
1 
 

Development of irradiation tolerant tungsten alloys for high 
temperature nuclear applications 

Dmitry Terentyev1, Petra Jenus2, Elisa Sal3,4, Alexander Zinovev1, Chih-Chen Chang1,5, 
Carmen Garcia-Rosales3,4, Matej Kocen2, Saša Novak2 , W. Van Renterghem1 

 
1Institute for Nuclear Materials Science, SCK CEN, Boeretang 200, 2400 Mol, Belgium 

2  Jožef Stefan Institute, Jamova c39, 1000 Ljubljana, Slovenia  
3CEIT-Basque Research and Technology Alliance (BRTA), Paseo de Manuel Lardizabal 15, 20018 San Sebastian, 

Spain 
4University of Navarra, Tecnun, Paseo de Manuel Lardizabal 13, 20018 San Sebastian, Spain  

5Institute of Mechanics, Materials and Civil Engineering (iMMC), UCLouvain, Av. Georges Lemaître 4,  
1348 Louvain-la-Neuve, Belgium 

 

ABSTRACT  

Development of refractory metals for application as plasma-facing armour material remains among 
priorities of fusion research programmes in Europe, China and Japan. Improving the resistance to high 
temperature recrystallization, enhancing material strength to sustain thermal fatigue cracking and 
tolerance to neutron irradiation are the key indicators used for the down selection of materials and 
manufacturing processes to be applied to deliver engineering materials. 

In this work we investigate the effect of neutron irradiation on mechanical properties and 
microstructure of several tungsten grades recently developed. Neutron irradiation campaign is 
arranged for screening purposes and therefore is limited to the fluence relevant for the ITER plasma 
facing components. At the same time, the neutron exposure covers a large span of irradiation 
temperatures from 600 up to 1000 °C. Four different grades are included in the study, namely: fine-
grain tungsten strengthened by W-carbide (W-4wt.% W2C), fine-grain tungsten strengthened by Zr 
carbides (W-0.5% ZrC), W alloyed with 10 at.% chromium and 0.5 at.% yttrium (W-10Cr-0.5Y) and 
technologically pure W plate manufactured according to the ITER specification by Plansee (Austria). 
The strengthening by W2C and ZrC particles leads to an enhanced strength, moreover, the W-0.5ZrC 
material exhibits reduced DBTT (compared to ITER specification grade) and is available in the form of 
thick plate (i.e. high up-scaling potential). The W-10Cr-0.5Y grade is included as the material offering 
the self-passivation protection against the high temperature oxidation.  
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1. Introduction 

The development and implementation of fusion power plants pledges a considerable contribution to 
clean and safe energy supply for future generations. To ensure the efficiency and safe operation, 
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extensive efforts are invested into the development of suitable structural materials, capable of 
withstanding the extreme conditions expected in the reactor. Although recent decades have seen 
substantial progress in the field of fusion-relevant materials, the development of upgraded materials 
remains among the priorities of fusion research programmes. The goal is to design a low-activation 
material capable of withstanding high heat loads in the range 10-20 MW/m2, with sufficient 
mechanical and thermal properties, which must be retained even after high neutron irradiation fluence 
and nuclear transmutation reactions associated with the fusion nuclear environment [1-3]. Current 
material-oriented research focuses on the development of tungsten-based materials. They 
demonstrate some attractive thermo-physical properties, such as high melting point and high thermal 
conductivity  [4-6]. However, materials’ properties depend on the production route (see a parametric 
study of tensile properties of several tungsten grades [7, 8]). In tungsten, the most pronounced 
difference can be observed in brittle-to-ductile transition (DBT) temperature, which is for sintered 
tungsten lays in the range 400-600 °C but it can be reduced even to – 65 °C for a heavily deformed 
tungsten plate [9]. Similarly, there is a significant variance in a flexural strength and fracture toughness 
between deformed/rolled, sintered and recrystallized tungsten [10, 11].  

Pure tungsten produced by conventional powder metallurgy has attractive thermo-mechanical 
properties, but it also has some drawbacks, such as DBTT at around 300-400 °C and recrystallization 
induced loss of strength, which occurs at temperatures above 1100 °C [12-15]. First issue can be solved 
by heavy deformation/rolling [9, 13, 14, 16, 17] by means of grain refinement and dislocations’ density 
increase. However, tungsten is a bcc metal undergoing a recrystallization process followed by 
extensive grain growth. It is known that the finer the microstructure, the more pronounced 
recrystallization effects are [18, 19] since internal stresses initiated by the presence of deformation 
defects drive the recrystallization process. In order to stabilize fine-grain microstructure and to prevent 
grain growth, particle reinforcement by the incorporation of oxide (e.g. Y2O3) or carbide (e.g. TiC, TaC) 
particles into the W matrix was investigated [20-22]. Recently also the reinforcement of tungsten with 
W2C particles was proposed [23, 24]. Particles’ incorporation has proven to be effective in 
improvement of mechanical properties to some extent.  

Another important drawback of W is its poor oxidation resistance resulting in fast oxidation at 
temperatures above 500 °C and significant oxide sublimation above 900 °C [15]. Under normal 
operation conditions, the poor oxidation resistance of W is not of concern. However, the use of pure 
W represents a potential safety risk in case of a loss-of-coolant accident (LOCA) with simultaneous air 
ingress into the vacuum vessel. In such a situation, the temperature of the first wall (FW) rises up to 
values of 1000 °C to almost 1200 °C, depending on the reactor design, due to the nuclear decay heat  
[25]. The first wall tungsten, which will be activated by neutron irradiation after the D-T plasma 
operation, oxidizes in the presence of air, forming volatile radioactive WO3 with the potential release 
of significant amounts of highly activates species [26]. 

The need for new W-based materials to avoid the risk of radioactive release during such a scenario has 
led to the development of oxidation resistant W-based alloys. The basic idea of such alloys consists in 
the addition of oxide forming alloying elements into the pure W, which, in case of a LOCA with air 
ingress, result in the growth of a stable protective oxide layer preventing W from further oxidation. 
Under normal operation, the surface of these self-passivating alloys will consist of pure W due to 
preferential sputtering of the alloying elements by hydrogen isotopes coming from the fusion plasma.  
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The alloying elements of the W-based alloy used in this work are Cr and Y. This selection is based on 
previous works, where several W-based systems using different alloying elements have been 
investigated both as thin films produced by magnetron sputtering [27, 28] and as bulk alloys produced 
by powder metallurgy (PM) [29-33]. The W-Cr-Y system resulted in lowest oxidation rates compared 
to all previously manufactured alloys, while the thermo-mechanical properties of W-Cr-Y alloys 
remained acceptable for their use as FW armour material [30]. 

