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Abstract

In this work, we have performed neutron irradiation and sub-sequent hardness measurements
on a series of tungsten grades to screen the irradiation-induced hardness as a function of
irradiation temperature reaching up to 1200°C. The selected irradiation temperatures were
chosen by performing temperature analysis of the expected irradiation temperature on tungsten
monoblock during the steady state operation in ITER, where 1200°C corresponds to the surface
temperature at 10 MW/m? flux density expected during normal operational conditions. The
applied neutron fluence and flux (using BR2 material test reactor, up to 1 dpa) is representative
of ITER irradiation conditions except the neutron spectrum. However, the measures were taken
to reduce the thermal neutron flux to limit the transmutation closer to the fusion conditions. The
irradiation-induced hardness measured in single crystal after irradiation at 600-800°C agrees
very well with the earlier data reported after HFIR irradiation experiments. The new irradiation
data obtained in the temperature range 900-1200°C show that even at one third melting point
the neutron exposure raises the hardness by 40 to 70%, depending on the selected grade.
Screening measurements by transmission electron microscopy, applied to clarify the origin of
the hardening at 1200°C, have proven the presence of the dislocation loops and high density of
voids. The presence of those defects should imply the reduction of thermal conductivity,
fracture toughness as well as alteration of hydrogen isotope permeation and trapping.

Keywords: Tungsten; Neutron irradiation; ITER
1. Introduction

Tungsten (W) is selected for armour application in fusion devices (i.e. JET, ITER, and candidate
for DEMO applications [1-3]) due to its ability to withstand high heat loads, prolonged
interaction with plasma and acceptable nuclear activation [4]. However, the development of the
components withstanding the 14 MeV neutron exposure during the nuclear operation phase
requires further exploration of tungsten properties, in particular investigation of neutron
irradiation effects [5] and its impact on mechanical properties .

Even in the non-irradiated state, the ductile-to-brittle transition temperature (DBTT) of
W is rather high, i.e., 300-400 °C, depending on the fabrication route, post treatment and test
type (see e.g. [6-8]), but it can be reduced given a dedicated mechanical treatment (see e.g. [9-
11]). Upon operation in a nuclear fusion environment, the DBTT raises further due to the
irradiation-induced lattice defects and transmutation producing gas bubbles limiting the ability
of material for plastic deformation [12]. Although W primarily serves as armor material, it also
imposes a structural function in the current ITER divertor design [4, 13]. Correspondingly, the
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design of the divertor components should account for the change of the mechanical properties
after the neutron irradiation. The modification of the microstructure due to the neutron
irradiation in the hot part (i.e. close to the plasma surface) may result in the reduction of thermal
conductivity as well as may alter the trapping of tritium and helium coming from the plasma
[12]. Hence, the assessment of the irradiation effects is required across a large span of the
operational temperatures. The plasma facing components of the divertor will experience the
largest heat loads [13] and therefore the operational temperature of tungsten varies there from
around 300 up to 1200°C on steady state regime at 10 MW/m? power load, as was assessed for
the ITER and DEMO divertor target in [14-16].

From the view point of the currently available knowledge, the risk of brittle failure of
tungsten is believed to realize at the operational temperature below 800 °C, see review made
by EU material assessment group [17]. Indeed, the information on the irradiation effects in
tungsten above 800 °C is scarce [18]. It is known that the peak of neutron irradiation swelling,
i.e. formation of voids and gas bubbles, realizes at 800 °C [19]. However, the measurable
swelling remains up to at least 1200 °C. Recent works involving positron annihilation
spectroscopy (PAS) measurements indeed confirm the presence of cavities in tungsten
irradiated at 1200 °C [20]. The transmission electron microscopy (TEM) study by Arakawa et
al. [21] has shown that dislocation loops and voids introduced by ion irradiation at 500 °C are
stable against thermal annealing up to at least 1100 °C, although a big fraction of the loops is
recovered around 900 °C. The void recovery takes place between 1100 °C and 1400 °C
implying that their formation under irradiation is indeed expected at 1200°C.

Hardness measurements are relatively quick and simple tests (i.e. budget-affordable
characterization means of mechanical properties). By now, several works have characterized
the irradiation hardening in single crystal and polycrystalline W (and W alloys) by means of
the Vickers micro-hardness measurements. The micro-hardness is known to correlate with the
yield stress [22-24]. Various neutron irradiation campaigns in the high flux isotope reactor
(HFIR) in the temperature range 80-830 °C have shown that the radiation-induced hardening
(RIH) does not saturate up to 1 dpa [25-28]. Neutron irradiation recently performed in the
Belgian Reactor 2 (BR2) on single crystal W at low dose (0.12 dpa) has shown a particular
temperature dependence of the irradiation hardening in the range 600-1200 °C, where the
maximum of RIH is found at 800 °C [20], while an overall increase of the hardness agrees well
with the earlier reported data. However, the information on the hardness response in the middle
to high irradiation dose and at high irradiation temperature is currently missing.

