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Abstract 

The present contribution highlights results of the recent irradiation campaigns applied to screen mechanical properties of 
advanced tungsten and copper-based materials – main candidates for the application in the plasma-facing components (PFC) 
in the European DEMO, which has also been presented at 28th IAEA Fusion Energy Conference. The main challenges in the 
formulated irradiation programme were linked to: (I) assessment of the ductile-to-brittle transition temperature (DBTT) of 
newly developed tungsten-based materials; (ii) investigation of an industrial pure tungsten grade under high temperature 
irradiation, reflecting operational conditions in the high flux divertor region; (iii) assessment of the high temperature strength 
of CuCrZr-based alloys and composites developed to enable the extension of the operational window for the heat sink 
materials. The development and choice of the advanced materials is driven naturally by the need to extend the operation 
temperature/fluence window thereby enlarging the design space for PFCs. The obtained results helped identifying the 
prospective tungsten and copper-based material grades as well as yielded a number of unexpected results pointing at severe 
degradation of the mechanical properties due to the irradiation. The results are discussed along with the highlights of the 
microstructural examination. An outlook for near future investigations involving in-depth post-irradiation examination and 
further irradiation campaigns is provided.      

1. INTRODUCTION 

DEMO and fusion power plants beyond it require robust materials to ensure durable and safe operation as well 
as commercially competitive construction and dismantling design. One of the main challenges in the 
development of those materials is the assessment of irradiation effects, originating from the nuclear fusion 
reaction, which generates 14 MeV neutrons damaging the materials atomic lattice. So called in-vessel materials 
will experience the most severe neutron exposure being far beyond the damage limits acquired by currently 
operating nuclear power plants. The development of high temperature irradiation resistant materials with 
superior mechanical properties is critical for the enhancement of the operational lifetime of reactor components 
and thus important for end goal – cost efficiency. As a matter of fact, there is already a number of examples in 
literature demonstrating the advance achieved e.g. in tungsten (see e.g. [1-9]). The development of the advanced 
tungsten materials followed a general route for the development of nuclear materials (mostly steels) where a 
combination of heat/mechanical/chemical treatment is applied to improve specific property(ies) without 
compromising baseline performance. One specific milestone to be achieved in this development cycle is the 
validation of the material performance under high flux of fast neutrons which would mimic the irradiation field 
of the nuclear fusion reactor. The present contribution specifically addressed this step and highlights the results 
presented at the recently held 28th Fusion Energy Conference organized by IAEA.     
 
In general, the task of the development and qualification of the in-vessel materials boils down to securing that 
the degradation of mechanical, thermal and physical properties will remain within acceptable limits, which are 
in turn driven by the design of components and operational scenario. Overall, three main functions of the in-
vessel materials can be singled out, such as: structural (steel), armour (tungsten) and heat sink (copper). For 
some materials the function can be mixed, i.e. heat sink and structural for the copper pipe. 
The assessment of the irradiation effects in candidate DEMO in-vessel materials is one of the priorities within 
European materials programme [10]. This contribution highlights the recent efforts made for the armour and 
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heat sink materials, in particular for the application in the high flux divertor region. Based on the already 
available knowledge (see e.g. [11-14] and references cited therein), the operational conditions for the baseline 
tungsten and copper materials are tentatively determined as illustrated on Fig. 1. For each of the baseline 
materials, the lower temperature bound is defined by the embrittlement (fracture without plastic deformation), 
while the upper temperature bound is determined by the softening of the material (reduction of the yield point). 
Accordingly, the main challenges in the formulated irradiation programmes were linked to: (I) assessment of the 
ductile-to-brittle transition temperature (DBTT) of baseline tungsten and advanced tungsten composites; (ii) 
investigation of baseline tungsten under irradiation at very high temperature, reflecting operational conditions in 
the high flux divertor region; (iii) assessment of the mechanical properties of CuCrZr-based alloys and 
composites. The choice of the advanced materials is driven naturally by the need to extend the operation 
temperature/fluence window in order to extend the design space. Here, we present the most recent results 
obtained for a number of tungsten and copper-based alloys identified thanks to down-selection on the basis of 
preliminary tests so far not involving neutron irradiation.  
The neutron exposure was realized in the Belgian Material Test Reactor (BR2), and the irradiation capsules 
were placed directly inside the fuel elements to minimize the generation rate of Re/Os transmutation due to 
thermal neutrons, thus approaching fusion relevant conditions with a high energy neutron spectrum. The target 
irradiation fluence was defined as 1 dpa (in W) corresponding to the expected damage at the end-of-operation of 
ITER. Extraction of the properties of the neutron exposed materials involved extensive post irradiation 
examination (PIE) campaigns in Germany, Belgium, and Greece. 
 

2. INVESTIGATED MATERIALS AND METHODOLOGY 

The basic information about the materials investigated here is summarized in Table 1. More information about 
the fabrication route, microstructure and mechanical properties in the non-irradiated state can be found in the 
references provided in the table. The samples were manufactured to their final shape by the material suppliers, 
as specified in the table, except the reference tungsten, for which the samples were fabricated using the electric 
discharge machine at SCK CEN. 

