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Abstract

Production and supply of tungsten for the first wall fusion application is becoming an important
aspect given the progress of ITER construction. Exploration of advanced routes alternative to the
conventional powder metallurgy is currently undertaken. In this work we have assessed a potential of
the spark plasma sintering (SPS) production route to deliver well controlled microstructure, chemistry
and mechanical properties of bulk tungsten as a first step. SPS-produced tungsten was sintered at
2000°C and was characterized in terms of mechanical properties, namely: tensile, three point bending
and fracture toughness data in the temperaure range of 250-600°C. Then, neutron irradiation was
performed at 600°C and the change of the fracture toughness was measured after irradiation
together with the characterization of the fracture surface. The results are compared with those
obtained for the commerically produced swaged tungsten irraciated and tested in equivalent
conditions. The obtained results show that SPS technology offers ihc oroduction of bulk tungsten
with a good potential for further optimization (by e.g. swaging/roll'ng). Neutron irradiation causes the
reduction of the fracture toughness comparable to the one iru.-eu in the commercially produced
tungsten.
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1. Introduction

Development of materials and composites for components to operate in nudear fusion environment
remains one of the hottest topics on the agenda of fusion electricity roadmap. In particular, harsh
operation environment involving large thermal gradients, high number of thermal cycles and flux of
fast neutrons inevitably leads to degradation of thermal, physical and mechanical properties of
materials facing the plasma [1]. Following a thorough assessment, tungsten has been selected as first
wall material for the divertor of ITER [2] and DEMO [3]. In the case of ITER lifespan, the total power
load of divertor PFC is targeted as ~0.3 MW a m-2, which is equivalent to the irradiation dose of 1.35
dpa (displacement per atom) [4]. The PFC of ITER is planned for replacement three times during the
life span, thus the equivalent end-of-operation irradiation dose is ~.?-0.5 dpa during the D-T phase

[5].

Compared to ITER, the operational conditions of DEMO are mo' e a. manding. The first wall armor and
diverter will experience longer pulses (> 2 hours), higher heat flu.. 'vad (MW/m?) and correspondingly
a higher total neutron fluence (up to 5 dpa in the strik~ ~oi.°t) [3]. While various routes may be
applied to improve/optimize the material (e.g. alloying, serondary phase indusion, fiber/laminar
strengthening, additive manufacturing, etc.), in general *.1e design of component must account for a
number of constrains such as: efficient power exhau st ‘ccmmercially viable), operational temperature
window (compatible with coolant option), accept~hle riuclear waste (economy, license), compatibility
with plasma (low erosion, no plasma pollutiuon), conipatibility with fuel cycle (retention, breathing)
and finally operation lifetime [6]. The latte. s inherently linked to both safety and commerdal
viability aspects of the fusion nuclear power reactors. One of particular aspects that needs to be
addressed for tungsten (W) as plasma-f~..ng . 1aterial is its mechanical properties, which are affected
by neutronirradiation [5].

Overall, it is agreed that efficient aynlication of W in fusion reactors will be determined by a best
compromise between reduced DB1 7T and enhanced fracture toughness as well as high recrystallization
temperature [7]. This is why adve.iced W-based grades as well as new manufacturing routes are
under development to n.rove low- and high-temperature performance. For example,
particle-reinforced tun,_*er, ar4 reduced grain size material can suppress the grain growth, improve
the strength of grain bounc ary as well as fracture toughness of the material, and reduce DBTT (see
reviews [6, 8]). Fiber-reinforced tungsten allows one to overcome the intrinsic brittleness of tungsten
and its susceptibility to embrittlement induced under operation, as W fibers arrest and deflect the
propagating cracks (see e.g. [9, 10]). By dedicated alloying with zirconium-carbon (ZrC) nano-sized
particles as well as by applying the powder metallurgical process, it was possible to reduce the free
oxygen occupying grain boundaries and successfully fabricate bulk plate of W-0.5wt.%ZrCalloy [11].