Overall, an important step in the development of new materials and components is validation 
of their improved properties after high flux neutron irradiation. It is well understood that the nuclear 
phase of the fusion operation is inevitably linked with the emission of 14 MeV neutrons which are then 
used to extract the heat by being absorbed in the plasma facing components [34]. While the dedicated 
neutron sources (i.e. IFMIF and DONES) are still under development [35, 36], material test reactors is 
the only viable option we have today to study the effect of the high flux neutron fields. 
Correspondingly, the irradiation of tungsten requires a dedicated design to reduce thermal neutron 
flux (otherwise transmutation of Re and Os exceeds the rate expected in fusion environment) as well 
as high irradiation temperature (considerably higher than the one for structural materials in Gen II, III 
and IV reactors) [37]. Such irradiation typically involves miniaturized specimens of simple geometry, 
tensile or bending, which enables efficient payload, good thermal control and simple handling after 
the irradiation. Even after relatively low irradiation doses, say 0.1 dpa – which is end-of-life of the first 
ITER divertor – the samples become active and require hot cell testing as well as fully remote operation, 
which unfortunately limits a number of experimental techniques to perform post-deformation 
analysis. In this case, the most common type of testing comprises mechanical and scanning electron 
microscopy analysis, while application of transmission electron microscopy requires some cooling to 
enable the sample preparation (conventional or by focus ion beam).    

In the present work, we investigate the effect of neutron irradiation on mechanical properties 
and microstructure of several tungsten grades recently developed. Neutron irradiation campaign is 
arranged at three temperatures: 600, 800 and 1000 °C and the neutron fluence is limited to 0.2-0.25 
dpa range thus being relevant for the ITER plasma facing components. Four different grades are 
included in the study, namely: fine-grain tungsten strengthened by W-carbide (W-4wt.% W2C), fine-
grain tungsten strengthened by Zr carbides (W-0.5% ZrC), W alloyed with 10 wt.% chromium and 0.5 
wt.% yttrium (W-10Cr-0.5Y) and technologically pure W plate manufactured according to the ITER 
specification. The selected W-based alloys represent new materials specially developed to combat the 
problem of high irradiation temperature i.e. embrittlement and recrystallization. The alloying by W2C 
and ZrC particles leads to an excessive strength, moreover, the W-0.5ZrC material exhibits reduced 
DBTT (compared to ITER specification grade) and is available in the form of thick plate (i.e. representing 
high up-scaling potential). The W-10Cr-0.5Y grade is a lab-scale grade included as the material offering 
the self-passivation protection against the high temperature oxidation, while being fabricated at high 
temperature (hence, high potential for the recrystallization resistance). The final application of these 
materials is armour for the plasma facing components, and through this study two questions are 
addressed: (i) is there any grain growth as a result of the high temperature irradiation; (ii) is there any 
loss of the fracture strength as a result of the irradiation. 

The main reasons behind the selection of the irradiation temperatures are related to the 
irradiation effects and accumulation of irradiation damage, which are well known to depend on the 
temperature [38]. In general, the tested materials are suited for the application in temperature range 
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of the PFC, which is why the resistance against recrystallization is one of the important elements in the 
design of these materials. The three different temperatures were selected to reflect the operation of 
W (in the monoblock at a heat load of 10 MW/m2 , see assessment in [39, 40]) above the cooling pipe 
(600 °C), in the middle of the monoblock (800 °C) and close to the top surface (1000 °C) In addition, 
from the earlier studies it is known that the accumulation of damage in W at 600, 800 and 1000 °C 
differs. In particular, at 600 °C at moderate doses, dislocation loops and voids are observed, while at 
800-1000 °C, in addition to the voids, Re-Os precipitates are formed thanks to the long-range diffusion 
[41].  Moreover, a recent direct experimental evidence of the irradiation-enhanced recrystallization in 
W occurring already at 850 °C and 0.44 dpa is reported in [42], which also drove the selection of the 
irradiation temperatures for this study.  

After the neutron irradiation the bend tests are performed at elevated temperature (up to 600 
°C) to assess the mechanical strength and associated fracture mechanisms in the operationally-wise 
low temperature regime, where the fracture strength is an important material property for structural 
integrity of the component. 

2. Materials, irradiation and testing methodology 

For different types of tungsten grades are investigated in this study. As a reference, so-called baseline 
material, commercial ITER-specification pure tungsten grade produced by Plansee, Austria is used. This 
material has been already used in a number of studies addressing the plasma-wall interaction [43], 
annealing and recrystallization behaviour [18] and effect of neutron irradiation [44-46]. We adopt the 
same label for this material as in the cited above works, which is W-IGP. This material is produced by 
powder metallurgy and has carrot-like grains because it is hammered into a rod with a 35 mm x 35 mm 
cross section, more information on the microstructure is presented further. In this work, we refer to 
this material as “reference” or rather “baseline” material because its production route is considered 
to be the main option for the supply of PFC components for ITER facility. 

The second grade considered is also produced by the powder metallurgy coupled with chemical 
alloying and thermo-mechanical treatment. By dedicated alloying with zirconium-carbon (ZrC) nano-
sized particles and rolling, it was possible to reduce the free oxygen occupying grain boundaries and 
induce high density of dislocation defects simultaneously (in-depth information about the fabrication, 
thermo-mechanical treatment and resulting microstructure is provided in [47-49]). Preliminary 
mechanical and high heat flux (HHF) assessment demonstrated that W-0.5wt.%ZrC alloy exhibits the 
DBTT around 100 °C and successfully withstand HHF loads up to the power density of 0.66 GW/m2 [47], 
simulated by electron beam. The final product is a rolled plate of 12 mm thickness. Given the applied 
rolling, the material exhibits grain texture. We shall refer to this material as W-ZrC. 

The third material is the composite based on the particle-strengthening principle with W2C 
precipitates. Tungsten powder with an average grain size of 1.5 μm (Global Tungsten & Powders spol. 
S r.o., Czech Republic) was used in this study. According to the producer’s specification, the oxygen 
content in the powder was 0.105 wt %., i.e., 1.2 at. %. The tungsten powder was mixed with WC 
powder (150–200 nm, >99%, Aldrich, Germany) in cyclo- hexane (Sigma Aldrich, Germany) and 
homogenised with an ultrasonic processor VCX500 (Sonics & Materials Inc., USA) for 3 min at a power 
of 250 W, frequency 20 kHz and pulse on/off of 1 s. The powder mixtures was sintered in a graphite 
die with an inner diameter of 16 mm using field-assisted sintering (FAST, Dr. Sinter FAST 515-S, 
Sumimoto FAST Syntex Ltd., Japan) at 1900 °C with a heating rate of 100 °C/min, for 5 min and an 
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applied pressure of 60 MPa. Before the FAST processing, the reaction chamber was purged several 
times with high-purity argon and evacuated again. During sintering, the pressure inside the chamber 
was below 10 Pa. [23]. The added WC completely transforms to W2C, resulting in a W-W2C composite. 
The microstructure, grain size and thermo-mechanical properties of as-produced W-4W2C is described 
in section 3.1.3 W-WC. 