Neutron irradiation on the various materials and specimen shapes was performed in BR2 inside the fuel element 
in the position close to the center of the reactor and in the mid-plane with the average fast neutron (E > 1 MeV) 
flux of 1 × 1014n/cm2/s at a power of 60 MW. The samples were encapsulated in a steel tube with 1.5 mm wall 
thickness filled with He. The gap between the samples and the pressure tube was adjusted to achieve a target 
temperature during the irradiation following thermal and neutronic calculations. According to a finite element 
analysis of thermal flow, variation of 25-50°C occurred during the irradiation cycle (the lower the absolute 
irradiation temperature, the lower its in-cycle variation) due to the burnup of the fuel element. The irradiation 
dose was calculated by MCNPX 2.7.0 [15]. The dpa cross sections for W have been prepared from the JENDL4 
file (MT444) for the threshold displacement energy of 55 eV, following the recommendation of IAEA [16]. The 
transmutation of Re and Os was calculated based on the ALEPH code developed by SCK CEN and available 
nuclear databases [17-21]. The typical transmutation rate from W to Re was about 1.8-2 at.% per dpa. The 
irradiation duration was between 143 and 201 reactor operational days depending on the position of the capsule 
in the reactor channel, as was assessed in our previous works [22, 23]. The irradiation dose on tungsten samples 
was 1.04-1.25 dpa (dpa is calculated in W), and on copper-based materials 1.02- 1.25 dpa (dpa is calculated in 
W). 

Pre- and post-irradiation examination (PIE) via mechanical tests was conducted using certified equipment in hot 
cells in the premises of the research centers KIT and SCK CEN in Germany and Belgium, respectively. The 
mechanical characterization comprised fracture toughness, tensile and three-point bending tests. Due to an 
extensive number of required tests, the PIE programme was shared between the two labs. However, the below-
described mechanical testing was performed on the accredited and duly calibrated equipment in each lab. 
Instron universal test bench with hydraulic actuator, 50 kN load cell and environmental chamber (reaching up to 
580°C, higher test temperature capability was not available yet) was used at SCK CEN to test both reference 
and as-irradiated samples. Whereas at KIT, the reference tests were performed also with Instron (100 kN load 
cell) equipped with a vacuum high temperature furnace from Mytec GmbH (reaching up to 1500°C, 10-5 mbar), 
the testing of irradiated specimens was performed with servo-electric bench from Zwick GmbH (10 kN load 
cell) equipped with Mytec furnace (up to 1200°C, 6 ×10−5 mbar) and installed in the Hot Cells. Detailed 
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information on the test conditions, sample geometries and test procedures can be found in [24-26]. The most 
essential information on the test procedures and parameters is summarized below. 

Uniaxial tensile tests were performed on mini flat dog-bone shaped specimens with a length of 16 mm, a gauge 
length of 5.2 mm and an effective cross section of 2.4 mm2. The strain was calculated based on the 
measurements of the pull rod displacement using linear variable differential transformer (LVDT). The strain rate 
applied was 6×10-4 s-1. The LVDT and the load cell were calibrated according to the required standards on the 
equipment applied to test both irradiated and reference samples. Tests were performed according to the ASTM 
E8 guidelines. 

Miniaturized three-point bending (3PB) specimens were tested using the configuration according to the ASTM 
standard E290 [27]. The span between the lower supporting pins was 8.5 mm and their diameter was 2.5 mm. 
The samples had dimensions 1×1×12 mm3 with a polished surface. L-T orientation was applied for the textured 
materials (i.e. tungsten plates and tungsten rod). The strain rate applied was 1×10-3 s-1 i.e. very close to the one 
applied for the tensile tests. Tensile and bending tests were performed at SCK CEN in air. 

Fracture toughness measurements were performed using 3PB and disk-shaped compact tension (DCT) 
specimens with a narrow notch with a root radius around 50 µm cut by EDM. Fracture toughness samples were 
machined in the T-L orientation. The T-L orientation for the fracture toughness assessment has been selected in 
accordance with the texture of PFC ITER components (i.e. thermal stresses act normal to the rolling direction). 
The test temperature for irradiated specimens ranged from RT up to 1100°C at KIT, and up to 580°C at SCK 
CEN. The stress intensity factor rate was 0.7 MPa۰m1/2/s. KQ values (linear elastic stress intensity factor) were 
calculated according to the requirements of ASTM E399 [28]. Eq. (1) is used for the determination of the 
fracture toughness KQ for mode I fracture: 

 𝐾𝐾𝑄𝑄 = 𝑃𝑃𝑄𝑄
𝐵𝐵√𝑊𝑊

∙ 𝑓𝑓 �𝑎𝑎
𝑊𝑊
�, (1)  

where 𝑃𝑃𝑄𝑄 is defined either as the load at fracture in case of the absence of plastic deformation or as the load at 
the intersection of the loading curve with the straight line exhibiting a slope that is 95% of the elastic slope in 
case plastic deformation occurs; 𝑓𝑓 �𝑎𝑎

𝑊𝑊
� is a geometry dependent function related to the ratio between the crack 

size a and the width W, which can be found in the standard; B is the specimen thickness. 

