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Abstract

The strength and ductility of two tungsten products, developed for application in nuclear fusion
environment, are studied before and after neutron irradiation using uniaxial tensile tests. The first product
is a commercially pure tungsten, produced by AT&M company according to ITER specification, and the
second one is reinforced with zirconium carbide (W-ZrC) particles. The addition of ZrC particles leads to a
reduction of the ductile to brittle transition temperature (DBTT) in non-irradiated conditions down to 50-
100 °C without loss of strength and of other attractive properties of tungsten.

The neutron irradiation was performed in the range 625-700 °C up to 1.125 dpa. The tests were performed
to screen the shift of the DBTT as well as to characterize the evolution of the strength and ductility at the
irradiation temperature. In addition, a series of interrupted tensile tests were performed in order to determine
the variation of the yield strength as a function of temperature using an original single specimen test method.

The neutron irradiation causes the reduction of the total elongation of both tungsten products. The DBTT
range, which was evaluated from the tensile test results, of W-ZrC lies in the 300 to 500 °C range (while it
is ~100 °C in non-irradiated state). The DBTT range of pure tungsten is between 400 to 575 °C i.e. higher
than that of W-ZrC. The irradiation hardening, measured at ~600 °C, which is close to the irradiation
temperature, leads to an increase of the proof stress by a factor of two in both studied grades. Despite that
the irradiation induced hardening, both products retain a total elongation of about 10% prior to fracture. W-
ZrC exhibits a similar total elongation at 500 °C, thus maintaining a significant ductility resource, while
pure W becomes brittle at 500 °C and below.

Keywords: Tungsten, Neutron irradiation, Tensile test, Single specimen test, DBTT
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1. Introduction

Tungsten is the main candidate material for the plasma facing components (PFCs) in the ITER divertor,
DEMO divertor and DEMO blanket armor [1-4]. A significant part of the thermal energy from the nuclear
fusion reaction will be extracted by stopping fast 14 MeV neutrons inside PFCs. The development of
materials capable to withstand significant neutron fluences is one of the headline missions indicated in the
Fusion Electricity Roadmap [5]. Neutron irradiation degrades thermal, physical and mechanical properties
of materials thereby causing technological and safety concerns under prolonged operation [6].

Although tungsten (W) has a humber of advantages compared to other metals such as a high melting
point, a low erosion rate, a high thermal conductivity, and an excellent thermal stress resistance [7], the
ductile to brittle transition temperature (DBTT) around 300-400 °C is unfortunately also rather high [8].
Coupled with the effect of neutron irradiation hardening, the irradiation-induced embrittlement might induce
some severe limits on the operational conditions for the application of W as PFC [9-11]. This, in turn, might
have an impact on the selection of coolant and period of PFC maintenance. This is why the investigation of
neutron irradiation effects and the development of low-DBTT materials/composites is carried out in parallel.

The mechanical properties of the commercial tungsten in the non-irradiated state, produced by hot
rolling/forging (e.g. produced by Plansee and ALMT companies), have been studied earlier in Refs. [12-17]
including investigation of the effect of texture, annealing and cold-rolling processing. Overall, it is agreed
that the successful application of W in fusion reactors will be determined by the best compromise between
a reduced DBTT and an enhanced fracture toughness as well as a high recrystallization temperature. For
that purpose, advanced W-based grades are under development to improve low- and high-temperature
performance. For instance, particle-reinforced tungsten and reduced grain size material can suppress grain
growth, improve the strength of grain boundaries as well as the fracture toughness, and reduce the DBTT
(see reviews [18, 19]). By using dedicated alloying with zirconium carbide (ZrC) nano-sized particles in a
powder metallurgy-based process, it was possible to reduce the free oxygen occupying grain boundaries and
successfully fabricate bulk plate of W-0.5 wt.% ZrC alloy [20]. Preliminary mechanical and high heat flux
(HHF) assessment demonstrated that this material exhibits a DBTT as low as 100 °C and sufficiently
withstands HHF loads up to a power density of 0.66 GW/m? [20], simulated by the electron beam. Our
recent work [21] was dedicated to the comparison of several commercial and lab-scale W products in terms
of tensile properties in the temperature range where the irradiation hardening is expected to be the limiting
factor. Among a number of tested products, tungsten-zirconium carbide alloy (W-0.5ZrC) was found to
involve the lowest DBTT (around 100 °C), as indicated in the original work [20] while still maintaining a
rather high yield strength. The next step is thus to investigate the impact of neutron damage on this
perspective tungsten grade.

