Effect of thermal neutron shielding on the irradiation hardening and recrystallization of tungsten
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Abstract
Several tungsten grades were irradiated at 400 °C, 800 °C, and 1100 °C to a dose of 0.84 dpa using an artificially tailored neutron spectrum in the BR2 reactor. The irradiated materials includes ITER specification grades, one advanced pure tungsten grade, a W0.5ZrC particle-reinforced grade, and two potassium-doped grades. A 0.5 mm gadolinium shield was employed to suppress the thermal neutron component of the BR2 spectrum, producing a less lethargic neutron spectrum that reduces the tungsten transmutation rate to 0.5 at.% Re/dpa, significantly lower than in unshielded BR2 spectrum where it was over 2 at.% Re/dpa.
The objective of this work is to investigate the influence of the reduced thermal neutron fraction on post-irradiation mechanical properties, assessed via room-temperature Vickers hardness and elevated-temperature tensile testing. The lower transmutation rate of tungsten into rhenium and osmium leads to reduced irradiation hardening compared to previous BR2 and HFIR campaigns conducted without thermal neutron shielding. One of the pure tungsten grades, demonstrates superior post-irradiation mechanical properties, probably because of its specific manufacturing process. A warm rolled potassium-doped grade performs better than all the other materials of this study, as a result of strong crystallographic texture and high initial dislocation density, which seems to promote property retention under neutron irradiation for the preferred orientation. Furthermore, fractographic analysis of tensile specimens reveals irradiation-enhanced recrystallization, a consequence of the reduced transmutation rate under this spectrum.
These findings underscore the critical role of neutron spectrum tailoring for assessing and benchmarking the radiation response of tungsten-based materials in the context of fusion applications.
Introduction
Tungsten (W) is the primary plasma-facing material (PFM) selected for ITER’s divertor and first wall [1,2] and remains the leading candidate for plasma-facing components in future fusion power plants such as DEMO [3,4]. A set of exceptional properties (high melting point, low sputtering yield, and good thermal conductivity) makes it ideal for withstanding the extreme conditions in a fusion environment [5]. Despite these advantages, significant challenges must be addressed. The body-centered cubic (BCC) crystal structure imparts intrinsic brittleness, prior to irradiation the ductile to brittle transition temperature (DBTT) is usually reported at temperatures below 250 °C [6–9]. Neutron irradiation induces microstructural changes such as formation of voids and dislocation loops and precipitation of transmutation products. These changes lead to swelling, exacerbate tungsten’s intrinsic brittleness by increasing the ductile-to-brittle transition temperature and degrade thermal conductivity [10–13]. These irradiation-induced effects accumulate over time, progressively deteriorating mechanical performance and increasing the risk of failure under operational conditions.
Understanding the evolution of tungsten’s microstructure and mechanical properties under neutron irradiation has been of interest since the 1960’s [14,15]. However, in the absence of a dedicated fusion-relevant neutron source such as IFMIF-DONES [16], irradiation studies on fusion materials rely on material testing reactors (MTRs) [10,17,18]. These fission reactors, typically exhibit a strongly thermalized neutronic spectrum, which differs significantly from the fast spectrum expected in a fusion reactor. This discrepancy introduces challenges for the interpretation of irradiation effects for fusion conditions.
Previous experiments in reactors such as HFIR, JMTR, and JOYO have demonstrated that solid transmutation of tungsten into rhenium (Re) and osmium (Os) plays a dominant role in hardening and embrittlement [19–21]. This transmutation is driven by radiative capture reactions and consequent beta decays of the products, which are more probable at lower neutron energies, especially below ~1 eV. Consequently, irradiation in mixed-spectrum reactors like HFIR, JMTR or BR2 leads to transmutation rates significantly higher than those predicted for a fusion spectrum, where the fraction of solid transmutation products is much lower [22].
In current fusion power plant designs, the primary neutron source will be the deuterium-tritium (D-T) reaction, emitting 14.1 MeV neutrons which also leads to gaseous transmutation of H2 and He [23], although this transmutation can be considered as negligible [24]. These fast neutrons will first interact with plasma-facing components and gradually lose energy through successive collisions with structural materials, resulting in a predominantly fast neutron spectrum at the PFM location. Therefore, accurate characterization of tungsten under conditions approximating this spectrum is essential. Additionally, plasma facing components will experience steep thermal gradients during operation, extreme temperatures on the plasma-facing side and near-coolant temperatures on the opposite face. This wide range of operating temperatures must be considered in irradiation studies, with particular attention to the 400 °C–1100 °C range, where recrystallization is slow prior to irradiation [25,26] but can be enhanced by radiation-induced processes [26,27].
