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Abstract

Tungsten (W) is the main candidate material for plasma-facing components
(PFCs) armor in nuclear fusion reactors. In the magnetic confinement reactor
called “Tokamak”, the confined hot plasma is directed by the magnetic field
to the divertor component in order to remove the impurities and He ash. In
addition, the fast neutrons generated from D-T reactions irradiate the
surrounding components in the reactor’s vacuum chamber. As a result, the
divertor component receives a high heat flux and a high neutron flux at the
same time. In order to assess and design a divertor with the ability to endure
such a harsh environment, the investigation of mechanical degradation after
high-temperature neutron irradiation is required.

Twelve W grades are investigated, including Plansee (Austria) ITER
specification W and recrystallized W, A.L.M.T. (Japan) ITER specification W,
AT&M (China) ITER specification W, A.L.M.T. (Japan) K doped W, A.LM.T.
(Japan) K doped W - 3 wt% Re alloy, KIT (Germany) K doped heavily deformed
tungsten, fine grain pure W from IPP (Czech Rep.) produced by spark plasma
sintering, two products strengthened by 1 wt% TiC and 2 wt% Y,03 particles
from KIT (Germany) produced by powder injection molding, rolled W
strengthened by 0.5 wt% ZrC from ISSP (China), and single crystal W produced
by MaTeck (Germany). The neutron irradiation is performed in the Belgian
materials testing reactor (BR2) in Mol, Belgium. The highest irradiation
temperature and irradiation dose are designed to be 1200 °C and ~1 dpa,
which are close to the expected normal operation temperature and highest
dose of the divertor in the first nuclear phase of ITER.

The results consist of three parts and can be summarized as follows:
(i) Development of miniaturized mechanical testing methods:

In order to reduce the complicated logistics of post-irradiation examination
(PIE) driven by the need of the usage of a hot cell facility, small sample testing
technics (SSTT) with novel improvements in the term of the methodology is
introduced. The miniaturized three-point bending test method developed in
this Ph.D. work can be implemented to determine the ductile to brittle
transition temperature (DBTT) and as a piece of complementary information
to determine the DBTT transition curve from the fracture toughness test.
Another newly developed mechanical testing method is the single specimen
interrupted tensile test. This novel tensile testing method identifies the yield
strength at various temperatures by finding the stress at half the maximum
load rate (HLR) and minimizes the number of specimens required for the



DBTT identification. Finally, in order to improve the accuracy of irradiation
hardening evaluation for single crystal W, a simple unbiased hardness value
Ho is proposed. This efficient method can extract the hardness of neutron
irradiated single crystal, for which the specific crystallographic orientation of
the sample is a priori unknown.

(ii) DBTT of non-irradiated W:

Based on the results of the three-point bending and tensile tests assisted with
the microstructural investigation by analysis of electron backscattered
diffraction (EBSD), the controlling factors of DBTT for rolled/forged W and
particle reinforced W are identified. Firstly, the grain orientation with respect
to the tensile stress orientation and grain aspect ratio has a strong effect on
the DBTT for rolled/forged W with elongated grains. For example, the one
with elongated grains parallel to the tensile stress direction has a lower DBTT.
In the case of Plansee ITER specification W, the difference in DBTT for two
perpendicular orientations is around 250 °C since it has carrot-like grains
(high grain aspect ratio). Secondly, the introduction of strengthening particles
in W without the rolling/forging process has a limited effect on the reduction
of DBTT. The rolling/forging process is essential to produce a low DBTT W
product since it can increase the density of low-angle grain boundaries, which
has a strong and positive effect on the reduction of the DBTT.

(iii) Neutron irradiation hardening in W:

The first results of fracture toughness of W after irradiated at 600 °C are
reported in this work. The irradiation embrittlement (i.e., DBTT shift) is
evaluated by the developed fitting method for the DBTT transition curve. The
results indicate that the DBTT shifts to a temperature higher than 600 °C for
AT&M ITER specification W irradiated at 600 °C to 0.67 dpa. In addition to the
fracture toughness analysis, the analysis from the microindentations and
EBSD measurements shows that an increase of grain boundary density does
not always have a positive effect on the resistance of irradiation hardening
for W products irradiated at 600 °C to 1 dpa. Furthermore, the results of
microindentation indicate that the maximum irradiation hardening for
polycrystalline W happens at an irradiation temperature of ~1000 °C for a
dose of ~1 dpa, and a reduction of the irradiation hardening is observed for
W irradiated at 1200 °C to ~1 dpa. However, this reduction of the hardening
effect at an irradiation temperature of 1200 °C does not happen for W
strengthened by TiC, which is unexpected and requires further investigation.
For single crystal W, the maximum irradiation-induced hardening realizes
around 800 °C, and above this temperature, the reduction of the hardening
takes place.
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Chapter 1
Introduction

1.1. New fire

The use of fire was a huge leap for humankind two million years ago. The
event symbolizes a milestone that humans control chemical energy. After
that, for thousands of years, human civilization depended on fire to produce
tools, cook their food, and defend themselves. Without fire, humans would
still struggle to survive, and the industrial revolution would never have
happened. Beside chemical energy, the “new fire,” which powers our solar
system, is nuclear energy. For example, the sun is driven by nuclear fusion,
and part of the geothermal energy is provided by radioactive decay inside the
planet. The combination of solar and geothermal energy dominates the
climate and tectonic activities, which shape our planet. After two centuries
of the bumming process of science and technology, starting from the first
industrial revolution, the discovery and application of nuclear energy for
peaceful applications is another ground-breaking event for human civilization.

Nuclear energy can provide low carbon emission electricity to the
industrialized world and a stable source of heat and electricity for deep space
missions. There are two ways to harvest nuclear energy: nuclear fission and
nuclear fusion. The nuclear fission reactor is a well-developed technology and
has powered the world for more than a half-century. However, the public
concern of spent fuel for its long-term storage and proliferation has limited
the speed of implementation and development of the new nuclear fission
reactor. Different from nuclear fission, the waste product of nuclear fusion is
not long-term radioactive nuclear waste and does not have military
applications. Moreover, the energy per nucleon produced by nuclear fusion
is higher than nuclear fission. Therefore, nuclear fusion is a promising energy
source, which can convince the public to accept nuclear energy. Although
nuclear fusion has these advantages, the technical and scientific challenges
of nuclear fusion result in slow progress of development. Fortunately, the
global demands for clean energy have catalyzed the development.
Additionally, with the support of new technology and international
cooperation, fusion energy might become commercialized in the mid of the
21 century.

As we know, until now, nuclear fusion in nature only happens in the core of
the sun, where extremely high pressure and high temperatures are realized,



allowing the fusion reaction to overcome the Coulomb barrier. In order to
achieve nuclear fusion on earth, even higher temperatures will be required
since the sun-level high pressure is impossible to achieve. The fuel, hydrogen
isotopes, will become plasma at this extremely high temperature. To contain
this hot plasma, since the 1950s, many types of conceptual reactors have
been proposed and attempted to make controlled nuclear fusion become a
reality. Magnetic confinement realized in a toroidal chamber, known as
“Tokamak”, has the most advanced development among these concepts and
might be the first type of the fusion reactor to be commercialized.

1.2. Tokamak

The Tokamak, standing from Russian “toroidal chamber with magnetic coils”,
is a type of reactor based on the idea of magnetic confinement. In the 1950s,
Soviet physicists Igor Tamm and Andrei Sakharov introduced the concept of
Tokamak inspired after Oleg Lavrentiev. Soon the first working Tokamak “T-1”
started its operation in 1958. The ultimate goal is to confine hot plasma in
order to reach a temperature higher than several 100 million Kelvin such that
the nuclear fusion reaction will self-sustain. The major components of the
Tokamak for a nuclear fusion power plant are central solenoid (CS), poloidal
field coils (PF coils), toroidal field coils (TF coils), a vacuum vessel, divertor
cassettes, and blanket segments, as shown in Figure 1.1.

The major task for the CS is to initiate the plasma, to induce and maintain the
plasma current during operation. Thus, CS is the strongest magnet system in
a Tokamak. Moreover, the CS assists the PF coils in controlling the shape of
plasma. The confinement of the plasma is achieved by the magnetic field
rotational transform, which results from the combination of the toroidal
magnetic field and the poloidal magnetic field generated from the TF coils
and the plasma current. The result of rotational transform is a helical
magnetic field, which makes the average drift of the charged particles of
plasma to be zero, and thus the charged particles are confined in the vacuum
vessel. Although plasma can self-heating by Ohmic heating from the plasma
current, the heating efficiency decreased as the plasma temperature gets
higher. Thus, external heating methods like neutral beam injection and radio
frequency heating are required in order to reach the target temperature for
the optimized fusion reaction rate. Since the plasma current is induced by the
CS, which acts as a transformer, the plasma current is not continuously
maintained but in pulsed mode during operation.



Central solenoid
Toroidal field coil Blanket segment

Poloidal field coil Vacuum vessel
Divertor cassette

Figure 1.1. Scheme of a Tokamak for nuclear fusion power plant [1]

Currently, the target fuel type for a Tokamak is deuterium (D) and tritium (T);
both are isotopes of hydrogen (H). D is abundant in the ocean. But T requires
nuclear reactions to generate, and it normally can be collected in the heavy
water nuclear reactor. The D-T reaction is shown as follow,

2D + 3T - 3He(3.5 MeV) + in(14.1 MeV) . (1.1

The result of the D-T reaction is helium (He) and a fast neutron. The helium
will ionize and is confined with the other charged particles. However, since
the neutron is a neutral particle, the neutrons are not confined and will
bombard the surrounding reactor components. The components, which
receive the highest neutron dose, are divertor cassettes and blanket
segments. The divertor cassettes are part of the reactor exhaust system,
where the impurities and the fusion product (He) are guided to the divertor
by the magnetic field and are then extracted by a cryopump. Thus, the
divertor will receive periodic high heat flux and fast neutron bombardment
during operation. Besides neutron irradiation damages, the interaction of the
neutron and the materials of the components will also create heat. This
heating effect will be significant for future fusion power plants since 80% of
the fusion energy is carried by the neutrons. Both divertor cassette and
blanket segment have a water or gas cooling system to extract this heat. In
the case of electricity generation, the heated coolant will then go through the
heat exchanger to create steam, and the steam will drive the turbine of the
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generator. Another purpose of the blanket segment is to self-sustain the
supply of T by breeding it, since T cannot be found in nature. The reaction for
breeding T is shown as follow,

n+8Li - 3T + jHe , (1.2)
n+3Li-> 3T +3He+ }n . (1.3)

Lithium (Li) is also abundant on earth. Therefore, with an almost unlimited
supply of D and Li, the Tokamak driven by D-T reaction can power our
civilization for thousands of years.

Most of the existed Tokamak only focus on plasma science and engineering
since the instability of the plasma is one of the major challenges for magnetic
confinement. Until now, only two Tokamaks, Joint European Torus (JET) and
Tokamak Fusion Test Reactor (TFTR), operate with D-T fuel and go to the
nuclear phase. Operated with fuel of 50% D and 50% T, their maximum
achieved Q ratio, which is the ratio between fusion power and total power
input, is more than 0.64 for JET [2] and 0.27 for TFTR [3]. In order to conquer
the challenge of nuclear fusion, 35 countries have worked together to
construct the international Tokamak named “ITER” based on years of
experience from previous and current Tokamak operations. ITER will be the
largest Tokamak ever build with a fusion power of 500 MW, and its target Q
ratio will be larger than 10 [4]. Moreover, the concept of the blanket module
for T breeding will be tested during its operation [5]. ITER will be the stepping
stone towards a demonstration fusion power plant (DEMO), which is the last
step before the commercialized fusion power plant. Several DEMO designs
have been proposed by different countries or political unions: for example,
the European DEMO (EU DEMO) [6], the China Fusion Engineering Test
Reactor (CFETR) [7], the Korean DEMO (K-DEMO) [8], the Japanese DEMO (JA
DEMO) [9], the Indian DEMO [10], the Russian DEMO (DEMO-S) [11].

1.3. Tungsten as plasma facing material with structural
function

As demonstrated in Figure 1.2 [12], the divertor cassette assembly contains
three parts: inner vertical target, dome, and outer vertical target (from left to
right). These targets consist of groups of plasma facing units (PFUs), which
are assembled with tungsten monoblocks and CuCrZr cooling tubes. As
discussed in section 1.2, the divertor and blanket are designed to receive
intense neutron bombardment at the phase of nuclear fusion reactions. The
divertor will also need to handle a periodic high heat flux, which amounts up



to 20 MW/m? in steady-state operation [13]. The temperature gradient in the
divertor monoblock from the plasma facing side to the heat sink side is about
1500 °C, where the plasma facing side is at a temperature of 2000 °C [14]. In
H-mode operation, the instability called edge-localized mode (ELM) might
occur [15, 16]. In this event, the ELM releases a high energy (more than 1
MJ/m?2) in microseconds on the first wall armor of plasma-facing components
(PFCs), especially on the divertor. With this extreme high power, cracking or
melting will occur on the surface of the divertor [17]. In order to meet these
high heat flux conditions, high melting point materials are preferred for the
construction of divertor and first wall armor.

Among all metals, tungsten has the highest melting point. Moreover, it also
has other attractive properties, i.e., low erosion rate, low fuel retention, high
thermal conductivity, etc., which makes tungsten the main candidate
material for PFCs of ITER and EU DEMO [18-20]. However, tungsten has a
well-known mechanical weak spot: high ductile to brittle transition
temperature (DBTT). Ductile to brittle transition is a phenomenon when the
fracture behavior of the material transitions from ductile to brittle at a certain
temperature, which is defined as DBTT. The DBTT of tungsten will even
increase to higher temperature after neutron irradiation during fusion
reactions because of the irradiation introduced defects. Moreover, during
long-term operation at a temperature higher than 1200 °C, recrystallization
will happen, which decreases the strength of tungsten [21, 22]. Combined
with the periodic thermal loads from the high heat flux during normal
operation, the divertor based on the tungsten monoblock design will
experience thermo-mechanical fatigue, which will result in crack nucleation
and propagation [22, 23]. Thus, in order to ensure the safety and structural
integrity of the divertor, various methods have been implemented to improve
low temperature mechanical performance of tungsten and its alloys.

Currently, various commercial ITER specification [24] pure tungsten grades,
provided by different companies, i.e., Plansee in Austria, AT&M in China, or
ALMT in Japan, are available on the market. These pure tungsten grades are
manufactured by mechanical processes, like rolling or forging, after sintering
through the powder metallurgical process to improve mechanical properties
at low temperature [25]. Moreover, in order to improve thermal stability at
high temperature and low temperature mechanical performance, different
particle and alloying elements are introduced to reinforce tungsten grades.
For example, tungsten grade reinforced with ZrC [26, 27], TiC [28], Y,03 [29],
La,0s3 [30], etc, and tungsten alloys with potassium (K) and rhenium (Re) [31,
32]. Tungsten composites with tungsten fibers also have the potential to
compete with tungsten alloys since composite materials have a unique
toughening mechanism, which can enhance toughness at low temperature



[33]. Novel manufacturing processes, coupled with the mentioned advanced
grade tungsten alloys, are also developed to ease the manufacturing process.
For instance, 3D printing, spark plasma sintering (SPS), powder injection
molding (PIM) [34], etc. These novel manufacturing processes have the
potential to provide divertor components in the future.

Divertor cassette assembly

Cu interlayer

CuCrZr cooling tube

Figure 1.2. CAD model of a single cassette of the ITER tungsten divertor [12]

1.3.1. Improvement of tungsten ductility

The ductile to brittle transition temperature is one of the most common
characteristics of materials applied to describe the properties of the
materials as well as to choose the desirable operation temperature range. In
that respect, the development of advanced tungsten grades is largely focused
on the possible means of reducing DBTT.

Principally, there are three ways to reduce the DBTT of tungsten: via
mechanical (or thermo-mechanical) processing (i.e., rolling or forging) [25],
solid solution alloying with Re [35], strengthening grain boundaries (GB) by
chemical alloying [26, 36]. As the tungsten is plastically deformed by rolling
or forging, the dislocation density will increase and form a network of low
angle grain boundaries (LAGB). Since the plastic deformation is controlled by
the movement of dislocations, tungsten with high dislocation density and
LAGB density act as a source of edge or mixed dislocations [37], which can
exhibit some ductility below the temperature for the activation of screw



dislocation motion. Alternatively, in single crystals or recrystallized
polycrystallines, the DBTT is defined by the activation of the slip of screw
dislocations [38]. The alloying of tungsten with Re, as reported by Romaner,
et al. [35], modifies the core of the 1/2<111> screw dislocation from a
symmetric to an asymmetric structure, which assists the nucleation of kinks
on the dislocation line, thereby allowing the dislocation to displace at a lower
shear stress as well as to emit kinks in different planes. As a result, the
ductility of tungsten at low temperature is enhanced since a higher number
of slip planes are available, and the critical stress for plastic deformation is
reduced.

Upon severe mechanical loading in the region close to DBTT, a fracture
usually initiates near GB. The GB is the weakest link of metals in general and
tungsten in particular because of the segregation of impurities, like oxygen
and nitrogen, whose presence reduces their cohesive strength. Thus, at
sufficiently low temperatures, tungsten might exhibit an intergranular brittle
fracture before the applied load reaches the critical stress for plastic
deformation. In order to prevent such failure to happen, the amount of the
impurities or the density of the impurities on GBs should be reduced. The
impurities can be removed by introducing secondary particles, which can
form chemical compounds with the impurities [26]. The reduction of the
density of the impurities can be achieved by reducing the grain size of
tungsten [36]. Smaller grains have a larger surface-to-volume fraction, and
thus the density of the impurities per GB surface unit will be reduced given a
fixed concentration of impurities in the material.

As mentioned above, the reduction of DBTT is one of the main goals for the
development of fabrication routes of commercially pure tungsten and
advanced tungsten grades. The possible impact factors on the DBTT of rolled
pure tungsten have been summarized by Bonnekoh, et al. [25], as shown in
Table 1.1. Although these parameters for DBTT reduction for pure tungsten
have been studied, further clarification of these parameters on the fracture
mechanisms after neutron irradiation is necessary to provide feedback for
the engineering of the next generation of tungsten grades with improved low
temperature mechanical properties and resistance to irradiation damage.



Table 1.1. Summary of possible impact factors on the DBTT of pure tungsten
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1.3.2. Neutron irradiation effects on mechanical properties

I Hardening contribution from dislocation loops
I Hardening contribution from voids
[ Hardening contribution from precipitates

Hardness Increase (MPa)

Figure 1.3. Neutron irradiation induced defects and their contribution to the
hardening effect after various irradiation conditions and damage [43]. The
neutron irradiation experiments were performed in three different reactors:
Japanese experimental fast reactor (JOYO), Japan Materials Testing Reactor
(JMTR), and High Flux Isotope Reactor (HFIR).

In essence, the neutron irradiation is expressed in two reactions of a neutron
with the atomic lattice of a metal. In-elastic scattering leads to transmutation
reactions (Re and Os are introduced in W), and elastic scattering causes the
formation of collision cascades, which result in the formation of stable lattice
defects (Frenk pairs). Further diffusion, recombination of adjective and
mutual interaction alike defects cause the formation of the microstructure,
which is detectable by conventional means like transmission electron
microscopy (TEM). Hasegawa, et al. and Hu, et al. summarized the different
type of defects, such as precipitates (o phase: ReW or x phase: Re3W),
dislocation loops, and voids, whose presence varies with the irradiation
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temperatures and neutron fluence [43, 44]. As the irradiation temperature
and dose increase, the irradiation induced microstructure transforms from
being dominated by dislocation loops to voids dominant or large precipitates
dominant depending on the thermal neutron flux (i.e., depending on the
neutron spectrum of the reactor). The appearance of Re by alloying or
transmutation is found to suppress the formation of the voids [44]. Thus, the
microstructure containing a high density of precipitates exhibits smaller voids
(smaller in size and density).