Production of tungsten grades relevant for ITER applications consists of several steps, induding
preparation of green compact at room temperature, conventional sintering at temperatures above
2200 °C, subsequent thermo-mechanical treatment (rolling or forging) and final thermal treatment for
stress relief. Such a multi-step process is time demanding and increases the price of the final product.
Therefore, tungsten-based material development and investigation of alternative production routes is
undergoing with the aim to simplify the production route and improve the mechanical response of
the material. Several promising manufacturing routes are currently investigated, each offering specific
advantages. Among these methods are powder/metal injection molding delivering net-shaped
compacts with the help of polymer binders [12], thermal spray methods producing coatings overlarge



areas (see e.g. [13, 14]). Most recently, cold spray was used to produce dense tungsten coatings with
minor Ti binder, offering the advantage of spraying in ambient air without apparent tungsten
oxidation and excellent adhesion to the substrate material (J.Cizek and M. Vilemova, to be published
soon). The powder consolidation method used in this study belongs to the family of sintering
methods. The advantages of the SPS process are fast heating rates and very short hold times at the
sintering temperatures (in the range of several minutes). Therefore, fine grain structure of the original
powder can be preserved. During the sintering, uniaxial pressure can be applied and various sintering
atmospheres can be used to influence the resulting microstructure and purity of the compacts.

Fracture toughness (FT) is one of the most important and relevant material characteristic, describing
material response and behaviour in the presence of crack. According to the material resistance to
crack propagation, brittle and ductile materials are distinguished. For many materials, induding
tungsten, particular temperature can be determined, above which the material responds in ductile
way. This temperature is often denoted as ductile to brittle transition temperature (DBTT). For
tungsten, the DBTT and generally the behaviour strongly depends . 1 the fabrication route, related
microstructure, impurities and thermal history (e.g. recrystallizu..>n .emperature is of greatest
importance).

In the case of commercially pure tungsten, it has been showr t 3t it room temperature the FT value
is about 5-10 MPavm and it rises up to 20-25 MPavm [15-.71 as temperature exceeds 300-350°C
which can be seen as transition from ductile to brittle fraci ure mode in polycrystalline tungsten,
followingthe results of tensiletests and subsequent fract'ire -irface analysis [18].

Without any post-treatment, the DBTT of commer.izly pure tungsten usually falls in the region of
300-600°C or higher [19-22]. Given thermo-mec-anical treatment (e.g. hot/cold rolling, swaging,
forging etc.), the DBTT can be decreased dov.n tc as low as room temperature (RT) for tungsten in the
form of foil/thin sheet or down to 80-350°C . ~r bulk products [23-29]. Following the above cited
works, fracture toughness of bulk polyc. stalline tungsten without post production treatment is
about 5-10 MPay/ m in the brittle region ~nu it increases to ~20 MPa,/ m in the transition region.
After rolling, the values were similar. ~nly <'iifted to the lower temperatures [28]. In case of ultra-fine
grain (UFG) tungsten foil [30], in bri e region fracture toughness K, reached values of about 10 MPa
v/ m with increase to around 50 N.a,/ min the ductile region. Of particular example of the reduction
of DBTT is the work of Bonnekoh, "'offmann and Reiser [24], in which the DBTT was measured to be
as low as -65+15 °C, whi~i. was achieved through multiple rolling steps introducing significant
deformationandreduci~gihetiicknessaswell asgrainsize.

Needless to say that mecanical properties of tungsten (and other metals), including fracture
toughness and DBTT, can be affected significantly by neutron irradiation. The resulting
microstructure consisting of point defects, dislocation loops, voids and precipitates is
responsible for the degradation of the mechanical properties. Recently, hardness and tensile
tests of single-grain tungsten samples after irradiation to 0.4 dpa at 690-800°C were
performed in [31]. Whereas unirradiated samples exhibited ductility starting at 300°C, this
shifted to above 500°C after the irradiation [32]. Steichen et al. measured DBTT shift of about
165°C (from 65°C to 230°C) of cold-pressed and sintered tungsten specimens irradiated to
fluence of 0.9 x 10** n/cm® [33]. Three point bending tests of tungsten (irradiated on the
spallation neutron source) were performed by Habainy et al. [34]. The samples were irradiated
by high-energy protons and spallation neutrons at temperatures up to 500°C and damage up
to 3.5 dpa. Whereas DBTT of unirradiated specimens was around 350°C, all irradiated
specimens exhibited brittle fracture at test temperatures up to 500°C. Finally, Gorynin et al.
have studied mechanical properties of tungsten under neutron irradiation up to 2.2 x 10°* n/cm’
by performing irradiation at 350, 500 and 800°C on BOR60 reactor and measuring tensile properties.