The present work aims at exploring the effect of neutron irradiation on the micro-
hardness measured in several tungsten grades after the exposure at low, medium and high
temperature to a fluence comparable to the end of design life of ITER (i.e. 1 dpa). Two sets of
grades have been irradiated in the present study, namely: (i) single crystal, commercially pure
bar being reference material for EU fusion programme, commercially pure tungsten sheet; and
(i1) W reinforced with ZrC particles with proven reduced DBTT [29], the EU reference W in
the recrystallized state and commercially pure W provided by Japanese supplier. The first set
was irradiated at four different doses and four temperatures (600-1200°C), while the second set
was irradiated only at one dose, close to 1 dpa. The irradiation below 600 °C was not considered
in this study because W is known to exhibit severe embrittlement after the irradiation in the low
temperature range [30]. The main objective of this work is to characterize the radiation-induced
hardening in the above mentioned grades after low, medium and high temperature neutron
exposure; analyse the link between the RIH, initial microstructure and irradiation temperature;
and finally to perform screening TEM analysis to investigate the microstructure at the lowest
and highest irradiation temperatures applied here.



2. Experimental techniques and substantiation of selected experimental conditions and
materials

The two sets of samples were irradiated in this study. Set 1 contained the materials with a
strongly contrasting microstructure i.e. single crystal, stress-relived commercial pure tungsten
(ITER specification grade supplied by EU provider) and heavily deformed sheet which exhibits
a certain ductility even at RT. The investigation of the reference hardness of materials in Set 1
is presented in Ref.[31]. The target irradiation doses for the samples of Set 1 were 0.1, 0.2, 0.6
and 1 dpa. The target irradiation temperature was 600, 800, 900 and 1200°C. Set 2 contained
the materials chosen because of the technological needs such as: recrystallized (at 1600°C for
1 hour) ITER specification grade supplied by Plansee (Austria), ITER specification grade
supplied by Japanese provider (A.L.M.T.) and fine-structured W-ZrC alloys which is known to
have superior mechanical properties in the low temperature range. The target irradiation dose
for the samples of Set 2 was ~1 dpa to be achieved at three irradiation temperatures, namely:
600, 1000 and 1200°C.

The basic information about the fabrication route of the studied materials is summarized below
together with the acronyms used throughout the paper to refer to those materials:

IGP: Commercially pure ITER specification tungsten grade produced by Plansee, Austria. The
material is supplied as a rod (with square cross-section 36 mm x 36 mm) which was hammered
on both sides, more info on the properties of this material can be found in [32]. In addition to
the as-fabricated stress-relived state, the IGP samples, exposed to thermal annealing at 1600°C
for 1 hour to induce the recrystallization expected to occur in the upper part of the monoblock,
have been irradiated. The recrystallized IGP material will be referred to as IGP-RX.

ALMT: Commercially pure ITER specification tungsten grade produced by A.L.M.T., Japan.
The samples were cut from the mono-blocks. The material has microstructure and chemical
composition very similar to what is reported in Ref. [33].

SC: Single crystal W(100) rod of 99.99% purity of 12 mm diameter was supplied from MaTeck,
Germany. This material has been already investigated in our earlier work, which reported the
results of PAS at low irradiation dose [20].

HDK: Commercially pure tungsten which is doped with potassium and rolled to a thickness of
1 mm. This fabrication route was exploited to fabricate room-temperature ductile W-Cu
laminates, developed by Karlsruhe Institute of Technology, Germany [34].

WZC: particle reinforced tungsten containing 0.5 wt% ZrC, provided in a form of plate by the
Institute of Solid State Physics, China [35]. The end product is a rolled plate which passed
thermo-mechanical treatment (TMT) in order to get grain refinement and controlled distribution
of ZrC precipitates. The first study of the neutron irradiation effects in this material has been
conducted in Ref. [36].

The inverse pole figures of these tungsten grades are shown in Fig. 1 with the indication of
longitudinal direction (LD) and transversal direction (TD). Table 1 provides the composition,
and medium equivalent diameter (D50) together with 10% and 90% equivalent diameter (D10,
D90) of the grains, which are defined as the equivalent grain sizes that are larger than 50%,
10%, and 90% of the total grains, respectively. This information can help a reader to appreciate
the width of the grain size distribution. Beside the EBSD-deduced information, for some of the

3



materials a detailed TEM study of the reference microstructure was performed in our recent
studies [37, 38]. Dislocation density reported elsewhere for the IGP, IGP_RX, W0.5ZrC and
HDK materials is provided in Table 1.

Figure 1. Inverse pole figure of different tungsten grades: (a) IGP [39]; (b) IGP-RX [39]; (¢)
HDK [40]; (d) ALMT [39]; (e) W0.5ZrC [41].

Table 1. Chemical composition, grain size and dislocation density of different tungsten grades.
The compositions of the commercial grades are provided by the manufacturer. Last coloumn
reports the Vickers hardness values.

. . Dislocation | VHO0.2
Major composition D10 D90 density [GPa]

. D50 (um
(by weight) | (um) Gy |
SC Pure W (99.999%) | Defect free as revealed by TEM
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To perform the neutron irradiation, disc shaped specimens with a thickness of 0.8 mm were cut
using electric discharge machining (EDM) and subsequently polished to remove the EDM
damage, so that the final thickness of the samples was about 0.5-0.6 mm. A mirror-like surface
was achieved before the samples were placed in the irradiation capsules. After the neutron
irradiation, optical imaging confirmed that the surface kept its good quality, i.e. no traces of
mechanical damage or oxidation on the surface of the sample were found.