The above listed lattice defects and precipitates will suppress plastic
deformation, thereby increasing the stress required to initiate plastic yield,
which is called the irradiation hardening phenomenon. The contribution of
the different types of defects to the irradiation hardening have been
summarized by Hu, et al. [43], as shown in Figure 1.3. A precipitate has the
highest contribution to irradiation hardening, followed by voids and
dislocation loops. The population of transmuted elements varies with the
neutron spectrum, where a higher thermal neutron flux generates more
transmution elements [45]. Different from the fission reactor delivering a
mixed spectrum, the fast neutrons with 14 MeV energy are the majority in
the fusion reactor. Thus, the concentration of Re and Os transmution metallic
elements will be lower than the one introduced by the fission test reactor.
[45]. This means that, in the fusion reactor, the contribution of precipitates
to irradiation hardening is expected to be smaller. However, at considerable
irradiation doses (above 1 dpa) He bubbles will contribute to additional
hardening [46]. Most of the studies related to the assessment of mechanical
properties of tungsten after neutron irradiation were focused on modeling
and hardness measurements [43, 44, 47-54]. Fukuda et al. have reported the
irradiation hardening induced by neutron irradiated in various test reactors
(JOYO and JMTR) for advanced tungsten grades [51]. Their results show that
the ultra-fine grain structure and the addition of strengthening particles will
enhance the resistance to irradiation hardening because of the large density
of sinks for irradiation defect. However, since these hardness tests were
performed at room temperature, it is hard to transfer these experimental
data to predict the actual change of the yield stress and tensile strength at
elevated temperature.

The studies of high temperature mechanical tests for neutron irradiated
tungsten are rather scarce. Only a few studies, performed in the 1970s and
very recent years, reported the change of tensile and bending properties of
tungsten. In the 1970s, Alexandrov, et al. [55] reported that the DBTT
increased by ~200 °C and the ultimate tensile strength (UTS) doubled after
neutron irradiation at 100 °C with a neutron dose of 4.2 x 10*° n/cm? (~0.05
dpa) for a sintered pure tungsten. The tensile properties of sintered pure
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tungsten irradiated at a higher temperature (371 — 380 °C) and a higher dose
of 0.5-0.9 x 10%2 n/cm? (0.5-0.9 dpa) were reported by Steichen [56], and the
result showed that the increase of the strength was also around a factor two
and the DBTT increased by ~350 °C. In the 1990s, Gorynin et al. [57] assessed
the neutron irradiation effect on tensile properties of tungsten at a dose up
to 2.2 x 10?2 n/cm? (> 2.5 dpa) in the BOR-60 fast reactor, and they indicated
that tungsten irradiated at a temperature between 250 to 550 °C experienced
brittle intergranular fracture while being tested at 550°C i.e., the irradiation
a converted ductile material into a brittle one.

In recent years, more studies have been published. Habainy et al. [58]
reported the result of three point bending tests for tungsten irradiated at a
spallation neutron source. They observed the reduction of fracture strength
and brittle fracture for irradiated specimens at test temperatures up to 500
°C for doses ranging from 1.3 to 3.5 dpa, where the DBTT of non-irradiated
specimens was ~350 °C. Garrison, et al. [59] and Katoh, et al. [60] reported
the mechanical properties after the irradiation at the HFIR reactor using
single crystal tungsten irradiated at 90 — 830 °C up to 1.8 dpa. The results
showed that the tensile strength of specimens tested inthe <110> direction
experienced less irradiation embrittlement than the one tested in the <100>
direction. The tensile behaviors of these irradiated single crystal tungsten
specimens are summarized in Figure 1.4 [60], where the modulus of
toughness (the integration of the area beneath the engineering stress-strain
curve) reduced and the DBTT increased with increasing neutron dose,
climbing above 500 °C at a dose exceeding 0.5 dpa. Moreover, they reported
the variation of tensile fracture stress or UTS versus irradiation dose, where
single crystal tungsten had the highest fracture stress or UTS at 0.02 dpa
regardless of the testing orientation [59, 60]. Four point bending tests
performed using single crystal tungsten irradiated in the High Flux Reactor
(HFR, Petten, Netherland) were reported by Abernethy, et al. [61]. The results
showed that the DBTT increased up to ~600 °C after irradiation at 900 °C to a
dose of 1.7 dpa. The DBTT was assessed using the bending specimens with a
sharp pre-crack along the (100)<001> crack system. Besides the irradiation
campaigns on single crystal tungsten, the tensile properties of tungsten
alloyed with Re or doped with K, and irradiated in HFIR at 600 and 800 °C to
a dose up to 0.74 dpa, were presented by Miyazawa, et al. [62]. They
indicated that tungsten alloys doped with K had better resistance to
irradiation degradation at ~800 °C to ~0.7 dpa, where the K-doped tungsten
alloys had a DBTT lower than 500 °C compared to DBTT of 700 °C for non-
doped tungsten alloys.
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Figure 1.4. Tensile behavior of irradiated single crystal tungsten [60]. The
vertical axis is the irradiation/test temperature. The color code shows the
effect of irradiation.

In summary, neutron irradiation taking place in the temperature range of 400
— 800 °C with a dose varying between 0.5 and 2 dpa results in an increase of
DBTT of tungsten to a temperature of around 500 to 600 °C, depending on
the irradiation temperature and fluence. However, the irradiation
temperature in a fusion environment is higher, which can reach up to 1200
°C (surface of tungsten during the steady-state operation in ITER) or even
higher during off-normal operation, as discussed in the previous section.
Therefore, the research to fill the gap in knowledge of the effect of neutron
irradiation on mechanical properties of commercial/advanced tungsten
grades in the high temperature range is critical for the design and safety
studies of plasma facing components under prolonged operational
conditions [63]. The following high priority engineering mechanical
properties are required: (i) stress-strain curves, preferably with the extraction
of true stress after the necking (if any); (ii) fracture toughness; (iii) hardness
data as important complimentary data that allows connecting the irradiation
hardening with earlier works.
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1.3.3. Determination of ductile to brittle transition temperature

Conventionally, the DBTT is identified by the Charpy test [64]. It has a simple
test set-up, which consists of a hammer and a specimen platform. During the
test, the hammer will be dropped from a certain height and breaks the
Charpy single notched specimen. The tests are performed at a range of
temperatures close to DBTT, and the modulus of toughness of the specimen,
which is the energy absorbed by the specimen during the impact of the
hammer, is recorded at various temperatures. The DBTT can then be
identified from the increase of modulus of toughness in a certain
temperature range.

Besides the Charpy test, the DBTT range can also be determined by the
Master Curve approach, which presents the variation of the fracture
toughness over a certain temperature range, as illustrated in Figure 1.5 [65].
The weakest link theory and Weibull statistics are the foundation of the
Master Curve approach, which is presented in the ASTM standard 1921 [66,
67]. The Master Curve approach in the standard has a fixed shape and a
constant Weibull modulus of 4. Moreover, the definition of the transition
temperature (To), which can be considered as DBTT, is the temperature at
which the fracture toughness reaches 100 MPaym for 25 mm thick steel
specimen. Different from ferritic/martensitic steel, tungsten has a lower
fracture toughness in the lower shelf [65, 68-74] and in the transition
temperature region. In addition, the fracture strength distribution varies for
some brittle materials, which the Weibull distribution cannot describe
perfectly [75-79]. Weibull statistics also require a sufficient number of
specimens to perform the test in order to get the Weibull modulus [80],
which is a shape parameter of the probability density function. However, the
number of specimens, which can be exposed to neutron irradiation, is usually
limited by the cost and precious space in the reactor (which is usually a multi-
purpose facility and therefore competing commercial programs such as
isotope production are always present). A common method to counter the
limitation on the number of available test specimens, which is also
implemented by the ASTM standard, is to take the Weibull modulus as
constant based on sound assumptions. But this method can only be
implemented to materials with a narrow transition temperature range since
the Weibull modulus is a function of temperature [81]. Therefore, the
application of other distribution functions, i.e., normal distribution, instead
of the Weibull distribution, will be more appropriate for brittle materials [75,
77].

Other mechanical test methods can also identify DBTT besides the above-
discussed master curve approach. A method to determine the DBTT by three-
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point bending test, executed on a flat bar specimen without a notch, have
been reported by Lawrence Livermore national laboratory [82]. Instead of
fracture toughness, they determined the DBTT based on the flexural strain
and defined the DBTT as the temperature, where the flexural strain reaches
5%. Other researchers have implemented this approach for tungsten-based
materials [83, 84].

As mentioned already, neutron irradiation experiments impose high cost and
time-consuming operation in hot cells. Thus, alternative options like ion
irradiation [85-87] and/or small specimen testing techniques (SSTT) [88, 89]
are proposed. The validity of small specimen testing procedures can
significantly reduce the cost and time required for the mechanical
characterization. The SSTT developed for neutron irradiation can also benefit
ion irradiation experiments since the depth of ion irradiation damage is
within the micrometer range. Therefore, SSTT will be a crucial task to
accelerate the development of neutron resistant materials for the
applications in ITER/DEMO PFCs.
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Figure 1.5. Fracture toughness of disk-shaped compact tension (DCT)
specimens of as-sintered tungsten alloys in the DBTT region. The grey area
indicates the region where linear elastic fracture mechanics (LEFM) is no
longer valid since plastic deformation is observed [65].
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1.4. Objectives and expected Impact

Following the concise literature summary presented above, this thesis aims
to address the following scientific and engineering problems/questions
related to the assessment of mechanical properties and irradiation effects on
the mechanical properties of baseline ITER tungsten grades and advanced
tungsten grades:

1.

Investigation of the tensile mechanical properties of a series of advanced
W-based alloys before neutron irradiation. Analysis of the fracture
mechanism by investigating the fracture surface. Determination of the
DBTT of these alloys compared to baseline ITER specification pure
tungsten.

Execution of irradiation campaigns on a series of baseline and advanced
tungsten alloys to explore the effect of neutron irradiation at medium
and high temperature on the mechanical properties using conventional
destructive and non-destructive tests. The ultimate goal of those tests is
the estimation of the DBTT shift after neutron irradiation.

Implementation of the miniaturization testing and validation of its
applicability for the samples exposed to neutron irradiation.

The realization of the above listed objectives will help to advance the current
state of the art and to assess the following important aspects related to the
materials for PFC for the nuclear phase of operation:

1.

Various methods have been applied to tungsten alloys for improving its
low temperature mechanical properties. Comparative analysis of
microstructure, DBTT, and tensile properties of advanced tungsten
alloys will help to identify the possible parameters that are crucial for
DBTT reduction before and after neutron irradiation.

During steady state operation, the divertor faces high heat flux and fast
neutron irradiation, which results in irradiation degradation at high
temperature. Therefore, new data on neutron irradiation effects on
mechanical properties of tungsten alloys, especially after irradiation at
high temperature, will be established in order to assist the structural
and nuclear safety analysis.

Mechanical tests applied to neutron irradiated materials are time-
consuming and expensive. In order to reduce the cost and to improve
reactor space usage, small specimen testing techniques (SSTT) are
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essential. Furthermore, the improvement of the testing method to
provide sufficient information for a valid conclusion is required to
compensate for the limited number of test specimens. Given that up to
now, the SST is mostly focused on steels, the contribution to the
development SSTT for tungsten is important for the assessment of
neutron irradiation effects on future fusion neutron sources such IFMIF
and DONES.
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Chapter 2
Overview of experimental methodology

2.1. Materials

Twelve different types of tungsten grades are investigated in this thesis:

e Four commercial ITER grade pure tungsten:

These tungsten grades are ITER specification Plansee (IGP),
1600°C/one-hour recrystallized IGP (W-RX), ITER specification A.L.M.T.
(IGA), and ITER specification AT&M (ATW). IGP, IGA, and ATW are
produced by Plansee, Austria, A.L.M.T, Japan, and AT&M, China,
respectively. The tensile specimens of IGP and ATW are cut from a rod
with a 35 mm x 35 mm cross section and a 13 mm thick plate by
electrical discharge machining (EDM) in the Belgian nuclear research
centre (SCK CEN), respectively. W-RX samples are cut from the IGP
product and annealed at Forschungszentrum Jilich (FZJ), Germany. FZ)
also supplies the tensile and disk specimens of IGA and disk specimens
of IGP.

e Two pure tungsten grades:

The specimens of fine grain tungsten (FG) produced by spark plasma
sintering (SPS) are provided by the Institute of Plasma Physics (IPP),
Czech Republic. And the single crystal tungsten (W(100)) is produced by
MaTeck (Germany) in the form of a cylindrical rod with an axial
direction of <100>.

e Three potassium doped tungsten alloys:

They are potassium doped pure tungsten (ALK), potassium doped
tungsten alloyed with 3 wt% of rhenium (ALKR), and heavily deformed
potassium doped pure tungsten (HDK). ALK and ALKR are manufactured
by A.L.M.T., and their specimens are provided by Tohoku University.
The specimens of HDK are cut from a 1 mm thick heavily rolled plate, as
developed and provided by Karlsruhe Institute of Technology (KIT),
Germany.

e Three particle reinforced tungsten grades:

They are reinforced with 1 wt% TiC (W1TiC), 2 wt% Y,0s (W2YO), and
0.5 wt% ZrC (WO0.5ZrC). W1TiC and W2YO are produced with powder
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injection molding (PIM), and their specimens are provided by Karlsruhe
Institute of Technology, Germany. The Institute of Solid State Physics,
China provides the raw material of W0.5ZrC, which is rolled into an 8
mm thick plate and treated with thermo mechanical treatment (TMT).
The specimens of W0.5ZrC are manufactured by EDM cutting in SCK
CEN.

The inverse pole figure maps of polycrystalline tungsten grades are shown in
Figure 2.1. And their composition, grain properties, and manufacturing
process are summarized in Table 2.1. The methodology for microstructural
analysis is discussed in Chapter 2.3. The strengthening particle size of W1TiC,
W2YO, and WO0.5ZrC are shown in Table 2.2. The particle identification and
analysis procedure for the particle can be found in Chapter 8.1. The
equivalent median diameter (D50), equivalent 10% diameter (D10), and
equivalent 90% diameter (D90) of grains or particles indicate that there are
50%, 10%, and 90% (in area fraction) of the grains or particles smaller than
this diameter, respectively.
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Figure 2.1. Inverse pole figure maps of polycrystalline tungsten grades

Table 2.1. Composition, grain shape morphology, and manufacturing process
of tungsten products. (The composition is provided by the manufacturer)

Materials Composition Grain size (um) Grain Manufacturing
(by weight) D10 D50 D90 shape process
IGP Pure W 157 | 87.4 | 1515 | @O Double
like hammering
IGA Pure W 59 | 195 | 41.0 Parl'if(aeke‘ Rolling
ATW Pure W 212 | 60.3 | 139.7 Parl‘if(aeke' Rolling
L. IGP annealed
W-RX Pure W 31.7 | 60.4 | 108.4 | Equiaxial 1600 °C/1 hr
FG Pure W 4.7 9.4 15.6 | Equiaxial SPS
Pancake- Heavily
HDK W + 60 ppm K 3.5 26.5 | 111.1 . deformed
like .
(Rolling)
ALK | W+30ppmK | 7.8 | 37.0 | 1089 Parl‘if(aeke' Rolling
W +3%Re + Pancake- .

ALKR 28 ppm K 7.0 32.7 60.8 like Rolling
WI1TiC W+ 1% TiC 4.0 7.8 12.1 Equiaxial PIM
W2YO W + 2% Y203 4.1 7.3 11.8 Equiaxial PIM

WO0.52rC | W+05%2rC | 2.6 | 6.7 | 142 Parl‘iiaeke' Rolling + TMT
Table 2.2. Size of strengthening particles
. . Particle size (um)

Materials Particle D10 D50 D90
WI1TiC Tirich 0.42 0.92 1.60
W2YO Y rich 0.63 1.15 1.98

WO0.5ZrC Zr rich 0.20 0.42 0.83
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2.2. Mechanical test

2.2.1. Tensile test (Chapter 3 and 6)

Uniaxial tensile tests were performed on small dog-bone shaped specimens,
as shown in Figure 2.2. The overall length of the specimens is 16 mm with a
gauge length of 5.2 mm and an effective cross section of 2.4 mm2 (1.6 mm x
1.5 mm) or 2.88 mm2 (1.6 mm x 1.8 mm). The gauge length to width ratio of
was 3.25, which is close to the ASTM standard value (being 4). The thickness
of the specimen will not influence the mechanical properties if the grain size
is smaller than =1/10 of the specimen thickness such that each cross-section
slab is being a representative volume element [1, 2]. According to the EBSD
analysis, all selected products in this thesis have a grain size smaller than 100
pum. Thus, the cross-section contains at least hundreds of grains making the
response of the material to be representative. Moreover, for the IGP product,
it has been confirmed by the tensile tests that the mechanical response is
equivalent (within the error of the measurement) for both 2.4 and 2.88 mm?
cross-section, within the bounds of the test temperatures. In addition,
according to the work by Zhao, et al. [3], the effect of thickness on R.A.% is
negligible when the thickness of specimen is larger than 1 mm.
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Figure 2.2. Sketch of small dog-bone shaped specimens
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Given that the commercial products are characterized by a certain texture,
two sets of samples with longitudinal (L) and transverse (T) orientation were
investigated for IGP, ATW, IGA, and W0.5ZrC, as shown schematically in Figure
2.3. For all the studied materials, the samples were cut by electric discharge
machine using the wire of 20-50 pm and no special treatment was applied to
the surface.

Rolling Direction (RD) / Longitudinal Direction (L)

| L[

IGP-L

(TD/T)

IGP-T

Transverse Direction

Top side view Right side view

Figure 2.3. The studied sample orientations for tensile specimens. The IGP
material is taken as an example.

The tests were conducted within the temperature range from 150 to 600 °C
to comply with the critical need to clarify the onset of ductility in W for the
water-cooled design of DEMO Diverter. The tests were performed using a 100
kN load cell. To ensure the correct alignment of the specimen, a preloading
force equal to 100 N or 200 N was applied. The selection of preloading force
was determined on the basis of the yield strength of the studied materials:
the higher the yield strength the higher preloading force is. The tests were
performed at a constant displacement rate of 0.2 mm/min, corresponding to
the strain rate of 6.41 x 10 s, In order to reduce the uncertainty of the
cross-head displacement, the employed test bench was calibrated and
qualified according to the industrial ASTM standard prior to start the
measurements. The precis true strain will not be discussed in this work
because small size testing techniques (SSTT) requires advanced methodology
to measure strain (or even its distribution in the gauge section) [3, 4].

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
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point from the raw data (u;,¢) is replaced by the value calculated using the
elastic modulus E taken from the literature [5, 6] for pure tungsten and Fe-
Cr alloy; and for the particle reinforced tungsten, E was calculated based on
Halpin-Tsai equation, which describes the change of elastic modulus after
introducing additional particles into matrix [7]. The equation to account for
machine compliance is described as,

F'L

= (2.1)

U = Upor — g +
where u isthe 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 notation of utilized mechanical property measurements can be described
as follows. The yield strength (YS) is measured at 0.2% of plastic deformation
followed after the linear elastic deformation. The ultimate tensile strength
(UTS) is the highest engineering stress measured, and the sample elongation
at UTS point is defined as the uniform elongation. Fracture strength
(Fstrength) is the true stress at the point of the fracture. Fracture strain
(Fstrain) is the true strain at the point of the fracture, which is determined by
the cross-area of the gauge before test and the smallest cross-area of gauge
of the fractured sample.

2.2.2. Fracture toughness test (Chapter 4 and 7)

The disk-shaped compact tension (DCT) specimens are machined with T-L
orientation according to the ASTM E399 [8], as shown in Figure 2.4. The DCT
specimens were cut by electrical discharge machining (EDM) from the block
materials (IGP was provided as rod with a 35 mm side square cross-section,
ATW as a 13 mm thick plate). The dimension ratio of the DCT specimens
follows the ASTM standard. However, fatigue pre-cracking is not performed
on the DCT specimens. Instead of fatigue pre-crack, an EDM cut notch with
root radius around 50 to 90 pum is introduced into each DCT specimen. The
sketch of the DCT specimen and the dimensions of the specimen are shown
in Figure 2.4 and Table 2.3.
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Rolling Direction (RD) / Normal Direction
Longitudinal Direction (LD)

(TD)

Transverse Direction

DCT

Top side view Right side view
Figure 2.4. Cutting scheme showing how test samples were fabricated given

the longitudinal direction of the W products. The samples were cut by electric
discharge machining.