Fully brittle deformation was observed after irradiation at 500°C and below. As of today, the
information on the change of the fracture toughness after neutron irradiation is not available in open
literature up tothe best knowledge of authors.

In this work, we perform a preliminary assessment of the mechanical properties of tungsten produced
by SPS technology. Given a number of advantages of SPS including industrial scalability, cost
effectiveness, flexibility for shape/alloying, we assess the mechanical properties of pure W produced
by SPS in the temperature range up to 600°C including neutron irradiation. The choice of 600°C is
driven by constrains originating from (i) the irradiation-induced void swelling above 650°C [35, 36]
and compatibility with structural steels in location of joints [1]. The purpose of this work is to explore
nominal performance of SPS-produced tungsten (i.e. without thermo-mechanical optimization) and
compare the results with those available for commercially pure tungsten. The results include tensile,
bending and fracture toughness tests in the as-received condition and fracture toughness tests for the
material irradiated at 600°C up to 0.24 dpa, which is close to the half end-of-life fluence of tungsten
PFC on ITER device (i.e. replacement of the PFC is scheduled at 0.4 ipa). The results are compared
with data recently obtained for commercially pure W (produced b A12-M) irradiated and tested in
the equivalent conditions [37].



2. Experimental methodology and materials microstructure in as-produced state

2.1 SPS methodology and down-selection procedure to choose optimized sinteringroute

The samples were prepared from tungsten powders with a characteristic size of 2 um (Global
Tungsten & Powders, Bruntdl, Czechia), using an SPS 10-4 (Thermal Technology, USA) spark plasma
sintering equipment. The previous experience had shown that bending strength of the samples
measured at room temperature increased with sintering temperature. Therefore, the samples were
sintered at 2000 °C and 70 MPa. The grain growth caused by the high temperature was balanced by
short sintering time, i.e. 2 minutes. Ar+7%H2 was used as sintering atmosphere in order to eliminate
oxygen impurities at the grain boundaries by reducing effect of hydrogen gas. The evolution of
temperature and pressure during the processing is shown in Fig.1. SPS compacts of 3.7 mm thickness
and 15 mm diameter and 5.1 mm thickness and 30 mm diameter were used for the preparation of
the fracture toughness and tensile specimens, respectively.
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Fig.1. Evolution of temperat.-= a..d pressure during the processing of the SPS tungsten material.

In addition to the above uescribed SPS W, we will use the results obtained by us earlier for the
commerdally pure W grade. The material was fabricated in China by AT&M company by powder
metallurgy production route (> 99.94 at.% purity) and normalized by rolling to achieve the
microstructure according to the ITER spedcification [2]. The characterization of mechanical properties
of this material was assessed inrefs. [18, 22].

2.2 Microstructural characterization of the material

To provide a primary information on the microstructure of the fabricated material, scanning and
transmission electron (SEM and TEM, respectively) was applied to screen the grain shape, size as well
as microstructural features inside the grains. Surface imaging was performed using SEM JEOL 6610
with secondary electron detector (accelerating voltage 15 kV and working distance of 10-11 mm).
Electron back scattering diffraction (EBSD) analysis was also performed. The grain orientation maps
were obtained using Bruker Quantax software. The morphology of the SPS and commercial W grades
are shown in Fig.2(a) and Fig.3(a), respectively. The morphology and grain size is analyzed and



calculated by MTEX plugin. As we can see, SPS W has uniform distribution of equiaxed grains with an
effective grain size of ~9 um. Commerdal W has a strong texture with elongated grains (of
pancake-likeshape) parallel to the rolling direction. The equivalent size of the grainis ~60 um.