The fracture surface of the tested samples was inspected by SEM using the same methodology as earlier applied 
in [29]. The conclusion on the prevailing type of the microstructure was based on the detailed inspection of three 
to five zones for each test condition. All SEM images were acquired using a secondary electron detector, so as 
to effectively reveal the small features (<1 μm) on the fracture surface. The employed scanning electron 
microscope was a JEOL JSM-6610LV (JEOL, Tokyo, Japan) and the operating conditions were: 20 kV 
accelerating voltage and 10-20 mm working distance. The residual gamma irradiation of the samples was too 
high to perform reliable chemical analysis using an integrated EDS detector. 

The TEM samples were investigated with a JEOL 3010 TEM operating at 300kV. Conventional bright field and 
dark field diffraction contrast images were recorded mostly under weak beam two beam conditions. The 
orientation of the sample was determined from selected area diffraction patterns. Defect densities were obtained 
by counting the number of defects within a single frame and dividing it by the volume. To determine the 
volume, the surface area was multiplied with the local thickness, determined from convergent beam electron 
diffraction patterns, in the middle of the field of view. The number densities were corrected for extinction 
conditions, based on the results of the defect characterization. They were measured at several different locations 
within the sample and the average density is reported. Loop sizes were measured as the longitudinal axis of the 
elliptically shaped contrast. Cavities were visualized in out- of-focus imaging conditions with a defocus of about 
750 nm. The sizes of the cavities were measured in the under-focus images at the border between the bright and 
dark fringe. 

 
Table 1. Summary of information on the advanced materials. Coloumn “Reference” points to earlier works 
where the microstructure and mechanical properties of a corresponding material were investigated. 
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Material 
Form of product 
Supplier. 

Reference
, ID used 
in paper 

Advantages / selection criteria 

Pure W (IGP) 
Forged bar, 36×36 mm cross-section  
Plansee AG (Austria) 

[26, 30] 

IGP 

Industrial material grade, well-established fabrication 
methodology, numerous experimental data available.  

K-doped W and K-doped W/Re 
(3%Re) 
Hot-rolled plates, d = 7 mm 
Tohoku Univ (Japan). 

[6, 7] 

W-K 
(Tohoku) 

W-Re-K 
(Tohoku) 

Industrial material, established fabrication methodology, 
engineering-relevant plate thickness is available, low 
DBTT. Potential tolerance to the irradiation damage thanks 
to fine-grain structure. Improved resistance against 
recrystallization. 

Powder injection molded W with TiC 
and Y2O3 particle reinforcement 
Disks/plates, d = 4 mm 
KIT (Germany) 

[31] 

PIM W-
TiC 

PIM W-
Y2O3 

Net-shape component production, flexibility on the micro-
alloying, up-scalable fabrication methodology. Improved 
resistance against recrystallization.  

K-doped cold-rolled W 
Plate, d = 1 mm 
KIT (Germany).  

[32]  

W-K 
(KIT) 

Unique combination of ductility, strength and low DBTT. 
Potential tolerance to the irradiation damage thanks to 
fine-grain structure. Improved resistance against 
recrystallization. 

 
CuCrZr-W laminates (W-
27wt.%CuCrZr) 
Plate, d = 1 mm 
KIT (Germany). 

[33, 34] 

CuCrZr-
WL 

Unique combination of ductility, strength and low DBTT. 
High potential for large scale production. 

W fiber-reinforced CuCrZr (46 wt.%) 
Plate, Wf ∅ = 150 µm, d = 1 mm 
IPP Garching (Germany). 

[35-37] 

CuCrZr-
Wf 

Combination of ductile CuCrZr matrix with high-strength 
drawn W fibres as reinforcement. 

W particle-reinforced CuCrZr (70/30 
wt.% W/CuCrZr) 
Plate, d = 1 mm 
IPP Garching (Germany). 

[38] 

CuCrZr-
WP 

 

Combination of ductile CuCrZr matrix with W particles as 
reinforcement. 

Copper strengthened by Y2O3 ODS 
(Y: 0.56wt.%, O: 0.32 wt.%) particles 
and V-added precipitates (Cu-
0.922%Cr-0.041%Zr-0.221%V, 
wt.%). supplied by KIT (Germany). 

Cu-ODS 

CuCrZr-V 

 High temperature strength and creep resistance thanks to 
the precipitation strengthening. 

  

 

Page 4 of 19AUTHOR SUBMITTED MANUSCRIPT - NF-104974.R3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



AUTHOR and OTHER-AUTHOR 
[Left hand page running head is author’s name in Times New Roman 8 point bold capitals, centred. For more than two authors, write 

AUTHOR et al.] 