The information about the impact of neutron irradiation on the mechanical properties of tungsten is rather
scarce. Back to 1979, Alexandrov and Gorynin [11] studied the tensile properties of sintered pure W
irradiated at 100 °C up to a dose of 4.2 x 10'° n/cm? (about 0.05 dpa) and showed that the DBTT shifted
from 400 to ~600 °C, while the ultimate tensile strength (UTS) increased nearly by a factor of two (from
~500 MPa to ~900 MPa for test temperature at 500 °C and ~400 MPa to ~600 MPa for test temperature at
800 °C). The irradiation of sintered W at 371-380 °C to 0.5-0.9 x 10?2 n/cm? (i.e. 0.5-0.9 dpa) revealed
similar behavior i.e. the increase of the strength (factor of 2) and a decrease of the ductility with a DBTT
shift of about 300-350 °C [9]. Gorynin et al. [10] studied the mechanical properties of tungsten under neutron
irradiation up to 2.2 x 10?? n/cm? (i.e. > 2.5 dpa) at 350, 500 and 800 °C on fast-type BORG60 reactor and
measured the tensile properties. The general conclusion was that under irradiation at 350 and 500 °C,
tungsten exhibits brittle fracture, while at 800 °C the material remains ductile at the irradiation temperature.
Recently, tensile tests of single crystal tungsten samples after irradiation to 0.4 dpa at 690-800 °C were
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performed in [22]. Whereas unirradiated samples exhibited ductility starting at 300 °C, this shifted to above
500 °C after irradiation [23]. Three point bending tests on tungsten specimens (irradiated on the spallation
neutron source) were performed by Habainy et al. [24]. 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. Based on this literature review, one can conclude that neutron irradiation
performed in the 400-800 °C temperature range with a dose varying between 0.5 and 2 dpa leads to the
embrittlement of tungsten with a transition temperature around 500 to 600 °C, depending on the irradiation
temperature and fluence. Therefore, it is critical to understand the impact of neutron irradiation on the
mechanical properties of tungsten in this temperature range.

The present work is dedicated to the systematic characterization of the strength and tensile ductility
before and after neutron irradiation of commercially pure W grade, produced according to ITER
specifications, and W-ZrC alloy, which is known to have very low DBTT [20, 25, 26]. Neutron irradiation
is performed in the BR2 reactor, Belgium, at 600-800 °C up to a dose of ~ 0.8-1 dpa. The purpose of this
study is to extend the exploration of irradiation induced embrittlement in pure W with ITER specification
and to compare it with the low-DBTT W-ZrC grade. An additional interesting result of this work is the
development of a single specimen test method for the determination of the strength-temperature relationship
in order to limit the number of irradiated material samples required to identify the DBTT threshold.

2. Experimental

The experimental section consists of three parts, namely: a brief description of the test materials (detailed
information could be found in earlier works [21, 27]), a description of the irradiation device and tensile test
procedures. The latter contains a description of the standard and interrupted uniaxial tensile tests which we
applied here to deduce the yield strength to generate the maximum amount of information with one specimen.
The procedure does not follow the currently available standards and therefore we provide a detailed
description in Annex A together with examples of the application of this original test procedure on tungsten
and ferritic martensitic steel.

2.1. Materials

One commercial tungsten product fabricated according to ITER specification (referred to as ATW, which
is the abbreviation of AT&M tungsten) is compared to one lab-scale tungsten product (referred to as WZrC,
with the zirconium-carbide strengthening applied in this product). ATW is a rolled pure tungsten plate of
13 mm thickness produced by AT&M China with a medium equivalent grain size of ~60 um [21]. WZrC is
a rolled tungsten (formed as a plate of 8 mm thickness) reinforced with 0.5 wt% of ZrC produced by the
Institute of Solid State Physics, Chinese Academy of Science with a medium equivalent grain size of ~7 pm
[21]. The medium equivalent grain size is defined as the equivalent diameter of grains corresponding to
50% cumulative area fraction. Although both products are rolled after sintering, WZrC was processed
following a thermal mechanical treatment (TMT) to reduce grain size and have nearly equiaxed grains [20,
21]. The uniaxial tensile specimens are machined along the rolling direction (RD) also called longitudinal
direction (LD). Therefore, the specimens are named with the indication of sampling direction: ATW-L and
WZrC-L. The inverse pole figure of both products and specimen dimensions are shown in where TD
is the abbreviation of transverse direction. For a comprehensive analysis of the interrupted test method
proposed in this study, RAFM steel (referred to as Eurofer97) of Eurofer97 specification [27] is used to
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Fig. 1. Normal direction inverse pole figure of (a) ATW and (b) WZrC. (c) Schematic of the tensile
specimen with dimensions [21] (the thicknesses of specimen for tungsten and Eurofer97 are 1.5 mm and 1
mm, respectively).

2.2. Neutron irradiation

Neutron irradiation was performed in the Belgian Material Test Reactor BR2. The specially developed
irradiation device (rig) was used to deliver fusion-relevant irradiation conditions. In particular, the rig was
actively cooled with helium gas and the temperature on the samples was measured at several positions of
the rig. The rig itself is made of a 1.5 mm thick stainless steel pressurized pipe, which is plugged to an out
of pile equipment controlling temperature by adjusting the gas pressure. The temperature is monitored with
four thermocouples located in different parts of the rig. The central part of the rig exhibits a flat temperature
profile set to be 800 °C. To avoid “cold start”, the rig was equipped with an electrical heater, which enables
the heating of the samples up to 800 °C before the irradiation starts.

The rig was designed to deliver ~50% of the volume with active temperature control (i.e. central part of
the rig) while outer regions would exhibit a temperature gradient due to the reduction of the neutron flux.
The temperature at the ends of the rig was 550 °C. Such design not just allows for extremely accurate
temperature control in the central part (+3 °C) but also exhibits reasonable temperature oscillations in the
outer parts. For the samples studied in this work, the temperature fluctuation was +20 °C.