Transmission Electron Microscopy (TEM) samples (10x3x1.25 mm) were extracted from the middle of
the fabricated samples. The slices were mechanically polished from both sides using SiC paper to
achieve 70-100 um thickness and further cut with a wire cutter into pieces to fit 3 mm TEM grids.
They were polished again from both sides with #4000 SiC paper to remove the remnants of glue,
rinsed in acetone and ethanol and glued on 3 mm copper grids with an aperture of 1 mm. Finally, the
spedmens were polished electrochemically with a solution of 1.5 wt.% NaOH in water with an applied
voltage of 30 V. The specimens were investigated in JEOL 3010 TEM operating at 300 kV. TEM was
applied to screen the presence of sub-grains and to evaluate the dislocation density, which is why we
provide only brief details and results to support general understanding of the microstructure of the
SPS materials and the difference with the commercial W grade.

Bright field TEM images for SPS and commercial W are provided ‘n #g.2 (b,c) and Fig.3(b,c). SPS W
microstructure consists mostly of well-defined high angle grain hou ~d-ries and triple junctions. Most
of the dislocation lines observed had a straight-line shape. N« suk -grains were observed in the SPS
tungsten. The microstructure of AT& M W consists of ma: v sub-grains with a size of 0.5-3 um.
Sub-grains are separated by low-angle grain boundaries. Cisic ~ations are often observed to be curved
and in some regions dislocation tangles are also identified. ™= <se observations are consistent with the
fabrication processes involving hot rolled deformati~~ rhe method, described in [38], was used to
calculate the dislocation density. A circle was draw ~ rar.domly on a TEM image and the number of
intersections of it with dislocation lines was ~o.~ted. Dislocation density was then calculated as

2:N . . . o L
pP=Tr where N is the number of intersec’ ‘on< of the cirde with dislocation lines, L —length of the
circle, t — local thickness of the specirmen at v.ie area of the image. Following this analysis, the

dislocation density amounts to 1.17E+1z m™ and 2.57E+13 m™ in SPS and AT&M tungsten,
respectively.




Fig. 2. (a) Normal direction (ND) Inverse polefigure (IPF) of SPS-produced tungsten. The equivalent
graindiameteris 9.36 um; (b) TEM micrograph showingtriple junction grain boundary; (c) TEM
micrograph showing high angle grain boundary and dislocation lines. Note the presence of black spots
on the IPF map. These are pores, whose density is estimated to be 4E+14 m, while the meansize is
about 3-5 um. Thisyields to about 4% porosity of the SPS material. The density determined by
Archimedean method yield to 18.32 g/cm?, corresponding to the porosity of 5%.

Tungsten

[001]

Fig. 3. (a) Normal direction (ND) Inve se polefigure (IPF) of AT&Mtungsten. The equivalent grain
diameteris 60.28 um; (b) TEM mici ~graph showing several sub-grains; (c) TEM micrograph showing
arrangementof dislocationliresir .idearandomly selected sub-grain.

After mechanical tests the 1 -acture surface was investigated by scanning electron microscopy (SEM;
JEOL6610 — 15 kV, spot size of 50 with secondary electron detector). The qualitative and quantitative
analyses of the microstructures of the fracture surfaces obtained after tensile, 3PB and FT tests were
carried out by Imagel image analysis software on SEMimages at appropriate magnifications.

2.3 Mechanical testing procedures:

Two types of mechanical tests were performed here, namely: uniaxial tensile (TT) and fracture
toughness test (FT). The tests were performed in air using the environmental furnace reaching
maximum temperature of 600°C on a standard INSTRON 3800 universal mechanical test bench.



Uniaxial tensile tests were performed on small dog-bone shaped specimens, asshownin Fig.4. The
overall length of the specimensis 16 mm with a gauge length of 5.2 mm and an effective cross section
of 2.4 mm’ (1.6 mm x 1.5 mm) or 2.88 mm’ (1.6 mm x 1.8 mm). The strain was calculated based on
the measurements of the pull rod displacement using linear variable differential transformer (LVDT).
The LVDT and load cell were calibrated according to the required standards on the equipment applied
to testboth irradiated and reference samples. The gauge length to width ratio of 3.25 wasin line with
the ASTM standard value (being4). Given the microstructure of the material (see Section 2.2), the
thickness of the specimen cannotinfluence the mechanical response since sufficient number of grains
iscontainedinthe cross-section. The samples were cut by electricdischarge machine using the wire

of 20-50 um and no special treatment was applied to the surface.
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Fi=. 4. Sketch of small dog-bone shaped specimens

Fracture Toughness
Disk-shaped compact tension (DCT) specimens with a narrow notch with a root radius around 50-90

pm were cut by EDM. The notch machined in the specdmens for both materials is adapted to the T-L
specimen fracture plane set-up, as imposed in the ASTM E399 standard [39]. The crack will propagate
along the rolling direction on a plane normal to transversal direction. The sketch of the specimen and

dimensions are shownin Fig.5and Table 1.