 
5 

3. RESULTS AND DISCUSSION 

3.1. Tungsten-based materials 

3.1.1. Baseline commercial pure tungsten 

Assessment of the fracture toughness and associated irradiation embrittlement of tungsten is one critical gap in 
the tungsten material database and the related DEMO material property handbook under development [10]. Fig. 
2 summarizes the currently obtained results for pure tungsten irradiated at 600, 800, 900 and 1200°C. The 
fracture toughness samples had T-L orientation with grains elongated perpendicular to the crack propagation 
direction. The DBTT of the non-irradiated tungsten with this grain orientation is about 400°C. Fig. 2(a) shows 
the evolution of the fracture toughness KQ, which exhibits a steep rise near 400°C as the load-displacement 
response reveals transition from pure elastic to elasto-plastic deformation, see the inset figure. The lower shelf 
fracture toughness is ~7-10 MPa۰m0.5, i.e. in the range of the values obtained for other tungsten products tested 
in the brittle state [39-41]. After irradiation at 800°C, the onset of the plastic deformation shifts to 1025°C (see 
invalid value of KQ at 1025°C, and load-displacement curves as well as in-depth discussion in Ref. [24]). KQ 
measured at 800°C is just slightly above 10 MPa۰m0.5 implying that the material’s fracture toughness is as low 
as the one of non-irradiated material in the lower shelf, i.e. the material is practically brittle. A set of tests 
performed at 500-580°C for the same material irradiated at 900 and 1200°C has also revealed fully brittle 
fracture, confirming that the irradiation at high temperature provokes far non-negligible embrittlement, see Fig. 
2(b). The samples irradiated to a lower dose (i.e. 0.2 dpa) were tested at 600°C and some limited plastic 
deformation was registered on the force-displacement curves. Thus, from Fig.2a we see that the DBTT shift 
after 1.25dpa_800°C is 625°C, while it decreases to 200°C at 0.2dpa_600°C (see Fig.2b). This result 
demonstrates that the DBTT progressively increases with raising the irradiation dose from 0.2 up to 1 dpa. The 
high temperature (> 600°C) test programmes are ongoing to deduce the DBTT shift for Tirr=900-1200°C at 1 
dpa, while the present study clearly points out that the transition will take place above 600°C. 

The progressive embrittlement while raising the irradiation dose from 0.1 to 1 dpa is fully consistent with a 
recent overview reported by Garrison et al. [42], which highlights the results of joint US-Japan studies for 
irradiation temperatures in the range 370-830°C. The increase of the hardness (at RT) in single crystal W was 
measured for the gadolinium shielded (to reduce Re/Os generation by absorption of thermal neutrons) and un-
shielded capsules up to ~ 2 dpa showing that a steep increase in hardness occurs above 0.4-0.6 dpa 
irrespectively of the applied thermal neutron shielding. Earlier works by Hu et al. [43] and Koyanagi et al. [44] 
have suggested that this increase is to be associated with the formation of non-coherent Re-Os precipitates 
which were observed at 1 dpa and above at high irradiation temperature (> 500°C). However, the recent results 
of Garrison suggest that even with the shielding the irradiation hardening is nearly as significant as in the 
unshielded fission mixed spectrum. This important result requires further clarification by TEM as recent 
findings suggest the presence of heterogeneous microstructure exhibiting features such as grain boundary void 
depletion, dislocation line decoration by loops and void-precipitate percolations [45, 46]. 

Prior to present TEM findings of this work, let us briefly describe the features of the fracture surface. SEM 
images of the fracture surface are provided in Fig. 3 for the samples tested at 500 and 580°C. In the non-
irradiated state [25], the fracture surface of this material above 500°C is characterized by the presence of 
intergranular ductile fracture and dimples. The signature of brittle intergranular fracture is seen already at 
0.2dpa_600°C, as shown in Fig. 3(a) and (b), although intergranular dimples are also seen. At 1.16-1.18 dpa, the 
fracture surface often encounters regions featuring transgranular fracture showing the suppression of the intra-
granular ductile deformation by the irradiation defects, which is in turn fully consistent with low values of the 
KQ measured after 1-1.25 dpa irradiation in tests performed around 600°C (see Fig.2).  

To shed a light on the type of the nano-structural defects induced by the irradiation damage in the fracture 
toughness samples, we provide a series of TEM micrographs (see Fig. 4) taken from the lamellas directly 
extracted from those samples (see schematics on Fig. 3). The microstructure of 0.2dpa_600°C irradiated sample 
is presented on the upper pane of Fig. 4. The irradiation did not have any remarkable impact on the sub-grain 
structure and dislocation line density. The newly formed defects were thus dislocation loops and voids. The 
majority of the loops are of a/2<111> type (fraction of a<100> loops is less than 5%). The loop density is 
(1.2±0.3)×1023/m² and the average size is 3.9±1.1 nm, see example of the loop pattern on Fig. 4(a). Some 
dislocation lines appear to be strongly decorated by the loops as shown in Fig. 4(b). The voids are small (the 
mean size is (0.79±0.11) nm) and numerous (the density is 6.5×1023/m³), the corresponding TEM image is 
depicted in Fig. 4(c). Given the limited Re/Os transmutation at 0.2 dpa (0.4 at.%Re, 0.02 at.%Os), the presence 
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of precipitates is not expected and was not identified by the applied TEM analysis. Also, the observed 
microstructure is in good agreement with the one found by Hasegawa et al. under similar irradiation conditions 
(0.15-0.17 dpa, 600-800 °C) [47, 48]. At high dpa/high irradiation temperature, the voids are much more 
pronounced, such that at 1.18dpa_900°C the void size ranges from few up to 15 nm with a mean value of 6 nm, 
Fig. 4(d). At 1200°C, the mean size of voids is about 4 nm and the upper size reaches ~10 nm. It is important to 
mention that dislocation loops are also present in the samples irradiated at 900 and 1200 °C (see Fig. 4(e)), 
however, their density is considerably lower than what is observed at 0.2dpa_600°C. The reduction of the loop 
density with the increase of the irradiation temperature above 800 °C is also fully consistent with the recent 
TEM studies applied to various neutron irradiated tungsten grades [46, 49]. As already noted above, the 
presence of non-coherent phases at the high irradiation temperature and  ~1 dpa damage level (e.g. see review of 
Rieth [11] and references cited therein) is to be expected. Revealing and characterizing these precipitates as well 
as possible segregation zones implies an advanced microstructural analysis using multiple TEM-EDX detectors 
and atom probe techniques, which is the next planned investigation step. 