Table 2.3. Dimensions of DCT specimen

W do bO B
Dimension ~8.5 mm ~4.2 mm ~4.3 mm ~4 mm

The fracture toughness is calculated according to ASTM E1921 [9] and
referring to ASTM E1820 [10]. The determination of fracture toughness in
ASTM E1921 [9] is different from the one in ASTM E399 [8] where the later
considers a linear elastic behavior only. As a result, the fracture toughness
value determined in ASTM E399 [8] is lower than the one determined in
ASTM E1921 [9] when a specimen shows a non-linear load displacement
response. The stress intensity factor rate during the elastic region is 0.43 +
0.08 MPavm/s. The qualification of the fracture toughness K;. is based on
the ASTM E1820 J. criterion [10]: K, can be defined if B and b, =
100/y./0y, where ], is the J-integral value without qualification and
oy = (ors + ays)/2, where org is the ultimate tensile strength and oy is
the 0.2% offset yield strength. The fracture toughness K. that does not meet
the J. criterion will be replaced by the highest K. value at the same
temperature that meets the criterion. This procedure is adopted from the
ASTM E1921 [9] in order to determine the K,.— temperature curve within the
transition temperature range rather than to find the upper shelf fracture
toughness. Equation 2.2 is used for the determination of the fracture
toughness Kjc:
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K]c = ’]c 1fv2 ’ (2'2)

where J. = ], + J,, with ], the elastic part of the J-integral, which can be
deduced from equation 2.3 and J,, the plastic part of J-integral and can be
calculated using equation 2.4. ], is expressed as

1-v?)K?

J. = % ) (2.3)
in which v is the Poisson ratio, E is the elastic modulus, and K, is the linear
elastic fracture toughness defined as the linear elastic equivalent stress
intensity factor when the force equal to the fracture load P, as shown in
Figure 2.5. In the other hand, ], is expressed as

_N4p
Ip = Bbg ' (24)
where Ap is the work of plastic deformation, as shown in Figure 2.4,
B X b, isthe cross section of the ligament, and the parameter 7 is equal to

bo
2+ O.SZZW .

-

Load

Load Line Displacement

Figure 2.5. Schematics of the mechanical load vs. load line displacement
curve; P is the load when cleavage or any unstable cracking occur.

2.2.3. Three-point bending test (Chapter 4 and 5)

Miniaturized bending specimens are implemented with the three-point
bending test configuration. The specimens are manufactured by electrical
discharge machining (EDM) from the block materials. The length of each
specimen is 12 mm, and both of its width and height are equal to 1 mm. As
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shown in Figure 2.6a, two orientations are investigated in this study: T-L and
L-T, as defined in the ASTM standard E399: the long dimensions of the T-L
specimen and L-T specimen are parallel to the TD and LD directions,
respectively. The three-point bending tests are performed on a universal
testing machine equipped with a furnace in air. And the test temperature is
ranging from -196 °C to 600 °C. Moreover, the load and displacement are
measured with a strain gauge based load cell and an position encoder for the
actuator, respectively. The test is performed at a constant displacement rate
with a cross-head speed of 0.723 mm/min equivalent to the (flexural) strain
rate of 103 s along the tension side of the specimen. The design of the test
set-up follows the ASTM standard E290 [11] where the three pins for testing
have a diameter of 2.5 mm, and the span of the lower pins is equal to 8.5 mm.
The scheme of the test set-up with specimen orientation is shown in Figure
2.6b where the X-direction is TD and Y-direction is LD for T-L specimens, and
vice versa for the L-T specimens.

a.

LD
‘ T-L
[a]
[

L-T

Y-direction

Figure 2.6. (a) Specimen orientation; (b) Test set-up of the three-point
bending test.

The flexural strain (FS) is determined as,

FSo, = 824 (2.5)

Lz’

where D is the maximum deflection of the specimen, d is the thickness, and
L is the span of the lower pins.

2.2.4. Microindentation (Chapter 8 and 9)

The specimens for micro-hardness tests are disks with ~12 mm in diameter
and 0.5 mm in thickness. The final surface for indentation is polished with
P2000 SiC paper or higher grades. The micro-hardness test is performed by
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Vickers indentation under a force of 200 gf at room temperature. Both the
time to reach the maximum force and the hold time are equal to 10 seconds.
ASTM standard E384 is referred for the calculation of Vickers hardness (HV,
measured in GPa). In order to generate the statistically reliable data, up to
nine indents are applied to each studied specimen in different areas around
the center of the disk. The hardness tests are performed on the plane
orthogonal to the normal direction (ND) for W0.5ZrC and on the plane
orthogonal to the longitudinal direction (LD) for IGP and IGA. Such a choice is
made because the plane of IGP and IGA (orthogonal to LD) will correspond to
the side of the plasma facing unit facing the plasma beam in the Tokamak.
This orientation is chosen to prevent the flaking (due to crack deflection) and
the detachment of some tungsten grains into the plasma, which can
contaminate the plasma. Differently from IGP and IGA, the preferential
plasma facing plane for W0.5ZrC has not been selected yet. Moreover, the
grain size of W0.5ZrC is much smaller than that of the two commercial
tungsten grades, and thus the anisotropy of hardness (depending on the
indented plane) is much smaller. Therefore, the plane orthogonal to ND is
selected for W0.5ZrC to perform the hardness test in this work since
manufacturing the samples is easier for this orientation.

2.2.5. Post-irradiation examination (Chapter 6 to 9)

For radiation protection purpose, the researchers should not physically
contact the irradiated specimens. The PIE can only be performed in a
protective facility designed for radioactive materials, which calls “Hot Cell”. A
hot cell is constructed with thick lead plates and concrete walls, which isolate
the irradiated specimens and thus protect the workers from the irradiation.
Each hot cell has at least one protective lead window so that researchers can
observe the irradiated specimens during operation. The irradiated specimens
cannot be tested right after neutron irradiation because of its high
radioactivity. Before performing PIE, the irradiated specimens are stored in
the special storage facility of Belgian Material Test Reactor (BR2) to cool-
down (in terms of radioactivity) for a few months. As the activity reduces to
an acceptable level for transportation, the specimens are transported by a
lead shielded capsule to the hot cell facility for mechanical tests and
microstructural analysis. The universal testing machine, hardness testing
platform, and scanning electron microscope for PIE are also located in the hot
cells. Therefore, the experiments can only be remotely performed by remote
manipulators (two robotic arms) and controlling panel.
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2.3. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is implemented to investigate the
microstructure of the tested materials. The principle of SEM is using the
electromagnetic field to accelerate, control, and focus electron beam to scan
the surface of the specimen. After interacting with the primary electron
beam, the material in a certain interaction volume emits various types of
electrons and signals for detection, such as auger electrons, secondary
electrons (SE), backscattered electrons (BSE), X-rays. With the proper use of
these signals, the microstructure, including chemical composition and
crystallography, of the material can be characterized. One of the most used
signals is SE. The SE efficiency depends on the relative distance and angle of
the scanning spot and detector. Thus, it is widely implemented for
topography analysis, like fracture surface analysis in this thesis. Besides
topography analysis based on SE, the qualitative analysis of the composition
distribution can be achieved by the BSE since the BSE is sensitive to the
atomic number of the element. Other techniques that are implemented in
this thesis will be discussed in the following section.

2.3.1. Electron backscattered diffraction

Electron backscattered diffraction (EBSD) is a kind of technique for
crystallographic analysis. A typical set-up is illustrated in Figure 2.7a, where
the sample is titled to 70°, and the diffraction of the electron creates a Kikuchi
pattern (Figure 2.7b), which is recorded by the phosphor in front of the
specimen. The diffraction condition for a given Bragg angle 6 is described
by Bragg’s Law, as shown in equation 2.6.

ni = 2dsiné, (2.6)

where n is aninteger, A is the wavelength of the primary beam, and d is
the distance between two parallel atomic-scale crystal lattice planes.
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e-beam

Phosphor

Figure 2.7. (a) Scheme of EBSD set-up (b) Kikuchi pattern [12]

The Kikuchi pattern contains the crystallographic information, which can be
automatically processed by the EBSD software. The bands are identified by
an image processing technique called Hough transform. The bandwidths and
the angles between bands correspond to the interplanar distances and angles
of the crystal lattice, respectively. During the EBSD mapping, this
crystallographic information is recorded for each pixel as the electron beam
scans through a well-polished specimen surface. In this thesis, the specimen
surface for EBSD analysis is electropolished. The electrolyte for
electropolishing is 1.5 wt% NaOH solution, and the parameters are 25 V with
a flow rate of 18 L/min in the mask area of 2 cm2 for 1 minute at room
temperature. All the EBSD measurements performed in this thesis are based
on the Bruker QUANTAX EBSD system. After the EBSD measurement, the
recorded crystallographic information is processed into various of map and
figure to present the crystallographic texture and the feature of grains (shown
in Figure 2.8) by the analysis software, i.e., MTEX (MATLAB based program),
Bruker Quantax, EDAX-TSL OIM.
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Figure 2.8. (a) Inverse pole figure (IPF) map, (b) image quality (1Q) map with
indication of grain boundaries, (c) grain size distribution, (d) IPF in respect to
the Z axis of the specimen.

The details of the parameters applied in the EBSD analysis are listed as follows.

Chapter 3 and 6:
The inverse pole figure (IPF) maps were plotted by Bruker Quantax
analysis software, and the grain size is analyzed and calculated by MTEX.

Chapter 4:

The measurements are performed based on the Bruker QUANTAX EBSD
system, and EDAX-TSL OIM analysis software is used to calculate low
angle grain boundary density (with a step size of 2.74 um) and to plot
the IPF after the EBSD measurements. The grain size is calculated by
MTEX.

Chapter 5:

The EBSD analysis is performed using an EDAX-TSL OIM analysis
software. The grain boundary analysis is based on the scan with a step
size of ~0.54 um over an area of about 270 x 200 um? on the plane
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normal to ND. Low angle grain boundaries (LAGB) and high angle grain
boundaries (HAGB) are defined as the boundaries with a misorientation
angle from 2 to 15° and larger than 15°, respectively. The coincidence
site lattices (CSL) boundaries are determined by the Brandon’s criterion
ABax = OX7", where A8, is the maximum permissible deviation
from coincidence, 6 is a constant equal to 15°, n is a constant equal
to 0.5, and the boundary fraction is from 23 to 227. The grain boundary
density for each type of grain boundary is defined as the total length of
each type of boundary per unit area.

o Chapter 8:
The grain size, grain orientation, and grain boundary misorientation
angles are identified by analyzing the EBSD data using EDAX-TSL OIM
analysis software.

2.3.2. Energy dispersive spectroscopy

The element identification and analysis in this thesis are achieved by energy
dispersive spectroscopy (EDS) based on the analysis of X-rays energy. The X-
rays generated by electron interaction with the matter is categorized into two
groups: continuum X-rays and characteristic X-rays. An example of these X-
rays is shown in Figure 2.9. The continuum X-rays is the results of the
interaction between primary beam electrons and the nucleus of the atoms.
And the characteristic X-rays is generated as an inner shell hole (created by
the high energy incident electron) is filled by an outer shell electron. Since
the energy difference between shells is related to the atomic number, these
characteristic X-rays can serve to identify the chemical elements and their
population.

38



4000 |
[Cu L

L Characteristic Cuk

ﬁ Peaks

Intensity

Continuum

Lj / X-rays Cukp
i il i e et B 4 ot | [l

o 5 10

Energy (keV)

Figure 2.9. Continuum X-rays and characteristic X-rays. Here, copper (Cu) is
considered as an example. [13]
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2.4. 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 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 thesis, the temperature fluctuation was +20 °C. The
example of the irradiation temperature profile during one cycle (28 days) on
the tensile specimens located in the T-controlled and outer regions is
provided in Figure 2.10. 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. 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 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.
The irradiation dose was calculated by MCNPX 2.7.0 [14]. The dpa cross
sections for W have been prepared from the JENDL4 file (MT444) for the
threshold displacement energy of 55 eV, following the recommendation of
IAEA [15]. The transmutation of Re and Os was calculated based on the ALEPH
code developed by SCK CEN and available nuclear databases [16-20]. 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 ratio of fast-to-thermal neutron flux thanks to the deployment
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of the rig directly inside the fuel element, thus screening from other thermal
neutrons.

Cycle 5/2017
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Figure 2.10. 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).

2.4.1. Tensile specimens (Chapter 6)

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 matrix consists of 26-unit sample holders (13
and 14 holders were located exactly in the mid-flux position). Each unit of
graphite holder has a height of 27 mm and could accommodate either 8
tensile test specimens or 4 fracture toughness specimens (of KLST type). The
samples studied here were extracted from the unit holders 5, 7, 8, which have
a mean irradiation temperature of 610 °C, 725 °C, and 760 °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 1.075, 1.2 and
1.225 dpa was imposed, respectively, in the holders 5, 7, and 8. The
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transmutation of tungsten resulted in the production of 1.5 at% Re and 0.2
at% Os on the samples irradiated up to 1.225 dpa. The samples at lower
irradiated doses exhibit lower concentrations of Re and Os.

2.4.2. Fracture toughness specimens (Chapter 7)

The samples were encapsulated in a steel tube with 1.5 mm wall thickness
filled with He. The gap between the samples and the pressure tube was
adjusted to achieve 600 °C during the irradiation following the thermal and
neutronic calculations. Following finite element analysis of thermal flow, a
variation of about 25 °C could occur due to the burn out of the fuel element
within a reactor cycle. The irradiation dose found to be 0.08 dpa, 0.44 dpa,
and 0.67 dpa. The upper limit of the summed concentration (at%) of Re and
Os together is 0.61 at%, 0.97 at%, and 1.40 at% for 0.08 dpa, 0.44 dpa, and
0.67 dpa, respectively. The fraction of Os is about 10 % of the totally produced
Re and Os. The transmutation rate is related to the axial position of the
specimen in the channel and radiation postion of the channel in the reactor
because the neutron spectrum varies with the location. As a result, the
transmutation rate is different for specimen irradiated at different doses and
in different channels.

2.4.3. Microindentation specimens (Chapter 8 and 9)

The specimens are placed in the steel capsule filled with inert gas to prevent
oxidation. 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.

Polycrystalline tungsten grades

The irradiation doses and temperatures were revealed to be 0.95 dpa at 600
°C, 1.00 dpa at 1000 °C, and 1.13 dpa at 1200 °C. The summed concentration
of transmuted Re and Os for 0.95 dpa, 1.00 dpa, and 1.13 dpa is 1.80 at%,
1.96 at%, and 2.13 at%, respectively.

Single crystal tungsten

The irradiation doses and temperatures were revealed to be 1.05 dpa at 600
°C, 800 °C, 900 °C, and 1200 °C. 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
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Chapter 3
Tensile properties of baseline and advanced
tungsten grades

3.1 Materials

Six types of materials were studied in this work. The W grades were selected
in accordance with the most recent advances in the development of W for
DEMO applications. Two commercial grades were produced in Europe and
China: Plansee ITER specification W (IGP) and AT&M ITER specification W
(ATW), respectively. Four R&D grades were developed, respectively, by
Karlsruhe Institute of Technology at Germany (two particle reinforced
tungsten products), by Institute of Plasma Physics at Czech Republic, and
Institute of Solid State Physics at China: W-1 wt% TiC (W1TiC), W-2 wt% Y,03
(W2YO), Fine Grain W (FG), and W-0.5 wt% ZrC (W0.5ZrC). The main elements
of the chemical composition of those grades are reported in Table 3.1.

Three grades (IGP, ATW, and W0.5ZrC) were produced by powder metallurgy
and normalized by forging or rolling. The double-hammering was applied for
IGP, and rolling for ATW and W0.5ZrC grades. The manufacturing process of
WO0.5ZrC, which is developed by Chinese Academy of Sciences, also
introduced thermo mechanical treatment (TMT) to reduce the grains size [1].
The two particle reinforced tungsten products (W1TiC and W2YO) were
manufactured by powder injection molding (PIM). Finally, the FG products
were manufactured by spark plasma sintering (SPS) processing.

To provide a quick glance at the variety of the microstructure, we performed
SEM-EBSD analysis. The maps, which was mapped by Bruker Quantax
software, reported in Figure 3.1 indicate the morphology and size of grains
(reported in Table 3.1; analyzed and calculated by MTEX). IGP and ATW show
strong texture with elongated grains parallel to the rolling direction. As a
result, IGP has carrot-like grains, and ATW has plate-like grains. W0.5ZrC also
shows crystallographic texture but with the nearly equiaxed grains, which is
apparently the result of TMT. Since normalization forging or rolling was not
applied to the advanced grades, they all have equiaxed grains. Among the
selected R&D materials, W0.5ZrC has the smallest grains. The commercial IGP
and ATW grades have comparable grain size.
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Figure 3.1. Normal direction (ND) Inverse pole figure (IPF) of baseline and
advanced W; (a) IGP; (b) ATW; (c) FG; (d) WITIC; (e) W2YO; and (f) W0.5ZrC

Table 3.1. The composition and grain size of tested materials observed from
ND; the equivalent median diameter is defined as the equivalent diameter of

grains that have 50% cumulative area fraction

Materials IGP ATW FG W1TiC W2YO WO0.5ZrC
Composition Pure W Pure W Pure W 99% W + 98% W + 99.5% W
(Wt%) >99.97% >99.94% >99.7% 1% TiC 2% Y203 +0.5% ZrC
Equivalent
Median 87.44 60.28 9.36 7.76 7.32 6.66
Diameter (um)
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3.2. Result

3.2.1. Strength and ductility
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Figure 3.2. Stress-strain curve of baseline and advanced W

As shown in Figure 3.2 and Figure 3.3c, the uniform elongation of W1TiC,
W?2YO and FG increases with raising the temperature and W1TiC shows quite
large value at 600 °C. Although FG also has a considerable uniform elongation,
its UTS is lower as compared to other tested materials, and increasing the
temperature does not lead to any substantial improvement. The uniform
elongation of FG is practically independent of test temperature.

The stress-strain diagram for W0.5ZrC differs from all other tested materials.
Even though this material has extraordinary ductility below 300°C, the
uniform elongation at 400°C and above is reduced drastically appearing the
early necking deformation. However, this material preserves high YS and UTS
in the whole studied temperature range.
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Figure 3.3. Comparison of the mechanical properties of baseline and
advanced W as a function of test temperature; (a) YS; (b) UTS; (c) UTS vs.
uniform elongation; (d) Fracture strength vs. fracture strain, the arrows
indicate the trend of increasing/reducing the test temperature.

All the tested materials exhibit similar trends, namely both YS and UTS are
reduced with increasing the test temperature (see Figure 3.3a and b).
Depending on the particular grade, the reduction follows either an
exponential or linear trend line.

WO0.5ZrC shows the highest YS and UTS among all other advanced W grades
in the whole temperature range. Comparison of IGP and ATW products (i.e.
baseline commercial materials) reveals that AT&M grade has a higher YS and
UTS. Moreover, as it will follow, the texture, grain orientation and shape, will
also affect the strength of materials, for example, baseline W ATW-T had
higher strength than ATW-L at all tested temperatures.

In order to compare the ductility and strength of the materials, UTS and
uniform elongation were plotted in the same diagram (see Figure 3.3c). A
combination of high strength and large uniform elongation indicates a
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material with high toughness and better fatigue resistance, which can also be
quantified by calculating the product of both these values (see iso-values).
The UTS variation on that figure could also serve as representation of the
impact of testing temperature, since the UTS is inversely proportional to the
test temperature for these materials. For commercial tungsten, both IGP and
ATW grades show similar results, but IGP-L appears to have a larger uniform
elongation, which indicates that IGP-L has a better ductility in terms of
resistance to plastic localization.

The fracture properties quantified by the FStrength and by the Fstrain are
plotted in Figure 3.3d. As one can see, the baseline W indicates a better
fracture resistance compared to advanced W. The IGP-L has the highest
FStrength and the largest Fstrain among the other grades. Even though the
FStrength of IGP-L dropped strongly at 600°C, the FStrength is still higher
compared to the results obtained for other grades. The FStrength of ATW, for
both L and T orientations, remains nearly constant over the whole
temperature range, without dropping below 700 MPa. On the other hand,
the FStrength and Fstrain measured for the advanced W appear to be rather
low suggesting poor fracture resistance, at least in the range of tested
temperature.

