chemical nature of those particles.494

495



496
Figure 11. SEM micrographs showing the typical fracture surface of W fiber-reinforced CuCrZr irradiated at 150°C, test497
temperature is specified on the figure legends. Fig.(a) has 200 µm scale bar, Fig.(b) has 100 µm scale bar, Fig.(b) has 100 µm498
scale bar, Fig.(d) has 50 µm scale bar, Fig.(e) and (f) has 10 µm scale bar.499

500

501
Figure 12. SEM micrographs showing the typical fracture surface of W fiber-reinforced CuCrZr irradiated at 450°C, test502
temperature is specified on the figure legends. Fig.(a) has 200 µm scale bar, Fig.(b) has 100 µm scale bar, Fig.(b) has 1000 µm503
scale bar, Fig.(d) has 50 µm scale bar, Fig.(e) has 100 µm scale bar, Fig.(f) has 1 µm scale bar.504



505
Figure 13 presents SEM micrographs of the typical fracture surface of W-particle material irradiated and 506
tested at different temperatures. The formation of the oxide film on the fracture surface is evident at 350 507
and 450 °C, see Figure 13 (e) and (f), respectively. This is natural oxidation of copper that should be 508
expected at this temperature. No localized necking formation is seen at all applied irradiation and test 509
conditions, which is consistent with very limited post-necking deformation of this material. At 150 °C and 510
RT, the fracture surface consists of cells formed by the necked grains of the CuCrZr matrix and W particles. 511
Based on the appearance (shape and fracture morphology) of the W particles on the fractured surface one 512
can speculate on the mechanisms of the deformation occurred during the fracture. On Figure 13 (g), one 513
can observe that large W particles have oval-like or elongated shapes, which suggests that these were 514
sheared by multiple dislocation passage prior the fracture. The small particles keep their spherical shape, 515
see Figure 13 (h). This can be interpreted as plastic deformation yielding to the accumulation of stress 516
concentration near hard W particles, and the macroscopic crack opening is promoted once the micro-crack 517
propagates through the W particles thereby cracking it and bridging micro-cracks. This fracture mechanism 518
may explain why the post-necking deformation is limited in this material. We can also assume that small 519
W particles remain un-sheared and they do not allow for the accumulation of significant stress 520
concentration sufficient for the micro-crack formation next to the particles. According to the interpretation 521
above, the propagating macro crack deflects around small W particles, which overall results in the 522
formation of rather rough fracture surface. Judging from the visual inspection, the roughness increases 523
with the test temperature, which can be interpreted that by increasing the test temperature the fracture 524
of W particles is gradually suppressed (i.e. W particles may accommodate the exerted load by plastic 525
deformation). The elongation also starts to recover with raising up the irradiation and test temperature. 526
Yet, it is important to highlight that the above discussion on the deformation mechanisms requires 527
experimental confirmation by e.g. in-situ SEM experiments (although challenging to be performed on 528
irradiated active samples).529

530

531
Figure 13. SEM micrographs showing the typical fracture surface of W particle-reinforced CuCrZr irradiated and tested at532
different temperatures. The formation of oxide film is evident on (e) and (f). Figs.(a-d) have 100 µm scale bar, Figs.(e-h) have 1533
µm scale bar.534



535
Figure 14 presents SEM micrographs of the fracture surface of V-doped grade. For this material, the 536
oxidation was not pronounced as in the case of W-particle (compare with Figure 13) and ODS materials 537
(compare with Figure 15). The dimple rupture and local shear were the two main fracture modes. Prior to 538
the irradiation, the same fracture mode occurs, except that at Ttest=450 °C the sample exhibits neck to edge. 539
After the irradiation, especially at Tirr=Ttest=150°C, the area reduction is much smaller, which is consistent 540
with the decrease of the total elongation. The dimension and density of dimples was increasing with 541
increasing the irradiation-test temperature as well as the area reduction.542

543
Figure 14. SEM micrographs showing the typical fracture surface of V-doped CuCrZr irradiated and tested at different544
temperatures. Figs.(a-d) have 100 µm scale bar, Figs.(e-h) have 10 µm scale bar.545