In this study we made use of  gadolinium (Gd) shielding to cut the thermal neutrons of the BR2 spectrum, thus being closer to a fusion relevant irradiation experiment. The thickness of this shielding was calculated so that the transmutations into Re and Os after irradiation at the BR2 reactor were equal to those expected for ITER. This work therefore presents a unique insight into the effects of a custom neutronic spectrum on the material properties of tungsten, in particular the hardness and the recrystallization of the materials are studied. Embrittlement is evaluated by doing tensile tests at temperatures above the pre-irradiation DBTT.
[bookmark: _Ref201660179]Materials and methodology
Six materials were irradiated: two ITER specification commercially available grades and four lab scale grades. Three pure tungsten grades were studied, namely: “IGP” (Plansee SE) in the form of a rod with a 35 mm side square cross section and “IGW” (A.L.M.T. Corp.) provided in the form of a 12 mm thick plate, which are the two commercially available tungsten grades. Additionally, lab scale pure tungsten grade “TP”, manufactured at A.L.M.T. Corp. and supplied to Tohoku University is also studied. This material was provided as a 7 mm thick plate. On top of the pure tungsten grades, three advanced tungsten grades were also studied: two K-doped grades “TK”, manufactured at A.L.M.T. Corp. and supplied to Tohoku University as a 7 mm thick plate, and “KIT”, manufactured by Plansee SE as a warm rolled 2.3 mm thick plate (indicating a potentially higher level of rolling deformation than TK) and supplied to Karlsruhe Institute of Technology. The KIT plate has a similar K-content with 47 ppm than commercially available K-doped W sheets from Plansee SE (internally labelled as “WVM”), however, it represents a warm rolled preproduction state with lower degree of deformation and without optimization for properties like DBTT or creep behaviour. Similar K-doped sheets with higher degree of deformation have been investigated thoroughly in the past [28–30]. Finally, the particle-reinforced composite material W0.5ZrC (ISSP, China) manufactured by hot rolling [31] and supplied as a 12 mm thick plate, was also irradiated. All materials are tested along their most favourable orientation (i.e. rolling direction) except for the W0.5ZrC composite which, for this study, was tested in the transversal orientation, thus not having its grains aligned with the main loading direction.
The irradiation campaign consisted of three capsules, with nominal irradiation temperatures of 400 ℃, 800 ℃ and 1100 ℃. The irradiation temperature is obtained by combination of the neutronics calculations using MCNP6.3 [32] and thermal analysis using ANSYS ® Fluent. The required irradiation temperature on the sample is achieved by the thermal balance of the heat generation and heat evacuation via the gas gap on the wall of the capsule, which is then cooled. The irradiation temperature is defined by the design (i.e. position of the capsule in the reactor, information on the neutron and gamma fluxes) and the typical variation of the temperature during the irradiation is about ±(5–10)%. The specimens were shielded from the thermal neutron flux by a layer of gadolinium. The selection of this material arises from the comparison of relevant properties, namely the thermal neutron capture cross section, the melting point and galvanic compatibility with the experimental setup. As seen in Figure 1 a), Gd has the highest thermal neutron capture cross section of all stable elements and a safe melting point for the current experiments. Additionally, Gd allows for the use of a relatively thin shield layer which is beneficial given the limited irradiation volume of current facilities. A 0.5 mm thick shield is enough to replicate the transmutation rate of W expected in a fusion power plant of about 0.5 at. % Re/dpa [21,33–36], the exact transmutation rate of a component will depend on its position inside the reactor since the neutron spectrum varies between different positions of the first wall and the divertor [24,35,36]. Since each nucleus of gadolinium can only, in practice, absorb one neutron, the effectiveness of this shielding decreases with increasing irradiation dose, thus the neutron spectrum, seen by the irradiated specimens, evolves as shown in Figure 1 b). The fast part of the spectrum responsible for the displacement damage (somewhat above ~0.1 MeV) is unaffected by the shielding. Thus, the tungsten specimens were inserted inside a tungsten holder, which was surrounded by a 0.5 mm gadolinium tube, a schematic of the capsule setup is presented in Figure 1 c). The burn-up of the shielding, the consumption of the Gd layer, limits this experiment to the obtained 0.84 dpa (this corresponds to 5 cycles for the 400 ℃ and to 3 cycles for the 800℃ and 1100 ℃, with each cycle taking 21 days), which were calculated using MCNP6.3 [32] and a threshold displacement energy of 55 eV, while the transmutation rate was calculated using the ALEPH2 code of SCK CEN and available databases [37–41]. For reference previous experiments, where Gd shielding was not used, show transmutation rates of about 2-10 at. % Re at 1 dpa [17,20,21,42–44]. 