3.2.2, Delamination fracture

Microstructure analysis by SEM shows partial delamination of the fracture
surface of IGP-L and ATW-L samples (tested at 300°C) where the crack
initiated on the down-left corner and upper two corners, respectively (see
Figure 3.4). The fracture surface of the IGP sample, tested at 400 °C and
above for L-orientation, and tested at 600 °C for T-orientation, contains the
delaminated fibers that are parallel with the RD. These features are
apparently being related to the elongated grains that can be seen on EBSD
maps. On the other hand, the delamination of ATW-L and —-T oriented
samples occurs along the TD-RD plane (see Figure 3.4) and the grains show
plastic deformation with elongated grains and dimples (see Figure 3.5) at the
test temperature exceeding 400 °C.

3.2.3. Transgranular and intergranular fracture

At 300 °C, the majority of the fracture surface of IGP-L and ATW-L appears to
have features of the transgranular fracture (see Figure 3.5). It indicates that
both materials display strong adhesion between grains. For the T-orientated
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samples of both baseline W products, the fracture surface indicates the
presence of both intergranular and transgranular fracture with a fraction
close to 50/50. At 400 °C, the IGP-T sample still shows both brittle fracture
features. The fracture surface of IGP grade displayed in Figure 3.5
corresponds to the stress-strain curve in Figure 3.2, which proves that the
IGP-T fractures in brittle manner up to 400 °C.

The grades appearing the best mechanical properties have flatter (as
compared to the delaminated samples) fracture surface covered with micro-
dimples, which might be initial pores or left-out of particles, except for the
WO0.5ZrC grade (see Figure 3.4 and 3.7). The delamination fracture surface is
observed only on the W0.5Zsample tested at 300 °C. The FG, W1TiC, and
W2YO materials exhibit intergranular fracture at 300 °C. However, the
fracture surface of the FG and WI1TIC also contains a small fraction of
transgranular fracture. At 400 °C, a part of the fracture surface of the FG
exhibits dimples and a signature of the grain deformation hence it starts to
show large elongation. These dimples indicate point to the ductile fracture
mechanism operating via nucleation, growth and coalescence of voids. On
the other hand, the fracture surface of the W1TiC and W2YO grades, tested
at 400 °C, remains the same as at 300 °C. Finally, at the highest test
temperaturei.e. 600 °C, the evidence of brittle fracture is no longer observed.
In the FG grade, only dimples are observed on the fracture surface. The
fracture surface of the W1TiC and W2YO grades contains the trace of the
deformation of grains, as well as the typical patterns of both intergranular
and transgranular fracture modes are observed.

The fracture surface of W0.5ZrC differs from all other products. At 300 °C and
400 °C, the surface contains several types of fracture patterns, including
intergranular fracture, transgranular cleavage, dimples, deformation of grains,
and delamination; however, dimples, deformation of grains, and
delamination are only observed at the edges where the cracks initiated.
Moreover, the percentage of intergranular fracture at 300 °C is higher than
the one at 400 °C; intergranular fracture almost disappears on the fracture
surface at 400 °C. With increasing the test temperature to 600 °C, the
majority of the fracture changes and it contains dimples and delamination
pattern.
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WO0.5ZrC-T

Figure 3.4. Macroscopic appearance of fracture surface, as observed by SEM.
The length scale bar, to be applied for all the micrographs, is depicted in the
upper left corner.
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Figure 3.5. High magnification of fracture surface, as observed by SEM
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3.3. Discussion
3.3.1, Mechanical properties

The product of UTS and uniform elongation reflects the amount of energy
that can be accumulated in the material prior to the necking or plastic flow
localization. The resistance to the occurrence of the plastic flow localization
is directly connected to the strain hardening capacity. Materials with the large
capacity exhibit longer uniform deformation as well as an elevation of the
strength compared to the initial yield stress. The improved uniform
deformation and high strength is also important for the good performance
under fatigue condition. Thus, the material with the large uniform elongation
and high strength is preferred for the application in the diverter PFC to sustain
the thermal fatigue under the plasma discharge, to be coupled with the
necessity to operate above the DBTT. The latter increases with the
accumulation of the neutron irradiation dose. To this end, if one concerns
with the structural integrity of PFC, the optimized operational temperature
range with acceptable mechanical properties is defined by the DBTT and
upper temperature above which the early necking onsets.

As shown in Figure 3.3c, each test material has a different suitable working
temperature window. For example, WO0.5ZrC can be applied for the
components working at low temperature, baseline W can operate in the
medium temperature range, and W1TiC or FG can be used for the high-
temperature components.

A product of FStrength and FStrain can be used to qualitatively indicate the
material with the high resistance to fracture and crack propagation, hence
high fracture toughness. A high toughness material can sustain high stresses
and can experience significant plastic deformation before the fracture.
However, the FStrength x FStrain value can only be used as an indicator since
the actual fracture toughness will be proportional to the product of FStrength
x FStrain x Xo, where Xo is a characteristic microstructural length scale [2]. For
instance, it can be the spacing between the particles that promote stress
concentration accumulation and subsequent void damage prior to the
development of the crack. Following the results of the microstructural
analysis (see Figure 3.5), the average dimple distance observed in the
baseline W products (around 4-6 um at 600 °C) is larger than that in the
advanced W materials (around 3-4 um at 600 °C). Moreover, the average
dimple spacing measured in the ATW-L (6.49 um at 600 °C) is larger than in
the IGP-L sample (4.90 um at 600 °C). Thus, if one considers FStrength x
FStrain x X, value as a measure of the fracture resistance, the baseline W
product performs better than the advanced W materials. In particular,among

53



the tested baseline W samples, the IGP-L sample has the best fracture
resistance. It would be important to confirm this by the fracture toughness
measurements.

3.3.2. Analysis of stress-strain response

Three types of the stress-strain deformation patterns were identified, namely:
brittle (B), ductile (D), and early necking type (EN). B-type deformation
corresponds to the fracture during the load in the elastic mode or just right
after the yield point. D-type of deformation is the textbook curve of a ductile
metallic material, which has a yield point, work hardening stage, ultimate
tensile strength, and fracture limit. EN-type deformation refers to the case
when necking occurs right after the yield point but it is accompanied with
considerable total post-necking elongation.

The materials, which have early necking at 600 °C, were produced by rolling
or forging process, which implies texture, presence of elongated grains. This
was less apparent for WO0.5ZrC due to the post-heat treatment but still
present in some extend. According to our understanding, the main
deformation mode in those materials is the in-grain plastic deformation; this
kind of deformation by dislocation multiplication and glide is essentially
limited by the small grain size. The inter-grain deformation occurs by the
formation of dislocation pile-ups in front of GBs, they absorb by GBs and the
newly formed dislocations move along the GBs. Note that transmission of
dislocation slip between grains in the materials with strong texture and
chaotic grain misorientation should be strongly suppressed. In such a picture,
the GB triple junctions will act stress-concentrators where the nano-voids
should nucleate and then coalescence. In turn, the nucleation and stress-
driven coalescence of these voids would result in the reduction of the actual
cross-section area of the sample being loaded under constant deformation
rate. This would promote the formation of the necking region, and then the
main plastic deformation would be concentration in the neck making the
reduction of the ligaments even faster [3]. The reason why such flow
softening behavior is promoted by increasing temperature is apparently due
to the fact that thermal activation assists coalescence of voids in the
temperature range where the transmission of plasticity between grain
boundaries is still suppressed.

Table 3.2 summarizes the pattern of the stress-strain responses registered for
the tested conditions. One can see that all tested materials can be sub-
divided into two groups for which the trend, as the test temperature
increases, is B-D-EN or B-EN. The materials of the former group are IGP-L,
ATW-L, W0.5ZrC, FG, W1TiC, and W2YO. On the other hand, IGP-T and ATW-
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T belong to the second group. This classification can also be observed from
the plot showing the UTS and uniform elongation, presented in Figure 3.6. As
soon as the material operates above its DBTT, the uniform elongation
increases with raising the test temperature and reaches its largest value at
around DBTT+100 °C. However, as temperature reaches around DBTT+200 °C
the uniform elongation starts to decrease. Clarification of this trend for the
FG, W1TiC, W2YO materials requires additional tests at a higher temperature.

Table 3.2. Summary of classification of stress-strain curve

200 °C 300 °C 400 °C 600 °C
IGP-L D D D EN
IGP-T B B B EN
ATW-L D D D EN
ATW-T B B/EN EN EN
FG B B D D
WI1TiC B D D D
W2YO B B/D D D
WO0.5ZrC-T D D D EN
30
—=— |GP-L
05| —A—ATW-L
o —v— ATW-T
s FG
§ 204 W1TIC
® —»—W2YO
g’ 15 —e—WO0.5ZrC-T
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Figure 3.6. The variation of uniform elongation with temperature
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3.3.3. Baseline W

The results of the tensile tests for the commercial grades show that these
materials exhibit early necking with increasing the test temperature
irrespective of the load orientation. Below, we reconcile our explanation for
the early necking in the L- and T-orientation of baseline W. In the case of L-
orientation, the micro-cracks nucleate on the rough high angle grain
boundaries, which oppose the transmission of piled dislocations into
neighboring grains. Upon continuously applied load, the nucleated micro-
crack begins to propagate until they get arrested by the elongated grain
boundary interfaces. This results in the crack deflection and promotes
intergranular fracture pattern [4, 5]. Sustaining this deformation process
requires input energy, and therefore material keeps undergoing macroscopic
plastic deformation without significant loss of the engineering flow stress. As
a result, a series of micro-cracks nucleate until they coalesce into a larger
crack which defines the formation of the localized necking region. The
numerous micro-cracks can be seen as delaminated grains all over the
fracture surface, while few macro-cracks propagated across the whole
fracture surface. Thus, the formation of numerous micro-cracks and their
deflection by the elongated grains apparently delays the formation of the
localized stress concentration resulting in the local necking region and
eventual fracture. Macroscopically, such deformation results in the large
post-necking elongation.

In the case of T-orientation, the grain interior available for the pile-up
accumulation is smaller. As soon as the resolved shear stress is high enough
to activate dislocation glide, the pile-ups will establish stress concentration
near grain boundaries; this phenomenon will generate micro-cracks in a
similar way as for the deformation mechanism of the samples with L-
orientation. But since the elongated grains are parallel to the direction of
crack propagation, the crack deflection distance is much smaller. Thus, the
propagation of such micro-cracks should be much faster as compared to the
situation in the L-orientation load. Correspondingly, the strain localization
happens shortly after the yield point, and total elongation is also reduced, as
compared to the results obtained for the L-orientation sample.

3.3.4 Advanced W

It is well known that the strength of the materials is defined by the properties
of the weakest links available. Usually, it is grain boundary interface which
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causes the accumulation of stress concentration by the dislocation pile-up
formation. Thus pile-ups can dissolve by transmission through or absorption
by grain boundaries. In the latter case, the absorbed bulk dislocations are
converted into grain boundary dislocations (which produce grain boundary
sliding, respectively). Segregation of impurities to grain boundary interfaces
can further suppress plasticity by obstructing movement of grain boundary
dislocations. Thus, the grain boundary accumulated a large fraction of
interstitial impurities (like carbon, nitrogen or oxygen) tend to be prone to an
intergranular fracture failure. However, as indicated by Gludovatz et al. [6],
the impurities on grain boundaries have limited influence on fracture
behavior at a test temperature below DBTT. Thus, the fracture behavior can
be used as an indication of the purity/cleanness of grain boundaries from
interstitial impurities, based on tests done above DBTT.

The fracture surface of the FG grade contains a high fraction of transgranular
fracture is observed. It indicates that most of the grain boundaries are free
from impurities. Moreover, FG grade had the highest DBTT among the lab
grades studied here. The limited porosity found in the FG material, as
observed on the EBSD maps, might be the reason of the high DBTT measured
from the tests, since large number of micro-voids should act as nuclei for
stress concentration regions. As a result, the FG samples fractured without
any plastic deformation below 400°C. However, the porosity can be
considerably reduced by advanced heat treatment and improved sintering
procedure, as preliminary tests have already shown.

The fracture surface of the W1TiC and W2YO grades showed the presence of
the micrometer size particles, located on the grain boundaries, which is in
line with results of Antusch et al. [7]. The particles on grain boundaries also
will introduce suppression of the grain-boundary plastic deformation
provoking stress concentration. Thus, these materials exhibit a relatively
small total elongation below 400 °C. However, the TiC particles strengthen
the grain boundaries and therefore shift the temperature for the onset of the
early necking deformation [8-10]. The microstructural analysis has shown
that the W1TIC grade had a higher grain boundary coherency compared to
W2YO, which is in line with the higher fraction of transgranular fracture
observed in WI1TiC material. Therefore, at elevated temperature, large
uniform elongation was recorded in the W1TiC samples.

In the microstructure of non-deformed materials, we did not observe pores
except in the FG grade. The original work describing the development of
WI1TiC and W2YO grades indicates that Ti and Y elements, detected by the
Auger electron spectroscopy (AES), are present in the pores of the fracture
surface [7]. Thus, the pores on the fracture surface of W1TiC and W2YO
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observed here might be the left-out of the carbide or oxide particles. Also, in
the fractured grains of W0.5ZrC at 300 °C and 400 °C, micro-pores are
observed (see Figure 3.5), these pores might be the left-outs of ZrC particles,
nearly distributed in the W grains as mentioned in the original work [1].

In the original work of W0.5ZrC [1], it is noted that Zr acts as an oxygen
gatherer, which “cleans” the grain boundaries. In other words, the grain
boundary coherency of W0.5ZrC is improved. As observed from the fracture
surface of W0.5ZrC, the majority of the fracture grains showed transgranular
feature, which also support the conclusion on low impurity concentration at
grain boundaries. This improved grain boundary coherency should reduce
the resistance (as compared to other grades) for the permeation/absorption
of dislocations through/by grain boundaries. That is probably why rather low
work hardening is observed for the W0.5ZrC 400 °C. Yet thanks to nano-sized
ZrC, the achieved grain refinement apparently enables both high vyield
strength and low DBTT at the same time. The limited size of ZrC particles
ensures stability and fine structure of grain boundary interfaces and at the
same time does not suppress the inter-granular plasticity. W0.5ZrC also
shows early necking at 600 °C but with smaller post-necking elongation. In
the following, we construct our explanation. The grains of W0.5ZrC are less
elongated and nearly equiaxed. Therefore, the transmission of dislocation slip
between grains is only weakly suppressed; the transmission of dislocation slip
couples with the coherency grain boundaries results in larger uniform
elongation compared with commercial W at 600 °C. However, the
coalescence of voids is promoted by the increasing temperature; and these
voids reduce the actual cross-section. Thus, the result is early necking.

Relatively high DBTT of FG, W1TiC, and W2YO materials, as compared to the
fine-grain W0.5ZrC grade, should probably be attributed to the mis-ordered
structure of grain boundary interfaces, porosity, and presence of large-size
particles at the grain boundary interfaces (in PIM-produced grades). However,
as FG operates above DBTT, thanks to the presence of initially low dislocation
density and refined grain interfaces (both invoked by the high temperature
sintering), the large uniform elongation and work hardening capacity are
ensured by the multiplication of dislocations and transgranular slip [11]. On
the other hand, we suspect that the transgranular slip is reduced in the PIM-
based W grades because of the high density of precipitates, which increase
the flow stress but suppress the plasticity in the grain boundary region.
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3.4. Summary

In this chapter, two commercially available W grades and several lab-scale
recently developed grades were tested in the temperature range 150-600°C
using miniaturized tensile sample geometry. The main purpose of the work
was to reveal the threshold temperature for ductile plastic deformation as
well as to clarify the features of the fracture mechanisms in the ductile
regime. Based on the obtained results and discussions it is possible to state
the following:

Commercial IGP and ATW products, tested in L direction, have
considerable uniform elongation in the temperature range 300-400 °C,
which depends on the texture and initial microstructure. Although
WO0.5ZrC also has large uniform elongation at 250 °C and 300 °C, the
uniform elongation gradually reduces with increasing temperature.
Important to note that IGP, tested in L direction, has the highest
fracture resistance out of all tested materials. While, the W0.5ZrC has
the lowest DBTT (around 100 °C), as indicates in the original work [1],
and still sustains rather high yield strength at 600 °C.

The lab-scale FG, W1TiC, W2YO grades exhibit relatively high DBTT,
above 300 °C, however, these materials show large uniform elongation
and capacity for work hardening up to 600 °C, and likely even higher.

Overall, each tested material exhibits brittle-ductile-early necking
deformation behavior as the test temperature rises. The ductile
behavior and capacity for work hardening are preserved over a limited
temperature range, which is extends by about 300 degrees above the
DBTT, as was revealed for the IGP-L, ATW-L and WO0.5ZrC. Clarification
of the value for this temperature range for the FG, W1TiC, W2YO grades
requires additional tests at a higher temperature.

The presence of texture in the commercial grades has an impact on the
above discussed Brittle/Ductile/Early Necking trend. In particular, for
both IGP and ATW grades tested in T-orientation, the observation
indicates the direct transition from brittle to early necking deformation
pattern without attaining the ductile deformation with somewhat
considerable uniform elongation.

The fracture surface analysis indicates that the commercial grades tend
to delaminate at high temperature. On the other hand, the fracture
surface of the lab-scale grades mainly consists of trans/inter-granular
fracture. Worth to note that W0.5ZrC revealed all types of fracture,
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where the fraction of each type of pattern depends on the test
temperature.
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Chapter 4

Ductile to brittle transition in ITER
specification tungsten assessed by combined
fracture toughness and bending tests analysis

4.1. Methodology and experimental details
4.1.1. Materials and microstructural analysis

The microstructure and fracture surface of the specimens are analyzed using
a JEOL JSM6610 scanning electron microscope. The surface fraction of the
different fracture patterns are quantified by ImageJ image analysis software.
Electron backscattered diffraction (EBSD) is used to analyze the morphology
and orientation of the grains. The measurements are performed based on
the Bruker QUANTAX EBSD system, and OIM TSL analysis software is used to
calculate low angle grain boundary density (with a step size of 2.74 um) and
to plot the inverse pole figure (IPF) after the EBSD measurements.

Two grades of commercially pure tungsten (W) processed according to the
ITER specification [1] were studied. These grades will be referred to as IGP
and ATW, being manufactured by Plansee (Austria) and AT&M (China),
respectively. Both materials were produced by powder metallurgy methods.
The mechanical treatments are different: double hammering was applied to
IGP W and rolling was applied to CEFTR W. Their composition (provided by
the manufacturer) and grain size are shown in Table 4.1; the grain
characteristics are calculated by the MTEX Matlab code.

62



Table 4.1. Composition and grain characteristics (normal to normal direction)
of the W materials; the equivalent median diameter is defined as the
equivalent diameter of grains that have 50% cumulative area fraction; the
median aspect ratio is defined as the ratio between the long side and the
short side of an equivalent ellipse, which has the best match with the grain
shape.