The forth material is an alloy of composition W-10Cr-0.5Y in wt.% prepared from elemental powders 
of W (99.95%, 20 μm), Cr (99.95%, 50-70 μm) and Y (99.9%, 20–30 μm) which are mechanically alloyed 
(MA) under Ar atmosphere in a planetary ball mill using WC grinding jars and balls [50]. After MA, a 
single (αW,Cr) nanocrystalline supersaturated phase is achieved. Besides, elemental Y is expected to 
combine with practically all residual oxygen introduced during the MA process, forming Y2O3 and 
cleaning the grain boundaries (GB) from oxygen. The alloyed powder is introduced in metallic capsules, 
which are evacuated, degassed, sealed and HIPed at 1250 °C for 2 h at 150 MPa [50]. After HIPing, a 
homogeneous, ultrafine grained microstructure is obtained with an average grain size of the equiaxed 
matrix below 100 nm. It consists of two main BCC phases, a W rich (αW,Cr) phase and a Cr-rich (αCr,W) 
one, formed by nucleation and growth, with composition according to the W-Cr phase diagram [51], 
and an Y2O3 nanoparticle (NP) dispersion, located at the GBs, contributing to inhibit grain growth and 
reinforce the material.  The relative density of the resulting as-HIPed material is > 99 %. The presence 
of two phases with quite different thermo-physical properties is detrimental in view of possible misfit 
strains and thermal stresses induced by the second phase. Thus, a heat treatment (HT) at 1555 °C 
under H2 atmosphere is performed after HIP to obtain a single BCC phase material without the Cr-rich 
phase. The relative density after the HT is usually above 98%. However, the samples tested in the 
present work presented a quite lower relative density of about 95%. At the time of sample preparation 
(given that the irradiation campaign has been launched in 2019), the fabrication process was not yet 
completely optimized and the powder contained unalloyed Cr particles generating porosity during the 
phase transition due to the Kirkendall effect connected to the much higher amount of vacancies and 
higher mobility of Cr atoms compared to W atoms [52]. Nevertheless, the unalloyed Cr particles were 
found to be homogenously distributed throughout the sample and thus, the pores were 
homogeneously distributed as well. However, the lower density of the supplied samples results in a 
slightly lower strength compared to samples with the usual density. The HTed, dense W-10Cr-0.5Y 
alloy has withstand 1000 thermal cycle loads of 0.38 GW/m2 power density and 1 ms duration with the 
appearance of a crack network while the addition of 0.5 wt% Zr to this alloy results in no damage after 
the same loading [53].  

 

To execute the irradiation, the miniaturized bend bar specimens (1×1×12mm) were loaded in the 
Belgian Reactor (BR2) in the cycle 2 and cycle 3 of 2019. The specimens were placed inside 1.5 mm-
thick stainless steel capsules filled with an inert gas (helium) to prevent the oxidation of the samples 
during high temperature irradiation. The thick-wall stainless steel capsule acted as a shield to avoid 
extensive transmutation into rhenium. The typical transmutation rate was ~2 at.%Re/dpa. The samples 
were fixed inside tungsten holders which were used to achieve 1000, 800 °C and 600 °C irradiation 
temperature. The temperature was achieved by the balance of the irradiation-induced heat release 
inside the samples and holders, and heat evacuation through the gas gap to the capsule wall and to 
the coolant body of the BR2 reactor. Such design has been already applied in a number of recent 
experiments carried out on tungsten and tungsten alloys, more details are available in [54-56], while 
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below we provide a brief description of the irradiation experiment. The capsules are embedded inside 
the fuel element, where the fast neutron flux is in the range 1-5 x 1014 n/cm2/s (En > 0.1 MeV) at a 
nominal reactor power of 60 MW. The calculation of the irradiation dose in displacement per atom 
(dpa) units is performed by MCNPX 2.7.0 code [57] using the threshold displacement energy of 55 eV. 
The irradiation doses and temperatures on the samples are found to be 0.19 dpa (2.48E+20 n/cm2, E>1 
MeV) at 400 °C (capsule  TB4E), 0.20 dpa (3.06E+20 n/cm2, E>1 MeV) at 800 °C (capsule  TB5E), and 
0.26 dpa (3.44E+20 n/cm2, En>1 MeV) at 1000 °C (capsule  TB6E) using the MCNP calculations (neutron 
flux, gamma flux, heat release due to prompt and delayed gamma and neutron heating), reactor power 
measurements, and finite element thermal calculations (the irradiation temperatures are nominal 
values calculated as average during the cycle). During the reactor cycle, the actual temperature on the 
samples exhibits an excursion of about ±15% with respect to the nominal value. The ALEPH code of 
SCK CEN [58] and accessible nuclear databases [59-61] are applied for the calculation of transmuted 
elements. It should be noted that the presence of carbon in two grades (W-0.5ZrC and W-4(W2C)) 
would promote the formation of He in DEMO spectrum from ~0.5 appm for pure tungsten to 3.65 
appm for W-0.5ZrC alloy at 1 dpa. However, in the BR2 mixed spectrum, the effect of carbon in terms 
of the formation of He is negligible. 

Miniaturized bending specimens were tested according to ASTM E290 standard using the three-point 
bending (3PB) stage installed inside the environmental furnace. The span between the lower 
supporting pins is equal to 8.5 mm and their diameter is 2.5 mm. The samples had dimensions 1×1×12 
mm3 with a mirror-like surface. Given the technological importance, T-L orientation has been used for 
the materials with texture (W-IGP). The T-L orientation, as defined in the ASTM standard E399, 
corresponds to the situation when the crack propagates along the elongated grains, while the long axis 
of the sample is oriented along transversal direction. The tests were performed on a universal testing 
machine Instron equipped with a furnace operated in air, which is why the uppermost temperature 
was set to 600 °C. The test temperature was measured by a thermocouple located close to the 
specimen. The load and displacement were measured with a strain gauge based load cell and a position 
encoder for the actuator, respectively. A constant displacement rate of 0.723 mm·min−1 was applied, 
equivalent to the (flexural) strain rate of 10-3·s-1 along the stretching side of the specimen. 

The flexural strain (FS) is determined as: 

 𝐹𝐹𝐹𝐹 = 6𝐷𝐷𝐷𝐷
𝐿𝐿2

 (1) 

where D is the maximum deflection of the specimen, d is the sample thickness, and L is the span 
between the lower pins. The flexural strain is accordingly calculated using the pull rod displacement 
and linear slope method to characterize the amount of plastic strain. The determination of the flexural 
strain (elastic and plastic) is done by the decomposition of the load-displacement curve into elastic and 
plastic parts, full details of such tests are provided in Ref. [62]. For the neutron irradiated samples, at 
least two tests per test temperature are executed. 

To provide a primary information on the fracture mechanisms after the neutron irradiation, scanning 
electron microscopy (SEM) was applied. The surface imaging was performed using SEM JEOL 6610 with 
secondary electron detector (accelerating voltage 15 kV and working distance of 10-11 mm) inside the 
hot cells enabling investigation of the irradiated samples. Electron back scattering diffraction (EBSD) 
and EDS chemical analysis could have been performed only in the non-irradiated state due to the 
relatively high residual activity on some samples (exceeding 20 mSv/hour on contact even 2 years after 
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the irradiation). The excessive gamma irradiation is detrimental for the operation of the EBSD and EDS 
detectors. 

3. Results and discussion 

The results are presented in three sub-sections reporting reference measurements, results of 
mechanical tests after the irradiation and fracture surface after the irradiation. When presenting the 
result of the bending strength we also provide trend curves to “guide an eye”. SEM images are supplied 
with marks and arrows to refer to specific microstructure discussed. 

3.1 Microstructure and Mechanical properties of materials in non-irradiated state 

Each of the studied grades has been inspected in terms of the microstructure and bending 
performance as a function test temperature. In the case of the advanced grades (W-WC and W-10Cr-
0.5Y), the detailed inspection was carried out in parallel with neutron irradiation. The primary tests on 
the non-irradiated samples were performed by the labs supplying the materials, however, the 
reference bending tests at RT, 300 and 500 °C were also performed at SCK CEN using the same 
equipment as applied to test as-irradiated samples. The bending tests and SEM analysis of the fracture 
surface after the irradiation were performed at SCK CEN in the hot cells.  