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[bookmark: _Ref225171511]Figure 1: a) Ratio of thermal neutron flux over total flux on a selected position in the BR2 reactor with variable shield thickness for different considered materials. Thermal neutron capture cross section and melting point are also highlighted as part of the selection process. b) Modification of the spectrum after 1st and 5th cycle in the target channel for the 400 ℃ irradiation condition. A dose of 1 dpa would be reached after 5 cycles. c)  Schematic of the capsule setup used for the irradiation campaign presented on this work.
The specimens used for the irradiation campaign have a sub-miniaturized flat geometry as shown in Figure 2 a). This geometry is selected since it allows for a better use of the limited irradiation volume, as seen on the scheme presented in Figure 2 b), giving a higher data output per irradiation campaign than standard-sized dog bone specimens. The total length is equal to 16 mm, the gauge length is 5.2 mm, and the effective cross-sectional area is 1.6 mm² (1.6 mm width × 1 mm thickness). The gauge length to width ratio equal to 3.25 closely approximates the ASTM E8M-24 standard, which recommends a ratio of 4 for flat specimens [45].
The influence of specimen thickness on mechanical properties is considered negligible when the grain size is significantly smaller than the thickness, typically less than one-tenth, ensuring that each cross section represents a statistically valid volume element [46,47]. This implies that each cross section contains hundreds of grains, thereby providing a representative mechanical response and minimizing the influence of individual grain orientations or edge effects.
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[bookmark: _Ref225171984]Figure 2: a) Schematics of sub-miniaturized flat tensile specimens (dimensions in mm). b) Plane scheme showcasing the structure of the capsule and the position of the tensile specimens, represented by the shaded central area.
Tensile tests were performed in air at 570  ± 5 ℃. A 5 kN load cell was used for all tests, and a preload of 100 N, around 62.5 MPa for nominal dimensions, was applied to ensure proper alignment of the specimen and to eliminate gaps in the loading train before testing. The tests were carried out at constant displacement rates of 0.2 mm/min, corresponding to a nominal strain rate of 6.4 × 10⁻⁴ s⁻¹. 
In order to minimize measurement uncertainty, the testing bench was calibrated and qualified according to ASTM standards prior to the experiments. The load was recorded using a strain gauge-based load cell, while displacement was measured via the actuator, corresponding to the piston movement. Although this method does not directly measure strain within the gauge section, the engineering curves are corrected considering the machine compliance. As described in [48], in order to compensate the machine compliance contribution to the total displacement, the elastic displacement component of each data point from the raw data (utot) is replaced by the value calculated using the elastic modulus E adopted from the literature. The equation to account for machine compliance is described as: u = utot – F/K + (F*L)/(E*S), where u is the displacement of the test specimen associated with the gauge length L, F is the load, K is the elastic slope of the raw load-total displacement curve, and S is the area of cross section in the gauge zone.
The mechanical properties were defined as follows: the yield strength (YS) was determined at 0.2% plastic strain offset from the linear elastic region, the ultimate tensile strength (UTS) is the maximum engineering stress, and the fracture stress (FS) is the last registered load value before fracture over the final cross section, thus representing true FS.
Before carrying out the tensile test, Vickers hardness is measured using a load of 5 kgf (HV5) on the grip section of the tensile specimen. Six indents are performed for each specimen. Reference hardness is measured on non-irradiated specimens giving the possibility to address the hardness increase due to neutron irradiation.