The rig was placed directly inside the fuel element in the position close to the central channel of the
reactor such that in a mid-plane the fast neutron (E > 0.1 MeV) flux is equal to 7 x 10'* n/cm?/s at a nominal
power of 60 MW.
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The samples were fixed inside the graphite matrix, which was machined to accommodate the samples,
heater, and feedthrough for thermocouples. In order to avoid carbon contamination, the samples were
wrapped in the 25 pum tungsten foil. The graphite holder consists of 26 units, where each unit has a height
of 27 mm and could accommodate either 8 tensile test specimens or 4 fracture toughness specimens (of
KLST type). The example of the irradiation temperature profile during one cycle (28 days) on the specimens
located in the T-controlled and outer regions is provided in . In addition to the thermocouple data, the
reactor power is added to the figure. Due to the parallel irradiation experiment, the reactor power was
reduced by ~10%, and one can see that this power reduction did not have any impact on the stability of the
irradiation temperature, practically. The graphite matrix consists of 26-unit sample holders (13 and 14
holders were located exactly in the mid-flux position). The samples studied here were extracted from the
unit holders 5, 7, 8, which have a mean irradiation temperature of 625 °C, 680 °C, and 700 °C, respectively.

The irradiation was performed for 6 cycles in order to accumulate 1.25 dpa (in W) in the central part of
the rig. The irradiation dose of 0.975, 1.075 and 1.125 dpa was imposed, respectively, in the holders 5, 7,
and 8.

The irradiation dose was calculated by MCNPX 2.7.0 [28]. The dpa cross sections for W have been
prepared from the JENDLA4 file (MT444) for the threshold displacement energy of 55 eV, following the
recommendation of IAEA [29]. The transmutation of Re and Os was calculated based on the ALEPH code
developed by SCK CEN and available nuclear databases [30-34]. The transmutation of tungsten resulted in
the production of 1.5 at% Re and 0.2 at% Os on the samples irradiated up to 1.125 dpa. The samples at
lower irradiated doses exhibit lower concentrations of Re and Os. Note that the established levels of Re and
Os are much lower than what was typically reported in other irradiation studies performed e.g. at the HFIR
reactor, which has a similar neutron spectrum. In the current experiment, the strong reduction of the
transmutation rate could result from (i) absorption of thermal neutrons by thick stainless steel pressurized
pipe; and (ii) by achieving high fast neutron flux benefits from the deployment of the rig directly inside the
fuel element, thus screening from other thermal neutrons.
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Fig. 2. Evolution of the temperature on the samples located in the T-controlled zone (in green), the
temperature on the samples located between T-controlled zone and outer parts of the rig (in red), the
temperature on the samples located in the outer parts of the rig (light brown, dark blue), power reactor (in
light blue).

2.4. Standard and interrupted tensile tests

Standard uniaxial tensile tests (ST) were performed to determine the load-displacement curve under
displacement control. Interrupted uniaxial tensile tests (IT) were implemented to identify the yield strength
at various temperatures with a single specimen. This is an original side development of this research. Both
standard and interrupted tensile tests are performed in a static tensile mode with a constant crosshead speed
of 0.2 mm/min at various temperatures in air. The load is measured by the strain gauge load cell and the
displacement is measured by the actuator, which corresponds to the displacement of the crosshead. In order
to compensate the machine compliance contribution to the total displacement, the elastic displacement
component of each data point from the raw data (u;,;) is replaced by the value calculated using the elastic
modulus E taken from the literature [35-37]. The equation to account for machine compliance is described
as,

u=utot—£+g__§ 1)
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 data corrected for machine compliance are used for the calculation of engineering stress — engineering
strain curve and true stress — true strain response of the standard tensile tests.

The development of the interrupted uniaxial tensile test method is driven by the need to determine the
temperature dependence of the yield strength using a limited number of specimens available for the tests.
The idea of the interrupted tensile test is based on the assumption of a power law relationship between the
flow stress and strain (see Appendix A), which prescribes the evolution of the loading rate (N/s). Then, the
criterion for the interruption based on the change of the loading rate is proposed and applied to tungsten and
steel products. Both products are used to show the conservatism of the proposed approach for materials,
which exhibits either a standard stress-strain response or a yield drop (i.e. presence of upper yield strength
(UYS)). Complete details of the derivation are provided in Appendix A and B.

Practically, the loading rate is calculated and plotted on the operational screen on the fly during the
tensile test. The operator follows the loading rate and stops the pulling displacement once the loading rate
reduces to a value lower than half of the maximum loading rate. A typical variation of the load and of its
rate with time is shown in a. In order to reduce the noise of the raw P-t curve, the experimental data
are smoothened using a polynomial function,

F =33 0axt" )

where F is the load, x is an integer, a, is a constant, and t is the time. The derivative of the polynomial
curve is taken with respect to t. The smoothing process is operated using the Origin analysis software, which
only provides one-term to ten-term polynomial. Thus, in order to get the best fit from the software, a ten-
term polynomial is implemented. The first derivative of F(t) is the loading rate. The stress at the maximum
loading rate (MLR) is defined as ag. The stress when the loading rate reduces to half of MLR is defined as
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the strength at half maximum loading rate (HMLR). The applicability of the HMLR criterion is discussed
in Appendix B.