The disk specimens were irradiated in the Belgian Reactor 2 (BR2). The specimens were
placed in a steel capsule, which also act as a shield for thermal neutrons, filled with inert gas to
prevent oxidation due to the high irradiation temperature. While choosing the shielding, three
options were considered, namely: (i) gadolinium (Gd) foil, (i) hafnium (Hf) foil and (iii) thick
layer of the stainless steel. The advantage of Gd is the highest absorption rate, disadvantage —
relatively low melting point (around 1300 °C) and reactivity with water (reactor coolant), which
was unacceptable in the present experiment given that the irradiation temperature on samples
was planned to reach 1200 °C. In addition, Gd is fast to burn up and therefore its usage for
multi-cycle irradiation would lead to non-linear Re/Os generation rate, which would strongly
increase after the first irradiation cycle. The advantage of Hf is high melting point, no chemical
activity with water and low burn-up efficiency (could be used for 5 cycles, required to achieve
the target dose of 1 dpa), but disadvantage is relatively low efficiency of absorption. To achieve
the suppression of Re/Os generation rate comparable to ITER conditions, the shielding layer of
Hf must be at least 1 mm thick, which implies strong consequences on the machining of the
shielding part and high heat release due to gamma heating if the shielded rig is placed inside
the fuel channel. Hence, the application of thick wall stainless steel was adopted for the
shielding. The thickness of 1.5 mm was chosen as a compromise between the efficiency of
thermal neutron absorption and volume available for the samples given the diameter of the
cavity in the fuel element. The flux of thermal neutrons was cut by 20% compared to the
standard thin-wall capsules typically used for the irradiation of structural steels. The efficiency
of the absorption remained constant across the whole irradiation programme. The position of
the specimens inside the capsule is secured by centering ceramic guiding rods in order to
maintain the dedicated gap between the stack of specimens and capsule wall to achieve the
required irradiation temperature. The capsules were made of thick-wall stainless steel (1.5mm)
and were embedded inside a fuel element to maximize the ratio of fast to thermal neutrons,
which is required to suppress the transmutation of Re and Os (compared to unshielded
irradiation).

The capsules with the samples were placed in different channels depending on the target
fluence set to be achieved. The maximum accumulated fast neutron (E > 1 MeV) fluence was
~1.5x10% n/m?, a variation on the maximum fluence is 5% depending on the particular
irradiation temperature. The calculation of the irradiation dose in displacement per atom (dpa)
units is performed by MCNPX 2.7.0 [44] for the threshold displacement energy of 55 eV. From
the MCNP calculations and reactor power measurements, the irradiation doses and temperatures
were revealed to be 1.05 dpa for the fluence of 1.5%10%° n/m?. The ALEPH code [45] and
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accessible nuclear cross section databases [46-48] were applied for the calculation of the
transmuted Re and Os. The summed concentration of transmuted Re and Os at 1.05 dpa is 1.9-
2.2 at.% and 0.19-0.25 at.%, respectively, depending on the irradiation temperature. For the
other doses the transmutation products scale nearly linearly. The ratio of Re to Os transmutation
is close to 10. The post-irradiation MCNP calculations have revealed that the following doses
were reached for Set 1: 0.12-0.15 dpa, 0.18-0.25 dpa, 0.55-0.65 dpa, 1.05-1.07 dpa; and Set 2:
0.95 dpa (600°C), 1.00 dpa (1000°C), and 1.13 dpa (1200°C). The range of the irradiation doses
for Set 1 is provided because each target dose was reached in four capsules (one capsule per
irradiation temperature and irradiation dose). Typically, the capsules with the highest irradiation
temperature accumulated the highest irradiation dose.

The micro-hardness was determined using the Reichert-Jung Micro-Duromat 4000 E
Vickers hardness test bench. A Vickers indenter was used with a load of 200 g. The load was
applied with a load rate of 10 g/s and held for 10 s. The indents were measured via an optical
microscope equipped with a digital camera. The calculation of the hardness value follows the
ASTM standard E384. For statistics, nine indents per sample were performed randomly across
the sample’s surface. In the case of single crystal samples, the micro-hardness tests were
performed on (100) surface by varying the orientation of the indenter pyramid by 90° to ensure
that an average hardness value is properly calculated accounting for the anisotropy due to a
different number of slip systems available. In the case of other W grades, the average hardness
value was revealed by ten measurements taken in randomly selected areas, which typically
resulted in the standard deviation being 2-4% of the mean value. The standard deviation
measured in the single crystal is 8%, whose origin is thoroughly explained in our previous work
dedicated to the assessment of neutron irradiation effects in single crystal W [20, 49]. The
hardness tests for the ITER specification grades (which exhibit texture) are performed on the
plane orthogonal to the longitudinal direction (LD) for IGP and ALMT. The results report the
ideal hardness values without a correction applied for the shape of the indent. Our preliminary
study applied to the single crystal (where the plasticity and heterogeneity of the deformation is
the most pronounced) shows that the correction amounts to about ~3% which is smaller than
the 8% uncertainty associated with the mutual orientation of the sample lattice and indenter
wedges. Hence, the maximum error associated with the result presented below does not exceed
8%.