Fracture surfaces were examined using scanning electron microscopy (SEM; JEOL-JSM7100) at an accelerating voltage of 20 kV, spot size of 50 nm with secondary electron detector, and a working distance of 20 mm. The characterization focused on identifying features such as cleavage facets, cracks, and intergranular fracture patterns as well as recrystallization-related indicators such as anomalous equiaxed grains or enlarged grains.
Results and discussion
Microstructure
Figure 3 shows the initial microstructure of each material in the non-irradiated state. The inverse pole figure maps provide key microstructural insights into these materials. Firstly, all of them exhibit a strong preferential orientation as seen by the maps and secondly, their grains are small enough compared to the specimen size, which can, therefore, be considered a representative volume element of the investigated materials. The rolling or longitudinal direction is denoted as RD, the transversal direction as TD and the short transversal - thickness of the original plate - as ND. The inverse pole figure maps of W0.5ZrC and IGW have been published previously in [49] and [9] respectively.
The two commercial tungsten products, IGW and IGP, present the largest grains. However, their grain morphology is quite different with IGP having more elongated carrot-like grains, while IGW has a typical pancake-like grain structure [50].
Both TP and TK materials exhibit a similar grain structure, as both plates followed similar manufacturing routes. The grains are elongated along the rolling direction and present a high aspect ratio between their length and width. The K-doped plate shows smaller grains which are compatible with the expected grain refinement produced by the potassium doping [51].
The heavily deformed KIT plate presents highly deformed grains in the characterized plane here presented. Nevertheless, these highly distorted grains present clear preferential directions as a consequence of the warm rolling that was used to produce the original plate [28]. An additional IPF map obtained across the thickness of the original plate is presented for this material in Figure 4, showing the highly deformed grains on a different plane as the one presented for Figure 3f.
Finally, the W0.5ZrC shows a fine grain size and a homogeneous carbide distribution is expected [31].
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[bookmark: _Ref220935887]Figure 3: Inverse pole figure maps showing the morphology of the tested orientation for each material. IPFs correspond to materials as follows: a) IGP, b) IGW, c) TP, d) W0.5ZrC, e) TK and f) KIT. a), b), d) and f) are ND inverse poles figures while c) and e) are TD inverse poles figures.
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[bookmark: _Ref221260223]Figure 4: TD inverse pole figure map across the thickness of the original KIT warm rolled plate.
Room temperature Vickers hardness
Reference hardness values were obtained by performing a six-indent Vickers pattern (HV5) on the grip section of non-irradiated flat tensile specimens. The corresponding HV5 values for each material are compared in Figure 5.Two commercially available tungsten grades (IGP and IGW) exhibit lower hardness compared to the lab-scale products. This result is expected, as their coarser grain structure provides less grain boundary strengthening [52,53]. Meanwhile, the W0.5ZrC alloy shows higher hardness at room temperature prior to irradiation, which is attributed to the presence of hard ZrC precipitates within the tungsten matrix [54]. Additionally, the KIT material exhibits the highest hardness which is attributed the high degree of deformation by the warm rolling manufacturing process and its fine and highly deformed microstructure.
After irradiation, hardness was measured using the same indent pattern and load as for the reference condition. The mean HV5 values are presented in Figure 5. On average, the largest increase in room-temperature hardness occurs after irradiation at 400 °C. At this irradiation temperature, defect mobility is limited, and recovery processes are minimal, allowing irradiation-induced defects to accumulate. The primary contributors to hardening under these conditions are dislocation loops and transmutation products forming as fine precipitates [43,55].
For specimens irradiated at 800 °C and 1100 °C, the microstructural evolution becomes complex. At these temperatures, the formation, diffusion, and coalescence of voids play a major role. Additionally, radiation-enhanced diffusion promotes defect recovery and lowers the effective recrystallization temperature [26,27]. Evidence of irradiation-induced recrystallization at 800 °C (as shown in fractography later on) explains the smaller hardness increase. At 1100 °C, the dominant defects are large voids formed by coalescence of point defects generated during displacement cascades. These voids can be decorated with Re and Os precipitates, as reported in the literature [11,43,44] explaining the generally larger HV5 compared to the present 800 °C condition.