In order to implement the above interrupted tensile test procedure at different temperatures, the heating
scheme shown in Fig. 3b is applied. At first, the specimen is heated up to the highest temperature envisaged
for the test campaign (around 600 °C in this study for the irradiated samples). After the first test is performed,
the temperature is reduced to the second target temperature to perform another interrupted tensile test and
the following steps repeat the same procedure until the test at the lowest target temperature is completed. In
order to get the full stress-strain curve of the material at the target temperature, the specimen is heated up
again to the target temperature and a standard static tensile test is resumed with the same constant cross-
head speed until final fracture. The temperature at each step is maintained for 30 minutes to achieve a
homogenous temperature distribution in the specimen and pulling rod before testing.
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Fig. 3. (a) Variation of the load and loading rate as a function of time for a single temperature test and (b)
temperature scheme for the heating process to perform multiple numbers of interrupted tensile tests. (c) set-
up of the tensile test holder. Both standard and interrupted tensile tests are uniaxial static tensile test with a
constant crosshead speed of 0.2 mm/min. The displacement is measured by the actuator, and the machine
compliance is substituted by applying equation (1). Each interrupted tensile test is stopped manually by the
operator when the loading rate reduces to a value lower than half of the maximum loading rate. The standard
tensile test is stopped after the test specimen is fractured.

To validate the proposed approach, we present the results obtained using both standard and interrupted
uniaxial tensile tests for the tungsten products under interest and the Eurofer97 steel. The comparison of the
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yield stress values extracted from the standard uniaxial tensile tests is provided in Fig. 4. The strength
corresponding to the HMLR criterion applied to standard tensile tests has a value close to the 0.2% yield
strength (0.2% YS) and UY'S at various temperatures for non-irradiated WZrC-L, ATW-L, and Eurofer97.
Moreover, HMLR, 0.2% YS, and UYS show similar trends, increasing with decreasing test temperature.
The UYS of both tungsten grades and 0.2% YS of ATW-L at 150 °C cannot be found on the plot because
the samples fracture before reaching UYS or 0.2% YS, as shown in Fig. 5a-b. A detailed discussion about
these results and about the applicability of the interrupted tensile test method in the case of multiple-

temperature testing, which involves accumulation of the strain, is provided in Section 3.2.
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L is from our previous work, which can be referred as CEFTR-L [21].)
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3. Results and discussion

3.1. Strength and ductility of non-irradiated materials

In order to demonstrate the applicability of the interrupted tensile test procedure, the strength and
ductility values of the non-irradiated materials are determined first by standard uniaxial tensile testing. These
data are also used for the analysis of HMLR in Appendix B.

The stress-strain curves extracted from the standard uniaxial tensile tests performed at different
temperatures (relevant for this study) are shown in . Both tungsten products WZrC-L and ATW-L
exhibit an upper yield point at all test temperatures. The Eurofer97 steel does not exhibit the yield drop
phenomenon, as shown in c. In WZrC-L and ATW-L materials, a small degree of plastic deformation
is attained before reaching the upper yield strength (UYS). This unrecoverable microstrain, a concept
introduced in the 1960s [38, 39], is defined as the deformation attained when the stress exceeds o but being
lower than UYS. As indicated in the literature [40], the yield drop in tungsten depends on crystallographic
orientation. Only the tensile loading along the [110] crystallographic direction involves a yield drop.
Moreover, the tensile strength along the [110] crystallographic direction is lower than the one in the [100]
direction [22, 40]. Both WZrC-L and ATW-L are deformed during the rolling process. As a result, all the
dislocations are free from the interstitial atoms like carbon or nitrogen, which pin these dislocations before
deformation. Moreover, more dislocations are emitted after deformation. However, during heat treatment,
stress release or tempering, some of the free dislocations are again pinned by the interstitial atoms, which
diffuse to dislocations to reduce Gibbs free energy at high temperature. When a tensile test is performed the
unpinned dislocations start gliding as the stress reaches the critical resolved shear stress (CRSS) but still
within the microstrain region [38, 41]. The mobile dislocation density increases as the pinned dislocations
start to be released from the interstitial atoms with increasing stress [39]. Therefore, the larger microstrain
before peak found in tungsten might be caused by the combination of strain hardening from unpinned
dislocation, release of pinned dislocation, and crystallographic dependence of tensile properties. Because of
the larger microstrain before peak, 0.2% yield strength (0.2% YS) can be found before the upper yield
strength for both tungsten products.