546

Figure 15 collects the images of the fracture surface of the ODS material irradiated and tested at different 547
temperatures. Irrespective of the irradiation and test temperature, the deformation is ductile since fracture 548
surface is rough and full of dimples, clearly visible after tests at 150 °C and RT (see Figure 15 g and h). The 549
oxidation of the fracture surface is very intensive already at 350°C, which obscures the observation of the 550
dimples’ morphology. The intensive oxidation of this material is explained by the fact that pure copper is 551
used for the matrix, while in other materials CuCrZr is applied, which enables the formation of a passivation 552
layer (limiting the growth of Cu oxides). It is interesting to note that at RT, a localized necking deformation 553
is observed (see Figure 15 d) resulting in the highest area reduction among all performed test conditions. 554
At elevated temperatures, the post-UTS deformation mostly leads to the diffuse neck formation.  555

556



557
Figure 15. SEM micrographs showing the typical fracture surface of ODS (Y2O3-strengthened) Cu irradiated and tested at558
different temperatures. The irradiation temperature and test temperature are indicated on the figures directly for convenience.559
Upper pane shows a general view of the fracture sample. Lower pane shows high magnification of the fracture surface. The560
formation of oxide film is evident on (e) and (f). Figs.(a-d) have 100 µm scale bar, Figs.(e,g,h) have 5 µm scale bar, Fig.(f) has 10561
µm scale bar.562

563

3.4 Fracture stress and strain (for V-doped and ODS grades)564
The extracted values of the true strain after fracture and true fracture stress are presented in Annex 2. 565
For the V-doped material tested at RT, the fracture stress and fracture strain after irradiation at 150 °C 566
increase just slightly above the reference value. At Tirr=Ttest= 150 °C, we found a significant spread of the 567
fracture strain and fracture stress. By comparing the average value from three tests, both the fracture stress 568
and fracture strain in as-irradiated state are reduced compared to the reference values. At Tirr=350 and 450 569
°C, the fracture strain exhibits strong reduction, while the fracture stress increases after Tirr=350 °C and 570
reduces below the reference value after Tirr=450 °C.571
In the ODS material the fracture strain is essentially reduced in all the irradiated samples compared to the 572
reference ones. The fracture stress of the ODS material irradiated at 150 °C is reduced at Ttest=RT and 573
Tirr=Ttest=150 °C, while the specimens irradiated and tested at Tirr=Ttest=350 and 450 °C show an increase of 574
the fracture stress compared to the reference value.575
It is found that for any irradiation and test temperature, the ductility of the V-doped grade is better i.e. a 576
larger or a similar fracture strain for Tirr=450 °C and Ttest=450 °C. Besides that, the fracture stress of the 577
irradiated V-doped grade is systematically larger than that of irradiated ODS grades, when the test 578
temperature is below the irradiation temperature (except for tests at RT after Tirr=150 °C), while no clear 579
trend is established for the case of Tirr=Ttest.580

581

4 Discussion582
583

The effect of the neutron irradiation has been studied in a series of advanced Cu-based alloys and 584
composites specially developed for the application in the temperature range of 150-450 °C as structural 585
material in a nuclear fusion environment. This study tested several Cu-based alloys with different 586



strengthening elements i.e. W-fiber, W-laminate, W-particle, ODS particles and V-Cr-Zr precipitates. Even587
in the non-irradiated state, due to the different principle of strengthening, the deformation and failure588
behavior was governed by various mechanisms. Following the microstructural analysis, it is possible to say589
that the failure in the W-fiber and W-laminate composites was directly controlled by the mechanical590
strength of the corresponding armoring elements. In the ODS and V-doped materials, the failure was591
controlled by the classical ductile post-necking deformation, formation of void damage, void coalescence592
and eventual dimple rupture. W-particle reinforced copper showed extended hardening stage with rather593
high uniform elongation but much reduced total elongation if compared with ODS and V-doped materials.594
This difference can be explained by the accumulation of the stress contraction around W particles and595
reduced material’s toughness once the plastic damage emerges.”596