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[bookmark: _Ref214673837]Figure 5: HV5 reference values of non-irradiated state (grey) compared with HV5 after irradiation at 400 °C (blue), 800 °C (green) and 1100 °C (orange),
To contextualize these results, Figure 6 compares the hardness change for IGP tungsten with data from previous irradiation campaigns across a wide range of temperatures and doses. The current campaign shows a lower hardness increase than any previously reported trend for BR2 [10,56,57] and HFIR without thermal neutron shielding [58], regardless of irradiation temperature. This suggests a reduced transmutation rate and a smaller number of Re and Os precipitates, consistent with the less lethargic neutron spectrum used in this study, and the fact that such precipitates are known to significantly contribute to raising the hardness of tungsten [19,20,59,60].
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[bookmark: _Ref214674707]Figure 6: Change of hardness ΔHV associated to irradiation from the present test campaign compared with previous irradiations done at BR2 [10,56,57], and at HFIR [58].
Tensile tests
All uniaxial tensile tests were carried at 570 °C, the engineering curves are classified as follows: “Brittle” when the material does not exhibit plastic deformation, “Ductile no necking” when plastic flow is activated but no plastic localization before fracture, “Ductile with necking” when the material exhibits plastic localization before fracture, “Ductile with early necking” when the strain localization appears right after the YS, and “—” indicating that a load exceeding the fracture stress was applied during handling. This classification is shown for each material and condition in Table 1.
[bookmark: _Ref221526873]Table 1: Summary of the characteristics of the stress-strain curves at 570 °C. 
	Tirr [°C]
	IGP
	IGW
	TP
	TK
	KIT
	W0.5ZrC

	Non-irradiated
	Ductile with early necking
	Ductile with early necking
	Ductile with early necking
	Ductile with early necking
	Ductile with early necking
	Ductile with early necking

	400 
	Brittle
	Brittle
	Brittle
	Brittle
	Brittle
	Brittle

	800 
	Brittle
	—
	Brittle
	—
	Brittle
	Brittle

	1100
	Ductile with necking
	Ductile no necking
	Ductile no necking
	Ductile no necking
	Ductile with necking
	Brittle



Another important parameter to consider for the brittle materials is the fracture stress, since embrittlement is severe in pure tungsten as previously reported by various authors [20,61,62]. The summary of the true FS of each specimen is shown in Table 2. These values are highly stochastic and based on one single specimen, as it is well known that for brittle materials a Weibull based model must be used [63,64]. Nevertheless, this analysis further indicates the weakening of the materials irradiated at 800 °C.
[bookmark: _Ref221526881]Table 2: True fracture stress (MPa) of each material after irradiation at 400 °C, 800 °C and 1100 °C (tested at 570 °C). The final cross section was adjusted based on microscopic inspection of the fracture surface.
	Tirr [°C]
	IGP
	IGW
	TP
	TK
	KIT
	W0.5ZrC

	400
	587
	590
	906
	708
	1320
	618

	800
	667
	—
	337.5
	—
	990
	583

	1100
	1136
	1010
	903
	1148
	1346
	841



The stress-strain curves associated to a ductile behaviour are shown in Figure 7. For the non-irradiated reference tests, all materials exhibit early necking which is consistent with previous reports on similar tungsten grades where the deformed grains showed a relatively strong crystallographic texture[49]. The main deformation mechanism is in-grain plastic deformation, which leads to the “necked to edge” grains visible in Figure 8 and Figure 9, the deformation occurs by dislocation glide and multiplication and is limited by the size of individual grains. While inter-grain deformation is driven by the pile up of dislocations against the grain boundaries, with possible absorption by the grain boundaries. In this scenario, triple junction grain boundaries act as stress concentrators [49].