As shown in a-b, both non-irradiated WZrC-L and ATW-L exhibit only very small plastic
deformation at temperature lower than 200 °C. However, since the small degree of deformation of WZrC-L
is larger than the one of ATW-L, the lower boundary of the DBTT range, which was evaluated by tensile
property, of WZrC-L should be lower than 150 °C, presumably around 100 °C (which is the DBTT reported
from a previous study [20]). As a result, the lower boundary of the DBTT range of WZrC-L might be 50 °C
lower than the one for ATW-L, which is around 150 °C (shown in b).
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Fig. 5. True stress-strain curves of WZrC-L (a), ATW-L (b), and Eurofer97 (c). The curves here only show
data before the ultimate tensile strength. The red cross represents the fracture point. (The data for ATW-L
is from our previous work, which can be referred as CEFTR-L [21].)

3.2. Interrupted tensile testing of non-irradiated specimens

An Interrupted Tensile test (IT) is similar to a usual uniaxial tensile test but with loading few cycles of
loading/unloading applied at various temperatures. The purpose of the IT is to estimate, from a single
specimen, the 0.2% YS or UYS at different temperatures in order to find the variation of the 0.2% YS or of
the UYS as a function of temperature. However, in order to identify the yield strength, which indicates the
onset of overall plastic deformation, an IT will involve a small plastic strain increment and thus minute
amounts of strain hardening after each step. As a result, the strength of the material will slightly increase
after each step.

Fig. 6 shows the variation of AHMLR and A0.2% Y'S of WZrC-L, ATW-L, and Eurofer97 as a function
of temperature. The quantities AHMLR and A0.2% YS are defined as the change of strength (HMLR or
0.2% YS) at each test temperature with respect to the strength (HMLR or 0.2% YS) at the highest test
temperature, in the following way,

AHMLR(T) = HMLR(T) — HMLRy; ®3)

10
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A0.2%YS(T) = 0.2%YS(T) — 0.2%Y Sy 4)

where HMLR(T) and 0.2%YS(T) is the HMLR and the 0.2%Y'S at the test temperature T, respectively; the
HMLRyr and 0.2%Y Sy is the HMLR and the 0.2% Y'S at the highest test temperature HT, respectively.

shows that the AHMLR extracted from the interrupted tensile tests is regularly higher than the
A0.2% YS from the standard tests. In the case of ATW product, the mean difference is less than 15 MPa.
However, the values of AHMLR of WZrC-L and Eurofer97 are higher than A0.2 % YS by ~50-100 MPa,
and the difference increases with the number of tests (i.e. when approaching lower temperatures). This can
be explained by the strain hardening developed within the microstrain regime at each strain achieved before
the test is interrupted. Note that Eurofer97 has the highest strain hardening exponent n (0.21 to 0.33,
depending on temperature), WZrC-L has the second highest n (0.16 to 0.29), and ATW-L has the lowest n
(0.1 to 0.25). Moreover, the magnitude of the plastic strain accumulated after each step will also slightly
affect the strain hardening. The plastic strain after each test step is shown in . Therefore, the material
with a higher n and a higher accumulated plastic strain will acquire higher strength step after step. This
phenomenon might limit the applicability of IT for materials without a yield drop. Indeed, materials with
no softening stage do not exhibit a UYS, which is the basis for indicating the onset of plastic strain after
each test step through R, yys = 0 (R, yys Is the loading rate ratio of UYS, please refer to Appendix B).

1004 @) —8— WZrC-L ST A0.2% YS 1004 () —8— ATW-L ST A0.2% YS
—%— WZIC-L IT AHMLR —v— ATW-L IT AHMLR
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Fig. 6. AHMLR from interrupted tensile tests (1T) and A0.2% Y from standard tensile tests (ST) of WZrC-
L (a), ATW-L (b), and Eurofer97 (c) as a function of temperature (The data for ATW-L ST is from our
previous work, which can be referred as CEFTR-L [21].)

Table 1

Plastic strain increment corresponding to each loading step of various test temperatures (Test).

Step # Plastic Strain (%) Total Accumulated
1 2 3 4 5 Plastic Strain® (%)

WZrC-L 0.50 0.42 0.43 0.33 0.51 2.19

(Ttest, °C) (575) (500) (400) (300) (200)

ATW-L 0.21 0.46 0.35 0.30 0.62 1.94

(Ttest, °C) (575) (500) (400) (300) (200)

Eurofer97  1.53 0.37 0.54 0.54 - 2.98

(Ttest, °C) (300) (200) (100) (24)

8 The total plastic strain represents the accumulated plastic strain after all test steps from the interrupted
tensile test method are finished.

However, if a material exhibits a yield drop, the test will stop before reaching UYS. In other words, the
plastic strain after each loading step is smaller than the strain corresponding to UYS. Thus, some of the
pinned dislocations are still immobilized at the end of the loading step. Since the pinned dislocations are not
all free from interstitial atoms, the yield drop will still happen during each loading step. As a result, the
HMLR of an interrupted tensile test will be similar to the UYS of a standard tensile test, as shown in

a-b. The HMLR of the first interrupted step is lower than the yield stress derived from the standard test.
However, the difference remains well within the spread of 0.2% YS, caused by the natural variation of local
microstructure in the material block. Nevertheless, the trend in the HMLR vs. 0.2% YS as a function of
temperature for both WZrC-L and ATW-L is well captured by an interrupted tensile test procedure when
comparing with standard non-interrupted tests, as shown in c.
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Fig. 7. Comparison of 0.2% YS and UYS from standard tensile tests (ST) with HMLR from interrupted
tensile tests (IT). WZrC-L (a), ATW-L (b). (c) Correlation of IT HMLR with ST 0.2% YS and ST UYS for
WZrC-L and ATW-L. (The data for ATW-L ST is from our previous work, which can be referred as
CEFTR-L [21].)