The TEM measurements were applied to a limited set of samples due to the fact that the
irradiated samples remain essentially active after about 100 days of cooling (> 2 mSv/h). The
remaining activity precluded the application of fume hood for the conventional fabrication of
the samples, and the hot cell had to be used to prepare the TEM samples. The irradiated disks
were cut into pieces with a size of about 1.5 x 1.5 x 0.5 mm and then the coupons were
mechanically polished using SiC paper with grit sizes of 220, 500, 1200, 2000 and 4000 to
achieve 70-100 pm thickness. To remove the remnants of the glue, the samples were rinsed in
ethanol and then glued on 3 mm copper grids with an aperture of I mm. Finally, TEM specimens
were polished electrochemically with a solution of 1.5 wt.% NaOH in water with applied
voltage of 30 V. The specimens were investigated with JEOL 3010 TEM operating at 300 kV.
The local thickness of the specimen was determined from the CBED pattern and diffraction
pattern. Several measurements in different areas were performed to make sure that the observed
microstructure is indeed statistically representative.

For a better understanding of the divertor target thermal loading conditions during an
actual fusion operation, we calculated temperature distributions in the tungsten monoblock of
a typical divertor target under expected heat loads of two distinct operational scenarios, namely,
quasi-stationary normal operation (10MW/m?) and a typical slow transient (20MW/m?) [16].



The calculations were performed for the EU-DEMO divertor target monoblock geometry i.e.
23x12x8 mm, which correspondingly has 8 mm thick tungsten layer from the copper interlayer
up to the plasma-exposed surface. The calculation method and details are presented in [50]. The
cooling pipe has a thickness of 1.5 mm and the copper interlayer 1 mm. The boundary condition
assumes a uniform heat flux density on the top surface considering the toroidal symmetry of
heat fluxes. The hydraulic boundary condition for the heat removal accounts for the water
cooling condition assumed for the EU-DEMO divertor (bulk temperature: 150°C, pressure: 5
MPa, velocity 16 m/s) [16].

3. Results

3.1. Temperature distribution on tungsten monoblock

Fig.2 shows the picture of the fabricated mock-up (a) with dimensions and the calculated
temperature distribution in the W monoblock. In the case of the steady state operation at 10
MW/m? (see Fig. 2(d)), more than a half of the armor thickness (armor is the upper region of
the monoblock from the interlayer up to the plasma-loaded surface) is subjected to thermal
exposure at the temperature exceeding 600 °C. The temperature at the top surface layer of about
2 mm reaches roughly 1200 °C.

Under the transient heat load at 20 MW/m? (Fig. 2(c)), the temperature at the middle depth
reaches roughly 1200°C whereas the maximum temperature at the top surface exceeds 2000 °C.
Prevailing in the large volume (~50%) of the armor region at 10-20 MW/m?, the temperature
range 600-1200 °C seems to be a highly representative temperature window relevant for the
mechanical performance of irradiated tungsten.

EU DEMO divertor target —_____ Temperature (°C)
2400
' 2250
"‘ 2100
e 1950
= 1800
1 B 1650
< 1500
I - 1350
1200
B - 1050
) 900
750
: . 5 600
! - 450
300
150
Block width: 23 mm
(b)

(a) Front face thickness: 8 mm
Block axial thickness: 12 mm

(o)

Fig.2. (a) Mock-up and typical dimensions of the W monoblock-type divertor target unit
(current baseline for the EU-DEMO [16]). Figs.(b) and (c) show temperature distribution in the
W monoblock simulated for the surface heat flux load of 10 and 20 MW/m?, respectively.

3.2. Irradiation induced hardness in Set 1 materials



The irradiation hardening for Set 1 samples, calculated as H;,,, = HI'* /HSe" (i.e. being
dimensionless) is shown in Fig. 3. Hir is presented for the three types of materials, namely:
single crystal (SC), reference ITER specification grade (IGP) and rolled plate (HDK). One
should keep in mind that the uncertainty of the determination of the absolute value of the
hardness for IGP and KIT is ~3%, and it is 8% for the SC.

It is evident that the SC exhibits the highest hardening after irradiation, irrespective of
the irradiation temperature. The hardness increases by a factor of two at 1 dpa for Tir=600 and
800 °C. At Tir=1200 °C, the hardening yields to 1.7 which is still very high given that the
irradiation temperature reached Tw/3 (where Tm is the melting point). Given the current
knowledge about the irradiation effects in structural materials for fusion applications (see
review in [51] and references therein), the irradiation hardening is not expected to play any
significant role (except high doses at which He accumulates) and at Tw/3 the irradiation
softening and creep is of concern at least in the case of ferritic-martensitic steels and copper-
based alloys [17].

As we can see from Fig.3, the maximum radiation hardening for the SC in the dose
range of 0.6-1 dpa is observed at 800 °C, which is consistent with the reported peak swelling at
800 °C [19]. Recently, a similar trend with irradiation temperature was registered and discussed
for the same material but irradiated only up to 0.12 dpa [20], where this finding was
substantiated based on positron annihilation spectroscopy (PAS) data and complimentary object
kinetic Monte Carlo (OKMC) calculations [52-54]. The maximum hardness was explained by
the contribution coming from the high density of voids, while the reduction of the irradiation
hardening above 800 °C was associated with decreasing a void number density as suggested by
the OKMC simulations. The irradiation hardening at 600 °C, on the other hand, was associated
with the presence of small voids and high density of the dislocation loops.

The smallest increase of the hardness is induced in the rolled plate (HDK material). This
should be attributed to the high density of the sinks (i.e. high sink strength) for the irradiation
defects which result in the reduced accumulation of the voids and dislocation loops. Following
this logic, the Hirr for the IGP grade should be located in the middle, and this is indeed the case.