Moreover, the effect of neutron irradiation on uniform elongation is clearly reflected on the stress-strain curves. Neutron irradiation introduces a high density of defect clusters that act as strong obstacles to dislocation motion. The resulting reduction in dislocation mobility would promote a more homogeneous distribution of plasticity during the early stages of deformation. This suppression of strain localization would delay the onset of geometric instability, thereby postponing the early necking seen on the non-irradiated state. Additionally, the hardening of the materials after irradiation is also noticeable from the stress-strain curves after irradiation at 1100 °C. Hardening comes from irradiation induced defects, which increase the energy necessary for the dislocation motion and thus increase the yield strength of the material. Nevertheless, these, in principle favourable changes on the mechanical properties of the material, come with a major drawback. Previous studies on tungsten have shown that the irradiation induced embrittlement drives the DBTT of the material [10,48] to temperatures that are in the operating range of components such as the divertor monoblocks which poses a risk for component design [64,65]. Here, this severe embrittlement is evident by the fact that no material from the two lower irradiation temperature capsule shows ductile behaviour at 570 °C; and even for the highest irradiation temperature – exhibiting some degree of ductility – the total elongation and the reduction of area of the specimens are considerably lower than for the non-irradiated state.
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[bookmark: _Ref214713037]Figure 7: Engineering stress-strain curves of materials showing plastic deformation after irradiation (solid lines) at 1100 °C and reference non-irradiated curves (dash lines). Test temperature 570 °C.
After irradiation IGP shows the highest YS, UTS and strain at fracture of all pure tungsten grades, while KIT exhibits the highest YS, UTS and strain at fracture overall, after irradiation. These grades have in common that their grains are highly deformed with the favourable orientation being the one tested in this work. Additionally, these materials are the only ones showing plastic strain localization before fracture. These are indications that strong textures and high initial dislocation density enhance property retention under irradiation. All this highlights the importance of the initial microstructure, which can be engineered via different manufacturing processes.
Fractography
The fracture surface of each specimen has been carefully analysed, and the general aspect is presented in Figure 8. The fracture surface analysis was focused on the identification of brittle fracture features such as cleavage facets, cracks, or intergranular fracture patterns, and ductile features like necking of individual grains, as well as recrystallized grain morphologies which might be the result of phenomena like sub-grain coalescence. The recrystallization features are seen in the materials from the capsule with Tirr = 800 °C. Meanwhile, the materials irradiated at 1100 °C are the only materials exhibiting ductile features.
	
	Nonirradiated
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[bookmark: _Ref214717026]Figure 8: Fracture surface of every tested specimen on this work. Columns represent irradiation condition while rows represent materials.
From the fracture surfaces presented in Figure 8, we can categorize the fracture modes into three categories: brittle fracture, ductile fracture and recrystallization-controlled fracture (which is also brittle). The corresponding features on the fracture surfaces are shown in detail in the subsequent sub sections.
Non irradiated specimens
The detail of the non-irradiated fracture surface is presented in Figure 9. For the five materials that were tested along their most favourable orientation, a clear “internal edge-type necking” pattern of individual grains is seen. This feature is the more noticeable the higher the deformation level of the material during manufacturing. These patterns and figures have already been reported and are typically found in commercially available tungsten products, like plates or rods, when undergoing ductile fracture [44,47].
For the W0.5ZrC particle-reinforced composite, the features are slightly different since the alloy was tested along its transversal orientation. Even so, it is possible to distinguish internal necking of individual grains.
The fracture surface of all the six materials can be categorized as representative of ductile fracture, for tungsten, where the main feature is plasticity of individual grains instead of classical dimples that are found on different metals after coalescence of microvoids.
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[bookmark: _Ref220676982]Figure 9: Fracture surface details of all materials after tensile testing at 570 °C, non-irradiated condition. Fracture surfaces correspond to materials as follows: a) IGP, b) IGW, c) TP, d) W0.5ZrC, e) TK and f) KIT.

Specimens irradiated at 400 °C
After irradiation at 400 °C, all specimens were found to fail in a brittle manner, but with some differences in the mechanism. Details of the fracture surface are presented in Figure 10. Both commercial materials (IGP and IGW) show mainly transgranular cleavage fracture with some smaller intergranular features indicating that the crack is deflected through subgrain boundaries. As to the lab-scale grades, KIT and W0.5ZrC fracture mainly by transgranular cleavage, while the fracture surfaces of TP and TK exhibit both transgranular and intergranular features. Transgranular cleavage means that the crack propagated easily through the grain following certain crystallographic planes. Intergranular features indicate that the crack propagates through grain boundaries, these features can be seen on the fracture surface details. This is associated with the large increase in the stress required for plastic deformation due to irradiation-induced defect clusters, which accumulate at 400 °C as point defects and have sufficient mobility to cluster but insufficient mobility to annihilate at grain boundary sinks [66,67]. As a consequence, neutron irradiation raises the barrier for dislocation glide in the bulk matrix [18], making intergranular crack propagation energetically favourable relative to transgranular cleavage.