3.3. Standard and interrupted tensile testing of irradiated samples

Regardless of the irradiation dose and irradiation temperature, the total elongation of both tungsten
grades is reduced and the tensile strength is increased by neutron irradiation, as shown in (detail
tensile properties are shown in ). At high temperature (560 — 580 °C), the irradiated WZrC-L shows
plastic deformation with almost no strain hardening after UY'S for all doses. Unlike WZrC-L, the irradiated
ATW-L does not exhibit an UYS but it has a larger strain hardening ability before the deformation reaches
~2.5%. However, as the test temperature drops to 500 °C, the plastic deformation limit of irradiated ATW-
L is much smaller compared to the plastic deformation limit of irradiated WZrC-L, which is around 10%.
At temperature below 400 °C, no macrostrain (large elongation) is observed in both WZrC-L and ATW-L.
Moreover, all irradiated WZrC-L specimens show various degrees of yield drop at test temperatures higher
than 500 °C. Neutron irradiation also affects the elongation: the total elongation of all irradiated WZrC-L
decreases with increasing irradiation dose and irradiation temperature, as shown in a.
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Fig. 8. Engineering stress-strain curves from standard uniaxial tensile tests (ST) of non-irradiated and
irradiated samples from WZrC-L (a, b, ¢) and ATW-L (d, e, f); partial magnification of near yielding region
for WZrC-L and ATW-L are shown in (g, h, i) and (j, k, 1), respectively. (a, d, g, j) are tested at 560 — 580
°C; (b, e, h, k) are tested at 500 °C; (c, i) are tested at 300 °C; (f, I) are tested at 400 °C. The stress-strain
curves are shifted with a strain of 1%. ST of WZrC-L irradiated at 700 °C 1.125 dpa of (a, g), WZrC-L
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irradiated at 680 °C 1.075 dpa of (a, g), WZrC-L irradiated at 625 °C 0.975 dpa of (c, i) and ATW-L
irradiated at 625 °C 0.975 dpa of (f, I) are performed after interrupted tensile tests. (The data for ATW-L
non-irradiated that are tested at 400 and 500 °C is from our previous work, which can be referred as CEFTR-
L [21].)

Table 2
Tensile properties of non-irradiated and irradiated WZrC-L and ATW-L.

_ Dose Test Irrdiation 02%YS UYS UTS Uniform i Total _
Materials (dpa) temperature temperature (MPa) (MPa)  (MPa) elongation®* elongation
(°C) (¢C) (%) (%)
WzrC-L 0 300 - 737 795 823 10.1 23.8
0.975 300 625 1493 1497 1497 0.2 0.3
0 500 - 705 737 737 15 30
0.975 500 625 1384 1388 1388 8.0 9.0
0 575 - 686 711 711 14 19.4
0.975 560 625 1456 1471 1471 74 9.8
1.075 577 680 1405 1408 1411 46 6.8
1.125 577 700 1347 1490 1492 22 2.4
ATW-L® 0 400 - 557 561 562 5.9 28.1
0.975 400 625 - - 1239 0.1 0.1
0 500 - 520 525 525 1.6 26.6
0.975 500 625 1006 1258 1258 0.6 0.6
0 580 - 524 525 525 0.5 27.4
0.975 560 625 816 - 1250 2.6 7.6

& Uniform elongation is defined as the elongation at which the engineering stress starts to decrease after
yield drop.

® The data for non-irradiated ATW-L samples tested at 400 and 500 °C is from our previous work, which
can be referred as CEFTR-L [21].

The interrupted tensile test method is suitable for irradiated materials since most irradiated materials
exhibit a yield drop. The total plastic strain accumulated after the interrupted tensile tests are shown in
. Since irradiated WZrC-L shows a yield drop for all doses and test temperature, the strain hardening effect
associated with the accumulated strain during interrupted tensile tests is not a concern. For irradiated ATW-
L, as indicated in j, a yield drop is not observed while testing at 560 °C. As mentioned before and
shown in , the plastic strain accumulated during the interrupted tensile tests for materials without yield
drop needs to be carefully controlled. Therefore, for irradiated ATW-L, the interrupted tensile test for test
temperature at 560 °C is not performed and the total plastic strain is maintained within 0.5% or less, as
shown in . Thus, the strain hardening effect is limited in the interrupted tensile testing of irradiated
ATW-L and the HMLR approach is applicable to irradiated ATW-L.

15



387

388
389

390

391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406

Table 3

Total plastic strain after interrupted tensile tests and DBTT range of non-irradiated and irradiated WZrC-L
and ATW-L samples.