3.1.2. Advanced tungsten materials 

The screening assessment of the irradiation effects in the advanced tungsten materials was performed using 
mini-bend samples. The primary objective was to clarify, which materials would remain ductile within the 600 
°C threshold after the irradiation exposure up to ~1 dpa at 600 and 1100 °C. The flexural stress-strain diagram 
for the non-irradiated materials is presented in Fig. 5(a), showing an example of the performance at 600 °C. The 
change of the response after the irradiation at 600 and 1100 °C is shown, respectively, in Fig. 5(b) and (c). The 
curves clearly show a significant irradiation hardening (i.e. increase of the stress level corresponding to the 
transition from elastic to plastic deformation) with still remaining ductility in all materials except the two PIM 
grades. Fracture of the PIM materials turned out to be fully brittle, also confirmed by SEM investigation, though 
not provided here. The amplitude of the irradiation hardening depends on the irradiation temperature and it is 
evidently lower for 1100 °C, for instance the apparent yield point (inflection form linear to plastic deformation) 
increases by a factor of two, which implies a similar increase of the tensile yield stress. The latter observation 
holds for most of the tested materials, but not for K-doped plate (W-K, KIT supplied). This material 
demonstrates a considerably lower irradiation-induced hardening, which might be linked with ultra-fine grain 
microstructure that renders high density of sinks sucking mobile irradiation defects. It is clear that the plate 
products (i.e. W-K and W-Re-K) as well as reference W bar (IGP) exhibit ductility at 580 °C after the 
irradiation at both temperatures. To determine the DBTT, bending tests were conducted at lower temperatures. 

The DBTT criterion is adopted from [25]. TDBTT is obtained by fitting the flexural strain at fracture (FS) vs. test 
temperature through setting upper threshold strain (FStop) as 10% and the lower strain (FSbase) as 0%, with the 
equation: 
 𝐹𝐹𝐹𝐹(𝑇𝑇) = 10%

1+𝑒𝑒𝑒𝑒𝑒𝑒�𝐶𝐶(𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷−𝑇𝑇)�
 (2) 

where C is the slope of the transition curve; T is the test temperature. In this case, TDBTT corresponds to the mean 
strain at fracture being 5%, which is also the criterion proposed in [50]. Note that FS(T) is the plastic flexural 
strain defined by subtracting the elastic strain from the load-displacement curve. FS vs. temperature is displayed 
in Fig. 6 for the cold-rolled 1 mm W plate (KIT), the reference W bar (IGP) and both 7 mm K-doped W and 
W/Re plate products. Given the upper test temperature of 580 °C, TDBTT could not be determined for the PIM W 
grades (not shown on Fig. 6) the W-Re-K plate as well as the IGP W irradiated at 600°C, as in all those cases it 
apparently lies above 600°C.  
Table 2 and Fig. 7 summarize the DBTT values and related error, which is defined as the temperature range 
where the plastic flexural strain at fracture exceeds 5% (hence, it depends on the density of points near the 
DBTT). Note that the bend samples were tested in L-T orientation, which is why TDBTT (IGP) is much lower than 
the one determined for the T-L orientation in Fig. 2(a). Fig.7 reveals that ΔDBTT has a strong dependence on 
the irradiation temperature. The K-doped 7 mm plate exhibits the smallest DBTT shift of ~250°C at both 
irradiation temperatures. The addition of 3 at.%Re yields to a considerable increase of the DBTT at Tirr=600°C.  
 
The detrimental effect of Re alloying on the DBTT shift might be explained taking into account the recent atom 
probe studies performed by Hwang et al. [51], who investigated W and W-10Re samples irradiated at 
0.9dpa_550-538°C. In the latter work, the formation of high density of Re-Os-rich solute clusters was found by 
ATP, while these defects were irresolvable to TEM. The number density of those clusters was reaching a value 
of ~2×1024 m-3, which is about two orders of magnitude higher than the density of the TEM-observed 
dislocation loops. In general, Hasegawa et al.[47] have explained that the impact of the alloying with Re on the 
resulting microstructure depends on the irradiation temperature. At low irradiation temperatures, Re alloying 
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suppresses the void lattice formation and alternates the accumulation of dislocation loops, while Re atoms 
retaining in solution enhance ductility. At high irradiation temperature, the transmutation of Re into Os 
promotes premature formation of χ and σ phases leading to the massive phase decomposition which is 
detrimental for the mechanical performance.  
 