Materials IGP ATW
Composition Pure W (>99.97 wt%) Pure W (>99.94 wt%)
Major impurities C|O|N|Fe[Ni|Si|] C |O|[N]|Fe|Ni]|Si
(maximum

; -3
concentration, x 10 3|2lo5|3|2]2] 10]20]20]10]10]10
wt%)

Plane normal to

. . Normal Transverse Normal Transverse
(the directions are L L L S
- direction direction direction direction
shown in Figure 4.2)
Eguwalent median 78.6 136 58 376
diameter (um)
Median aspect ratio 9.79 10.75 2.42 7.43

Low angle grain
boundaries (LANGs) 2.17x10° | 2.01x10° 2.20x 10° 2.03x10°
density (m)

The microstructure of the two W materials can be analyzed based on the map
of inverse pole figures (Figure 4.1), where the color mapping is related to the
orientation of grains. Because of the hot rolling (ATW) and hot
forging/hammering (IGP), the microstructure consists of essentially
elongated grains whose axis coincides with the longitudinal direction. The
grains are elongated, and therefore the measured median diameter
represents only the effective size, while the apparent size is essentially
different. The main differences between these materials are (1) the grain
shape aspect ratio in TD-LD plane (plane normal to ND), see Table 4.1; and
(2) the texture, see Figure 4.1c and d. The impact due to these differences
will be discussed further after presentation and analysis of the failure process.
The microstructure of IGP and ATW material have been investigated by TEM
revealing that both materials have similar dislocation density, which is around
4.5 x 102 m?[2].
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Figure 4.1. Map of inverse pole figure of IGP and ATW; (a) and (b) are normal
to normal direction (ND); (c) and (d) are normal to transverse direction (TD).
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4.1.2. Fitting method

In order to fit the dependence of K, and flexural strain (FS) on test
temperature, we use the mean values of the experimental results instead of
the median values of the Weibull distribution. This choice is motivated by the
limited number of tests performed at each temperature (1 to 6 samples were
tested at each temperature). Later on, it will be shown that the two W
materials exhibit different transition temperatures, and in the case of IGP that
the flexural strain shows a plateau as the temperature reaches 525 °C. On the
other hand, the saturation of the flexural strain for ATW is not attained yet at
the highest flexural strain capacity of the test stage, which is around 20%.
Because of this, two functions are exploited to fit the FS experimental results:
(i) an exponential function (equation 4.1) for ATW and (ii) a Boltzmann
sigmoidal function (equation 4.2) for IGP. The experimental results of fracture
toughness for both materials is fitted using a Boltzmann sigmoidal function
(equation 4.3).

FS% = FSpase + B - exp(C - T) (4.1)
FStop_FSbase

0f =
F5% = FSpase + 1+exp(C(Thalf_T))

(4.2)

Ktop —Kbpase

K.=K +
Je base 1+exp(C(Thalf—T))

(4:3)

where FSpase and Kp,se are constants that define the lowest values of FS
and fracture toughness, FS;,, and Ki,, are constants that define the
highest values i.e. the values obtained at 600 °C, B and C are deduced from
the fitting procedure, the constant C will be referred to as the slope
parameter, and Tpq s is the temperature of the inflection point (the
temperature that the second derivative of the curve is equal to zero).
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4.2. Results

4.2.1. Three-points bending tests

Figure 4.2a presents the results of the three-point bending tests. The flexural
strain increases exponentially with increasing temperature for both materials.
As proposed by Lassila et al. [3], DBTT is in the range where the flexural
bending strain reaches 5%. This temperature will be referred to as Tsy. This
definition is different from the method used to find the DBTT through the
fracture toughness tests, where the DBTT is considered to be the
temperature at which linear elastic fracture mechanics (LEFM) is no longer
valid [4, 5] or the temperature corresponding to the maximum value of
fracture toughness [6-8].

According to the results of 3PB tests, the transition is around 300°C for the
ATW and around 400°C for the IGP material. In the IGP grade, the Boltzmann
sigmoidal function fits well the experimental results, while in the case of ATW
material the exponential function closely captures the experimental trend.
The best fit parameters are collected in Table 4.2. Both fits have a R? value
higher than 0.95, which indicates the good quality of the fit. According to the
fitted curves, Tsy of IGP T-L is 389 +16/-19 °C and, Tsy of ATW T-L is 305 + 12
°C, which makes a difference of 85 °C.

Table 4.2. Parameters obtained from the best fit of the FS-Temperature
curves.

Parameters
Materials R?
FSpase Fstop B C Thalf
16.951 + 0.023 + 426.383 +
- + -
IGP T-L 0+1.613 3.649 0.012 25208 0.958
0.017 0.019 ¢

- + - -

ATW T-L 0+1.923 0.038 0.006 0.967
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Figure 4.2. (a) Variation of FS as a function of Temperature and (b) variation
of Kic as a function of Temperature curve for IGP T-L (triangles) and ATW T-L
(squares) grades. The error bars in both figures represent one standard
deviation of the experimental data. The pink and blue bands show the 68%
confidence bands.

The fracture toughness measured for both materials and presented in Figure
4.2b is found to increase according to the Boltzmann sigma type function



with temperature for IGP and for ATW material. The parameters obtained by
applying the fitting procedure are presented in Table 4.3. Just as in the case
of flexural strain, the confidence factor R? exceeds 95%, hence we consider
the fitting procedure to be reliable.

Table 4.3. The parameters of the fitted K,.-Temperature curve.

Parameters
Materials R?
! Kbase Ktop B C Thalf
9.292+ | 55994+ 0.020+ | 431.040
IGPT-L 2.352 5.034 ) 0.008 +17.991 | 0974
8822+ | 41.442+ 0.019+ | 318.966
ATWT-L 2.613 2.293 ) 0.006 118789 | 090

The rate at which the fracture toughness increases with temperature levels
off at 400 °C for ATW and at around 500 °C for the IGP material. Earlier studies
on similar textured commercially pure W grades found the maximum of the
fracture toughness in the temperature range of 600-800 °C [7, 9]. The
standard deviation on the mean value also increases with the test
temperature. Statistical aspects become very important on the
determination of K. at high temperature.

Using the coefficients reported in Table 4.3, the fracture toughness of IGP
and ATW at Tsyk is found to be 23.3 + 3.8 MPaym and 23.0 + 2.3 MPaym,
respectively, hence, equal to one another. K;,, is determined at the highest
test temperature. The value of K., should be close to the value predicted
by the Griffith criterion considering a fully brittle material at 0 K. The surface
energy G required to form the new open surfaces at fracture is around 3 J/m?
[10]. Therefore, the fracture toughness K, should be equal to 1.6 MPay/m
for the “ideal” fully brittle tungsten. However, the experimental results,
obtained at low temperature, do not match with the result coming from the
Griffith limit because some degree of micro-plastic deformation still occurs
at the crack tip of tungsten [11]. Hammering and/or rolling during the
manufacture process indeed increases the fracture toughness of tungsten [6,
11-16]. As a result, the obtained Kj 4 is found to be 9 + 2.7 MPaym for
technical grade tungsten and also is in line with other experimental data
obtained earlier [7, 9, 17-19].
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4.2.3. Fracture surface

To substantiate the results of mechanical testing and the approach of Lassila
[3] regarding the determination of the transition temperature, we performed
a detailed investigation of the fracture surface. Scanning electron microscopy
analysis was performed on the materials deformed at low temperature (in
the 100% cleavage region), near the transition temperature and at the upper
studied temperature. Figure 4.3 shows the fracture surface of both materials
as obtained using the 3PB samples, which were tested near the Tsy
temperature. Both intergranular and transgranular brittle fracture are
observed on the fracture surface. However, the transgranular brittle fracture
pattern of ATW T-L is higher than the one of IGP T-L i.e. approximately 30%
and 50% of the pattern correspond to the transgranular brittle fracture for
IGP T-L and ATW T-L, respectively.

a. IGP T-L 400 °C b. ATW T-L 300 °C

‘.\\ / e

20 um

Figure 4.3. The fracture surface of 3PB specimens obtained for (a) IGP at 400
°C and (b) ATW at 300 °C, which is near Tsy as determined from mechanical
tests. The red arrow indicates intergranular fracture failure; the blue arrow
indicates transgranular brittle fracture.

The evolution of the DCT fracture surfaces of the IGP grade tested at 23, 400
and 600 °C are shown in Figure 4.4. As the test temperature increases to 400
°C (i.e. close to Tsy of this material), the fraction of transgranular brittle
fracture pattern increases from 10% to 20%. At 600 °C, oxidation happens
and the delamination is clearly observed, which implies a ductile deformation
behavior. However, the stability of the crack propagation process cannot be
determined by characterization of the fracture surface. Further investigation
of crack propagation, e.g. by means of video registration, is required.
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Figure 4.4. Fracture surface of the DCT specimens of IGP material obtained
at 22, 400 and 600°C.

The fracture surfaces of the ATW grade tested at 23, 300 and 600 °C are
shown in Figure 4.5. The comparison between Figure 4.5 and 6, shown that
the evolution of the fracture surface pattern is different in the case of ATW.
At 300 °C (close to Tsyx) both trans- and intergranular brittle fracture is
observed (transgranular brittle fracture is around 30%). The pattern at 300 °C
is different from the one at 23 °C, which shows high fraction of transgranular
brittle fracture (60%). Whereas at 600 °C, no delamination is observed but
just a mixture of transgranular brittle fracture (30%) and intergranular brittle
fracture with oxides is presented.

Room Temperature 600 °C

Figure 4.5. Fracture surface of DCT specimens of ATW material tested at 22,
300 and 600°C.
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4.2.4, Texture

A deeper analysis of the crystallographic texture is performed as a starting
point to explain the differences in the DBTT of IGP and ATW grades. The
inverse pole figure (IPF) indicates the intensity associated to crystallographic
directions, which align toward the specific specimen orientation. The
corresponding distribution of crystallographic planes normal to different
crystallographic directions indicated on the IPF can also be identified.

As shown in Figure 4.6, both materials exhibit a preferential texture on the
fracture plane normal to TD. IGP appears to have high intensity of {001} and
{111} crystallographic planes and high intensity of (101) crystallographic
direction, as shown in Figure 4.6a and 8b. Moreover, the IPF of IGP exhibits
medium intensity of (001) crystallographic direction. Differently from the
IGP, the ATW material exhibits medium intensity of {001} and {101}
crystallographic planes and high intensity of (101) crystallographic
direction, as shown in Figure 4.6c and 8d. The quantized intensity of
crystallographic planes and crystallographic directions, which are analyzed by
the crystal direction function of OIM TSL analysis software, are shown in
Table 4.4. This information will be used later in the discussion of the results.

2,500
2,081
1.733
1.443
1.201
1.000
0833

001 TD 101 001 LD 101

Figure 4.6. Inverse pole figure for (a, b) IGP and (c, d) ATW materials
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Table 4.4. Fraction of crystallographic planes normal to TD and fraction of
crystallographic directions parallel to LD (with the + 15° of angular range from
the reference crystallographic planes or reference crystallographic directions)

Fraction of planes normal to TD Fraction of directions parallel to LD
{001} {101} {111} (100) (101) (111)
IGP 0.174 0.046 0.269 0.118 0.326 0.019
ATW 0.090 0.276 0.118 0.065 0.316 0.047
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4.3. Discussion

4.3.1. Methodology to construct K(T) curve by single temperature
measurement

The purpose of this section is to summarize the results and to discuss how
small specimen test configurations can be used to explore the transition
temperature range in order to guide the standardized fracture toughness
testing.

At first, the relationship between the fracture toughness K, and flexural strain
of the two tested materials is shown in Figure 4.7a. One can see that the
fracture toughness K, of both materials is almost identical in the range of the
low flexural strain (up to ~5%). This can be explained by the grain properties.
As shown in Table 4.1, the two tested materials have similar aspect ratio and
similar density of low angle grain boundaries (LAGB) over the fracture plane
(ND-LD plane). As indicated in the literature, the aspect ratio [17] and
dislocation sources e.g. LAGB [6, 8, 12] do have an impact on the fracture
toughness below the DBTT. Similarity of the microstructure of the two grades
is likely the reason why the fracture toughness vs. FS of both materials at low
temperature (i.e. below Tsy) is almost the same. At higher values of FS, the
fracture toughness curve begin to deviate, which implies that the two
materials show different sensitivity to strain state in the upper shelf regime.

Secondly, the slope parameter C (see equations 4.1 - 4.3, Tables 4.2, 4.3) was
obtained from both 3PB and DCT tests. An easy way to compare the slope
parameters obtained from the two types of tests is to plot the natural
logarithm vs. test temperature as presented in Figure 4.7b. The values of
Ln(Ks), Ln(FS%e) and Ln(FS%g) are derived from the equations used to fit Kjc
curves, and these values read:

_ K]c_Kbase _
LN(KB) =In (m) + CThalf =CT (44)
LN(FS%;) = In (=F) = ¢T (4.5)
FS%—FSpase
LN(FS%g) = In (FSW—_F”S/) + CThap = CT (4.6)

where the constants B, C, Kpgse, and Ki,, are taken from Table 4.2 and 4.3.
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Figure 4.7. (a) Variation of K;c as a function of flexural strain; (b) variation of
natural logarithm of Exponential and Boltzmann sigma parameters as a
function of temperature for both tested materials.

Ln(KB), Ln(FS%E) and Ln(FS%B) are plotted in Figure 4.7b, and the figure
clearly demonstrates the parameter C for ATW T-L agrees much better than
that for the IGP T-L. The deviation of the slope parameter from the two types
of tests for IGP T-L can be explained by a relatively large dispersion of the
fracture toughness values measured at high test temperature, as shown in
Figure 4.2b. In order to quantify the accuracy of the agreement of slope
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parameters of IGP T-L and to account for the relative error (calculated as
propagated error of the slopes from the both tests), we propose to compare
the convergence criterion f = |1 — Cpr/Crg| with this error (Cgr is the
slope parameter of fracture toughness test, and Crs is the slope parameter
of three-points bending test). Following the rule of error propagation, the

resulting error equals to Cpp+/(0pr/Crr)? + (05s/Crs)?/Crs where opp
and opg are the uncertainty of Cpr and Cgg, respectively, as shown in
Table 4.2 and 4.3. If the propagated error is larger than the convergence
criterion f, the two slope parameters can be considered as agreed. The
propagated errorand f of IGP T-Lare found to be 0.57 and 0.13, respectively.
Hence, the slope parameters for the flexural strain obtained from the
miniaturized 3PB tests are very close to the slope parameters measured for
the fracture toughness using standardized DCT geometry. Because of this, the
flexural strain measurements can be proposed as a complimentary method
to define the transition temperature range and therefore to guide and
minimize the number of fracture toughness tests to determine DBTT.

The complementary approach can be implemented in the following way.
Since the slope parameters of both 3PB and DCT fracture toughness test are
similar, and given that K., is known, it should be possible to deduce the
Ki-Temperature curve by performing a set of fracture toughness tests at a
single temperature. Of course, this curve can be determined only in the
transition temperature range and will not cover the temperature range
where ductile tearing is observed. a

We now assess our approach on the example of the ATW material, whose
fracture toughness is best fitted by the Boltzmann sigmoidal function
(equation 4.3). The function requires four parameters: the slope parameter
C, Kpaser Ktop, and Tpgir. The slope parameter C is taken from the 3PB
tests (Table 4.2). As shown in Table 4.3, K} s, for both materials is around
9 MPavm. In order to assess the influence of this parameter on the
prediction of the K,-Temperature curve, it is varied in the range of 5-10
MPav/m. Kiop and Tpqr are calculated from the following equations:

Kjci—aK
Keop = 222 (4.7)
Ktop=Kjc2
n|————"——
Thalf — T2 + (K]CZC Kbase) (48)

where Kj.; is the fracture toughness at temperature equal to Tsy, which is

equal to 23 MPaym, the constant o is equal to exp [CTZ—CT1+
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1 (K]cl_Kbase

K]cz_Kbase
at T.. The temperature T, can be selected according to the transition
temperature range determined from 3PB tests.

)], and Kj.; has to be obtained by the fracture toughness tests

For instance, if T, is taken equal to 550 °C, the constructed functions for both
ATW and IGP materials are shown in Figure 4.8. The predicted curves of both
materials match reasonably well the experimental points in the transition
temperature range. The variation of Kj,;. does not have a strong influence
on the K. curve in the transition temperature range. As a result, the shift of
the DBTT after irradiation can be determined using the same methodology in
two steps. In step 1, a set of 3PB tests is performed to identify the transition
temperature range, slope parameter C, Tsy and T.. In step 2, a set of fracture
toughness tests is performed at T, to deduce Ki,, and Tpgr. The selection
of T, is very important since it must be higher than the DBTT but still comply
with the criteria of validity of K, according to ASTM E1820. Moreover, the
fracture toughness has a larger spread at high temperature. Therefore, a
sufficient number of specimens (at least 3 specimens) is required to reliably
determine a Ky, value.
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Figure 4.8. Boltmann sigma curve single temperature fitting approach

The main objective of this approach is to reduce the number of test
specimens required to assess the DBTT shift after neutron irradiation. With
this respect, three important warnings regarding the proposed approach
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should be mentioned:

(i)

(ii)

(iii)

the application of the equivalent slope C for non-irradiated and
irradiated materials implies that the ductile-to-brittle transition
is controlled by the same type of thermally activated
mechanisms (e.g. activation of screw dislocation movement).
Should the irradiation change the main mechanism of the plastic
deformation, the C parameter must be redefined, which can be
done by 3PB tests. In this case, the assessment of the
microstructure becomes important and extra information to
substantiate the mechanical testing procedure is required.

the assumption that Kj,¢.forirradiated materials is the same as
that for non-irradiated material remains valid as long as the grain
microstructure and texture is not altered by the irradiation. In
the case of irradiation at high temperature, removal of texture
and some partial recrystallization may happen in addition to the
formation of neutron irradiation defects. In this situation, the
ambient microstructure (i.e. grain size, grain shape, dislocation
density) before and after irradiation will no longer be the same
and hence K, can differ as well. However, a moderate
variation of K, (i.e. 5-10 MPayvm;) does not lead to the
strong impact of the transition temperature, as shown above.

besides the shift of DBTT after neutron irradiation, the upper
shelf of the fracture toughness is also known to decrease.
Therefore, the approach requires further validation whether the
Kic value at Tsy for neutron irradiated material is equal to 23

MPavm.

4.3.2. Linking microstructure and fracture mechanism

The results of the mechanical tests show a difference of 85 °C in the DBTT
(determined by Ts%) and in the fracture behavior between IGP and ATW
grades. As summarized by Bonnekoh, et al. [20, 21], the DBTT can be
influenced by aspect ratio of the grains, impurities, lattice defects, and
crystallographic texture (the degrees of impact decreases respectively). Since
the density of LAGB, initial density of dislocations and grain size aspect ratio
of both materials on fracture plane (ND-LD plane) are similar, the difference
in the DBTT could originate from impurities and crystallographic texture.

Because of the difference in the manufacturing process, the microstructure
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of the IGP and ATW materials differs as well, as shown in Fig.1. The grains of
IGP exhibit a carrot-like shape, while the ATW T-L grains have pancake-like
shape. Following the literature [4-6, 12, 13, 22, 23], the fracture toughness
and the DBTT depend on the crystallographic plane and direction along which
the crack(s) propagate. For example, the activation energy for the ductile to
brittle transition (Qper) in the case of {001}(100) crack system (where
{001} is the fracture plane and (100) is the crack propagation direction) is
higher than for the {110}(110) crack system [5, 6, 12]. Moreover, from the
results of P. Gumbsch, et al. [6], the crystallographic direction, in which the
crack propagates, has stronger influence on the DBTT than the
crystallographic plane that is parallel to the crack surface. The effect of
texture on DBTT can be observed from IGP materials, which has high fraction
of {001} planes (higher DBTT than {110} planes if the crack propagation
direction is (100) [6]) along the fracture plane and a high fraction of (100)
directions (higher DBTT than (110) directions [6]) along LD (crack
propagation direction), as indicated from Table 4.4. And these high fraction
of {001} planesandof (100) directions can be the reason why the IGP has
higher DBTT than ATW. Thus, the difference in the texture of IGP and ATW
provides an explanation of the reasons for the difference in the DBTT and in
the fracture surface pattern.

Besides crystallographic texture, one should keep in mind that the two
materials have slightly different chemical composition. However, at
temperature significantly below the DBTT (for instance, room temperature),
the effect of impurities on the fracture behavior can be ignored [24].
Therefore, the main factor that influences the fracture behavior is likely the
orientation and morphology of grains, which is known to play a key role [17,
18, 25, 26]. As indicated by Prakash et al. [26], the intergranular failure will
occur in the fracture process zone if the kink angle between grain boundary
and crack propagation direction (see Figure 4.9a) is smaller than a threshold
angle (the threshold angle is around 50° and will be smaller if the cohesive
strength of grain boundary is higher); in other words, the grain will have
transgranular brittle failure if the kink angle is larger than the threshold angle.
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a. Kink angle

*—— Grain
boundary

b. IGP: carrot-like grains c. ATW: pancake-like grains

Figure 4.9. (a) Kink angle between grain boundary and crack propagation
direction; (b) IGP and (c) ATW are the scheme of crack propagation route in
TD-LD plane at low temperature

In the ND-LD plane, the fracture surface of IGP T-L exhibits a very high fraction
of intergranular fracture (around 90%) because the material has carrot-like
grains (high aspect ratio, as shown in Table 4.1) along the crack propagation
direction; as a result, the kink angle is very small, as shown schematically in
Figure 4.9b. Unlike IGP T-L, ATW T-L samples have pancake shaped grains (low
aspect ratio, as shown in Table 4.1), which are oriented normal to the fracture
surface. Consequently, the kink angle is higher in most of the cases, as shown
in Figure 4.9c. And in agreement with this, the fracture surface of ATW T-L
shows higher fraction of transgranular brittle fracture (around 60%) and the
measured fracture toughness value of ATW T-L is slightly higher than the one
of IGP T-L at room temperature.