As expected, the irradiation in the low-temperature range has caused significant hardening or even597
complete embrittlement of certain tested materials. At high irradiation temperature, either softening or598
hardening could realize depending on the material. Some of the acquired stress-strain curves exhibit599
seriations, while some of the curves are smooth. The presence or lack of these seriations is not linked with600
the test methodology, as all tests were performed on the same equipment and with the same acquisition601
settings. In the case of non-irradiated samples, small amplitude seriations were observed only on the602
composite samples. After the irradiation, large amplitude seriations appeared only the W-fiber samples,603
which we attribute to the stress relaxation possibly related to the sliding of W fibers. Some small-amplitude604
seriations observed in the post-necking deformation of other samples (e.g. ODS, V-doped) could be605
explained by specifics of the plastic deformation after irradiation, namely: the formation of clear channels606
and large deformation bands (see discussion of these mechanisms in [40]). The small seriations during the607
work hardening stage could also originate from the dragging of the irradiation defects under elastic608
interaction of the dislocations, as computational studies performed in FCC and BCC metals suggest [41-44].609
However, an in-depth discussion of the deformation mechanisms is out of the scope of this work as it610
requires detailed microstructural analysis engaging transmission electron microscopy.611

Based on the presented results above, a number of preliminary conclusions on the effect of neutron612
irradiation up to 2.5 dpa on the mechanical properties and related damage mechanisms can be made for613
each studied material. To facilitate listing the summary, Figure 16 provides a synthesis of the results614
indicating the effect of the irradiation on the studied materials. In particular, Figure 16(a-b) compares the615
absolute values of UTS before and after irradiation, while Figure 16(c) provides the relative change of the616
UTS and Figure 16(d) shows the absolute value of the uniform elongation after irradiation. The available617
literature data for the ITER-specification CuCrZr in two heat treatment conditions are added in Figure 16a,618
b and c (detailed review of these results is presented in Section 2). As it can be seen from Figure 16b, in619
the non-irradiated state the UTS of ITER-specification grades is comparable to V-doped and W-particle620
alloys studied here. After the irradiation, softening occurs in the SAcwA CuCrZr at Tirr=Ttest=350 °C. Only one621
of the materials studied here demonstrated irradiation softening at Tirr=Ttest=350 °C – a decrease by 35 MPa622
in the V-doped CuCrZr.623
Below, we summarize the main findings related to the irradiation effect on the tensile characteristics and624
morphology of the fracture surface for each tested grade separately.625

626
627



628
Figure 16. Synthesis of the results indicating the effect of the irradiation on the studied materials. In the relevant figures, the629
irradiation temperature is equal to the test temperature. (a) UTS for the irradiated (upper pane) and (b) non-irradiated samples630
(lower pane). For the baseline ITER-specification CuCrZr in two heat treatments (SAcwA and SAA) minimum tensile strengths are631
provided in the temperature range of 150-350°C as collected in [7]. (c) change of the tensile strengths (upper pane) and (d)632
absolute value of the uniform elongation (lower pane).633

634
The uniform elongation is reduced to zero (i.e. fully brittle) at each irradiation temperature and at each 635
investigated test condition. Moreover, after irradiation at 450 °C, the ultimate tensile stress becomes lower 636
than in the non-irradiated state.637
The fracture after irradiation occurs by the rupture of tungsten foils by intergranular fracture. Large cracks 638
are observed near W-Cu interfaces. This observation indicates that either the W foil or the W/Cu interface 639
represents a weak spot. Given that the irradiation effect on the plasticity of W constituents should be 640
similar in W-fiber, W-laminate and W-particle, the origin of the embrittlement of W-laminate material is 641
unlikely solely related to the damage accumulated in the laminate tungsten. The incurred embrittlement 642
could be related to the irradiation-induced diffusion occurring near the W/Cu interfaces, which suppresses 643
the ductility otherwise present in the non-irradiated state. Detailed TEM investigation and localized 644
chemical analysis is required to clarify the reason. Another possible reason for the embrittlement can be 645
the formation of Re/Os clusters and/or non-coherent precipitates and/or segregation zones inside of W 646
laminates. However, we must note that the irradiation temperature of 150-300 °C was not high enough for 647