The DBTT shift in the cold-rolled K-doped 1 mm plate is 375 °C, and it is 400 °C for the reference W bar at 
Tirr=1100 °C, while at Tirr=600 °C both materials exhibit DBTT at or exceeding 600 °C, which needs in both 
cases further experimental clarification. Combining the results of the bending tests with the data presented in 
Fig. 2 for the reference W bar (IGP), one can assign a temperature range of 900-1100°C as the temperature 
range in which under irradiation conditions of 1 dpa and a Re generation rate of 2 at.%/dpa the DBTT of this 
material would still stay below this temperature. With this respect, the DBTT of K-doped 7 mm plate (Tohoku), 
irradiated at the same conditions as IGP, is only (325 ± 50) °C, which indicates a reduction of the lower bound 
for the acceptable operational temperature range under the given conditions to at least 600°C. 
 

Table 2. DBBT (corresponding to 5% mean fracture strain) values obtained using Eq.2 and FS data presented in 
Fig.6. 

Material TDBTT in non-
irradiated state 

TDBTT at 
Tirr=600°C 

TDBTT at 
Tirr=1100°C 

K-doped cold-rolled plate 1mm 
(KIT), L-S orientation, Fig.6(a) 

150 ± 50 °C ~ 600 °C, to be 
confirmed by 
high T tests 

525 ± 75 °C 

W bar (IGP) L-T orientation, 
Fig.6(b) 

150 ± 25 °C > 600 °C 550 ± 50 °C 

K-doped rolled plate 7mm 
(Tohoku), L-S 
orientation,Fig.6(c) 

75 ± 25 °C 325 ± 50 °C 325 ± 25 °C 

K-doped 3at.%Re-alloyed rolled 
plate 7mm (Tohoku), L-S 
orientation, Fig.6(d) 

0 ± 25 °C > 600 °C 350 ± 100 °C 

 

3.2. Advanced copper-based materials 

Presentation of the results obtained for the Cu-based materials will comprise the data obtained at the upper and 
lower boundary of the irradiation and test temperatures i.e. 150 and 450 °C, as this will allow assessing the 
extension of the low-temperature embrittlement and high temperature softening. Fig. 8(a) shows the engineering 
stress-strain curves for the non-irradiated materials, Fig. 8(b) and (c) show these curves, at Tirr=Ttest=150°C and 
Tirr=Ttest=450°C, respectively. The main observed irradiation induced effects are a reduction of total elongation 
seen for all tested materials at 150°C, embrittlement observed for the Cu-W laminates, and strength reduction 
for the CuCrZr-V at 450°C.  

The stress-strain response at the test temperature of 150 °C is compared for CuCrZr-Wf, CuCrZr-Wl and Cu-
ODS materials in Fig. 9(a,b,c) for all three investigated irradiation temperatures. For the Cu-Wf, Fig. 9(a), the 
main effect of the irradiation is expressed in considerable irradiation hardening i.e. the rise of UTS by a factor of 
two and only moderate reduction of the elongation. By increasing the irradiation temperature from 150°C up to 
450°C, the elongation partially recovers without any significant change in the UTS. Fig. 10 provides SEM 
micrographs of the fracture surface of reference and 150 °C-irradiated samples, both tested at 150 °C. The 
specimens are characterized by less necking and a related lower reduction of area in the irradiated sample, i.e. 
compare Fig. 10(a) and (b). Close inspection of the tungsten fibers surface reveals that after the irradiation 
several fibers fractured in a brittle manner such as the one shown in Fig. 10(c). Other fibers exhibit typical 
fracture pattern registered in the non-irradiated fibers tested individually at RT and elevated temperatures [52]. 
The surrounding copper matrix is deformed in a ductile mode by dimple rupture.  
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CuCrZr-WL samples (see Fig.9b) exhibit no ductile deformation when tested at 150 °C after the irradiation at 
150, 350 or 450 °C. In fact, very similar results were found at other test temperature. The fracture surface of 
reference and 150 °C-irradiated samples tested at 150 °C are shown in Fig. 11. The fracture of the reference 
sample occurs by the delamination and necking of individual tungsten grains (fully in line with ref.[33]), see 
Fig. 11(a), while the copper interlayers exhibit fracture by dimple rupture. After the irradiation, Cu-interlayers 
still show ductile deformation with well-resolved dimples, while W foils exhibit brittle intergranular fracture 
with large lateral cracks emerging near the W-Cu interfaces. Examples of such cracks are shown for two 
different fracture areas on Fig. 11(c) and (d). The irradiation embrittlement of Cu-W laminates has been already 
reported by Garrison et al. [53], however, the irradiation was performed under conditions (HFIR, Rabbit) 
causing a higher Re/Os generation rate in tungsten, and higher irradiation temperatures (400-800°C) were 
explored. The present results confirm the irradiation embrittlement. 