As the test temperature increases, the effect of impurities (which can
strengthen or weaken the grain boundary cohesion) may become important
[27]. Therefore, impurities might be the reason why the fracture behavior of
both materials changes. Impurities, segregating to the grain boundaries, can
reduce the cohesive strength between sub-grains and/or grains. For IGP, at
temperature near Tsyx, the fracture surface has both intergranular and
transgranular brittle fracture patterns since the purity of the material is
higher and the grains with (100) directions parallel to LD (the fraction is
around 11%, as shown in Table 4.4) start to act as a competitive weakest links
because of the high Qpsr [5]. As a result, the fraction of intergranular fracture
is reduced to ~10% in IGP T-L near the DBTT. But, for ATW, the impurity
concentration is higher, and therefore, the transgranular brittle fracture is
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reduced from 60% to 30%.

At temperature exceeding the DBTT, both {hkl}{(100) and{hk(}(110) crack
system become ductile (the Quegr is related to the activation energy for the
dislocation slip [12]). Thus, ductile fracture features, i.e. delamination,
become evident in the IGP as a result of the plastic deformation and
dislocation slip. On the other hand, in the ATW, some grains still demonstrate
cleavage fracture. Therefore, the fracture surface exhibits partial
transgranular brittle fracture (around 30% of the fracture area). Keeping in
mind that the difference between the texture of IGP T-L and ATW T-L is not
just confined with the texture components that had been mentioned above,
the detail of other texture components will require further investigation.
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4.4. Summary

The fracture toughness and maximum flexural strain have been assessed for
two commercial tungsten grades produced by European and Chinese
companies. The grades are produced to comply with ITER specifications and
the mechanical tests were performed for the T-L orientation, which is
relevant for plasma facing components, accounting for the texture of the
materials. On the basis of the obtained results by performing the mechanical
tests and microstructural analysis, we come to the following conclusions:

I The fracture toughness and three point bending tests were performed
in the temperature range of RT-600°C, where the transition from
ductile to brittle behavior is expected. The temperature dependence of
the K. and flexural strain follow very similar variation, which suggests
that the three point bending tests can be used to explore the
temperature bounds of the ductile to brittle transition range with high
confidence.

Il.  The dependence of the fracture surface on temperature (K;.-T curve) in
the transition temperature range can be derived by combination of the
three point bending tests and single temperature fracture toughness
test. Such approach can be used to assess the DBTT of the neutron
irradiated material which is already well pre-characterized in the non-
irradiated conditions. If proved to be valid, the approach will enable to
reduce the number of samples and tests to construct K,.-T curve. In this
work, we have simulated the construction of the Ki-T curve for two
commercial tungsten grades, which has been shown to be rather
accurate if one overlays the experimental fracture toughness data
obtained in the whole transition temperature range. The next step is to
demonstrate the robustness of this approach and to perform heat
treatments and proton irradiation (generating 1 mm uniform damage)
on non-irradiated materials to change its DBTT that should be captured
by 3PB tests.

lll. Considering that the temperature at which the material deforms up to
5% of flexural strain can be taken as the DBTT (criterion induced in [3]),
the fracture toughness at Tsy was calculated for the two grades by
interpolating the experimental data and was found to be same for both
being equal to 23 MPayvm. The fracture surfaces of the bending
samples and disk compact tension samples were compared at Tsy for
both materials, and a good correspondence of the microstructural
features and morphology observed in the two kinds of samples is found.
These findings substantiate further the applicability of the miniaturized
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three point bending tests to assess the transition temperature range in
forged fine-structured tungsten.

The transition temperature Tsy of the IGP and ATW materials is found
to be, respectively, 389 +16/-19 °C and 305 + 12 °C. The difference in
the transition temperature, fracture behavior, and fracture toughness
measured for the two materials is discussed on the basis of the
microstructure assessed by electron back-scattering diffraction and by
fracture surface analysis through scanning electron microscopy.
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Chapter 5

Ductile to Brittle Transition Temperature of
advanced tungsten alloys for nuclear fusion
applications deduced by miniaturized three-
point bending tests

5.1. Experimental details

5.1.1. Materials

Nine different types of tungsten grades are investigated in this study:

There are two commercial ITER grade pure tungstens, which are
named IGP and ATW produced by Plansee, Austria, and AT&M, China,
respectively. Respectively, IGP and ATW has carrot-like grains and
pancake-like grains because of the different processes after powder
metallurgy sintering, where IGP is double hammered into a rod with
a 35 mm x 35 mm cross section, and ATW is rolled into 13 mm thick
plate.

Another pure tungsten grade is made of a fine grain tungsten (FG)
produced by spark plasma sintering (SPS) is provided by the Institute
of Plasma Physics, Czech Republic.

Beside pure tungsten, there are three kinds of potassium doped
tungsten alloys with pancake-like grains: potassium doped pure
tungsten (ALK), potassium doped tungsten alloyed with 3 wt% of
rhenium (ALKR), and heavily deformed potassium doped pure
tungsten (HDK). ALK and ALKR, which are manufactured by A.L.M.T.,
are rolled into 7 mm sheet [1]. HDK is heavily deformed by rolling
into 1 mm sheet, as developed by Karlsruhe Institute of Technology,
Germany.

Finally, three kinds of particle reinforced tungsten are also studied,
they are reinforced with 1 wt% TiC (W1TiC), 2 wt% Y>03 (W2YO), and
0.5 wt% ZrC (W0.5ZrC). W1TiC and W2YO are produced with powder
injection molding (PIM) and provided by Karlsruhe Institute of
Technology, Germany. Because the rolling or forging is not applied
during the PIM process, W1TiC and W2YO have equiaxed grains.
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Institute of Solid State Physics, China provides the W0.5ZrC, which is
rolled and treated with thermal mechanical treatment (TMT) in
order to get semi-equiaxed grains.

The tungsten grades are categorized according to their manufacturing
process or composition into three groups, which are commercial pure
tungsten grades (IGP and ATW), advanced grades (HDK, ALK, ALKR, FG), and
particle reinforced grades (W1TiC, W2YO, W0.5ZrC). The inverse pole figures
of these tungsten grades are shown in Figure 5.1 with the indication of
longitudinal direction (LD) and transverse direction (TD). Table 5.1 provides
the composition, and median equivalent diameter (D50), 10% equivalent
diameter (D10), and 90% equivalent diameter (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.

Table 5.1. Chemical composition and grain size of different tungsten grades.
The compositions of the commercial grades are provided by the
manufacturer.

Materials Maj?gyc\?v':i'ig’fli;t'°” D10 (um) | D50 (um) | D9O (um)
IGP Pure W (> 99.97 %) 15.74 87.4412 151.51
ATW Pure W (> 99.94 %) 21.16 60.2812 139.73
HDK Pure W + 60 ppm of K& 3.47 26.52 111.05
ALK Pure W + 30 ppm of K 7.73 37.04 108.92
ALKR 97%W +3% Re +28 6.98 32.65 60.77

ppm of K4

FG Pure W (> 99.7 %)b! 4.74 9.361% 15.64
W1TiC 99 % W + 1 % TiC!® 4.06 7.762 12.06
W2YO 98 % W + 2 % Y,05® 4.09 7.320 11.76
W0.5ZrC | 99.5% W + 0.5 % ZrC!”! 2.55 6.66% 14.15
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Figure 5.1. Inverse pole figure of different tungsten grades: (a) IGP; (b) ATW;
(c) HDK; (d) ALK; (e) ALKR; (f) FG; (g) W1TiC; (h) W2YO; (i) WO0.5ZrC. The figure
for IGP, ATW, FG, W1TiC, W2YO, W0.5ZrC has been reported in our previous
work [2].
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5.1.2. Microstructural investigation and fitting method

The electron back-scatter diffraction (EBSD) analysis is performed using an
OIM analysis software. The grain boundary analysis is based on the scan with
a step size of ~0.54 um in an area around 270 x 200 um? on the plane normal
to ND. Low angle grain boundaries (LAGB) and high angle grain boundaries
(HAGB) are defined as the boundaries with a misorientation angle from 2 to
15° and larger than 15°, respectively. The coincidence site lattices (CSL)
boundaries are determined by the Brandon’s criterion Af8,,,, = X7 ",
where A8,,,, is the maximum permissible deviation from coincidence, 6
is a constant equal to 15°, n is a constant equal to 0.5, and the boundary
fraction is from 23 to 227. The grain boundary density for each type of grain
boundary is defined as the total length of each type of boundary per unit area.

By performing the tests in the ductile to brittle transition region, the flexural
strain increases from zero to above 10% within a relatively narrow
temperature interval. Hence, one can extract the DBTT by fitting the obtained
values and setting a threshold for the flexural strain above which the material
could be considered as ductile. The fitting method is a modified version of
the one used in our previous work [8]. Here, the upper shift of the flexural
strain (FStp) is defined as 10%, and the lower base of the flexural strain (FSpase)
is defined as 0%. Therefore, a flexural strain higher than the defined upper
shift will be reported as having a value of 10%. And the equation for fitting
the flexural stain transition curve reads as follow:

10%
1+exp(C(Thalf—T))

FS(T) = (5.1)
where C is the slope of the transition curve; T is the test temperature. Thar,
which is also defined as the DBTT in this study (following the criterion
proposed by [9]), is the temperature corresponding to flexural strain equal to
5%.
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5.2. Results

5.2.1. Grain boundary density

The grain boundary density and fraction of HAGB, LAGB, and CSL are shown
in Figure 5.2. The mechanically processed tungsten grades (i.e., IGP, ATW,
HDK, ALK, ALKR, and W0.5ZrC) exhibit a much larger density of LAGB than the
grades (i.e., FG, W1TiC, and W2YO) manufactured by the advanced processes.
The deformation process during rolling or hammering introduces dislocations
and LAGB (which can be seen as an array of dislocations). The degree of
deformation influences the amount of dislocations and LAGB. As a result,
HDK has the highest LAGB density because it is heavily deformed during the
manufacturing process. Moreover, with the presence of the potassium
bubbles, which will suppress the migration of grain and dislocation
boundaries [3], the removal of LAGB during high temperature mechanical
process and heat treatment will be suppressed, which results in a smaller
grain size. This can also explain why the HAGB and LAGB density of HDK, ALK,
and ALKR are higher than the one of IGP and ATW. The HAGB density of
WO0.5ZrC, W1TiC, W2YO, and FG are also high since they involve a small grain
size, especially for W0.5ZrC, which has the highest HAGB density and the
smallest grain size because of the TMT [7]. CSL boundary has a lower
boundary energy compared to other HAGB and therefore has better
resistance to crack propagation (i.e. higher cohesion bonding and lower
capacity to suppress plastic slip). Although the absolute CSL density varies in
the studied tungsten grades (i.e. W0.5ZrC and HDK have high CSL density),
the ratio of CSL boundaries to HAGB fraction is similar for all the tungsten
grades, being around 0.11 to 0.15. Given that the fraction of CSL boundaries
is very small compared to LAGB and/or HAGB, we include CSL boundaries into
a population of HAGB in further discussion.
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Figure 5.2. (a) Grain boundary density and (b) fraction of grain boundary of
different tungsten grades
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5.2.2. Three-point bending tests

The variation of flexural strain as a function of temperature and the fitted
curves are shown in Figure 5.3. The fitting parameters are gathered in Table
5.2. The orientation of the specimens strongly affects the DBTT, with L-T
specimen exhibits lower DBTT than T-L ones, as shown in Figure 5.3a and c.
Compared to the commercial grades IGP and ATW in Figure 5.3a, the
potassium doped tungsten has lower DBTT, especially ALKR L-T, with a DBTT
below 0°C, as shown in Figure 5.3b. The addition of Re is indeed known to
enhance the mobility of %:<111> screw dislocations (due to modification of
its core structure) and thereby to reduce the DBTT of W-Re alloys [10].
Moreover, the grain size in the potassium doped tungsten grades is smaller
than in the commercial pure grades. Smaller grain size will result in a higher
density of dislocation sources, which also contributes to the improvement of
low temperature ductility [11, 12]. As a result, the toughness and strength of
such materials should be higher together with the reduced DBTT compared
to tungsten with a larger grain size.

Tungsten grades manufactured without mechanical treatment like rolling or
forging have a higher DBTT. Moreover, the temperature span of the transition
of W1TiC, W2YO, and FG are different from other tungsten grades, where
W1TiC and W2YO have a wider temperature span, and FG has a very sharp
transition. The sharp transition of FG results in missing data points in the
transition region and therefore has a very large standard error for the fitting
parameters. This sharp transition of FG has also been observed in fracture
toughness tests [13].
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Figure 5.3. The flexural strain of different tungsten alloys as a function of
temperature. (a) Commercial tungsten grades; (b) Advanced tungsten grades;

(c) Particle reinforced tungsten grades. The data of IGP T-L and ATW T-L can
be referred to our previous work [8].
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Table 5.2. Fitting parameters for the flexural strain transition curve of various

tungsten grades

Materials Thalf C

IGP L-T 145+ 1 0.085 + 0.007
IGP T-L 391+13 0.022 + 0.006
ATW L-T 2209 0.050+0.021
ATW T-L 3076 0.048 £+ 0.014
HDK L-T 1052 0.039 +0.002
ALK L-T 65+3 0.048 + 0.007
ALKR L-T -14+7 0.051 +0.018
FG 304 +17141 0.645 + 2925.228
WI1TiC 394 +8 0.012 £ 0.002
W2YO 448 + 20 0.008 + 0.002
WO0.5ZrC L-T 132+3 0.103 £ 0.025
WO0.5ZrC T-L 296 £ 5 0.067 £ 0.020
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5.3. Discussion
5.3.1. Dependence of DBTT on grain orientation

Early studies conducted by Reiser et al. [14] have shown that for the heavily
deformed W plate (HDK, here) the DBTT in the rolling and transversal
direction differs by 100 °C. At the same time, Shen et al. [15] reported the
difference of DBTT in rolling and transversal direction to be about 50 °C for
the commercial rolled W (ATW, here) based on tensile tests, which is in a
reasonable agreement with the result obtained here (~100 °C). As was
recently studied by Oude Vrielink et al. [16], the dependence of the DBTT on
the loading direction can be understood by introducing the cleavage criterion
based on the maximum principal stress at grain level (given the grain size
distribution and crystallographic texture). However, the modeled DBTT
difference between the transversal and rolling direction (predicted based on
the crystallography texture and the grain distribution of ATW material) was
found to be only 16°C, which is much lower compared to the experimental
data. The explanation for this difference comes from the fact that different
fracture mechanisms (or their mixture) might operate in the different loading
directions of rolled/forged tungsten. Moreover, the shape of the elongated
grains and their orientation will also influence the DBTT since the anisotropy
in the fracture toughness increases with increasing aspect ratio [11]. This is
confirmed in Figure 5.4 showing that the DBTT difference increases
monotonically with the aspect ratio. The IGP has the highest DBTT difference
between L-T and T-L orientation, equal to ~250 °C, and with an aspect ratio
of 9.79 [8], followed by W0.5ZrC (DBTT difference of ~160 °C and aspect ratio
of 3.12), and finally ATW (DBTT different of ~90 °C and aspect ratio of 2.42

[8]).

%94



300

IGP

250 e

Q -

o -

200 W05ZrC

mn T

0O 1504 /

l—.' ;’f

= 100 A

E o
ATW

0 50

O I T 1 1 1

2 4 6 8 10

Medium aspect ratio

Figure 5.4. Anisotropy of DBTT (quantified as the difference of DBTT
between T-L and L-T orientation) as a function of median aspect ratio. The
median aspect ratio of IGP and ATW are taken from [8].

The possible explanations for the effect of grain shape on the DBTT are
presented in the following. First, the correspondence between the elongated
grains and the crack propagation plane are different for T-L and L-T
orientations, as shown in Figure 5.5a. For example, the orientation of the
elongated grains of IGP T-L samples is along the crack propagation plane. As
a result, the crack propagation between elongated grain boundaries will not
be deviated/deflected by the grains [8], and that is why IGP has the largest
DBTT difference from T-L and L-T orientation. Second, since the mean free
path for dislocation glide varies with the relative angle between the major
axis of elongated grains (including subgrains) and the loading direction, the
mean free path for dislocation glide in grains or subgrains of T-L orientation
is shorter than the one of L-T orientation. Hence, for the T-L orientation,
dislocation pile-ups on GBs form at lower values of strain, creating stress
concentration and leading to earlier micro-crack nucleation, globally
resulting in a lower toughness [11]. Thus, the DBTT of a T-L orientated sample
is higher than the L-T. Third, the density of grain boundary triple junctions
close to the fracture plane of L-T orientation is different from the one of T-L
orientation. As presented in Figure 5.5a, section A and section B correspond
to the area around the fracture plane for L-T and T-L orientations, respectively.
Section A has a larger number of grain boundary triple junctions (indicated
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as yellow dots) than section B. Upon application of a tensile load to the
sample, the stress distributed on each triple junction of the L-T sample is
lower than the one of T-L sample. As a result, the fracture strength (the
quotient of load at fracture to the actual fracture cross-section area) of the
L-T sample will be higher than the T-L sample. This simple picture is supported
by the tensile test results from our earlier studies [2, 17], as shown in Figure
5.5b. The fracture strength of the tensile sample tested in LD (IGP-L, ATW-L,
and WO0.5ZrC-L) is regularly higher than the one tested in TD (IGP-T, ATW-T,
and WO0.5ZrC-T). The fracture plane of LD-loaded and TD-loaded tensile
samples is the same as the fracture plane of L-T and T-L bending samples,
respectively. The difference of yield strength and ultimate tensile strength for
LD and TD loads is small at a test temperature of 600 °C since the plastic
deformation at the temperature of 600 °C is mainly governed by the gliding
of screw dislocations, and the screw dislocations in tungsten are fully
activated at this temperature. Since the yield strength and ultimate tensile
strength are almost the same for both L-T and T-L fracture plane, the one with
higher fracture strength, which is L-T orientation, exhibits lower DBTT.

Another important assumption utilized in the model of Oude Vrielink et al.
[16] is that the evolution of plastic deformation (i.e., strain to fracture) is
mainly driven by the activation of screw dislocations, which might not
necessarily be true in the case of heavily deformed material, where a high
density of LAGB with mixed dislocations is present. The activation of the
plastic slip by mixed and edge dislocations nucleated from the LAGB may also
contribute to the macroscopic plastic deformation, and therefore the
criterion for the DBTT can be fulfilled below the temperature of the screw
dislocation activation.
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5.3.2. DBTT and grain boundary density

The relationship between DBTT and total HAGB density, which is the sum of
CSL density and HAGB density, does not lead to a clear trend, as shown in
Figure 5.6a. The possible reason is that the presence of HAGB might not be
the main factor that affects the DBTT. However, a better trend can be
observed if one separates tungsten grades into two groups: the first group is
the commercial tungsten grades and advance tungsten grades, and the
second group is particle reinforced tungsten grades. The two groups now
show that the DBTT reduces with increasing total HAGB density. Besides the
effect of alloying elements and strengthening particles, this phenomenon can
be related to an increase of dislocation sources as the grains are smaller in
size [11, 12]. Moreover, a higher total HAGB density can reduce the
density/size of the clusters of impurities segregating to grain boundaries, and
thus the strength of the grain boundary increases [18].