Materials Dose (dpa) Irradiation Total_ accur_nulated DB'I_'T range (evalued by
temperature (°C)  plastic strain (%) tensile property, °C)

WZrC-L 0 - 2.19 100 — 200 [20, 21]

0.975 625 1.04 300 - 500

1.075 680 0.73 -

1.125 700 0.83 -
ATW-L 0 - 1.94 150 — 200 [21]

0.975 625 0.17 400 — 575

The 0.2% YS, UYS, and HMLR from interrupted tensile tests of all irradiated samples from both
tungsten products are around 2 times higher than the HMLR from interrupted tensile tests on non-irradiated
samples for both materials at various test temperature, as shown in . Although the UYS and HMLR
of all irradiated WZrC-L samples (doses around 1 dpa) scatter, they seem to have similar values (around
1400 MPa) at different temperatures. The lowest temperature at which a microstrain can be detected for
WZrC-L irradiated to 0.975 dpa is 300 °C ( i), which is 100 °C lower than the one of ATW-L irradiated
to 0.975 dpa ( I). Moreover, this temperature (300 °C for WZrC-L irradiated to 0.975 dpa, 400 °C for
ATW-L irradiated to 0.975 dpa) is about 200 °C lower than the threshold to achieve full ductile deformation
in WZrC-L and ATW-L (as shown in b and d). Both microstrain and large elongation require mobile
dislocation to produce plastic deformation [38, 41]. Therefore, the existence of a microstrain plasticity can
be interpreted as a ductile deformation behavior. In other words, the temperature at which microstrain
develops prior to UY'S can be used as an indication to find the lowest temperature of DBTT range at which
the material exhibits some degree of ductility. As a result, the DBTT range, which was evaluated through
tensile testing, of WZrC-L is between 300 — 500 °C and the one of ATW-L is between 400 — 575 °C after
being irradiated to 0.975 dpa at 625 °C. The DBTT range before and after irradiation for both materials is
shown in
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The hardening effect after irradiation increases the strength of both tungsten grades and the strength
increments are almost the same. This indicates that both WZrC-L and ATW-L involve a similar strain
hardening mechanism. Tungsten, when irradiated by neutrons in the fission reactor, includes more
transmutation elements, Re and Os, than if irradiated in a fusion reactor because of the higher fluence of the
thermal neutrons, which have a larger cross section for transmutation. As a result, the number of voids or
dislocation loops for the materials irradiated in the fission reactor will be smaller since Re suppresses the
formation of voids and dislocation loops [42-44].

If the concentration of Re and Os is within the solubility of tungsten, these chemical elements will remain
dissolved in the matrix. The effect of Re and Os solid solution on the mechanical properties of W was
studied in [45] by hardness tests performed at room temperature. The effect of Re is known to be temperature
dependent and strengthening is observed at the temperatures above ~200 °C, while at lower temperatures
the softening is observed (given that a certain concentation of Re is attained) [46, 47]. The temperature
dependence of strengthening effect of Os is unknown but the hardness tests at room temperature show that
it growth proportionally to the Os content [45]. As calculated by MCNP code, the Re and Os concentration
after neutron irradiation in this study is within 1.5 at% and 0.2 at%, respectively. Based on the hardness data
at elevated temperature provided in [46], the increase of the flow stress due to 1.5 at% of Re is around 3%
at 400 °C and 5% at 600 °C. For 0.2 at% of Os, the estimated flow stress increase is around 1% at room
temperature [45]. This is clearly a marginal increase of the flow stress compared to the experimentally
measured yield stress. However, one needs to keep in mind that the diffusion and segregation of Re and Os
is expected in the present experimental conditions, since the irradiation temperature exceeds the one
corresponding to the long-range vacancy migration [48], being around 400°C. Thus, the estimates above
based on the studies employing solid solution should be carefully analyzed.
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After neutron irradiation in HFIR at 700 °C for 1 dpa, dislocation loops and voids were observed and
precipitates of Re and Os were expected [22, 49, 50]. Although BR2 is a fission reactor, the transmutation
rate is lower than in HFIR at the same neutron flux because the irradiation was performed directly inside
the fuel element of BR2. Thus, the Re and Os concentration in this study is lower than the one from HFIR
irradiation. Therefore, the Re/Os-based precipitates might not form (or might be lower in density and size)
in the irradiated WZrC and ATW. Hence, main contribution to the strengthening of WZrC-L and ATW-L
after neutron irradiation should be attributed to the dislocation pinning by dislocation loops and voids. The
contribution coming from the transmuted Re and Os requires further study employing TEM and atom probe.

To summarize, because irradiation defects will act as obstacles for dislocation gliding in the metal, the
critical resolved shear stress increases and the mobility of dislocation, being means of plastic deformation,
reduces in the neutron irradiated material. Naturally, with the increase of the flow stress, the DBTT shifts
to a higher temperature range. Because the physical nature of the irradiation hardening and DBTT increase
is the same (irradiation defects), one can relate the DBTT shift with the increment of the yield strength. This
relation between irradiation hardening and shift of DBTT can be perceived from the result of this study
where ATW-L and WZrC-L have a similar increment of yield strength and shift of lower boundary of DBTT
range (increased temperature is around 200 - 250 °C) after irradiated to 0.975 dpa at 625 °C.