The Cu-ODS material (see Fig.9c) exhibits at Tirr = 150 °C considerable hardening (UTS increase by 80%) and 
zero uniform elongation, although the post-necking elongation yields to 8%. Increasing the test temperature up 
to 450 °C leads to the progressive reduction of the UTS and recovery of the total and uniform elongation. 

The tensile data for the V-CuCrZr are presented in Fig. 9(d), and there we focus on the response after the 
irradiation at 450°C due to the apparent loss of strength and ductility. For reference, the response of the material 
in its non-irradiated state is also presented. After irradiation, the UTS drops from 350 MPa down to 130 MPa. 
The reduction of the test temperature to 150°C leads to the UTS value of 220-230 MPa – being still much lower 
than the UTS in the non-irradiated state. Apparently, the 450 °C irradiation has modified the structure and/or 
size/density distribution of strengthening particles. Fig. 12 provides SEM images of the fracture surface after 
testing at 150 and 450 °C. In the non-irradiated state, see Fig. 12(a), there is excessive post-necking deformation 
leading to nearly neck-to-edge fracture surface. The fracture occurs by dimple rupture and shear, and nearly the 
same deformation pattern is observed at 450 °C. The sample irradiated at 450 °C and tested at 150 °C also 
shows quite significant post-necking deformation, see Fig. 12(b), although the reduction area is smaller. The 
fracture mode remains the same as before the irradiation i.e. dimple rupture. The tests performed at 450 °C 
yielded to practically no post-necking deformation, as is shown in Fig. 12(c) and (d) for the two samples whose 
stress-strain responses are provided in Fig. 9(d). Very low UTS as well as negligible post necking deformation 
at 450 °C is quite unexpected given a good ductility observed on the same set of samples at 150°C. 

4. SUMMARY AND OUTLOOK 

The present contribution covers two major topics: (i) irradiation-induced embrittlement of pure W and advanced 
W alloys in a wide temperature range up to 1200 °C – corresponding to the surface temperature of divertor 
PFCs in the high flux region under steady-state operational conditions; (ii) strength and ductility of advanced 
Cu-alloys/composites under operational conditions in a water-cooled divertor scenario and exploring a 
possibility to extend the operational temperature window in the upper range from 300-350 °C to 450 °C, 
otherwise limited by irradiation softening and creep taking place in the ITER baseline CuCrZr alloy. 

A major step forward has been realized in terms of the assessment of the effect of neutron irradiation exposure 
on engineering-relevant mechanical properties (such as fracture toughness) at high temperature at ~1 dpa (W to 
Re transmutation rate of 2 at%/dpa). For the commercially pure baseline W, the threshold boundary for ductile 
operation lies in the range between 900-1100 °C, as determined on the basis of fracture toughness and bending 
tests. Irradiation at lower temperatures leads to operational embrittlement i.e. fracture toughness decreases to the 
lower shelf value, no ductile deformation. Given the currently available knowledge from other irradiation 
campaigns, including Gd shielded irradiation, a severe embrittlement at high irradiation temperature found here 
is consistent with a large increase of the hardness found earlier.    

Screening bending tests applied to a set of newly developed tungsten alloys/composites, also irradiated up to 1 
dpa, have shown that some solutions (involving K-doping and rolling) truly demonstrate an enhanced tolerance 
to neutron irradiation exhibiting ductile behavior below 600°C. Hence, the lower bound of the operational 
temperature window in which ductile performance up to 1 dpa has been registered might be reduced from (900-
1100) °C to 600 °C. It would be important to assess the fracture toughness and tensile characteristics of those 
prospective grades under the same irradiation conditions as studied here. The optimum combination of the 
rolling, K-doping and Re-alloying as well as the eventual resistance/degradation of such K-Re-W grades under 
irradiation remains to be understood requesting the application of high-resolution microstructural techniques.  
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The assessment of the tensile properties of several advanced Cu-based alloys have also revealed some 
prospective solutions as well as brought unexpected outcomes. Wf- and W particle-reinforced materials 
sustained high tensile strength after the irradiation at 450°C showing resistance against irradiation softening. 
CuCrZr-Wf composites have shown the irradiation hardening, however, W fibers sustain ductile deformation 
ability even at the lower limit test temperature conditions. Cu-ODS material has shown moderate irradiation 
hardening accompanied with the reduction of the total elongation. In the case of W-particle materials, the 
reduction of the uniform and even total elongation was considerable at each studied temperature. The originally 
promising CuCrZr-W laminates were found to exhibit brittle deformation at every combination of the 
irradiation/test condition studied. The irradiation softening and strong reduction of the reduction area has been 
revealed in the V-alloyed CuCrZr after irradiation at 450°C, which has not been expected either.  