Let us make a comparative analysis of the sink strength in the IGP and HDK materials.
Let us recall that the physical meaning of the sink strength is just a probability of the interaction
of a migrating defects with another object (dislocation or grain boundary in this case) i.e. cross-
section, and therefore the unit of its measure is m. Following the current state of the radiation
damage theory in metals (see e.g. a recent synopsis [55]) the formation and growth of voids
occurs due to the biased absorption of self-interstitial defects. At considerable irradiation doses,
voids may self-arrange into the void lattice [56] and screen each other from 1D-migrating
dislocation loops. However, for both scenario the fact that diffusing irradiation defects can be
absorbed by sinks (i.e. dislocations and boundaries in the case of the studied materials) is
fundamental to explain the excess of vacancies and subsequently the nucleation of voids [57].
Of course, once the voids and dislocation loops grow to a certain size they also become sinks
for newly injected irradiation defects, however, the initial sink strength must be responsible for
the microstructure at low irradiation doses (such as studied here). The summary of sink strength
models for 3D- and 1D-migrating defects is made in [58-60]. Following these works and
references therein, Table 2 presents the expressions and results calculated for the sink strength
of IGP and HDK materials. Naturally, 3D- and 1D — migrating defects would correspond to
vacancies (and their small clusters) and self-interstitial (and their small clusters) defects,
respectively. Using the mean grain size and initial dislocation density as provided in Section 2,
we obtain the values for the sink strength, as provided in Table 2. As one can see, the sink
strength at grain boundaries is nearly the same, whereas the sink strength due to bulk
dislocations is much higher in the HDK material. This is why the absorption of in-cascade



created 1D-migrating dislocation loops should be higher in the HDK material leading to a
higher vacancy supersaturation and as a result to a higher density of voids.

Table 2. Summary of sink strength expressions. D is the mean grain size. rq is the capture radius,
which can be taken as a typical size of 1d-migraing defects (here, we take it as 1 nm). p* =

rvx,/T - p. p is the dislocation density.

Defect type — sink type Expression Sink strength in | Sink strength in
IGP, m? HDK, m™

3d-migrating at grain boundary | 14.4/D? 5.78E+10 2.05E+10

1d migrating at grain boundary | 15/D? 6.02E+10 2.13E+10

3d migrating at dislocations 2xxp/(In(1/p*)) | 1.26E+13 3.81E+14

1d migrating at dislocations 2(mxraxp)? 3.99E+08 1.91E+11

Another remarkable feature that can be seen from Fig.3 is the change of the trend for
Hirr versus dose with the increase of the irradiation temperature from 600 to 1200 °C. At
Tir=600 °C, Hir nearly linearly increases with the irradiation dose (except for the SC, which
exhibits steep rise from 0.6 to 1 dpa), whereas at Tin=1200 °C the curves for SC and IGP acquire
square root dependence on the dose. In the latter case, Hirr in SC and IGP grades clearly exhibits
a cusp around 0.2 dpa, indicating that above this dose the saturation of defect density takes
place, while the defect growth at higher doses provides a limited contribution to the increase of
the hardness. Thus, at Tix=600 °C the nucleation of the irradiation induced defects obstructing
the plastic deformation lasts at least up to 1 dpa, while it ceases coming to the saturation at 1200
°C in the dose range of 0.2-0.6 dpa. As will be discussed later on, this is likely linked to the
diffusion of dislocation loops and their absorption by microstructural defect sinks at high
temperature.

For the HDK material irradiated at 800 °C and 1200 °C, an incubation phase applies
prior the hardness starts to increase linearly. The incubation dose lasts up to around 0.2-0.6 dpa.
This might be explained by a limited capacity of the initial microstructure to suppress the void
nucleation. In the case of Tir=600 °C, such limit does not present because besides the voids,
the formation and growth of dislocation loops should contribute considerably to the increase of
the hardness.

Two trends derived from the above discussed results are formulated below, being valid
for all three materials constituting Set 1:

(1) the irradiation hardening exhibits linear growth at Tir= 600 and 800 °C in the dose
range 0.2 - 1 dpa. While at Tir=1200 °C, the hardening growth follows the square root
dependence on the dose (except HKD material, which might be linked with an extended
incubation dose).

(i1) at 1 dpa, the maximum irradiation hardness realizes at Ti==800 °C, and there is just
modest decrease of the hardness at Tir=1200 °C compared to 800°C.
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Fig.4 summarizes the hardening data obtained in this work and previously published
results for the single crystal, where the irradiation was performed at the HFIR reactor in the
temperature range 80-830 °C in the flux trap channel (without applying shielding) [25-27] and
in the temperature range 580-780 °C using the gadolinium as thermal neutron shielding [28].
In Fig.4, we do not distinguish the data points in function of temperature and put all available
data as a function of the irradiation dose. The clouds of the data points obtained at HFIR
unshielded irradiation provide a trend of the parabolic increase of Hirr above certain dose, which
has been already discussed by Rieth et al in [18]. As reported in [49], we found that this trend

can be described as power law function of the irradiation dose with an exponent of 0.65. As

1S

discussed in [ 18], the transmutation of Re/Os begins to play an important role beyond the certain
fluence, being around 10% n/m? (E>0.1 MeV). By considering the results obtained at BR2
irradiation, we can see that the irradiation hardness is generally lower that the trend line, proving
that the shielding applied indeed suppresses an extra hardening associated with Re/Os

transmutation.
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Fig.4. The difference of the hardness measured before and after the neutron irradiation of single
crystal W performed in different reactors under various conditions versus accumulated dose.
For the HFIR data, the open symbols corresponds to the (110) orientation of the surface, filled
symbols represent (100) surface orientation.