Since the transmutation rate in the actual fusion reactor environment is lower than in the fission reactors,
the strengthening in the plasma-facing tungsten might be lower than the one evaluated in this study at the
same irradiation temperature and dose. Moreover, He bubbles are expected to be formed in the sub-surface
layer of tungsten operating in a fusion reactor but not in a fission reactor [51]. Therefore, in order to transfer
the information related to the neutron irradiation degradation obtained from fission reactor experiments to
fusion applications, further study and justifications are required.

Conclusion

Standard and interrupted tensile tests of ITER specification and ZrC reinforced tungsten products have
been performed at elevated temperature to assess the impact of neutron irradiation on the flow stress and
ductility. Neutron irradiation was performed in BR2 material test reactor with mixed spectrum at 625 + 25
°C up to a dose of ~1 dpa. The obtained results led to the following findings.

Firstly, an interrupted tensile testing approach is proposed and validated. The assumption of determining
the strength at half maximum loading rate (HMLR) gives a reliable trend for the upper yield strength (UYS)
as a function of temperature. The accuracy for determination of the yield stress is found satisfactory for
materials exhibiting the yield drop. For materials without the yield drop, careful control of the magnitude
of the plastic strain increment after each step of the interrupted tensile test is required to limit the effect of
strain hardening, which results in an overestimation of the yield stress from HMLR.

Secondly, the main results of the irradiation campaign can be summarized as follows:

e The elongation of both WZrC-L and ATW-L products is reduced after the irradiation. Both products
remain ductile at the irradiation temperature. However, the DBTT range, which was evaluated
through tensile testing, of WZrC (being between 300 — 500 °C) is lower than the one of ATW
product (being between 400 — 575 °C). At the same time, the shift of DBTT, which is around 200 —
250 °C, is similar for both materials.

e The hardening effect after the neutron irradiation is similar for both WZrC-L and ATW-L where
the strength increases by almost a factor of two for all irradiated specimens. The irradiation
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hardening is primarily attributed to dislocation loops and voids, since the transmutation of Re and
Os was limited benefits from the irradiation position, which is located inside the fuel element.
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Appendix A: Relationship between hardening rate and strain hardening

The true stress-strain response can be defined into two regimes, as shown in . One is the elastic
regime (red line) and the other one corresponds to the plastic regime (blue line). In the elastic regime, the
true stress o is proportional to the elastic strain &, with the theoretical elastic modulus E:

oc=Ee, (o <og) . (A1)

When ¢ exceeds the elastic limit o, plastic deformation starts and the strength increases, equal to o. A
typical hardening law in metals is given by Ludwik’s equation:

0=0,=K(e—¢&)"+Eg (o = 05) (A.2)

where K is a strength coefficient, € is the true total strain, &, is the elastic strain, n is the strain hardening
exponent, and &g is the strain at the elastic limit.
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Fig. A.1. True stress-strain curve at early yielding
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The hardening rate ¢’ is defined as the derivative of o with respect to £. When ¢ is larger than the elastic
limit o, the relation between ¢’ and ¢ is given for the Ludwik’s equation, as

do r NnKE

ae = 0 = BGmeor K (A3)
Since the plastic strain g, is equal to € — &,
d_o - = nKE
P —E(ep)l—n_l_nl( : (A.4)
The hardening rate ratio Rs between ¢ and E is defined as,
Ro=Z=_" A5
STE g(‘sp)l n (A5)
At the 0.2% yield point, where &, = 0.2%, Rg is given by,
a’ n
Rso20 = - =50 . (A.6)

E g(o.z%)l-nm

These expressions will be used next to analyze the applicability of the interrupted test approach for
deducing the yield strength at various temperatures.

Appendix B: Applicability of Half Max Loading Rate (HMLR) and Interrupted tensile test
(IT)

In order to evaluate the applicability of the HMLR approach, an analysis of the hardening rate ratio is
proposed. The analysis is based on the true stress and true strain before UYS for WZrC-L and ATW-L and
for strain smaller than 1% for Eurofer97 from . The loading rate ratio (R;) is the ratio between loading
rate (F') and the maximum loading rate (MRL), which can relate to the raw elastic slope:

R, =" (B.1)
MRL
Both R, and Rs are unitless. a shows the R, and Rg at 0.2% YS, noted as R; g 29, and Ry o 204,

respectively. The largest R 29, is around 0.5 and R g9, is not larger than 0.1. Therefore, HMLR
(Ryymr = 0.5) is a conservative approach to estimate the 0.2% Y'S because the HMLR will be lower than
or similar to 0.2% YS, as shown in . HMLR will also be lower than the UYS since the stress rate ratio
of UYS Ry yys is 0.

The value of Ry o9, iIs much higher than Rg 54, because Ry (0, includes the machine compliance
where the elastic slope is much smaller than the theoretical elastic slope from Rg ¢ ,0,. Rs increases with
higher elastic modulus and strength coefficient but is not sensitive to the variation of strain hardening
exponent when 0.1 < n < 0.4, as shown in b. Therefore, Rgq 29, is equal to R, »0, When the elastic
modulus takes into account of machine compliance effects. Moreover, the HMLR is not sensitive to the
different type of metals but might need to redefine the value of Ry, g for the different testing machine
since the machine compliance varies.
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