However, when discussing the effect of grain boundary on DBTT, the HAGB
density is not the only controlling factor. As shown in Figure 5.6b, the DBTT
has a strong and clear relationship to the LAGB density, where higher LAGB
density results to lower DBTT. As summarized by Bonnekoh, et al. [19], LAGB
can act as dislocation source and thus reduce the DBTT. Moreover, the triple
junctions of the LAGB or HAGB can act as a source of stress-concentration
and crack nucleation. Although the material with high LAGB and HAGB
density will have a larger number of stress-concentration sources, the
average stress per source is reduced. As a result, the failure of the material is
delayed to higher level strains and stresses, which means that the material
has a higher toughness. The LAGB are introduced by the mechanical process
like rolling or forging during manufacture. Therefore, the mechanically
processed tungsten grades like potassium doped tungsten grades,
commercial tungsten grades, and W0.5ZrC have lower DBTT than FG, W1TiC,
and W2YO, which are produced by advanced manufacturing processes.

Although the DBTT shows a strong dependence on LAGB density, further
theoretical and experimental investigation of the role played by LAGB in the
overall macroscopic deformation of polycrystalline tungsten is required. At
least two aspects of the plastic deformation mechanisms are to be addressed:
(i) accumulation of dislocation pile-ups in front of LAGB and transmission of
the dislocation slip between LAGB; and (ii) conservative grain boundary slip
by displacement of the misfit dislocations available at LAGB. Clarification of
these mechanisms in tungsten will help to envisage the impact of neutron
irradiation on DBTT and thus to make the next step with respect to the
development of the materials with controlled DBTT in the fusion operational
environment.
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5.3.3. Pros and cons of miniaturized three-point bending tests

Prior to summarize the conclusions, the advantages and caveats of the sub-
miniaturized 3PB testing techniques are discussed. Conducting mechanical
testing on the neutron irradiated samples of standardized dimensions is
associated with high cost and complicated logistics driven by the need of
usage of hot cell (underpressurized chamber protecting operator from the
ionizing irradiation emitted by the neutron irradiation samples) equipment.
The neutron irradiation itself is also costly due to the large infrastructure
required for the operation of material test reactors (MTR). The irradiation
volume primarily defines the cost because usage of neutrons for other
competing purposes (e.g. medical isotope production, silicon doping, etc.)
Therefore, small size testing techniques (SSTT) [20, 21] and surrogate
irradiation sources, like high energy proton or heavy ion irradiation, which
can generate similar irradiation damage pattern as neutron irradiation, are
introduced [22-24]. They cannot substitute neutron irradiation for the
gualification of mechanical properties to be accepted by regulatory bodies,
but the application of surrogate irradiation can certainly move forward the
screening and down selection of the advanced materials compared to the
baseline ones (for which the effect of neutron irradiation is already assessed),
thereby optimizing (reducing the cost of) the test matrix to be executed on
MTRs. Our earlier work presents an example, how sub-miniaturized testing
was demonstrated to be capable to deduce the DBTT region in adequate
agreement with the results obtained using fracture toughness samples of
standardized geometry [8]. Thereby, the presented method utilizing the
miniaturized three-point bending test is categorized as one belonging to the
SSTT portfolio.

Since the geometry of the miniaturized three-point bending specimen is not
complicated to machine, small in volume (i.e. factor 27 volume gain
compared to the conventionally accepted KLST sample [25]), and rectangular
in shape, it is very efficient to be used for so called “piggy-back” irradiation,
when the sample load unit has limited space available. Given the limited
dimensions of the sample, the gradient of the heat release and transmutation
reactions (materials like tungsten can impose self-shielding effect such that
transmutation at the edge of the sample is higher than in its center) under
high flux neutron irradiation is also limited compared to standardized
samples. Finally, a major advantage of the application of sub-miniaturized
samples is their immediate readiness of the microstructural or chemical
studies after the destructive mechanical testing. The application of scanning
electron microscopy, focus ion beam milling, or thermal desorption
spectroscopy usually is performed in glove boxed (rarely instruments are
placed in hot cells) where the ALARA (as low as possible activation) principle
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defines the permission on usage of the sample, and typically the maximum
dose rate on sample contact is limited to 2-5 puSv/hour. In the case of the
samples studied in this work, half broken 3PB samples would have a dose rate
below 2 pSv/hour after receiving about 1 dpa in fission spectrum reactors
(like BR2, HFIR, HFR). Hence, the samples can be immediately passed to
advanced post-irradiation examination (PIE) without any extra processing.
Naturally, the nuclear waste produced by the testing campaign utilizing sub-
miniaturized samples is essentially reduced.

Besides the above listed advantages, the concern about the representation
of the mechanical properties by the miniaturized 3PB samples compared to
standardized samples should not be ignored. Indeed, in the case of sub-
miniaturized samples only a small volume of the material undergoes large
tensile stress and strain, which is not uniform, in addition. Given that the
loaded volume is limited, a special attention needs to be paid to the sample
surface preparation. The statistics of the measurements will depend on the
surface roughness (the smoother — the better) and if the irradiation
experiment does not allow to preserve the original surface roughness (e.g.
irradiation in corrosive environment) the eventual post irradiation testing
may generate invalid results. The extraction of engineering properties such
as vyield stress, work hardening rate, and ultimate tensile stress requires
rigorous post-processing using finite element method. The validation of such
procedures (i.e. extracting true stress — true strain by matching FEM with
experimental load — displacement curves) requires additional tests involving
tensile samples in reference and equivalent neutron irradiated state. This
work is currently ongoing in support of SSTT preparation for DONES-IFMIF
[26]. However, given the limited volume in which the accumulation of
stress/strain is established, one may also consider the application of
surrogate irradiation sources like heavy ion irradiation to damage the region
mostly exposed to the tensile deformation. The application of high energy
protons (exceeding several MeV) would generate the uniform damage across
a thickness of *1 mm, hence enabling to perform fully valid mechanical
testing.

To sum up, the main drawbacks of the sub-miniaturized 3PB testing are: high
precision sample preparation and surface roughness, lack of standardized
procedure to extract major tensile properties, relatively high number of
samples required to establish statistically significant result.

The main advantages are: high efficiency for occupation of the irradiation
volume, simple handling for tests in hot cells, immediate (or short-term
cooling time) readiness for advanced PIE; low waste.
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5.4. Summary

A parametric set of miniaturized three-point bending mechanical tests is
performed on various tungsten grades (in non-irradiated state) selected for
the screening of their neutron irradiation. The final goal beyond this research
is to validate the improvement of these tungsten grades regarding the
resistance to irradiation degradation. The DBTT is determined based on the
flexural bending strain criterion as applied earlier in [9, 27], which is proven
to be adequate when compared with conventional fracture toughness test
methods. SEM-EBSD technique is applied to support a detailed grain
boundary structural analysis in order to understand and establish a
relationship between the obtained DBTT and grain boundary distribution and
morphology. The deduced DBTT values of the different tungsten grades are
summarized in Figure 5.7. Overall, the DBTT varies from -25 °C up to +450°C,
depending on the grade. The hot rolled W-3%Re material in L-T orientation
has the lowest DBTT of -25°C, which is believed to be a synergistic effect of a
high density of low angle grain boundaries and addition of Re. Re-free hot
rolled and heavily deformed K-doped tungsten products have the DBTT below
100°C. The main findings can be summarized as follows:

I.  For the textured materials, the DBTT is orientation dependent,
where L-T has a lower DBTT than T-L for the forged or rolled tungsten
grades. The DBTT difference between L-T and T-L is ranging from ~90
to ~250 °C, which depends on the grain aspect ratio of the tungsten
grades. The orientation dependence of the condition to start plastic
deformation might have strong implications after neutron irradiation
during the tokamak operation, as the grains with T-L orientation will
be subject to primary loading due to the plasma heat exposure.

Il. The presence of LAGB has a strong effect on the reduction of the
DBTT. For all grades, the DBTT varies inversely with the LAGB density.
The availability of LAGB favours plastic deformation i.e., activation of
the edge and mixed dislocations located at the LAGB interfaces,
which enables the plastic deformation at temperatures below the
one required to activate screw dislocations. On the other hand, the
presence of a high density of LAGB naturally reduces the spacing
between grain boundary triple junctions, which are generally
considered as sources for stress-concentration and crack nucleation.
Correspondingly, the stress at which micro cracks begin to nucleate
and then proceed to coalesce is delayed, effectively resulting in the
higher fracture stress.
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The mechanical (or even thermo-mechanical) processing during the
manufacture (and post fabrication stress-relief) is critical for
producing a material with high strength and high ductility
simultaneously. Given the relationship between DBTT and the
availability of LAGB, as shown here, an important step for reducing
the DBTT is by rolling or forging, which could be enhanced by Re
alloying. Particle reinforcement does not have such a strong positive
effect on the DBTT reduction. Coupling the particle reinforcement
and thermo-mechanical treatment (e.g., W-0.5ZrC) provides a
considerable reduction of DBTT (down to ~150°C) and resistance to
high temperature recrystallization. The PIM processing (with or
without strengthening particles), which does not involve any rolling
or forging, leads to a relatively high DBTT even though the grain size
is rather small. The high DBTT of these materials could be explained
by the lack of sources for low-temperature plastic deformation.
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Chapter 6

Impact of neutron irradiation on the strength
and ductility of pure and ZrC reinforced
tungsten grades

6.1. Experimental

The experimental section consists of two parts, namely: a brief description of
the test materials (detailed information could be found in earlier works [1,
2]), 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.

6.1.1. 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 WO0.5ZrC, 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 median
equivalent grain size of ~60 um [1]. WO0.5ZrC 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 median
equivalent grain size of ~7 um [1]. The median equivalent grain size is defined
as the equivalent diameter of grains corresponding to 50% cumulative area
fraction. Although both products are rolled after sintering, W0.5ZrC was
processed following a thermo mechanical treatment (TMT) to reduce grain
size and have nearly equiaxed grains [1, 3]. 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 WO0.5ZrC-L. The inverse pole figure of both products and
specimen dimensions are shown in Figure 6.1 where TD is the abbreviation
of transverse direction. For a comprehensive analysis of the interrupted test

107



method proposed in this study, RAFM steel (referred to as Eurofer97) of
Eurofer97 specification [2] is used to conduct tests in the non-irradiated
condition. The chemical composition and production route is within the
specification of the Eurofer97 steel.

(mm)  [001]  [101]

Figure 6.1. Normal direction inverse pole figure of (a) ATW and (b) WO0.5ZrC.
(c) Schematic of the tensile specimen with dimensions [1] (the thicknesses
of specimen for tungsten and Eurofer97 are 1.5 mm and 1 mm,
respectively).

6.1.2. Interrupted tensile tests

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. 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 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. As shown in Figure 6.2, The
true stress-strain response can be defined into two regimes. 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 ¢ is proportional to the elastic
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strain &, with the theoretical elastic modulus E:
o =Ee, (c<ag) . (6.1)

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

oc=0,=K(e—¢&)"+Eg (o =2 0g) (6.2)

where K isastrength coefficient, ¢ isthe true total strain, &, isthe elastic
strain, n is the strain hardening exponent, and & is the strain at the elastic
limit.

c=K(e—¢&,)"+Eeg
Oy i
/o . )
w 9E /1 0.2 % Yield point
2 Pa
=] 7, Elastic limit
3 i/
v/ 7
T
6 /
= /
/
/
/
/
/
0.2% € &y
True Strain

Figure 6.2. True stress-strain curve at early yielding

The hardening rate ¢’ is defined as the derivative of ¢ with respect to «¢.
When o is larger than the elastic limit o, the relation between ¢’ and ¢
is given for the Ludwik’s equation, as

d_cr — g = nKE 6.3
de T E(e—g.)1"+nK (6.3)
Since the plastic strain g, isequalto € — &,
E =o' = nKE
1z —E(gp)l—n+nK (6.4)

The hardening rate ratio R; between ¢ and E is defined as,
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Ry=%=p—15—
S E %(sp)l_n+n (6.5)
At the 0.2% yield point, where &, = 0.2%, Rg is given by,
Rso200 =5 = E o (6.6)

E Z(02%)1""+n

Equation 6.6 is implemented as 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)).

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 Figure 6.3. In order to reduce the noise
of the raw P-t curve, the experimental data are smoothened using a
polynomial function,

F = Z.?C=0 axtx (6.7)

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 isimplemented. The first derivative
of F(t) isthe loading rate. The stress at the maximum loading rate (MLR) is
defined as oy. The stress when the loading rate reduces to half of MLR is
defined as the strength at half maximum loading rate (HMLR).
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Figure 6.3. Variation of the load and loading rate as a function of time for a
single temperature test

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 W0.5ZrC-L and ATW-L and for strain smaller
than 1% for Eurofer97 from Figure 6.7. 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:
FI

= MRL

R, (6.8)
Both R; and Rg are unitless. Figure 6.4a shows the R; and Rg at 0.2%
YS, noted as Ry g2y and Rggay, respectively. The largest R 50, is
around 0.5 and Rg 59, is not larger than 0.1. Therefore, HMLR (Rypy g =
0.5) is a conservative approach to estimate the 0.2% YS because the HMLR
will be lower than or similar to 0.2% YS, as shown in Figure 6.6. HMLR will
also be lower than the UYS since the stress rate ratio of UYS, Ry yys, is 0.

The value of Ry, is much higher than Rg,q, because Ry 39,
includes the machine compliance where the elastic slope is much smaller
than the theoretical elastic slope from Rg,0,. Rgs 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 Figure 6.4b.
Therefore, Rgg 29, is equal to R;g,¢, 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
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Figure 6.4. Experimental results (a) and theoretical calculation (b) of
hardening rate ratio and loading rate ratio at 0.2% yield strength of W0.5ZrC-
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which is the material “CEFTR-L” from our previous work [1].)
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In order to implement the above interrupted tensile test procedure at
different temperatures, the heating scheme shown in Figure 6.5 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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Figure 6.5. Temperature scheme for the heating process to perform multiple
numbers of interrupted tensile tests.

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 yield stress
values extracted from the standard uniaxial tensile tests is provided in Figure
6.6. 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 UYS at
various temperatures for non-irradiated W0.5ZrC-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
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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 Figure 6.7a and 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 6.2.2.
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Figure 6.6. Comparison of upper vyield strength, 0.2% vyield strength, and
HMLR from the standard uniaxial tensile tests (ST) of W0.5ZrC-L (a), ATW-L
(b), and Eurofer97 (c) at various temperatures (The data for ATW-L is from our
previous work, which can be referred as CEFTR-L [1].)
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6.2. Results and discussion

6.2.1. 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 Chapter 2.

The stress-strain curves extracted from the standard uniaxial tensile tests
performed at different temperatures (relevant for this study) are shown in
Figure 6.7. Both tungsten products W0.5ZrC-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 Figure 6.7c. In W0.5ZrC-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 [4, 5], is defined as the deformation attained when
the stress exceeds or but being lower than UYS. As indicated in the
literature [6], 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 [6, 7].
Both WO0.5ZrC-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 [4, 8]. The mobile
dislocation density increases as the pinned dislocations start to be released
from the interstitial atoms with increasing stress [5]. 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% vyield strength (0.2% YS)
can be found before the upper yield strength for both tungsten products.

As shown in Figure 6.7a and b, both non-irradiated W0.5ZrC-L and ATW-L
exhibit only very small plastic deformation at temperature lower than 200 °C.
However, since the small degree of deformation of W0.5ZrC-L is larger than
the one of ATW-L, the lower boundary of the DBTT range, which was
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evaluated by tensile property, of W0.5ZrC-L should be lower than 150 °C,
presumably around 100 °C (which is the DBTT reported from a previous study
[3]). As a result, the lower boundary of the DBTT range of W0.5ZrC-L might
be 50 °C lower than the one for ATW-L, which is around 150 °C (shown in
Figure 6.7b).
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Figure 6.7. True stress-strain curves of WO0.5ZrC-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 [1].)

6.2.2. 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
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hardening after each step. As a result, the strength of the material will slightly
increase after each step.

Figure 6.8 shows the variation of AHMLR and A0.2% YS of W0.5ZrC-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) — HMLR (6.9)
A0.2%YS(T) = 0.2%YS(T) — 0.2%Y Sy (6.10)

where HMLR(T) and 0.2%YS(T) is the HMLR and the 0.2%YS at the test
temperature T, respectively; the HMLRy; and 0.2%YSyr is the HMLR
and the 0.2% YS at the highest test temperature HT, respectively.

Figure 6.8 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 WO0.5ZrC-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), W0.5ZrC-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 Table 6.1. Therefore, the material with a higher nand 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.
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Figure 6.8. AHMLR from interrupted tensile tests (IT) and A0.2% YS from
standard tensile tests (ST) of WO0.5ZrC-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 [1].)

Table 6.1. Plastic strain increment corresponding to each loading step of
various test temperatures (Ttest).

Plastic Strain (%) Total
Accumulated
Step # 1 2 3 4 5 | Plastic Strain?
(%)
WO0.5ZrC- 0.50 0.42 0.43 0.33 0.51 219
L (Trest, °C) | (575) | (500) | (400) | (300) | (200) '
ATW-L 0.21 0.46 0.35 0.30 0.62 194
(Ttest, °C) (575) (500) (400) (300) (200) '
Eurofer97 1.53 0.37 0.54 0.54 i 708
(Teest, °C) | (300) | (200) | (100) (24) '

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

118



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
stillimmobilized 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 Figure 6.9a and 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 W0.5ZrC-L and ATW-L is well captured by
an interrupted tensile test procedure when comparing with standard non-
interrupted tests, as shown in Figure 6.9c.

1100 (a) —=&— W0.5ZrC-L ST 0.2% YS 900 (b) —=— ATW-L ST0.2% YS
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Figure 6.9. Comparison of 0.2% YS and UYS from standard tensile tests (ST)
with HMLR from interrupted tensile tests (IT). W0.5ZrC-L (a), ATW-L (b). (c)
Correlation of IT HMLR with ST 0.2% YS and ST UYS for W0.5ZrC-L and ATW-
L. (The data for ATW-L ST is from our previous work, which can be referred as
CEFTR-L [1].)
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6.2.3. Standard and interrupted tensile testing of irradiated samples

Regardless of the irradiation dose and irradiation temperature (Ti.), the total
elongation of both tungsten grades is reduced and the tensile strength is
increased by neutron irradiation, as shown in Figure 6.10 (detail tensile
properties are shown in Table 6.2). At high temperature (560 — 580 °C), the
irradiated WO0.5ZrC-L shows plastic deformation with almost no strain
hardening after UYS for all doses. Unlike W0.5ZrC-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 W0.5ZrC-L, which is
around 10%. At temperature below 400 °C, no macrostrain (large elongation)
is observed in both W0.5ZrC-L and ATW-L. Moreover, all irradiated W0.5ZrC-
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 W0.5ZrC-L decreases with increasing irradiation
dose and irradiation temperature, as shown in Figure 6.10a.

120



Non-irradiated Irradiated at 760 °C to 1.225 dpa
Irradiated at 610 °C to 1.075 dpa Irradiated at 725 °C to 1.2 dpa

Note: the T of blue and green lines are 577 °C; the T, of red and black lines are indicated in the figures.

2000

(a) W0.5ZeC-L |(B)  W0.52rC-L; Tooe = 500°C [(¢)  WO.5ZrC-L; Ty, = 300 °C
1500 {
—
T,y = 360 °C
—_
31000
a
s Ty = 575 °C ——
s [\
wi
3] l
=
h o
ey () ATW-L [(e) ATW-L; Ty = 500 °C [(F) ATW-L; Ty = 400 °C
=
‘21500
b5}
- (
ED 1000 Ty, = 560 °C
m .
500 Ty =580 °C ,_\ S
0.0 0.1 02 03 0.0 0.1 02 03 0.0 0.1 02 03
Engineering Strain
o l@ WO0.5ZtC-L |[(h) WO.5ZtC-L; T, = 500°C |(i) WO0.5ZtC-L; Ty =300 °C
—. 1400 ‘:5<:
< ’
o Tresr = 560 °C
g {\
1200
w
wi
o tooo -4
SN ATW-L; T, = 560 °C (k) ATW-L; T, = 500°C [(1) ATW-L; Ty = 400 °C
=
=
b5}
L5]
.E 1400
)
=
8]
1200 r‘h / f
1000
0.00 0.02 004 0.00 0.02 004 0.00 0.02 0.04

Engineering Strain

Figure 6.10. Engineering stress-strain curves from standard uniaxial tensile
tests (ST) of non-irradiated and irradiated samples from W0.5ZrC-L (a, b, c)
and ATW-L (d, e, f); partial magnification of near yielding region for W0.5ZrC-
Land ATW-L are shownin (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,
[) are tested at 400 °C. The stress-strain curves are shifted with a strain of 1%.
ST of WO0.5ZrC-L irradiated at 760 °C 1.225 dpa of (a, g), W0.5ZrC-L irradiated
at 725 °C 1.2 dpa of (a, g), W0.5ZrC-L irradiated at 610 °C 1.075 dpa of (c, i)
and ATW-L irradiated at 610 °C 1.075 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[1].)
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Table 6.2. Tensile properties of non-irradiated and irradiated W0.5ZrC-L and
ATW-L.