3.3. Irradiation induced hardness in Set 2 materials

The irradiation hardening measured in Set 2 materials is shown in Fig.5 together with the
results obtained for Set 1 at ~1 dpa. As in the case of Set 1 materials, we can see that the highest
hardness is induced in the single crystal irrespective of the irradiation temperature. This can be
explained by the fact that grain boundaries (present even in recrystallized IGP) act as sinks
thereby reducing the accumulation of the irradiation defects. The lowest irradiation hardness is
measured for the materials with the finest microstructure (i.e. high dislocation density and small
grain/sub-grain size) such as HDK, W0.5ZrC and ALMT. It is also noticeable that for these
three materials the irradiation hardness exhibits nearly no dependence on the irradiation
temperature. In particular, there is no evident reduction of the hardness as Tir increases from
800/1000 to 1200 °C, unlike the case of single crystal and recrystallized IGP. This observation
suggests that bulk dislocation arrays and low angle grain boundaries (present in high density in
HDK, W0.5ZrC and ALMT) apparently also play an important role in the evolution of the
microstructure in the temperature range of 800-1200°C, see discussion on the sink strength in
Section 3.2. The reduction of the irradiation hardness at 1200 °C in IGP and SC must be
explained by the reduction of the void density as the irradiation temperature exceeds the void
swelling peak [21]. Why this reduction does not take place in the fine-structure materials
requires further clarification with the help of TEM and atom probe techniques (to understand
location of Re and Os).
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Overall, the results presented in Fig.5 show clearly that in all studied tungsten grades, the
irradiation hardening at 1200°C is far not negligible and the hardness increase amounts to 40%
- 75% of the reference value depending on the initial microstructural state of the material.

2.2 -
Set 1 Set 2
2,17 —=— |GP v WO0.5ZrC
2’0_- —e HDK IGP-RX ||
l —4—SC ALMT
1,9 1 _
1,8 1 i

I T I T I T I T I T I T I
600 700 800 900 1000 1100 1200
Irradiation temperature (°C)
Fig.5. Irradiation hardening (HI'™ /H}®Y) as a function of irradiation temperature in Set 1 and

Set 2 grades. The irradiation dose for Set 1 varies from 1.03 up to 1.07 dpa. The irradiation
dose for Set 2 varies from 0.95 up to 1.13 dpa.

3.4. TEM measurements

To reveal the origin of the irradiation induced hardness at 1200 °C, we have performed
screening TEM measurements. The activity on the samples irradiated to 1 dpa was about 50
mSv/hour, which precluded the operation with 1 dpa irradiated samples for the preparation of
TEM coupons. The highest irradiation dose for which the TEM samples were allowed to be
extracted was 0.2 dpa. Out of the three materials available in Set 1, we have selected the IGP
grade, being the reference material for European fusion studies [32], given its technological
importance for ITER. The screening TEM measurements were performed to (i) identify typical
irradiation damage defects such as voids and dislocation loops; (ii) identify possible presence
of secondary phase particles like Re/Os precipitates; (iii) make an overview of the
microstructure to check the sub-grain size and to estimate the dislocation line density. The
identification of the loop type was out of the scope of this screening study.

The irradiated disks were cut and polished to prepare the TEM samples to investigate the
microstructure after irradiation at 600 °C and 1200 °C to consider the lowest and highest
irradiation temperatures, respectively. Prior to discuss the results obtained for the irradiated
samples, let us briefly describe the microstructure of the non-irradiated material. The procedure
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for the sample preparation of reference and irradiated samples was the same. The typical
microstructure as registered by TEM is shown in Fig.7. The sub-grains have elongated shape
(see Fig.7a) and their sizes vary in the range 0.6 — 1.7 um and 2.3 — 4 um, respectively, normal
to and along the bar axis. The initial dislocation density is in the range (4-8)x10'> m?,
depending on particular sub-grain, and is being 4.5x10'> m on average. Most of the grain
boundaries are low-angle type grain boundaries (see Fig.7b). Few large dislocation loops were
also registered in this material, see Fig.7c. In our earlier work, we discussed that these loops
might have appeared because of the plastic deformation applied during the forging process [38,
61]. These loops are seen fairy rare (i.e. density is well below 10*' m™) and their dimension
usually exceeds 50 nm and sometimes reaches 150 nm, so that we trust that it will be simple to
distinguish these loops in the neutron irradiated samples (thus separate them from those induced
by the neutron irradiation). Dislocation lines appear as isolated lines and tangles as shown in
Fig.7d. Tangles usually are seen nearby grain boundary interfaces, which is apparently the result
of the forging.