The most important information in terms of the mechanical performance is the DBTT and bending 
strength. At this, depending on the deformation/fracture mode, it is relevant to repot either the 
strength at fracture (for the brittle mode) or an apparent yield point (in the ductile mode leading to 
the bending of the sample without fracture), as the latter value can be directly correlated with the 
tensile strength otherwise extracted from the uniaxial tensile test [62]. In the following, we shall use a 
generic term “bending strength” while referring either to the fracture or yield bending stress 
depending on the deformation mode.  

Bending strain to fracture is another important value which can be used to deduce the DBTT range, as 
was shown on the example of W-IGP [63]. The DBTT has been extracted using the 5% bending strain 
criterion [64]. For the studied materials, the DBTT was determined to be 140-160 °C for W-ZrC, 380-
400 °C for W-IGP (T-orientation), 600-800 °C for W-WC and 1000-1100 °C for W-10Cr-0.5Y (for the 
material with > 98% relative density). The range for the determination of the DBTT depends, among 
others, on the density (on temperature scale) of the test points, which was relatively low for the W-
WC and W-10Cr-0.5Y grades. The relatively high DBTT of these grades is not surprising given that no 
mechanical treatment (e.g. rolling, forging) was applied to reduce the DBTT (even though in the case 
of the W-Cr-Y alloy it is questionable whether the DBTT can be reduced due to the high amount of Cr 
dissolved in the W lattice1). In the following, it will be shown that those grades exhibit a porosity which 
may provide an extra contribution to the DBTT. Yet, as was discussed in the introduction, the primary 
requirements imposed to those grades in terms of the mechanical properties were the high strength 
and resistance against recrystallization. 

Fig.1 presents the comparison of the bending strength as a function temperature. Correspondingly, 
the values for each performed test are reported, namely: σ0.2 – flexural bending stress at 0.2% of the 
bending strain or σf – flexural bending stress at fracture. We can indeed see that the advanced grades 

                                                           
1 E. M. Savitskii and G. S. Burkhanov, Physical metallurgy of refractor y metals and alloys, Consultants Bureau, 
New York-London, 1970 pg. 199 
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exhibit higher bending strength as compared to W-IGP in the low temperature range, up to ~400 °C. 
The strength of W-ZrC and W-WC grades exceed the one of the W-IGP in the whole temperature range 
studied. The strength of the W-10Cr-0.5Y grade becomes comparable or even lower than that of W-
IGP above 1000 °C.     

The strength and ductility are naturally determined by the microstructure of the materials, hence in 
the following sub-sections we describe the microstructure of each tested grade. We also present the 
fracture surface of the samples tested in the vicinity of the DBTT to link it with the fracture mechanisms 
occurring around DBTT.  
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Fig.1. Comparison of the bending strength of different tungsten grades. Three different stresses are 
reported: YS0.2% is the flexural stress at 0.2% flexural bending stain, UTS is the maximum flexural 
strain registered during the test in the case of ductile deformation, and Fracture stress in the case of 
the brittle deformation.  

 

3.1.1 W-IGP 
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Fig.2. (a) SEM image of the fracture surface of the W-IGP sample tested at 400 °C in the T-L orientation. 
(b) SEM-EBSD scan, normal direction is perpendicular to the view. RD and TD refer to the rolling and 
transversal directions, respectively. 

As noted above, the W-IGP is the forged bar of 99.97% purity which was produced according to the 
ITER specification in a form of squared cross section bar (see more information in [43]). The bar was 
fabricated by hammering on both sides. The grains are therefore needle-like and are elongated along 
the bar axis. The elongated grains can be well seen on the SEM image of the fracture surface of the T-
L bend sample tested at 400C, given in Fig.2a. The fracture near the DBTT consists of two patterns: (i) 
intergranular and (ii) transgranular cleavage, both appearing in nearly equivalent proportions.  

The EBSD analysis (see Fig.2b) revealed that grains with high misorientation angle (> 15 degrees) are 
elongated with a size of 5-20 µm and 10-100 µm, normal and along to the bar axis, respectively. The 
presence and morphology of sub-grains was studied by TEM, as EBSD has too low resolution for that 
purpose. TEM measurements revealed sub-grains are also elongated and their size varies in the range 
0.6 – 1.7 µm and 2.3 – 4 µm, respectively, normal to and along the elongation directions. The material 
does not contain any precipitates [65]. 

3.1.2 W-ZrC 
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Fig.3. (a) SEM image of the fracture surface of the W-ZrC sample tested at 160 °C  in the T-L orientation. 
(b) SEM-EBSD scan of W-ZrC grade, normal direction is perpendicular to the view. RD and TD refer to 
the rolling and transversal directions, respectively. 

 

W-ZrC is a hot rolled tungsten plate of 8 mm thickness reinforced with 0.5 wt% of ZrC produced by the 
Institute of Solid State Physics, Chinese Academy of Science. As discussed above, the DBTT of this 
material is around 160-200 °C. The SEM image of the fracture surface of the sample tested at 160 °C is 
presented in Fig.3a. One can clearly see the intergranular fracture with the presence of lateral micro-
cracks implying the delamination of the grains and micro-cracks deflection prior the fracture. Very few 
regions with the transgranular cleavage are also present. The medium grain size of this material is ~7 
µm, as determined by the analysis of the SEM-EBSD scan (see Fig.3b) [66]. The rolling was applied after 
the sintering, and W-ZrC was processed following a thermo-mechanical treatment to reduce grain size 
and have nearly equiaxed grains [66, 67], which is why there is only minor difference of the mechanical 
properties and microstructure between T- and L-orientation. The microstructure of the W-ZrC material 
exhibits high density of small ZrC particles. The particles are roughly spherical in shape and their size 
is in the range 100-200 nm. Rarely, particles with a size up to 0.5 µm are observed. The particles are 
located inside the grains and at grain boundaries. Many particles are interconnected with each other 
by grain boundary interfaces thus forming a sort of honeycomb network, which is also consistent with 
the SEM-EBSD images (if seen at high magnification). 

Detailed analysis of the microstructure of the W-IGP and W-ZrC grades in the non-irradiated state is 
provided in [68], where grain size, texture and dislocation density were assessed by SEM and TEM.  

3.1.3 W-WC 

Microstructural analysis of as-sintered W-4W2C samples reveals isotropic nature of grains present in 
the sample. The EBSD studies presented in [23] showed that the W2C grains are mainly positioned at 
W grain boundaries, preferentially at triple junctions. The grain size analysis showed that the mean 
W2C grain size is approximately 1 µm, while for the W grains is 7.5 µm in diameter. Fig.4a represents 
SEM micrograph of a fracture surface of W-4W2C before neutron irradiation. It can be seen that 
intergranular fracture is dominant, with some scattered transgranular cleavage also present. Some 
intergranular and grain boundary porosity can be observed, too. The SEM-EBSD scan of the grain 
pattern is shown in Fig.4. Following the EBSD analysis the median grain size was determined to be 3.8 
µm. Mechanical characterization [23] from RT to 1000 °C has revealed that the sample W-4W2C 
displayed the highest ultimate flexural strength at 400 and 600 °C. The DBTT was also in this range. 
W2C inclusions are ceramic material, which causes an increase in the DBTT of metallic W. 
Measurements of thermal conductivity (TC) up to 1000 °C revealed that W2C inclusions slightly 
decrease the TC when compared to the pure tungsten, which is ascribed to the low TC of the W2C. The 
sample W-4W2C exhibits 120 W/m.K at room temperature, while at 1000 °C the value does not drop 
below  100 W/m.K [23].  