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[bookmark: _Ref214739896]Figure 10: Fracture surface details of all materials after tensile testing at 570 °C, Tirr = 400 °C. Red areas indicate regions where intergranular features are observed. Fracture surfaces correspond to materials as follows: a) IGP, b) IGW, c) TP, d) W0.5ZrC, e) TK and f) KIT.
Specimens irradiated at 800 °C
From the six materials, two broke during handling (IGW and TK) while all other specimens cracked in a brittle manner when tested at 570 °C. Representative details of the fracture surfaces of all these specimens are presented in Figure 11, where the blue areas indicate features characteristic of recrystallization. The fracture surfaces of IGP and IGW keep being dominated by transgranular cleavage, nevertheless the presence of secondary cracks and some intergranular features becomes evident. All lab-scale materials show clear recrystallization over significant portions of the fracture surface; these features suggest that irradiation-enhanced diffusion is decreasing the incubation time required for the recrystallization process to initiate  at 800 °C. Considering that the materials were irradiated for 63 days (1512 h), the literature suggests that thermally driven mechanisms alone are insufficient to account for this process at such temperature [25,27]. Additionally, clear intergranular fracture follows the newly formed grain boundaries. It is known that Re delays the recrystallization of pure and K-doped tungsten [68], but, in this irradiation campaign, the transmutation rate of W into Re is lower than in prior experiments because of the gadolinium shielding and the lower fluence of thermal neutrons. At 800 °C, tungsten is expected to experience its irradiation swelling peak [69] where thermal mobility of vacancies allows for the formation of voids and at the same time recovery mechanisms are still limited. Under these conditions, the formation of voids, which are known to be decorated by Re precipitates during irradiation [20,43,60,70], can retain a limited amount of Re in the bulk, thus not allowing for Re to pin the grain boundaries and making faster recrystallization of the material possible.
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[bookmark: _Ref214741414]Figure 11: Fracture surface details of all materials after tensile testing at 570 °C, Tirr = 800 °C. Blue areas indicate regions where severe recrystallization took place, equiaxed and enlarged grains are observed. Fracture surfaces correspond to materials as follows: a) IGP, b) IGW, c) TP, d) W0.5ZrC, e) TK and f) KIT.

Specimens irradiated at 1100 °C
Finally, for the capsule irradiated at 1100 °C almost all specimens were found to crack in a ductile manner except for the W0.5ZrC which was not tested in its most favourable orientation. Details of the fracture surfaces are presented in Figure 12. Unlike the materials irradiated at 800 °C, there are no clear signs of recrystallization on the fracture surfaces. The main difference relating the interaction of Re with voids under these conditions is that at 1100 °C larger voids are expected due to more extensive growth and coalescence. However, at the same time, diffusion allows for recombination of defects and thus the total volume of voids decreases. This would mean that Re is not retained in the bulk of the grain as strongly as at 800 °C, leading to more Re at the grain boundaries, as such decreasing grain boundary mobility and allowing for a better resistance to recrystallization.
Both IGP and KIT showed macroscopic necking during tensile testing, and their fracture surfaces show necking of individual grains. Since KIT is manufactured as a plate, it is possible to observe the layered microstructure with the plastically deformed grains. However, since IGP is manufactured as a rod, this layered pattern is not present. Additionally, IGP exhibits some transgranular cleavage on its largest grains.
IGW, TP and TK all showed ductility but no necking during tensile testing, and their fracture surfaces are different from those of IGP and KIT. IGW exhibits mainly transgranular fracture features while TP has a mixed pattern surface with intergranular and transgranular features. On the other hand, TK exhibits all three fracture characteristics, necking of individual grains, intergranular fracture and transgranular cleavage of the largest grains. 
In the case of W0.5ZrC, the higher specific area as a result of the fracture process allows for easier oxide formation, since tests were performed in air. The oxide layer that formed on the specimen fracture surface makes it impossible to distinguish any feature related to the crack propagation. Nevertheless, no necking of individual grains is found to take place since this material did not show macroscopic plastic deformation.