EDM notch

Fig. 5. Schematicshowingthe FTsample and characteristicdimension labels. The EDM notchis also
shown. Three side grooves were applied to ensure proper centering of the sample in the irradiation

capsule.

Table 1. Dimensions of DCT specimens.

W A, b, B
AT&M tungsten ~8.5 mm ~4.2 mm ~4.3 mm ~4 mm
SPS tungsten ~8.5 0or~8.8 mm ~4.2 mm 4.3 0r~4.5 mm ~3 mm

The fracture toughness tests for irradiated and non- rrad ated specimens were carried out in air using
the same model of the test bench (INSTRON 2°70, with the same type of an environmental furnace.
The test temperature for irradiated spe.'m.ns ranged from 400°C to 580°C. The reference
measurements forthe AT& M product arc already reportedinour previous work [22, 40].

Kq values (linear elastic stress intensity /a *or, were calculated according to the requirements of the
ASTM E399 [39]. Eq. (2) is used for th= de ~/mination of the fracture toughness K, for mode | fracture

whichreads:
P a
o= 2)
¢ pvw f w
where Pq is the fracture loau if the spedmens fracture without plastic deformation or the load

intersected with the line with 0.95 slope of elastic region if plastic deformation happen, f (%) isa
geometry dependent function related to the ratio of a, and W. The dimensional dependent function

can be found form the standard.

2.4 Neutronirradiation

Neutron irradiation was performed in the Belgian Material Test Reactor (BR2). Fission reactors deliver
mixed spectrum which imposes transmutation rates of W into Rhenium (Re) and Osmium (Os) to be
essentially higher compared to those expected in ITER and DEMO conditions. As a result, the

accelerated production of Re/Os yields to radiation induced precipitation as was discussed in refs. [41,

()



42] where the irradiation-induced microstructure after HFIR and JOYO irradiation was compared. To
minimize the transmutation due thermal neutrons, the irradiation was performed inside the fuel
element in the position close to the center of the reactor and in a mid-plane where the fast neutron
(E > 0.1 MeV) fluxis 7 X 10**n/cm?*/s at a power of 60 MW. The samples were encapsulated in 1.5
mm steel tube filled with He. The thick stainless steel wall acts as additional shielding from the
thermal neutrons. The gap between the samples and the tube was adjusted to achieve 600 °C
following the thermal and neutronic calculations. The irradiation dose was 0.24 dpa, which was
calculated by MCNPX 2.7.0 [43] based on the total fast neutron fluence. The dpa cross sections for W
have been prepared from the JENDL4 file (MT444) for the threshold displacement energy of 55 eV,
following the recommendation of IAEA [44]. The transmutation of Re and Os is calculated based on
the ALEPH code developed by SCKeCEN and available nuclear databases [45-49] and for the
irradiation position and spectrum the upper limit of the concei*racon (at%) of Re and Os is,
respectively, 1.37% and 0.077%. Thus, the fraction of Os is about = % Jf the totally produced Re and
Os.



3. Result

3.1 Tensile tests
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Fig.6. Comparison of stress-strain response of AT&M ‘a) and SPS (b) tungsten grades in the

temperature range 300-600°C.

Table 2. Summary of tensile properties of SPS ... 1AM tungsten grades.