The TEM micrographs of the neutron irradiated samples are shown in Fig.8. The upper

pane shows the patterns of the dislocation loops and the lower one — pattern of voids. The
presence of non-coherent secondary phase particles was not revealed in any of the samples and
areas studied. Probably, the accumulated concentration of Re (0.6%) and Os (0.013%) is too
low to induce the precipitation resolvable by TEM or any precipitation at all. Table 1
summarizes the main numerical characteristics of the microstructure registered in the reference
and irradiated samples. In both irradiated samples, the appearance of the sub-grains was
confirmed to be similar to the one before the irradiation in terms of size distribution and
elongation. The density of the dislocation lines was found to reduce from 4.5x10'> m down to
about 2x and 1.65x 10'> m, at the irradiation temperature of 600°C and 1200°C, respectively.
This is not very strong reduction given a considerable variation of the dislocation density from
grain to grain. Thus, the appearance of the voids and dislocation loops is the main difference
seen between the samples irradiated at 600 and 1200 °C.
At Tir=600°C, see Fig.8 (a and c), the dislocation loops and voids are rather small in size and
numerous in density. The loop and void density is measured to be 2.3x and 4.1x 10*2 m™, while
the mean size is 2.8 nm and 1.4 nm, respectively. The spatial distribution of the loops in some
areas is non-homogeneous and decoration of the dislocation lines by the loops is evident. The
voids are distributed homogeneously. No specific pattern such as void lattice is observed.

At Tin=1200°C, see Fig.8 (b and d), both types of the defects grow in size. At this, the

density of the dislocation loops decreases by two orders of magnitude and goes down to 5.8x
10%° m. The mean loop size increases by a factor of two only becoming 5.1 nm (compared to
2.8 nm at Tir=600°C). The loop size apparently has a bimodal distribution since a number of
relatively large (coffee bean — like) loops is present on the background of homogenously
distributed smaller loops. Voids have also grown in size from 1.4 to 4 nm and their mean density
is reduced by a factor of two (from 4.1 down to 1.9 x10?> m™). Again, no void lattice pattern
was observed, and the voids were seen to have homogeneous spatial distribution.
It is interesting to compare our results with those reported by Koyanagi et al. for single crystal
irradiated at 800°C up to 0.15 dpa in HFIR [62]. As in the present case, the authors have found
dislocation loops and voids but not Re/Os precipitates. The loop density was 4.8x10* m™ and
the loop size was 2 nm, which is comparable to the characteristics of the loops observed here
at 600°C. While the void size was 3.9 nm with the density of 0.2x10%*2 m™. The precipitation of
Re/Os was clearly revealed by TEM only after the irradiation dose exceeding 1 dpa. This is
fully in line with the lack of the precipitates found in our samples irradiated up to 0.2 dpa.

The analysis of the contribution provided by the dislocation loops and voids to the
increase of the hardness has been carried out recently by Hu et al. [63]. Different hardening
models were exploited and applied to obtain the best fit using the data at the low dpa irradiation,
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where the Re/Os precipitation should not play an important role just as in the present case. The
overall conclusion was that the dislocation loops are rather weak obstacles (with barrier strength
of 0.15), while the strength of the voids depends on the size and it increases from 0.25 up to 0.4
as the void size increases from 1-2 nm up to 4 nm (and higher). It is indeed well known known
that voids are becoming strong obstacles in BCC metals as their size exceeds 2 nm [64, 65]. We
have applied the same analysis as Hu et al. [63] and calculated the expected increase of the
hardness, AHeate = 3.2 M+a+pb*(Nd)"2. Here, M=3.06, p = 161 GPa, and N — density of
defects, d — mean size of the defects. The contributions were separately assessed for the voids
and loops and after that linear and square superposition law was used to deduce the resulting
hardness increase. The results are summarized in Table 4. As one can see, by taking the strength
coefficients a as suggested by Hu et al. [63] we obtain very good agreement for AH at Tir—=1200
°C, namely 1.57 (experiment) vs. 1.58 GPa. This good agreement is obtained for the linear
superposition, which is expected to be applied for this due to the very low density of the loops.
In the case of Tir=600 °C, the two superposition laws yield to 1.31 (linear) and 0.95 (squared)
vs. 1.72 GPa obtained experimentally. It is interesting to note that for the void strength
coefficient 0.4, the AHcalc (linear) = 1.79 GPa— which is much closer to the experimental value.

Based on the TEM results and simple calculations applying the dispersed barrier model,
we can conclude that the main contribution to the increase of the hardness in our samples comes
from the voids as their density remains rather high at both irradiation temperatures. Although
with an increase of the irradiation temperature up 1200 °C, the density of the voids was reduced,
it has been compensated by the increase of the void size.

0.2 dpa

] —=—|GP | |

1,8 —e HDK| A
1 — a4 SC 1

T T T T T T T T T T T T T
600 700 800 900 1000 1100 1200
Irradiation temperature (°C)

Fig. 6. Irradiation hardening (Hi'™/HE®") induced in Set 1 materials at 0.2 dpa.
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Fig.7. Bright field TEM images of typical microstructure registered in the non-irradiated IGP
tungsten. (a) low magnificent image showing several sub-grains which are elongated in the
left-right direction; (b) pattern of low angle grain boundary; (c) appearance of dislocation
loops; (d) appearance of dislocation lines.

15



Dislocation loops

Voids

Fig.8. Bright field TEM images of typical pattern of (a,b) dislocation loops and voids (c,d)
observed in IGP tungsten after neutron irradiation up to 0.2 dpa at (a,c) 600 °C and (b,d) 1200

°C.

Table 3. Microstructural information on the IGP material before and after irradiation at 0.2
dpa.