the long-range vacancy diffusion in tungsten material, as the vacancy migration occurs above 400 °C [45].648
Therefore, unless the Re/Os solutes can be efficiently transported by self-interstitial defects, the649
transmuted solutes should stay dissolved. Further micro-chemical investigation by atom probe would650
provide an answer to this question.651
The uniform elongation is reduced down to 1-5% compared to 5% in the non-irradiated state. The652
irradiation hardening yielded to 300-350 MPa at Tirr=150 and 350 °C, and considerably lower value of 100653
MPa at Tirr=450 °C. Hence, the accumulation of the damage in this material is strongly affected by the654
increase of the irradiation temperature from 350 to 450 °C.655
The fracture occurs by ductile deformation of the Cu matrix and necking of W-fibers. At RT, fully brittle656
fracture of tungsten fibers is observed. At Tirr=Ttest=150°C, the fracture surface of W fibers resembles those657
in the non-irradiated state. However, the area reduction of individual fibers is reduced compared with the658
non-irradiated samples.659
The irradiation leads to the reduction of the uniform elongation down to 1-2% compared to 6-10% in the660
non-irradiated state. This reduction occurs irrespective of the irradiation temperature.661
Irradiation hardening has reached 50 MPa (at Tirr=450 °C) and 100 MPa (Tirr=150 and 350 °C), which can be662
considered as limited (i.e. non-significant) effect, given that in the ITER specification CuCrZr the saturated663
irradiation hardening is about 300 MPa.664
The fracture occurs by ductile deformation of the Cu matrix irrespective of irradiation/test condition. Shear665
or debonding of W particles is observed depending on their size such that large particles are sheared, small666
ones are debonded. This finding indicates that the irradiation provokes stress concentration near large W667
particles leading to subsequent shear deformation and thereby initiating fast crack propagation. Overall,668
this might have consequences for the reduction of the fracture toughness and reduced fatigue endurance.669
The uniform elongation is reduced from 0.7-9.5% in the non-irradiated state down to 0.5-1% irrespective670
of the irradiation temperature. Despite very small uniform elongation in the irradiated state, the post671
necking deformation yields to the total elongation reaching 23% or the true fracture strain reaching 0.76.672
The irradiation hardening, on the other hand, strongly depends on the irradiation temperature. The673
hardening decreases as nearly 200à 100à 0 MPa as Tirr increases from 150 up to 450°C. This may indicate674
that ODS particles are more effective recombination sites for the irradiation defects at higher675
temperatures.676
The fracture occurs by ductile deformation by dimples and shear at 150 and 350 °C. Intensive oxidation is677
found in tests performed at 450 °C, which obstructs the observation of the dimples.678
The uniform elongation of this material increases up to 9% after the irradiation at 450°C, while before the679
irradiation it is only 0.5% at test temperature of 450°C. The improvement of the uniform elongation is680
accompanied by softening (i.e. reduction of UTS). At the lower irradiation temperatures, the uniform681
elongation is reduced down to 0.5% followed by a considerable post-necking deformation (in a similar way682
observed for ITER specification CuCrZr), however the irradiation hardening is rather limited being 100 MPa683
at Tirr=150°C.684
The fracture occurs by the ductile deformation ended with the dimple rupture and shear, irrespective of685
the test and irradiation temperature.686

687

5 Conclusions688
689



To conclude, we summarize the most important findings with respect to the observed irradiation690
effects in the studied materials and provide assessment of the two aspects of the irradiation damage691
addressed in this study, namely: (i) low temperature embrittlement and (ii) high temperature softening.692

The sign of the low temperature embrittlement (at Tirr=Ttest=150 °C) which is usually expressed as693
the increase of yield stress and drastic reduction of the uniform and total elongation has been observed in694
all studied materials but at different extent. In the case of W-laminates, the irradiation led to the fully695
brittle failure, while for the V-doped and ODS materials the embrittlement is limited to the disappearance696
of the uniform elongation retaining a considerable post-necking deformation. The W-particle material697
sustained limited uniform elongation with a moderate irradiation hardening. W-fiber material experienced698
hardening but yet did not lose the ability for small uniform elongation and considerable post necking699
deformation, importantly the fracture surface of the tungsten fibers demonstrated signs of plastic700
deformation and necking.701