Materials Temp. | Yield strength Ulitmate .2nsile Uniform elongation | Total elongation

(°C) (MPa) c*ren,cth (MPa) (%) (%)

350 437 C 513 24 35

SPS 400 325 \ |_ 477 22 32
600 321 : 458 27 43

300 658 668 0 10

AT&M 400 51? 599 1 19
600 | 6.4 618 0 20

Fig. 6 shows the engineering stress-strain curves obtained for AT&M and SPS tungsten. Yield strength,
ultimate tensile strength, uniform elongation, and total elongation are summarized in Table 2. Note
that for AT&M tungsten, the data is produced for the T-orientation (corresponding to the situation
when load is normal to the elongated grains, which is relevant for the assessment of the properties
for ITER monoblock). Onset of ductile deformation is observed at 300 °C for AT&M and at 350 °C for
SPS product. At 300°C, SPS product exhibits premature failure within elastic deformation limit. One
can see that AT&M has rather low strain hardening capacity compared to the SPS product. This can be

explained by initially high dislocation density and small sub-grain size in the microstructure of the



AT&M material, contrary to the SPS material. Furthermore, the SPS material shows very large uniform
elongation and high strain hardening rate, which results in an increase of the flow stress by ~100 MPa
moving from the yield strength to the ultimate tensile strength. In the case of AT&M material, the
uniform elongation does not exceed 1% and the strain softening (decrease of engineering stress) is
becoming more pronounced with increasing test temperature. Opposite to that, the capacity of the
SPS material to absorb energy by plastic deformation rises with increasing the test temperature,

proved by a largeruniform elongation and higher strain hardening measured at 600°C.

The reason why the swaged tungsten (i.e. AT&M) exhibits rather low uniform elongation could be
explain by the orientation of the grains and reaction of the mecharical load, which is applied in the
direction normal to the elongated grains. In this case, the plastic def~rn. tion yields to the formation
of pile-ups nearby the high angle grain boundaries (HAGBs) yielding *< the nudeation of micro-voids,
whose coalescence results in the formation of micro-cracks [F0). Tke later propagate along high angle
grain boundaries (because the plasticity is mostly penalize 4 . aroy the randomly mis-oriented HAGBs
[51-53]), and given that the load is applied normal to the gra." elongation, the micro-cracks coalesce
into cracks resulting in the reduction of the effecti ‘¢ cr ss-section of the sample. Correspondingly,
the load required to continue the sample d~.>rn.>tion starts to decrease. In the case of the SPS
tungsten, the grain boundaries exhibit fine st <ture, which apparently fadlitates the propagation of
the plastic deformation across the samy!~ delaying the formation of micro-cracks and thereby

ensuring a large uniform elongation as ,con as the temperature is sufficiently high for the movement

and multiplication of the screw disl. ~ations [54].

: intergranular brittle fracture; Green arrow: transgranular brittle fracture;
Red arrow: dimples; Blue arrow: secondary cracks; Black arrow: delamination



Fig.7. Micrographs showing fracture surface of AT&M (a,b,c) and SPS (e,f,g) products as observed on
the edges of broken tensile samples. The features related to deformation modes are specified by

arrows withthe legend underneath the SEMimages.

The fracture surface of AT&M and SPS fractured tensile samples is shown in Fig. 7. Both materials
show intergranular brittle fracture at 300 °C even though AT&M exhibits ductile deformation at this
temperature. Besides intergranular brittle fracture, a large area of transgranular brittle fracture can
be identified on the fracture surface of AT&M product. At 400 °C, dimples have been observed for
both materials. However, delamination (intergranular grain debonding along the direction of load)
has also been observed in AT&M due to the pancake shape of grairs. Finally, secondary small cracks
are found on the fracture surface for AT&M at 600 °C, while no s':~h ¢.acks were seen on the fully

ductile SPS product.

3.2 Fracture toughness tests
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Fig.8. Fracture toughness (Kg) and Strength Indicator calculated for SPS (a) and AT&M (b) products.

Fig.8 shows the fracture toughness and strength indicator for both materials as a function of
temperature. The latter is the product of true fracture strength and true fracture strain, and it was
used earlier by us to provide quantitative comparison of different tungsten grades showing different
pattern of necking, for rationale see ref. [18]. The baseline fracture toughness in brittle state (i.e.
room temperature) is about 7-10 MPa for both products. One can see a parabolic increase of the
fracture toughness from the baseline up to 2 20 MPa-m™? at 200°C and 300 °C for AT&M and SPS

products, respectively. The saturation of the fracture toughness for AT&M is observed after reaching



400°C. For the SPS material, there is a reduction of Kq above 325 °C, which is explained by the
reduction of the yield strength. However, the fracture toughness in the ductile regime is not
accounted for by Ko and the contribution from the plastic deformation must also be included, which
has much higher contribution compared to the energy coming in the elastic term. However, for the

sake of comparison, we present K, for both materials.