Condition Dislocation | Sub-grain | Loop Loop Void Void
density, size, [um] | density, mean size, | density, mean
[m™] [m™] [nm)] [m™] size, [nm]
Reference 450 x10"? | 0.6—1.7in | * *
T direction
23—-4in
L direction
Tirr=600°C | 2.00 x 10'? | Unchanged | 2.3x 10** | 2.8 41x 10 | 1.4
Tirr=1200°C | 1.65 x 10'? | Unchanged | 5.8x 10** | 5.1 1.9 x102 |4

* see remark in the text regarding the presence of the loops in the non-irradiated samples.
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Table 4. Hardness measured for IGP at 0.2 dpa. AHcae =3.2 M+a*ub*(Nd)"2. The strength
and voids were taken following Hu et al. [63]. u = 161 GPa. M = 3.06 [66].

of the loops

Tirr Ho™f Ho'™ AHexp oloops | avoids | AHcalc AHcale

[GPa] [GPa] [GPa] Squared | Linear

[GPa] | [GPa]
600C 4.54 6.26 1.72 0.15 0.25 1.31 0.95
1200C 4.54 6.11 1.57 0.15 0.4 1.58 1.48
600C 4.54 6.26 1.72 0.15 0.4 1.79 1.38

3.5. Implication of irradiation hardening on structural integrity

Concerning the mechanical robustness and structural integrity of the W monoblock-type
targets during fusion operation, embrittlement and hardening are the most significant effects of
neutron irradiation. The respective impact of these effects on structural integrity may differ one
from another depending on material, fluence, temperature and stress state. While embrittlement
is generally deemed to be detrimental, hardening as such can be beneficial for structural
integrity since the yield stress increases (likely the ultimate tensile strength as well) reducing
the risk of low cycle fatigue or fast fracture. This aspect is particularly relevant for those
tungsten armor regions where high tensile stress prevails.

he stress state plotted in Fig.9 was calculated for fully brittle (i.e. linear elastic) tungsten.
The maximum stress reaches 1000 MPa in the stress concentration regions where temperature
is around 300°C (below DBTT). Following the fracture mechanics studies presented in [67,
68], the considerable irradiation hardening (~40%) induced in the commercial tungsten grades
below 600°C already at a low dpa level indicates that the risk of a brittle failure will be
essentially reduced even in a fully embrittled state. For example in Ref. [36], it is established
that the measured tensile fracture stress of a commercial grade tungsten (very similar to the IGP
and A.L.M.T. studied here) irradiated to 1 dpa at 600°C was about 1200MPa at 400-500°C.
This indicates that the maximum tensile stress under 20MW/m? remains below the ultimate
stress of irradiated tungsten.

Thermal stress
(hoop component)
20MW/m?

—_—
<
")
28}

)

1000
800

————

600
400
200
0
-200
-400
-600
-800
-1000

epaa RNNNEERNEERER

Fig.9. Thermal stress field building up in a W monoblock unit of the ITER-like divertor target
(dimensions adapted for the EU-DEMO) under the surface heat flux load at 20 MW/m? (hoop
stress component in the cylindrical coordinate system) [67].
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4. Conclusions

In this work, we have performed hardness measurements in several tungsten grades irradiated
in the temperature range 600 - 1200 °C up to 1 dpa. Two sets of different tungsten materials
were irradiated, Set 1 - to explore the effect of initial microstructure on the evolution of the
hardness as a function of irradiation dose and temperature; Set 2 — to explore the accumulation
of irradiation damage up 1 dpa as a function of irradiation temperature in technologically
relevant grades. To substantiate the selection of the irradiation temperatures, Thermal
calculations revealing the temperature distribution in the ITER monoblock (for the nuclear
phase operation) at 10 and 20 MW/m? heat load was performed to substantiate the selection of
the irradiation temperatures.

Based on the presented results and their discussion, the following conclusions can be stated:

(1) In general, tungsten grades with the highest initial defect density (i.e. grain boundary and
dislocation density) experience the lowest increase of the hardness. The single crystal exhibits
the highest hardening irrespective of the irradiation temperature and irradiation dose (0.1 - 0.2
- 0.6 - 1 dpa). The hardness increases by a factor of two at 1 dpa for Tir=600 and 800 °C. At
Tir=1200 °C, the hardness raises by 70% which is still very high increase given that the
irradiation temperature reached one third of the melting point. However, the obtained high
temperature irradiation hardening is consistent with earlier studies, in which only the
microstructure was explored but not mechanical properties.

(i1) Both single crystal and ITER specification tungsten exhibit the maximum irradiation
hardening at Tix=800 °C, which is consistent with the reported peak swelling at 800 °C [19].
The computational analysis using object kinetic Monte Carlo calculations [52-54] also supports
this finding.

(ii1) Both single crystal and ITER specification tungsten exhibit linear growth of the
hardening at Tir= 600-800 °C as the dose increase from 0.2 to 1 dpa. While at Tir=1200 °C,
the hardening growth follows the square root dependence on the dose. Apparently, the
saturation of the irradiation defect density takes place above 1 dpa at Tir—=600-800 °C, while it
occurs around 0.2-0.6 dpa at at Tir=1200 °C.

(iv) Screening TEM study was applied for the ITER specification tungsten (IGP) irradiated at
0.2 dpa at 600 and 1200 °C. TEM inspection revealed the presence of voids and dislocation
loops at both irradiation temperatures. The application of the dispersed barrier hardening
model with strength coefficients independently derived in [63] provided good agreement with
the experimentally measured hardness values.
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