To finalize, we bring an outlook for future studies which will require both fundamental understanding of 
irradiation damage as well as seeking for new technological solutions. An unexpected irradiation embrittlement 
of W-Cu laminates requires detailed microstructural investigation of the W-Cu interfaces as cracks were seen to 
initiate in the vicinity of those regions. Understanding the irradiation effect on the W-Cu interface is of general 
interest for the ITER PFCs. Currently, it is unclear whether the same severe damage would occur on the 
macroscopic W-Cu-CuCrZr joint. High resolution TEM and atom probe investigations are of high relevance for 
the V-alloyed CuCrZr, which revealed pronounced strength loss and decrease of the reduction area after the 
irradiation and testing at 450 °C. Surprisingly, the elongation at 150°C is much higher than at 450°C, pointing at 
some interplay between the irradiation microstructure and plastic deformation mechanisms (e.g. thermally 
activated plastic deformation removes the irradiation defects causing the observed softening, possibly coupled 
with dislocation channelling). The performance of the Cu-Wf composites is found promising, yet the endurance 
of the W fibers under neutron exposure in terms of ductility exhaustion is a very important question to be 
answered for both W- and Cu-based composites. 

With regard to the W grades, further optimization of the PIM fine-grain structured tungsten is needed to reduce 
the DBTT in the non-irradiated state. A good resistance against the irradiation embrittlement was revealed for 
the heavily rolled K-doped plates at 1 dpa and 2 at.%Re/dpa. However, depending on the specific location of 
tungsten, the transmutation rate and accumulation of Re and Os will differ. Alloying of W by Re (without 
applying neutron irradiation) demonstrates an improvement in terms of DBTT reduction without compromising 
high temperature performance [7]. However, the interplay of transmutation and irradiation damage 
accumulation as well as irradiation-induced secondary phase formation [46, 54] in the Re-added alloys needs to 
be investigated further. The two effects may counter-act each other depending on the irradiation temperature, 
fluence and spectrum, which would differ for the plasma-facing side of W block and the one behind the cooling 
pipe.  

 

FIG.1. EU programme on irradiation testing of high heat flux materials.  
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FIG.2. Assessment of the irradiation embrittlement in pure tungsten (baseline material). (a): the fracture 
toughness after irradiation at 800°C 1.25 dpa, in-depth study is presented in [24], two inset figures show the 
load-displacement curves measured at different test temperatures before (upper inset) and after (lower inset) 
irradiation; (b): the fracture toughness after irradiation at 600, 900 and 1200°C. The irradiation dose is specified 
on the legend of the figure.  

 

 

FIG.3. Examples of pure tungsten SEM images of the fracture surface taken from the fracture toughness 
samples. The irradiation conditions are explained on the legend. The inspected area and region for the extraction 
of TEM sample are shown schematically in the lower right corner. 
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Fig.4. Examples of pure tungsten TEM images of the irradiation defects on the TEM lamellas extracted from the 
fracture toughness samples tested at 580°C after 600°C, 900°C and 1200°C irradiation. Figs. (a,b,c) show the 
microstructure of the 0.2 dpa irradiated sample, Fig.(d) – 1.18 dpa sample, and Fig.(e,f) – 1.16 dpa sample.  

 

 

 

Fig.5. Comparison of 3PB load-displacement curves obtained for the advanced W materials in (a) non-irradiated 
state; (b) irradiated at 600°C at 1 dpa; (d) irradiated at 1100°C at 1 dpa.  
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Fig.6. Derivation of DBTT using flexural strain at fracture values for (a) K-doped plate (KIT), (b) IGP (Plasee), 
(c) K-doped plate (Tohoku) and (d) K-doped W-3%Re plate (Tohoku) materials.  

 

 

Fig.7. DBTT for the advanced and baseline W materials after irradiation at 600 and 1100°C at 1 dpa. 
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Fig.8. Engineering stress-strain curves for the advanced Cu alloys in (a) non-irradiated state tested at 150°C; (b) 
irradiated and tested at 150°C; (c) irradiated and tested at 450°C. 

 

  

Fig.9. Engineering stress-strain curves for the advanced Cu alloys, namely: (a) – CuCrZr-Wf, (b) – CuCrZr-WL, 
(c) – Cu-Y2O3 and (d) – CuCrZr-V. The irradiation and test temperatures are provided on the corresponding 
legends. 

(a) (b) (c)
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Fig.10. Fracture surface of the CuCrZr-Wf composites Tirr=Ttest=150°C. Figs. (a,b) show the overall view of the 
fracture surface of the reference and irradiated samples. Figs (c,d) show zoomed microstructure of the ruptured 
wires which exhibited different fracture modes. 

(b) Tirr=150°C Ttest=150°C(a) Non-irr Ttest=150°C

(d) Delamination and necking(c) Brittle fracture
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Fig.11. Fracture surface of the CuCrZr-W laminate composites Tirr=Ttest=150°C. Figs. (a,b) show the overall 
view of the fracture surface of the reference and irradiated samples. Figs (c,d) show zoomed microstructure of 
the two regions near the W-CuCrZr layers. 
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Fig.12. Fracture surface of the CuCrZr-V Tirr=450°C tested at 150 and 450°C. Figs. (a) shows the microstructure 
of the non-irradiated sample tested at 150°C. Fig.(b) shows the microstructure of the irradiated material tested at 
150°C. Figs.(c,d) show the microstructure of the irradiated material tested at 450°C.  
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