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[bookmark: _Ref214745672][bookmark: _Hlk221699929]Figure 12: Fracture surface details of all materials after tensile testing at 570 °C, Tirr = 1100 °C. Fracture surfaces correspond to materials as follows: a) IGP, b) IGW, c) TP, d) W0.5ZrC, e) TK and f) KIT.
Conclusions
Several tungsten grades were irradiated at 400 °C, 800 °C, and 1100 °C to a dose of 0.84 dpa under a custom, less lethargic, neutron spectrum, achieved by using 0.5 mm gadolinium shield to suppress the thermal component of the BR2 reactor spectrum, thus achieving a transmutation rate of 0.5 at. % Re/dpa (instead of 2at%). Post-irradiation characterization included hardness measurements (at room temperature) and tensile tests conducted at 570 °C. Fracture surfaces of all tested specimens were systematically analysed to assess fracture mechanisms. The key findings are as follows:
1. Irradiation under a tailored neutron spectrum, achieved by gadolinium shielding in BR2, results in lower Vickers hardness compared to the former irradiation campaigns performed on BR2 and HFIR reactors where thermal neutron shielding was not used. This reduction is attributed to the decreased transmutation rate of tungsten, which limits the formation of Re and Os precipitates, as well as it limits the impact of Re and Os on the accumulation of lattice defects (voids, dislocations loops) responsible for significant increase of hardness in unshielded tungsten.
2. All grades irradiated at 400 °C and 800 °C exhibit brittle behaviour when tested at 570 °C, characterized by transgranular cleavage and a non-negligible fraction of intergranular fracture. In contrast, specimens irradiated at 1100 °C show at least some degree of plastic deformation, with KIT, IGP and TK showing necking of individual grains, when tested at 570 °C. Additionally, all observed materials except KIT exhibit transgranular cleavage with minimal intergranular fracture. This is consistent with defect recovery through enhanced diffusion at high temperature.
3. At 400 °C, the material’s hardening and embrittlement are due to the formation of defects due to the neutron irradiation, mainly dislocation loops that are not recovered at low irradiation temperature. The increase of hardness is lower as compared to the previously reported irradiation conditions in which a higher rate of transmutation into Re and Os occurred. This suggests that Re and Os can exacerbate the accumulation of dislocation loops.
4. At 800 °C, near the swelling peak, although considerable hardening could have been expected for all materials, low hardening and signs of recrystallization were found. This together with the expected low concentration of Re on the grain boundaries, due to both the decoration of nanovoids and less lethargic neutronic spectrum, indicate that radiation-enhanced recrystallization is taking place on these materials.
5. At 1100 °C, the voids are expected to grow by absorption of vacancies, meaning that there should be a smaller number of voids and thus less Re precipitates retained at tungsten matrix. Thus, Re transmutation would lead to the segregation of Re at the grain boundaries allowing for a higher resistance to recrystallization than at 800 °C.
6. Irradiation at 1100 °C leads to larger increase of hardness than at 800 °C. Still, the materials irradiated at 800 °C showed brittle fracture while almost all materials irradiated at 1100 °C exhibited a ductile behaviour when tested at 570 °C. This can be explained by the recovery of in-grain lattice damage (i.e. dislocation loops and voids) enhanced by high temperature during the irradiation.
7. Irradiation enhanced diffusion and Re interaction with the defects generated as a consequence of the displacement cascades after neutron scattering apparently play an important role on the recrystallization of these materials under long exposure to high temperature and neutron flux.
The results and insights derived from this irradiation campaign underscore the importance of conducting advanced experiments under attenuated neutron spectra to correspond to the transmutation rates expected under fusion conditions. Such conditions are essential for accurately assessing the performance of plasma-facing materials, particularly tungsten and its alloys, where transmutation driven by thermal neutron capture can mask other irradiation-induced effects. By minimizing thermal neutron contributions, these campaigns enable a clearer understanding of defect evolution, microstructural stability, and mechanical property evolution under fusion relevant conditions. Future studies on the irradiated materials should focus on deep microstructural analysis using TEM and atom probe tomography, to address the effects of transmutation products. Mechanical tests at higher temperatures for the materials that are brittle at 570 °C are also planned as the next step to assess the DBTT shift.
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