 

11 
 

 

Fig.4. (a) SEM fracture surface of a W-WC sample. (b) SEM-EBSD scan of W-WC sample. 

 

 

3.1.4 W-10Cr-Y 

  

 Fig.5. (a) SEM fracture surface of a W-10Cr-0.5Y sample. (b) SEM-EBSD scan of W-10Cr-0.5Y sample 
(without porosity) 

The fracture surface of the W-10Cr-0.5Y alloy measured at 25°C is shown in Fig. 5a while in Fig. 5b a 
SEM-EBSD scan corresponding to a sample produced with the same manufacturing parameters but 
without porosity is presented. The microstructure consists of a metastable single BCC (αW,Cr) phase 
with equiaxed grains of average size 770 nm. The dark grey minority phase, located mainly at the GBs, 
corresponds to the Y2O3 nanoparticles, as indicated by white arrows in Fig.5a, exhibiting an average 
size of ∼50 nm. As mentioned above, the samples used in the present work have a porosity of about 
5 %, which is homogeneously distributed throughout the sample. Pores are mainly located at the GBs 
and triple junctions, as indicated by red arrows in Fig. 5a. The pores have a size lower than ∼ 60 nm in 
most of the cases. At 25 °C the fracture is mainly intergranular with isolated transgranular cleavage; 
no defects are visible inside the grains. At 500 °C intergranular fracture is dominant. The flexural 
strength of the material without porosity has been measured in the temperature range 25 to 1100 °C 

 

10 µm 

(a) (b)
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[30]. The material has a DBTT of ∼950 °C with ultimate flexural strength in the range 900-1000 MPa. 
The alloy exhibits a thermal conductivity of 51 – 53 W/(m·K) in the temperature range 400 – 600 °C. 

Neutron irradiation tests were performed at irradiation temperatures of 600, 800 and 1000 °C for 50 
days. Since the W-10Cr-0.5Y alloy after HT presents a metastable microstructure, samples were 
exposed in a previous work [50] to a temperature of 650 °C for 3000 h to study the thermal stability of 
the microstructure under operational conditions. After the ageing test, there were no significant 
changes, as the microstructure of the material as well as its density and hardness remain unchanged 
(Fig. 6c). Therefore, it is expected that no major microstructural changes will be observed after 
irradiation test at 600 °C unless those produced by irradiation damage. After 100 h at 800 °C, only slight 
grain growth was observed. However, at higher magnification, the onset of the phase decomposition 
at the GBs in form of lamellae of Cr-rich and W-rich phases was observed (Fig. 6b). The mechanism for 
the formation of such a lamellar structure is associated with the spinodal decomposition. The 
miscibility gap of W-Cr phase diagram is represented next to the chemical spinodal line (blue dashed 
line) in Fig. 6. Within the miscibility gap, the formation of two different phases is expected. However, 
the formation mechanisms of these phases depend on the position in the phase diagram (chemical 
composition and temperature) with respect to the chemical spinodal line. This line represents the 

inflexion points of the isothermal free energy (G) – composition curves, i.e. the points where 𝜕𝜕
2𝐺𝐺

𝜕𝜕𝐶𝐶2
 = 0. 

Therefore, within the chemical spinodal line where 𝜕𝜕
2𝐺𝐺

𝜕𝜕𝐶𝐶2
 < 0, the single-phase is unstable and spinodal 

decomposition takes place. In this case, the phase formation should be only produced by atomic 
diffusion processes. Outside the spinodal area, the phase is metastable where G can only be reduced 
by nuclei formation, i.e. the two phases should be formed by nucleation and growth. As can be 
observed in Figure 6, the selected irradiation temperatures are within the chemical spinodal region. 
Thus, a microstructure composed of Cr-rich and W-rich lamellae should be obtained. However, at 600 
and 800 °C, the temperature is too low for activating diffusion processes, especially for W. Therefore, 
very long times would be required for the microstructure to achieve the decomposition. For this 
reason, no significant changes in the microstructure are expected after irradiation up to 800 °C. The 
fact that in our system the decomposition starts at the GBs indicates that nucleation and growth is 
taking place, probably because of the effect of the strain energy produced by the mismatch between 
the atomic sizes of Cr and W, as stated by Porter [69]. 
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Figure 6. Miscibility gap of the W-Cr phase diagram with the chemical spinodal boundary indicated by 
the blue dashed line calculated using the Thermo-Calc software. Microstructures obtained after ageing 
at the temperatures of the irradiation tests are indicated. 

After ageing at 1000 °C for 50 and 100 h, the microstructure exhibits a phase decomposition with 
significant grain refinement (Fig. 6a). After 50 h, the Cr-rich phase presents a lamellar shape while after 
100 h, a vermicular shape typical for spinodal decomposition has been developed [50]. Based on these 
results, a complete phase decomposition with vermicular microstructure and large grain refinement is 
predicted after the irradiation test of W-10Cr-0.5Y samples annealed at 1000 °C lasting for more than 
50 days. Such a transformation leading to uniform, fine-scale, two-phase mixture can significantly 
enhance the mechanical properties of alloys presenting spinodal decomposition, as reported in the 
literature [70]. 

 

3.2 Mechanical properties in as-irradiated state 

The mechanical tests presented and discussed in this section cover the test temperature range of RT-
600 °C. This range is due to the capability of the hot cell equipment currently limited to the maximum 
test temperature of 600 °C. To avoid intensive oxidation of tungsten, we limited the uppermost test 
temperature to 500 °C. This is why the mechanical properties will be delivered at two limiting 
temperatures being RT and 500 °C, and at the intermediate temperature chosen to be 300 °C.   

The bend strength of W-IGP before and after irradiation is presented in Fig.7. At the maximum test 
temperature covered in this study (500 °C), all tested samples appear purely brittle fracture implying 
that the DBTT exceeds 500 °C. Hence, the DBTT shift is above 100 °C, which is consistent with the DBTT 
shift of 100-150 °C obtained for the same material (but for L-orientation) irradiated at 400 and 800 °C 
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at 0.15-0.2 dpa [44]. One can also see that the fracture stress for Tirr=800 and 1000 °C increases as the 
test temperature increases from 300 up to 500 °C. This can be interpreted as a contribution of the 
thermally activated plastic deformation at the micro-scale, meaning that 500 °C could be close to the 
DBTT value. Irrespective of the suppression of the macroscopic plastic deformation, the fracture 
strength of the irradiated samples does not drop below 400 MPa which is the value established for the 
non-irradiated samples in the brittle mode. Hence, the irradiation does not cause the reduction of the 
fracture stress in the brittle regime for this grade. 

The bend tests executed on the W-ZrC, see Fig.8, have revealed the brittle behavior at Ttest=RT (as 
expected), semi-ductile behavior at Ttest=300 °C and ductile deformation at Ttest=500 °C. Given this 
observation, some extra tests were performed in the vicinity of 300 °C to define better the DBTT. 