Considering the strength indicator (i.e. product of the fracture strength and fracture strain), one can
see that its function replicates the trend observed for the Kq curves. In particular, there is a steep

increase nearthe same temperature as where Kqraises following the parabolictrend.

Following the results and discussion of earlier works done for ¢ mmerdally pure tungsten, the
transition temperature (form brittle to ductile deformation) wvas defined as the temperature
corresponding to the maximum of Kq [55-57].The fracture tot zhness of SPS material increases from
around 15 to 35 MPa-m°® in a relatively narrow temperaiw.ve region of 300-325°C. Such a sharp
transition is consistent with the behavior of polycrystalii = r.etals with body centered cubic lattice
[50]. This transition is assodated with the onset of .'astic deformation governed by movement of
screw dislocations and dislocation transmissiot ti..ough grain boundaries (to enable efficient
dissipation of plastic deformation under ext” rna' load) [21]. Given the relation between the absolute
value of K, and the observed transitior on the fracture surface of tensile samples, we shall use a
criterion of Ko 2 20 MPa-m®® as the on“.e. traasition region when discussing the results obtained for
irradiated material. Due to the exce.. ‘e cost of neutron irradiation and testing we did not perform

tensile testsontheirradiated samnles :nthe same conditions.

3.3 Fracture surface of SPS sam !¢



a. Non-irradiated b. 0.24 dpa at 600 °C
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Fig.9. Micrographs showing fracture surfac.: of SPS samples in non-irradiated (a, left column) and
irradiated (b, right column) state. The fe.*ures reiated to deformation modes are specified by arrows

withthe legend underneath the SEMimag.-

As shown in Fig. 9a, the fracture s.face of non-irradiated SPS compact tension specimen evolves
from the fully brittle flat patter.. at 200 °C to the “V-shaped” profile, observed at 400°C. The latter
pattern reflects the occurre:.2» o/ the stable crack growth mode. Below 300 °C, the fracture surface
contains a large portioi. o itergranular brittle fracture and small area of transgranular brittle
fracture. Onset of stable t_.ring associated with dimples is observed at 350°C. However, the cleavage
(with brittle fracture pattern) occurs right after a small distance of stable crack propagation. Thus, the
transition from brittle crack advance to stable tearing resistance, for the employed DCT configuration,

occurs withinatemperature range of 300-400 °C.

3.4 Neutronirradiation effect
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Fig.10. Fracture toughness (Kg) for the SFS product before and after neutronirradiation.

Fig.10 present a comparison of the iczctiire toughness of reference and neutron irradiated SPS
specdimens. As one can see, after ir, *diation the fracture toughness continuously grows in the tested
temperature range. The maxmu.n Kq ~20 MPa-m®’, is achieved at 600°C (i.e. irradiation
temperature). As was discusceu “.fore, it can be seen as an indication of the onset of the transition
region. For all test t. ~oe ~tures, the fracture surface of the irradiated samples exhibits the
intergranular brittle fracture pattemn. However, as the test temperature exceed 500 °C, the secondary

cracks on the grains boundingthe crack tip can be observed, see Fig.9(b).

Now let us compare the fracture surface of reference and neutronirradiated specimens broken in the
transition region (i.e. near K~20 MPa-m®). From Fig.9 (a) and (b), we see that the fracture surface of
both samples (300°C for non-irradiated specimens and 580 °C for irradiated spedmens) shows
intergranular brittle fracture. However, as noted above the fracture surface of the irradiated sample
contains small secondary cracks at the grain boundaries. We associate the presence of these small
cracks and their branching with the development of local/confined plastic deformation nearby the

crack tip. The plastic deformation region does not spread further than a single (or several) grain



boundary(ies) as apparently the slip transition is blocked by the presence of neutron irradiation

defectsinneighboringgrains.