At the side of the high irradiation and test temperature (i.e. Tirr=Ttest=450 °C), irradiation softening702
occurred in the V-doped material. In the V-doped and ODS materials the UTS dropped below 200 MPa. The703
W-laminate remains fully brittle. The W-particle and W-fiber materials did not get softer and kept704
sustaining limited uniform elongation.705

The post-irradiation testing at Tirr=Ttest=450 °C has shown that yield stress in W-laminate and V-doped706
grades has dropped below the reference value i.e. softening occurred. In the case of the ODS material, no707
softening was found, but at Tirr=Ttest=450 °C, the UTS approaches the non-irradiated value. In the W-fiber708
and W-particle materials, no softening occurs at 450 °C. After the irradiation at 350 °C, no softening was709
registered in four out of five tested materials, and merely a slight softening was registered in the V-doped710
material, which is certainly a positive outcome. With this result, one may further need to explore the711
irradiation creep and cyclic fatigue endurance, since as of now, the irradiation creep above 300 °C [46] as712
well as fatigue life after the irradiation at 250-350 °C [47, 48] [49] are posing an essential problem.713

In the previous studies, the decrease in size of the Al2O3 particles (in GlidCop Al25, which is an714
analogous of Cu-Y2O3 studied here) was registered under the irradiation at 180 °C by  3 MeV ions [50], the715
reduction of particle size at 300 °C was also observed. This particle size reduction is probably linked with716
ballistic mixing, and therefore could be a dose-dependent degradation process. Hence, the particle stability717
at larger irradiation doses such as those expected for DEMO (10-15 dpa) requires further validation.718

Another interesting point to note is the absolute value of the irradiation hardening. According to the719
available literature review, performed by Zinkle et al. [51], saturation of the irradiation hardening in copper720
at Tirr=20-200 °C occurs around 0.1-1 dpa, and the resulting value is around 250-300 MPa. In the present721
study, at least at low irradiation temperature, one should expect the saturation of the irradiation damage722
as well (except the continuous transmutation of Re/Os in W-containing composites). The obtained results723
show that the irradiation hardening at 150 °C yields to 100-300 MPa, where the maximum is reached in W-724
fiber material. Hence, we see that within the explored neutron fluence, the severity of the irradiation725
hardening is comparable or even lower than in copper.726

From the view point of the ductility reduction, limited information obtained for Cu and CuCrZr alloys727
[51] suggest that the uniform elongation reaches zero at the irradiation doses of 0.1-1 dpa, depending on728
the irradiation temperature. As has been measured in the present study, the uniform elongation is reduced729
down to 0.5-9% in all materials (except W-laminates which are fully brittle), however, the post necking730
deformation remains significant for the ODS and V-doped grades. At the same time, both of these grades731
exhibit much lower YS and UTS compared with the W-particle and W-fiber materials.732
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Annex 1 Experimental details897
898

The tensile samples have a flat-type dog bone geometry with a total length of 16 mm and the899
dimensions of the grip section is a width of 4.2 mm and a thickness of 1 mm. The gauge length is 5.2 mm900
and the gauge cross-section is 1 × 1.5 mm2. The irradiation capsules were made of stainless steel and the901
tensile samples were placed inside a metallic holder. The holders were made of aluminum for the902
irradiation temperature of 150 °C, and titanium for the irradiation temperature of 350 and 450 °C. Each903
capsule had three vertical positions (hereafter “levels”) on which 21 samples (seven pieces per level) were904
placed. In such a way, for each irradiation temperature, four samples of each material plus one spare (W-905
fiber material) were irradiated. The mapping of the sample location in the capsules is shown in Table 3 and906
in Figure 17.907

908
Table 3. Mapping of the samples in the irradiation capsules depending on floor and position on the floor. Schematics of the909
irradiation capsule with location of the floors and positions is shown in Figure 17. The labels in the table have the following910
correspondence: V = V-doped, P = W-particle, L = W-laminate, F= W-fiber, Y – ODS.911