The fracture flexural strain increases from zero to above 10% within rather narrow temperature 
interval (50-100 °C), the maximum flexural strain can serve as a good indicator for the identification of 
the DBTT region. Earlier, it has been already shown that it provides rather good correlation with the 
DBTT region defined from the conventional fracture toughness tests [71].  Thus, the DBTT of W-ZrC 
after the irradiation was determined by fitting the strain at fracture and setting up a threshold above 
which the material could be considered as ductile. The upper threshold of the flexural strain (FStop) is 
defined as 10%, and the lower base of the flexural strain (FSbase) is defined as 0%, and the equation to 
fit the transition curve reads: 

 𝐹𝐹𝐹𝐹(𝑇𝑇) = 10%
1+𝑒𝑒𝑒𝑒𝑒𝑒�𝐶𝐶�𝑇𝑇ℎ𝑎𝑎𝑎𝑎𝑎𝑎−𝑇𝑇��

 (2) 

where C is the slope of the transition curve; T is the test temperature. Thalf, which is also defined as the 
DBTT after the irradiation (following the 5% criterion proposed in Ref. [72]), is the temperature 
corresponding to flexural strain equal to 5%. Note that we refer to 5% of plastic flexural strain, which 
is calculated by subtracting the elastic strain from the load-displacement curve. 

The bending stress-strain curves obtained at 300 °C are presented in Fig.8a. One can clearly see that 
the bending strain at fracture is much lower for the samples irradiated at 1000 °C. Another interesting 
feature is the evolution of the bending stress after the yield point, which also depends on the 
irradiation temperature. At Tirr=1000 °C, the bend stress logarithmically increases up to the fracture 
point in a similar way as it happens in the non-irradiated sample, while for the lower irradiation 
temperatures the bending stress exhibits the linear reduction as soon as the yield point is reached. The 
behavior could be attributed to the different nature (i.e. loops/voids/Re-Os precipitates) as well as to 
the difference in density of the irradiation defects formed at high and low irradiation temperature.   

The strain to fracture as a function of temperature is presented in Fig.8b. Applying these results and 
Eq.(2), the DBTT after the irradiation at Tirr=600 and 800 °C was determined to be 330 °C (DBTT shift is 
190 °C). The fracture strain of the samples irradiated at 1000 °C was less than 5% and therefore the 
DBTT exceeds 500 °C. These results also demonstrate that 1000 °C irradiation causes a larger DBTT 
shift in W-ZrC i.e. higher irradiation temperature causes more severe damage, which is not obvious 
result. 

The bend strength of W-ZrC before and after the irradiation is presented in Fig.9. The results reveal 
two important observations: (i) there is a significant reduction of the bend strength at RT (i.e. in the 
brittle mode) after the irradiation; (ii) the bending strength near DBTT is comparable before and after 
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the irradiation. The first observation implies that the fracture stress in brittle deformation regime is 
decreased by the neutron irradiation, irrespectively of the applied irradiation temperature. Hence, 
some microstructure which ensured high strength in the brittle mode before the irradiation is 
apparently removed (or becomes not active) after the irradiation. TEM investigation would be needed 
to clarify the reasons for this effect. 

The bend strength of W-WC before and after irradiation is presented in Fig.10. The results show that 
the room temperature bend strength depends on the irradiation temperature. In particular, the 
strength is reduced below the reference value for the irradiation temperature of 800 and 1000 °C. 
Tests at 300 and 500 °C reveal that the fracture stress is essentially increased from about 1200 up to 
1600 MPa for all irradiation temperatures. The only exception is noted at Tirr=800 °C, at which the 
fracture stress remains below the reference value at Ttest=300 °C. Given that the DBTT of this material 
was already in the range of 400-600 °C, the carried tests could not reveal the DBTT shift and all test 
returned fully brittle fracture (as was expected). The main observation resembles the loss of strength 
at RT, and increase of the strength at elevated temperature. 

The bending strength of W-10Cr-0.5Y before and after the irradiation is presented in Fig.11. As in the 
case of W-WC, the W-10Cr-0.5Y grade exhibits DBTT above 500 °C and therefore the DBTT shift could 
not be revealed with the present set of tests. In Fig.11 the bending strength of the material without 
porosity is also shown to demonstrate the effect of porosity on the reduction of the strength in non-
irradiated state. Within the executed test temperature range, the neutron irradiation yielded an 
increase of the fracture stress. In the case of 1000 °C irradiation, the increase of the fracture stress was 
especially high (a factor of two to three, depending on the test temperature). The increase of the stress 
due to 600 and 800 °C was similar and yielded to about 50% of the reference fracture stress. The 
increase of the fracture stress was registered at all test temperatures.  
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Fig.7. Bend strength of W-IGP (T-L orientation) before and after the irradiation. 

 

Fig.8. (a) Flexural stress-strain curves obtained for W-ZrC at Ttest=300 °C. (b) Strain to fracture as a 
function of test temperature for W-ZrC. 

(b)
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Fig.9. Bend strength of W-ZrC before and after the irradiation. Red arrow points at a pronounced 
reduction of the fracture stress at RT. Ductile deformation after the irradiation shifts to the 
temperature range above 300-400 °C, except for the samples irradiated at 1000 °C. 
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Fig.10. Bend strength of W-WC before and after the irradiation. Red arrow points at the reduction of 
the fracture stress. Green arrow points at the increase of the fracture stress after the irradiation. 
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Fig.11. Fracture stress of W-10Cr-0.5Y vs test temperature before and after the irradiation. For 
comparison, the non-irradiated material without porosity is included, which exhibits a higher strength 
compared to the one with porosity used in the present work (see section 2). The green arrows point 
at the increase of the fracture stress after the irradiation. 

 

3.3 Fracture surface analysis after irradiation 

The primary purpose of the SEM analysis after the irradiation was to identify whether any essential 
grain growth took place, since the resistance of the materials against the grain growth was important 
property to validate. This is why we focus on the SEM images of the samples fractured at room 
temperature because those correspond to the brittle fracture (for all samples studied) and therefore 
good appreciation of the pattern of fractured grains could be obtained.  

The fracture surface of the W-IGP after the irradiation was very similar to the one presented in Fig.2a, 
which corresponds to the mixture of the intergranular and transgranular fracture. Although after the 
irradiation the portion of the transgranular cleavage area has increased making it approximately 70% 
over all the surface. Judging from the grain pattern that can be seen on the transgranular fracture 
areas no grain growth occurred at all applied irradiation temperatures. Given that no specific features 
on the fracture surface of the W-IGP were observed after the irradiation we omit to present SEM 
images for the sake of conciseness.  
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The fracture surface images of the W-ZrC samples irradiated at 600 and 1000 °C are presented 
respectively at Fig.12a and Fig.12b. The irradiation has led to the formation of the large transgranular 
cleavage areas (only small islands were observed before the irradiation) at both irradiation 
temperatures. Often, the cleavage ribbons were observed in the transgranular cleavage area. In 
addition, the presence of a high density of sub-micrometer (0.05-0.1µm) pores was also evident on the 
transgranular cleavage areas. There were no pores observed on the grain boundaries or at grain triple 
junction vertices. Given that the dimension of the pores is too large to classify them as voids formed 
due to the irradiation, those pores could resemble debonded ZrC particles. Apparently, such pores 
were not observed on the non-irradiated samples because the transgranular cleavage represented 
only a minor fracture and intergranular fracture was the main mode. The strong increase of the 
transgranular cleavage fracture is consistent with the reduction of the strength observed in W-ZrC after 
the irradiation (see Fig.7). Apparently, the irradiation defects suppress sub-grain micro-deformation 
and the crack deflection via grain boundary surface cannot be sustained so that crack propagates 
directly through the sub-grains and grains. The regions owing the intergranular fracture were specially 
inspected to check the size of the grains, and the grain size was found to remain as small as before the 
irradiation.  