Secondary cracks are however not observed on the surface of the non-irradiated samples. We explain
it by the fact that below the transition temperature, the crack extends without any significant plastic
deformation. Whereas in the upper shelf (i.e. above 500°C), the stable tearing resistance, observed

for the SPS material, excludes strong confinement of plasticdeformation.

Finally, we discuss the absolute value of the fracture toughness and its reduction after the neutron
irradiation. This discussion is provided by a comparison of K- for SPS and AT&M materials irradiated
and tested in equivalent conditions. The only difference is the irraa ‘tion dose which samples were

exposedto. Theresultsare presentedinFig.11.
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Fig.11. Fracture toughness of SPS and AT&M tungsten measured at test temperature of 580 °C as a
function of the irradiation dose. Irradiation temperature is 600°C. The results for AT&M material are

takenfrom [22, 37].

The fracture toughness, K, i.e. elastic-plastic equivalent stress intensity factor, goes down with
increasing the irradiation dose, as one can naturally expect. The trend of the reduction of K, for
AT&M is shown in the irradiation dose range up to ~0.7 dpa [37]. A dashed line is placed to guide an

eye. By adding K,. measured for the SPS product we see that its value is located somewhat below the



trend line obtained for the AT&M material. Let us recall that the concentration of the Re accumulated
in the AT&M material was about 0.6 at.% Re @ 0.08 dpa and 1.16 at.%Re @ 0.7 dpa. In the case of
SPS material, the concentration of Re is calculated to be 1.37at.% at 0.24 dpa (due to the higher flux
of thermal neutrons compared to the AT&M samples). At such transmutation rates and irradiation
temperature, the irradiation damage is primary determined by the accumulation of the dislocation
loops and nano-voids rather than by precipitation of Re and Os [42, 58]. The formation and growth of
voids at 600 °C indeed take place [42], however, the peak swelling occurs around 800°C [35]. Thus, at
600°C at 0.24 dpa, we expect voids to have rather small size (due to the limited growth) and main
contribution to the embrittlement should come from the dislocation loops. Investigation by
transmission electron microscopy is planned for both types of materials and will be presented in

upcoming works.



4. Summary and conclusive remarks

In this work, we have assessed tensile and fracture toughness properties of SPS-produced tungsten in
the temperature region where brittleness of tungsten as ITER diverter PFC material plays important
role. The results are discussed and compared with the data obtained for commercially pure W grade
produced according to ITER specification (AT&M company) and tested in exactly the same conditions
as the SPS product. The SPS product is also tested after neutron irradiation at 600°C at 0.24 dpa —
close to the half end-of-life dose of the first wall divertor PFC. On the basis of the obtained results and
discussion we canlistthe following statements:

- application of the SPS technology for the fabrication of bulk polycrystalline W delivers the product
with the ductile to brittle transition temperature comparable to the commercially pure tungsten,
even without post-processing thermo-mechanical optimization. In addition, SPS product offers
essentially better tensile properties in terms of the uniform elonga*ion as well as sufficiently high
fracture toughnessinthe temperature range 350-600°C.

- neutron irradiation (at the fluence corresponding to 0.24 dpa) ~t Z?2’C causes the reduction of the
fracture toughness in the whole studied temperature range 300-500°C) and apparent shift of the
transition temperature by about 300°C, taking 20 MPavm as «.* indicator of the onset of the transition
region. Analysis of the fracture surface of the irradiated s.mples, tested at 600°C, confirms the
presence of features corresponding to the ductile deforma. .

- the reduction of the fracture toughness due to the n :u”ron irradiation at 600°C was compared with
recent data available for the AT&M commerdall’; oure tungsten (irradiated and tested in equivalent
conditions). The decrease of the fracture rouvzhn :ss ubserved in the SPS product is dose to the trend
curve deduced forthe commercially pure tung~en.
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Highlights
e Fracture toughness of SPStungsten before and afterirradiationis assessed
e neutronirradiation at end-of-life PFC componentincreases DBTT by 300°C

e SPStungsten exhibitsimilar performanceas powder metallurgy tungsten