Position
1

Position
2

Position
3

Position
4

Position
5

Position
6

Position
7



Level 1 V P L F Y L Y
Level 2 V P F F F L Y
Level 3 V P V F P L Y

912

 913
914

Figure 17. Irradiation capsule vertical (level) and horizontal (position) cross-sections.915

To evaluate the fracture stress, the cross-section area A was measured by SEM and calculated from the 916
resulting cross-section micrographs using the software ImageJ [31] as presented in Appendix B in 917
Supplementary Material. As presented in Appendix A of supplementary material, the load at fracture was 918
identified from load-displacement curves, where either an abrupt decrease of load was observed (marked 919
by blue arrow) or 10% of the ultimate tensile strength value was reached (if no blue arrow is shown), if 920
such an abrupt decrease of load was not identified (following the guideline of ASTM E8/E8M-21).921

The qualitative and quantitative analyses of the microstructures of the fracture surfaces were 922
carried out with the ImageJ software applied on the scanning electron microscopy (SEM) images at 923
appropriate magnifications. To make the SEM analysis, the broken half pieces of the tensile samples were 924
investigated by SEM. Prior to the SEM in hot cell, the samples were cleaned in the ultra-sonic bath. All SEM 925
images presented in this work were acquired using a secondary electron (SE) detector. The employed 926
scanning electron microscope was a JEOL JSM-7100LV (JEOL, Tokyo, Japan) and the operating conditions 927
were: 20 kV accelerating voltage and 12-20 mm working distance. The samples were loaded on the electric 928
tray in a separate chamber as shown in Figure 18 and then transferred inside the SEM in a neighbor 929
chamber. 930

931



932
Figure 18. The SEM inside a hot cell.933

934
935

Annex 2 Stress-strain response936
937

The reference (i.e. non-irradiated state) stress-strain curves are shown in Figure 19. 938
Figure 20 provides the stress-strain curves at Tirr=Ttest=150 °C. 939
Figure 21 provides the stress-strain curves at Tirr=Ttest=350 °C.940
Figure 22 provides the stress-strain curves at Tirr=Ttest=450 °C. 941
Figure 23 and Figure 24 provide the stress-strain data obtained at Ttest=150 °C, while the irradiation 942
temperature was 350 °C and 450 °C, respectively. 943
Figure 25 provide the stress-strain curves obtained after the tests at RT and Tirr=150 °C. 944

945



946
Figure 19.Stress-strain data on non-irradiated materials obtained at (a) 25 °C, (b) 150 °C, (c) 350 °C and (d) 450 °C.947
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Figure 20. Stress-strain data on the materials irradiated and tested at 150°C.950
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Figure 21. Stress-strain data on the materials irradiated and tested at 350°C.952
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Figure 22. Stress-strain data on the materials irradiated and tested at 450°C.955
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Figure 23. Stress-strain data on the materials irradiated at 350°C and tested at 150°C.957
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Figure 24. Stress-strain data on the materials irradiated at 450°C and tested at 150°C.959

0,00 0,05 0,10 0,15 0,20
0

200

400

600

800

1000
Irradiated at 150°C
Tested at 25°C

E
ng

in
ee

rin
g 

st
re

ss
 [M

Pa
]

Engineering strain [-]

 W-fiber
 W-particle
 V-doped
 ODS

960
Figure 25. Stress-strain data on the materials irradiated at 150°C and tested at RT.961



962

Annex 3. Fracture strain and fracture stress963
964

Table 4, Table 5 ,965
966



Table 6, and Table 7 summarise values of the true strain after fracture (calculated with the help of Eq. (3)967
from the cross-section area , extracted from the SEM images) and true fracture stress  for tensile tests in968
non-irradiated condition and irradiated at 150, 350 and 450 °C, respectively. The true fracture stress,969
reported in those tables, is calculated as the load at fracture divided by the fracture area measured by970
SEM. The SEM images with the selected area reduction and corresponding stress-strain curves are provided971
as Supplementary Material for this publication.972
The fracture properties in grey and italic were extracted from the stress-strain curves, for which no clear973
fracture point could be identified (such as an inflection or a sudden drop of stress). In this case, the accuracy974
of the extracted data is limited since the fracture point was identified conventionally as 10% of UTS value975
following the guideline of ASTM E8/E8M-21. Because of such identification, in some cases of extensive976
post-necking deformation (in the non-irradiated state), the fracture stress turns out to be lower than the977
UTS.978