The fracture surface images of the W-WC samples tested at room temperature are presented in Fig.13. 
Before the irradiation, the fracture surface consists mostly of the intergranular fracture (see Fig.4). 
After the irradiation at 600 °C, the interganular fracture remains to be the dominant mode as shown 
in Fig.12a. The irradiation at higher temperature yielded in the cracking of the grains i.e. transgranular 
fracture dominated, see Fig.13b and Fig.13c. This observation is consistent with the fact that the 
fracture strength was reduced after irradiation at 800 and 1000 °C in the tests carried at RT (see Fig.9). 
The pores of sub-micrometer sizes were observed in all the samples consistently before and after the 
irradiation. The irradiation did not result in the appearance of the pores at Tirr=600 and 800 °C. While, 
the density of the observed pores seems to be lower after the irradiation at 1000 °C, the pores are 
larger in size, especially the pores located at the GB interfaces (or triple junctions) have grown.  

However, what appears to be large pores at the grain boundaries (triple junctions) are voids left after 
the (most likely W2C) grains were pulled-out during fracture tests. Similar behavior was also observed 
in the samples (with the same composition) after the ageing at temperatures above 1000 °C [23]. The 
decrease in the RT strength of the samples irradiated at 800 and 1000 °C is in accordance with the 
results on the aged samples with the same composition [23] in which the decrease of RT flexural 
strength was observed too. Presumably, the additional thermal treatment above certain temperature 
strengthens the grain boundaries (i.e. rectifies the grain boundary interfaces) leading to the crack 
deflection and transgranular cleavage appearance. By comparing the grain size before and after the 
irradiation using SEM images of the fracture surface, no increase of grain size could be registered.        

The fracture surface images of the W-10Cr-0.5Y samples fractured at room temperature are presented 
in Fig.14. The fracture surface at 600 and 800 °C was essentially similar, and therefore we provide only 
the images for Tirr = 600 and 1000 °C. The fracture pattern at Tirr = 600 °C (see Fig.14a) is quite similar 
to the one observed before the irradiation near DBTT (see Fig.5). After irradiation at 600 °C, the 
transgranular cleavage area somewhat increased. Numerous pores appear as seen on the fracture 
surface before the irradiation (see Fig.5). After irradiation at 1000 °C, the fracture surface is completely 
different, see Fig.14b. Large cavities are present, inside which a vermicular microstructure typical for 
spinodal decomposition is visible. The fracture of this microstructure is purely transgranular. As 
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explained before, a complete spinodal decomposition of the initially single-phase microstructure is 
expected after more than 50 days irradiation at 1000 °C. This is the microstructure visible inside the 
cavities of Fig. 14b, which have been formed most probably by coalescence of the initial pores. The 
spherical sizes of these initial pores located at the GBs and triple junctions indicate that they have 
reached equilibrium. However, at an irradiation temperature of 1000 °C, diffusion processes are much 
faster than at 800 °C so that individual pores can merge by GB dragging and grow by GB diffusion of 
vacancies to larger pores [73]. Besides, phase transformation taking place during 1000 °C irradiation 
leads to the creation of new GBs, which can promote the coalescence of pores. Moreover, the 
irradiation dose of 0.26 dpa at 1000 °C can contribute to increase cavities due to the formation of 
voids, even though this has to be further investigated since there are only scarce data on neutron 
irradiation of W at 1000 °C [74] while the effect of additional Cr is unknown. The mechanical properties 
of this spinodal-like microstructure has to be assessed to compare the results obtained in this work 
with those of an unirradiated material without porosity. In any case, it seems plausible to assert that 
the formed spinodal-like microstructure is responsible for the strong increase in strength after 1000 °C 
irradiation at all test temperatures due to the uniform, fine-scale, two-phase mixture in spite of the 
cavity formation. The size of the cavities observed in Fig. 14b is below ∼10 µm. In a material without 
initial porosity a significantly lower cavity formation or cavity size would be expected since only voids 
formation by irradiation and their interaction with GBs would contribute to the growth of cavities. The 
absence of initial pores could contribute to increase the strength to values higher than those obtained 
in this work after 1000 °C irradiation since pores and cavities act as stress concentrators reducing 
strength. Taking into account the obtained results, it would be very interesting to produce a W-10Cr-
0.5Y alloy in which such a spinodal-like microstructure is promoted and to study its mechanical 
properties before and after irradiation. 

The increase in strength observed at 600 and 800 °C irradiation can be associated to the start of 
lamellae formation of the two phases at the GBs after long time irradiation. The additional effect of 
neutron irradiation has to be elucidated. 

 

(a) Tirr=600°C (b) Tirr=1000°C

Transgranular
cleavage contourPores Pores

Cleavage 
ribbons
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Fig.12. Fracture surface of the W-0.5ZrC sample tested at room temperature.  (a) sample irradiated at 
600 °C; (b) sample irradiated at 1000 °C. 

 

 

 

 

Fig.13. Fracture surface of the W-WC sample tested at room temperature.  (a) sample irradiated at 600 
°C; (b) sample irradiated at 800 °C; (c) sample irradiated at 1000 °C. Yellow circles on (c) show the 
pulled-out grains due to the sample fracture. Smaller craters correspond to W2C grains, larger ones 
represent tungsten grains.  

 

 

Fig.14. Fracture surface of the W-10Cr-0.5Y sample tested at room temperature.  (a) sample irradiated 
at 600 °C; (b) sample irradiated at 1000 °C. 

 3.4 Summary of the experimental observations 
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To summarize, the effect of neutron irradiation on mechanical properties of several recently developed 
tungsten grades has been investigated. The neutron irradiation campaign has been arranged for a 
screening purpose and therefore is limited to the neutron fluence (0.2-0.25 dpa in W) relevant for the 
ITER plasma facing components. At the same time, the neutron exposure covered a span of irradiation 
temperatures ranging from 600 up to 1000 °C. The investigated grades include: fine-grain tungsten 
strengthened by W-carbides (W-4wt.% W2C), fine-grain tungsten strengthened by Zr-carbides (W-0.5% 
ZrC), W alloyed with 10 at.% chromium and 0.5 at.% yttrium (W-10Cr-0.5Y) and technologically pure 
W of ITER-specification manufactured by Plansee (Austria). The latter can be considered as “baseline” 
material implying that its technological production route is well established such that the large-scale 
procurement may relies on this technology. Development and validation of the advanced grades 
studied here, so far available at the lab scale, is driven by the harsh operational environment where 
these materials would function as armour and some preliminary tests suggest a superior performance 
over the baseline material.  

Correspondingly, two essential questions are raised and equivalently assessed for the four tested 
materials, being: (i) is there any grain growth as a result of the high temperature irradiation? and (ii) is 
there any loss of the fracture strength as a result of the irradiation? A particular relevance of this 
screening study comes in the interest to validate the resistance of the selected grades against above 
mentioned recrystallization and potential loss of the fracture strength at either low or high irradiation 
temperature. Because the upper test temperature was limited to 600 °C in the hot cells, the 
determination of the DBTT shift was not possible for some of the grades as their DBTT even in the non-
irradiated state was already above 600 °C. 