979
Table 4. Tensile data for non-irradiated specimens.980

Condition: Unirradiated
Material: V-doped

Test
temperature

(°C)

Test
specimen ID

Engineering
yield stress

(MPa)

Engineering
UTS (MPa)

Uniform
elongation,

%

True
fracture

strain

True
fracture
stress
(MPa)

25 V19 392 419 6.0 1.631 214
150 V1 342 344 0.2 2.228 319
300 V13 310 315 2.8
350 V5 337 352 1.3 1.612 176
450 V6 331 336 0.3 1.728 189

Material: ODS
25 Y2 352 377 9.5 1.735 1084

150 Y1 295 315 2.9 1.636 682
300 Y15 186 200 1.6 0.662 187
350 Y4 180 187 0.7 0.679 157
450 Y14 147 169 1.3 0.504 147

981

982
Table 5. Tensile data for specimens irradiated at T=150 °C.983

Condition: Irradiated up to 2.5 dpa in Cu at 150 °C. Capsule TT1
Material: V-doped

Test
temperature

(°C)

Test
specimen ID

Yield stress
(MPa) UTS (MPa)

Uniform
elongation,

%

Fracture
strain

Fracture
stress
(MPa)

25 V21 433 437 0.3 1.783 260
150 V16 428 431 0.2 0.077 47
150 V17 481 493 0.3 0.661 96
150 V20 408 412 0.7 0.980 110
150 average 439 445 0.4 0.573 84

Material: ODS



25 Y19 614 631 0.4
25 Y20 622 639 0.4 0.759 754
25 average 618 635 0.4 0.759 754

150 Y17 520 522 0.3 0.379 468
150 Y18 533 542 0.2
150 average 527 532 0.3 0.379 468
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Table 6. Tensile data  for specimens irradiated at T=350 °C.986

Condition: Irradiated up to 2.5 dpa in Cu at 350 °C. Capsule TT2
Material: V-doped

Test
temperature

(°C)

Test
specimen ID

Yield stress
(MPa) UTS (MPa)

Uniform
elongation,

%

Fracture
strain

Fracture
stress
(MPa)

150 V12 375 379 0.4 1.065 649
150 V18 354 362 0.3 1.091 499
150 average 365 371 0.4 1.078 574
350 V7 361 366 0.2 0.115 124
350 V11 282 287 0.7 0.888 384
350 average 322 327 0.5 0.502 254

Material: ODS
150 Y21 398 403 0.3 0.721 544
150 Y22 435 449 0.4
150 average 417 426 0.4 0.721 544
350 Y9 292 314 0.6 0.241 293
350 Y10 256 268 0.4
350 average 274 291 0.5 0.241 293

987

Table 7. Tensile data for specimens irradiated at T=450 °C.988

Condition: Irradiated up to 2.5 dpa in Cu at 450 °C. Capsule TT3
Material: V-doped

Test
temperature

(°C)

Test
specimen ID

Yield stress
(MPa) UTS (MPa)

Uniform
elongation,

%

Fracture
strain

Fracture
stress
(MPa)

150 V22 176 229 7.8 1.945 752
150 V15 171 230 9.7 1.638 591
150 average 174 230 8.8 1.792 672
450 V8 151 158 2.0 0.383 82
450 V9 97 131 9.6 0.261 127
450 average 124 145 5.8 0.322 105

Material: ODS
150 Y11 303 329 4.7 0.695 432
150 Y12 343 365 4.1
150 average 323 347 4.4 0.695 432
450 Y7 167 176 1.4
450 Y8 184 190 0.5 0.320 195
450 average 176 183 1.0 0.320 195
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