Table 1 provides a concise list of the observed effects of the irradiation on the bending strength and 
fracture surface. The most common feature is the modification of the fracture mode at low 
temperature which changes from pure intergranular fracture to the mixed one (trans- and 
intergranular). Depending on the grade and irradiation temperature, in some cases, the transgranular 
fracture dominates. In these cases, the loss of the bending strength is also observed except for the W-
10Cr-0.5Y grade. No obvious grain growth is observed in either of the tested samples and grades. In 
the W-WC and W-10Cr-0.5Y grades the void growth is observed after 1000 °C irradiation. In the case 
of the W-WC grade, this growth apparently explains the increase of the strength. In the case of the W-
10Cr-0.5Y grade, a significant increase of strength is associated with the spinodal-like phase 
decomposition taking place during the irradiation at 1000 °C, resulting in the transformation from an 
initially single-phase equiaxed-grain microstructure to a vermicular, uniform, ultrafine-grained 
microstructure of a two-phase mixture. Large cavities with a size below ∼10 µm are present as a result 
of the coalescence of the initial porosity of about 5%, possibly promoted by the phase transformation 
together with the void formation due to the irradiation. It is expected that a material without initial 
porosity would undergo even a larger increase of the strength.  

Table 1. Summary of the effects of the irradiation on the bending strength and fracture surface. 

Material Fracture strength  Fracture mechanism  

before -> after irradiation 

Microstructural Stability 
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ITER 
spec. W, 

W-IGP 

No strength reduction 
after the irradiation, but 
shift of the strength curve 
to a higher temperature 
(DBTT shift > 100 °C) 

Intergranular in reference state 
changes to the mixture of trans- and 
intergranular. After irradiation, 
transgranular fracture prevails.   

No grain growth; no 
pores are observed. 

W-4W2C Reduction of strength at RT 
after high temperature 
irradiation. Strength 
increases at elevated 
temperature. 

Intergranular in reference state 
changes to the mixture of trans- and 
intergranular; 

At Tirr=800 and 1000 °C the grain 
cleavage prevails.  

Growth of initial pores 
(and reduction of 
density) near GBs at 
Tirr=1000 °C. 

W-10Cr-
0.5Y 

No reduction after the 
irradiation, strength 
especially increases at Tirr = 
1000 °C 

Intergranular in reference state 
changes to a mixture of trans- and 
intergranular; 

  

Coalescence of initial 
pores at Tirr=1000 °C up 
to few µm in size; 
modification of 
microstructure to a 
vermicular, uniform, 
ultrafine-grained two-
phase mixture (spinodal 
phase decomposition). 

W-
0.5ZrC 

Loss of strength below 
ductile-brittle 
temperature.  

DBTT shift = 190 °C. 

Intergranular in reference state 
changes to the mixture of trans- and 
intergranular; brittle at RT, ductile at 
300 °C and above. 

No grain growth; Low 
density of 0.05-0.1 µm 
pores, possibly 
decohesion of ZrC 
particles. 

 

 

4. Conclusions 

Given the presented experimental results and their discussion, two sets of conclusions were 
formulated, namely technical (specific to measured values) and general (pertinent to fundamental 
understanding of the irradiation effects in the studied tungsten alloys). Based on the obtained results 
coming from mechanical tests and microstructural analysis of fracture surfaces, the following specific 
conclusions can be made:  

(i) The DBTT of the ITER specification W baseline material in T-L orientation after the irradiation 
exceeds 600 °C (irrespective of the irradiation temperature); therefore, its shift could not be 
established in the current tests. After the irradiation, the fracture strength in the brittle regime remains 
at the same level or increases to a slightly higher values as compared to the non-irradiated state.  
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Fracture surface analysis, showing a mixture of the transgranular cleavage and intergranular fracture, 
does not reveal any considerable grain growth after the irradiation. 

(ii) In W-0.5ZrC material, the DBTT increases by 190 °C (becoming 330 °C) after the irradiation at 
Tirr=600 and 800 °C. At Tirr=1000 °C, the DBTT increases above 600 °C. The difference in the DBTT shift 
between 1000 °C and lower irradiation temperature points at the alternation of the damage 
accumulation. Contrary to the baseline W, the strength of W-0.5ZrC in the brittle regime has dropped 
below the reference. This result suggests that the high temperature irradiation removes certain 
microstructural features, which offer high strength and ductility of this material in the non-irradiated 
state. 

Fracture surface analysis does not reveal any considerable grain growth after the irradiation. 

(iii) In W-4(W2C) material, the reduction of the bending strength at Tirr=800-1000 °C is observed at RT 
tests. On the contrary, the strength becomes higher in the high temperature tests i.e. at Ttest=500 °C. 
A moderate increase of the strength is observed after the irradiation at 600 °C. 

Judging from the fracture surface, no grain growth took place after the irradiation. 

The reasons for the alternation in the strength depending on the combination of the irradiation and 
test temperature require further clarification and dedicated microstructural investigation. 

(iv) In W-10Cr-0.5Y material, the bending strength has increased after the neutron irradiation. The 
increase is remarkably higher at the highest irradiation temperature i.e. Tirr = 1000 °C. The 
microstructural analysis has shown that at Tirr=1000 °C the initially single-phase matrix undergone a 
spinodal-like phase decomposition resulting in a two-phase, uniform, ultrafine-grained microstructure. 
Besides, coalescence of the pre-existing pores has been probably favored by the phase transformation 
process. The impact of the initial porosity on the material strength needs further clarification. It is 
believed that the phase transformation resulting in a spinodal microstructure is in line with a 
considerable increase of the strength after the irradiation. However, the potential implications of this 
phase transformation on other properties important for the plasma-facing materials (i.e. sputtering 
resistance, thermal conductivity, hydrogen retention etc.) are currently unknown and therefore have 
to be assessed.  

In addition to the above listed technical conclusions, we may draw a number of general conclusions 
important to guide further test programmes on tungsten and its allows for nuclear applications, 
namely: 

- The investigated materials successfully resist massive grain growth (as can be judged from the 
fracture surfaces) after 1000 °C irradiation at 0.2 dpa. 

- High temperature irradiation (~0.3 Tm, Tm – is the melting point) still leads to a considerable shift of 
the DBTT which is not typical for the steels or copper-alloys, where the irradiation at 0.3٠Tm usually 
leads to mechanical softening (e.g. reduction of the yield stress). This difference can apparently be 
explained by the transmutation of Re/Os somehow contributing to the enhanced retention of the 
irradiation defects such as voids and loops. 
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- Depending on the grade, the change of the strength is found to depend on the irradiation 
temperature. High irradiation temperature caused stronger changes involving phase transformation in 
W-10Cr-0.5Y which could be interpreted as co-action of thermodynamic and irradiation effects. 

- The main effect of the irradiation on the fracture mechanism was expressed in the appearance of the 
transgranular cleavage mode, signifying a role of the nano-sized irradiation defects such as voids, loops 
and probably Re/Os precipitates. Transmission electron microscopy and atom probe tomography is 
required to clarify whether the accumulation of these irradiation defects differs in the studied grades.  
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