Materials | DO%¢ | Trest | Tir | 0:2%¥5 | UYS uTS elg:Igf:tri:na elo-lr;(;gatlion
(dpa) | (°C) | (°C) | (MPa) | (MPa) | (MPa)
(%) (%)
0 300 - 737 795 823 10.1 23.8
1.075 | 300 | 610 1493 1497 1497 0.2 0.3
0 500 - 705 737 737 1.5 30
1.075 | 500 | 610 1384 1388 1388 8.0 9.0
Wo.5zrC-L 0 575 - 686 711 711 1.4 19.4
1.075 | 560 | 610 1456 1471 1471 7.4 9.8
1.2 577 | 725 1405 1408 1411 4.6 6.8
1.225 | 577 | 760 1487 1490 1492 2.2 2.4
0 400 - 557 561 562 5.9 28.1
1.075 | 400 | 610 - - 1239 0.1 0.1
0 500 - 520 525 525 1.6 26.6
ATW-LP
1.075 | 500 | 610 1265 1258 1258 0.6 0.6
0 580 - 524 525 525 0.5 27.4
1.075 | 560 | 610 1142 - 1250 2.6 7.6

2 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 [1].

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 Table 6.3. Since
irradiated W0.5ZrC-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 Figure 6.10j, a yield drop is not observed while testing at 560 °C. As
mentioned before and shown in Figure 6.8, 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 Table 6.3. 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.
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Table 6.3. Total plastic strain after interrupted tensile tests and DBTT range
of non-irradiated and irradiated W0.5ZrC-L and ATW-L samples.

Dose Irradiation Total DBTT range
Materials (dpa) temperature accumulated (evalued by tensile
P (°C) plastic strain (%) property, °C)
0 i 519 100 -200 [1,
3]
WO0.5ZrC-L | 1.075 610 1.04 300 -500
1.2 725 0.73 -
1.225 760 0.83 -
0 - 1.94 150 -200 [1]
ATW-L
1.075 610 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 Figure 6.11. Although the
UYS and HMLR of all irradiated W0.5ZrC-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 W0.5ZrC-L irradiated to 1.075 dpa is 300 °C (Figure 6.10i), which
is 100 °C lower than the one of ATW-L irradiated to 1.075 dpa (Figure 6.10l).
Moreover, this temperature (300 °C for WO0.5ZrC-L irradiated to 1.075 dpa,
400 °C for ATW-L irradiated to 1.075 dpa) is about 200 °C lower than the
threshold to achieve full ductile deformation in W0.5ZrC-L and ATW-L (as
shown in Figure 6.10b and d). Both microstrain and large elongation require
mobile dislocation to produce plastic deformation [4, 8]. 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 UYS 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 W0.5ZrC-L is between 300 — 500 °C and the one of ATW-L is
between 400 — 575 °C after being irradiated to 1.075 dpa at 610 °C. The DBTT
range before and after irradiation for both materials is shown in Table 6.3.

The hardening effect after irradiation increases the strength of both tungsten
grades and the strength increments are almost the same. This indicates that
both W0.5ZrC-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
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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 [9-
11].

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 [12] 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) [13, 14]. 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 [12]. 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 [13], 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 [12]. 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 [15], 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 760 °C for 1 dpa, dislocation loops and
voids were observed and precipitates of Re and Os were expected [7, 16, 17].
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 W0.5ZrC and ATW. Hence, main contribution to the strengthening
of W0.5ZrC-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 vyield
strength. This relation between irradiation hardening and shift of DBTT can
be perceived from the result of this study where ATW-L and WO0.5ZrC-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 1.075
dpaat 610 °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 [18]. 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.
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6.3. Summary

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 temperature ranged from 610 to 760 °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:

I The elongation of both W0.5ZrC-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 W0.5ZrC (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.

Il.  The hardening effect after the neutron irradiation is similar for both
WO0.5ZrC-L and ATW-L where the strength increases by almost a factor
of two for all irradiated specimens. The irradiation 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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Chapter 7

Effect of high temperature neutron irradiation
on fracture toughness of ITER-specification
tungsten

7.1. Materials

Two ITER specification tungsten products are considered in this study: IGP
(manufactured by Plansee, Austria by double hammering and supplied as rod)
and ATW (manufactured by AT&M, China by rolling and supplied in a shape
of plate). As a result, IGP has elongated carrot-like grains aligned in the
longitudinal direction (LD) whereas ATW has flat pancake-like grains
“flattened” along the rolling direction (RD) [1]. The equivalent median
diameter of a grain (defined by a high angle grain boundary with a
misorientation angle between grains larger than 15°), measured on the plane
perpendicular to the normal direction (ND), is around 100 um and 70 um for
IGP and ATW, respectively. Additionally, a sub-grain structure (misorientation
angle between 5 to 15°) with a sub-grain size of several um was observed in
both materials. More detailed information on the microstructure and
mechanical properties of these products can be found in our previous work

[1].

In this chapter, we present the results of mechanical tests performed for both
products at 0.08 dpa, and higher dose data are shown for ATW tungsten only.
Our preliminary study had shown that the fracture toughness of the IGP
irradiated to 0.44 dpa requires testing to be performed above 600 °C, which
is the upper limit of this study.
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7.2. Results and discussion

7.2.1. Fracture toughness and fracture surface

Figure 7.1 shows the variation of the fracture toughness with irradiation dose,
together with the reference values measured at room temperature i.e. in the
brittle, non-irradiated conditions. For both tested products, the measured K.
value decreases with increasing irradiation dose. At the highest dose studied
here (0.67 dpa), the K. value of ATW T-L is reduced almost down to the
fracture toughness at room temperature. This indicates that the irradiation
to 0.67 dpa has raised the DBTT of this product up to ~600 °C, which
corresponds to an increase of 300 °C (see Ref. [1] for reference
measurements). The irradiation-induced changes of microstructure in the
studied samples is currently under investigation. However, as reported in the
literature [2], the hardening and subsequent embrittlement induced by
neutron irradiation depend not only on the fluence and irradiation
temperature but also on the neutron spectrum, which defines the
transmutation rate. Transmuted elements (Re and Os) are found to form
secondary phases (o phase and x phase), while displacement damage creates
voids and dislocation loops in the temperature and dose range studied here
[3, 4]. The presence of precipitates, voids and dislocation loops decreases the
mobility of dislocations causing hardening. As a result, the ductility and
capacity to dissipate energy by plastic deformation of irradiated material is
reduced such that it loses its fracture toughness i.e. becomes brittle.
Moreover, the irradiation-induced defects can also act as stress
concentration sites thus affecting the crack propagation not only below and
but also above the DBTT region.
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Figure 7.1. K. as a function of irradiation dose for IGP T-L and ATW T-L (the
data of reference specimens is referred to our previous work [1]; the K. value
(only considers linear elastic fracture behavior) of Rolled W C-R, which can be
considered as the lower limit of the fracture toughness, is referred to
Faleschini, et al [5]); the baselines are defined as the fracture toughness at
room temperature; more than two specimens were tested at each test
temperatures to obtain minimum statistics; the error bars represent one
standard deviation of the experimental data

The amount by which K. is reduced by the irradiation is different for the two
types of tested materials. IGP T-L exhibits a larger reduction of K, compared
to the ATW T-L product. In addition, the scatter in the K. value also decreases
with increasing the irradiation dose. This is probably related to the fact the
neutron irradiation induced defects, homogeneously distributed in the
material, also act as stress concentrators reducing the statistical spread of the
defects controlling the fracture of the non-irradiated state.

Figure 7.2 shows a collection of the fracture surface morphologies from
which transgranular surface fraction has been determined. The morphology
of the fracture patterns of both materials, although tested after different
irradiation doses, look quite similar. At temperature below 550 °C (Figure
7.23, ¢, e, g, i, k), the fracture surface of all specimens, no matter if they were
irradiated or not, exhibit a mixture of intergranular and transgranular brittle
fracture. However, oxidation start to appear at the test temperature above
550 °C (Figure 7.2b, d, f, h, j, I) for non-irradiated and irradiated specimens.
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The surface ratio of transgranular brittle fracture mode, as calculated by
Image) analysis of the SEM images, is given in Figure 7.3. For most of the
inspected conditions, the fraction of transgranular brittle fracture is larger in
the ATW product. Moreover, for the ATW product, the fraction of
transgranular brittle fracture is seen to increase with increasing the
irradiation dose, which is likely related to the suppression of dislocation-
mediated plasticity inside the grains caused by the presence of the
irradiation-induced defects (dislocation loops, voids and probably Re/Os
precipitates). In the case of the IGP T-L product, the irradiation at 0.08 dpa
does not impact the amount of transgranular brittle fracture. This difference
between the fracture patterns of the IGP and ATW materials can be ascribed
to the difference in the shape of grains, and mutual grain-crack orientation in
the studied products [1]. IGP has carrot-like grains along the crack
propagation direction and ATW has pancake-like grains perpendicular to the
crack propagation plane [1]. As a result, the IGP exhibits a lower propensity
for transgranular brittle fracture than the ATW product [1]. The confirmation
of this hypothesis, as well as a physical explanation for the observed
embrittlement, requires detailed transmission electron microscopy study as
well as the measurement of the chemical composition (i.e. Re and Os) in the
irradiated samples, which is currently in progress.
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Red arrow: Intergranular brittle fracture;
Green arrow: Transgranular brittle fracture; 20 um
Blue arrow: Oxidation

Figure 7.2. Fracture surfaces of the DCT specimens. IGP T-L 0.08 dpa tested
at 500 °C (a) and 580 °C (b); ATW T-L 0.08 dpa tested at 400 °C (c) and 580 °C
(d); ATW T-L 0.44 dpa tested at 500 °C (e) and 580 °C (f); ATW T-L 0.67 dpa
tested at 500 °C (g) and 580 °C (h); IGP T-L reference tested at 500 °C (i) and
600 °C (j); ATW T-L reference tested at 500 °C (k) and 600 °C (l)
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Figure 7.3. Variation of the fraction of transgranular brittle fracture as a
function of test temperature: each data point in the plot represents the
fraction of fracture feature corresponding to one specimen.

7.2.2. Estimation of the transition curve

A method to estimate the transition curve developed in Chapter 4 is
implemented to predict the transition curve of the irradiated IGP T-L and ATW
T-L, as shown in Figure 7.4. And the curve parameters are shown in Table 7.1.
However, since the upper shelf fracture toughness (Ky,,) is reduced after
irradiation, the implemented method requires two data points at different
temperatures to calculate Ky, and Tpqr, which is different from the
method developed from the experimental result of non-irradiated tungsten
grades. Moreover, the baseline fracture toughness (Kp,s.) of equation 4.2 is
fixed to a value of 7 MPay/m. This fixed value of K}, is just an estimation
for the room temperature fracture toughness after irradiation, and it should
be lower than the non-irradiated tungsten grades ,which is around 9
MPa\/m. Moreover, the definition of DBTT, Kpgrr = 23 MPavm, in Chapter
4 cannot be used in this approach since most of the K, after irradiation is

lower than 23 MPaym. Alternatively, the DBTT definition of this approach
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adopts the definition in Chapter 5, which defines the DBTT as Tjq;f-

Table 7.1. Parameters for the transition curve of non-irradiated and irradiated
tungsten grades. Ko, and Ty are calculated from equation 4.7 and 4.8,
respectively. However, a different definition of Kj.; is applied here, where
it is defined as an experimental value.

Irradiation Parameters
ials | temperature | POs®

Materials | temp (dpa) | Kbase Kiop c Thaiy
(°C) (MPay/m) | (MPavm) (°C)
- 0 9.3 55.99 0.020 | 431

IGP T-L
600 0.08 7 21.54 0.020 | 452
- 0 8.8 41.44 0.019 | 319
0.08 7 26.45 0.019 | 417

ATW T-L
600 0.44 7 21.74 0.019 | 522
0.67 7 13.38 0.019 | 423

One can see that the transition is shifted to a higher temperature with a
reduction of upper shelf fracture toughness after neutron irradiation. For the
transition curve of 0.08 dpa 600 °C, the upper shelf of IGP T-L is smaller than
the one of ATW T-L. However, the DBTT shift of IGP T-L (~20 °C) is lower than
the DBTT shift of ATW T-L (~100 °C) after irradiated to 0.08 dpa at 600 °C. At
dose of 0.44 dpa, the DBTT of ATW T-L increases to an even higher
temperature with a shift of ~200 °C. As irradiation dose increases to 0.67 dpa,
the upper shelf has reduced to a value closed to baseline fracture toughness,
as shown in Figure 7.4b. Since the difference between K., and K, is
very small at 0.67 dpa, the slope parameter C of the non-irradiated ATW,
which has a much higher K;,,, might not apply. Thus, the estimation of DBTT
with a temperature of 423 °C at 0.67 dpa should not be considered as a valid
value and requires further investigation at higher test temperatures.
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Figure 7.4. Transition curve of non-irradiated and irradiated IGP T-L (a) and
ATW T-L (b)
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7.3. Summary

Based on the results obtained up to now, we can draw the following
conclusions:

Kic measured at 580 °C progressively decreases with increasing
irradiation dose down to ~ 10 MPaym i.e. approaching the room
temperature fracture toughness of this material. This indicates that
neutron irradiation at 600 °C, which is similar to the condition to be
faced by divertor tungsten monoblock in the region close to the cooling
pipe, leads to the shift of DBTT by 300 °C as the neutron fluence
progressively increases i.e. the irradiation makes the material brittle
under the irradiation condition. Note that the dose of 0.67 dpa is close
to the design end-of-life dose for the ITER divertor components.
However, the concentration of transmuted elements after irradiated in
BR2 is different (approximately factor of two higher) from the one
expected in fusion environment due to a higher fraction of thermal-to-
fast neutrons. Understanding of the impact of enhanced transmutation
due to fission environment remains a truly challenging problem for
which the most natural solution is the application of fast fission
spectrum (i.e. usage of CEFR or BOR60 reactors).

The portion of transgranular brittle fracture pattern in the ATW T-L
material increases after irradiation, which can be explained by the
obstruction of plastic deformation of grains due to pinning of
dislocations at irradiation-induced defects. However, the same trend is
not observed in the IGP T-L material.

The approach to estimating the transition curve of irradiated IGP T-L
and ATW T-L indicates a reduction of upper shelf fracture toughness
and a shift of the curve to a higher temperature. The shifts of DBTT
irradiated at 600 °C are estimated to be ~20 °C for IGP T-L irradiated to
0.08 dpa, ~100 °C for ATW T-L irradiated to 0.08 dpa, and ~200 °C for
ATW T-L irradiated to 0.44 dpa.
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Chapter 8

High temperature neutron irradiation
hardening in baseline and advanced tungsten
grades assessed by hardness measurements

8.1. Experimental procedures
8.1.1. Materials

Six types of tungsten grades are investigated. The studied materials can be
categorized into two groups: commercial pure tungsten grades (also called as
ITER baseline grades) and particle reinforced grades. The three ITER baseline
grades are ITER specification Plansee (henceforth referred to as IGP),
1600°C/one-hour recrystallized IGP tungsten (henceforth referred to as W-
RX), and ITER specification tungsten produced by A.L.M.T. (henceforth
referred to as IGA). IGP is produced by Plansee, Austria, W-RX samples are
cut from IGP product and annealed at Forschungszentrum Jilich GmbH,
Germany. IGA is produced by A.L.M.T, Japan (supplied by Forschungszentrum
Jilich for this study). The other tungsten products are particle reinforced
grades, namely: tungsten alloyed with 0.5 wt% of ZrC (henceforth W0.5ZrC),
tungsten alloyed with 1 wt% of TiC (henceforth W1TiC), and tungsten alloyed
with 2 wt% of Y,03 (henceforth W2YO). WO0.5ZrC is produced by the Institute
of Solid State Physics, China, and supplied as a plate product, which is rolled
and thermo-mechanically treated. Both W1TiC and W2YO are produced by
PIM techniques by Karlsruhe Institute of Technology, Germany, who also
supplies the samples ready for the irradiation. In results and discussion
section, Table 1 summarizes the main characteristics of the six materials.

8.1.2. Microstructure

Scanning electron microscopy (SEM) equipped with the energy-dispersive X-
ray spectroscopy (EDS) and electron back-scattered diffraction (EBSD)
systems is employed for microstructural characterization of the studied
grades. In order to perform chemical composition analysis, the samples are
finally ground with P4000 SiC paper. For the EBSD analysis, electropolishing
is applied to prepare the final surface just prior to taking the EBSD scan. The
electrolyte for electropolishing is 1.5 wt% NaOH solution, and the parameters
are 25 V with a flow rate of 18 L/min in the mask area of 2 cm? for 1 minute
at room temperature. The grain size, grain orientation, and grain boundary
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misorientation angles are identified by analyzing the EBSD data using EDAX-
TSL OIM analysis software. The equivalent median diameter (D50),
equivalent 10% diameter (D10), and equivalent 90% diameter (D90) of grains
are identified, where D50, D10, and D90 indicate that there are 50%, 10%,
and 90% (in area fraction) of the grains or particles smaller than this diameter,
respectively. Therefore, the grain size distribution of each tungsten grades
can be evaluated by D10 and D90. The particle identification procedure is
implemented by combining back-scattered electron (BSE) signal and EDS
mapping. The particle size is analyzed using the ImagelJ software. As will be
shown later, the hardness of the materials is linked to the size and shape of
the grains. This is not surprising given that hardness is linked to the ability of
the material to accommodate the change of load into elastic and plastic
deformation. While, in the general case of equiaxed grains, the plastic yield
stress is proportional to D2 (D is grain size) as expected from Hall-Petch
relationship. Given that some of the studied products have non-equiaxed
grains, we have used EBSD data to find a rigorous mathematical relationship
between the grain size parameters and Vickers hardness. The basic idea is to
link the Vickers hardness with the linear density of interfaces (i.e. grain
boundary or precipitate interface), which are expected to obstruct plastic
deformation (and therefore contribute to the hardness). The next paragraph
provides a brief explanation of the quantification of the linear density of
interfaces.

The elongated grain can be well approximated by an ellipsoid, as shown in
Figure 8.1. A and B; are the major and minor median length (in area fraction)
of the projected grain shape on a plane normal to ND. Moreover, B, and C are
the major and minor median length of projected grains shape on a plane
normal to LD. These measurements are achieved by EDAX-TSL OIM software,
where the minimum pixels to define grain is 2, and the minimum
misorientation angle is selected as 2° for all the grains including subgrains
and as 15° for grains with high angle boundaries (HAGB). The volume (I},), the
approximated surface area (4,) [1, 2], and the grain boundary surface area
to volume ratio (S,,) of the ellipsoidal grain can be described as follow,

v, = %nABC, (8.1)
PRP4APCP+RPCPN\1/P
Ae — 477: (A BF+A 3C +B¥C ) , (8.2)
Ae
SU - Z_Vel (8'3)

where p is a constant equal to 1.6075 [3], which gives a relative error of
1.061% in area. From the geometry aspect, B should be equal to both B; and
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By; B is taken as the arithmetic mean value of B; and B,.

a. Normalto N b. Normalto L
r»LD r»ND B
D TD BZ
A C

Figure 8.1. The projected shape of an ellipsoidal grain on (a) plane normal to
ND and (b) plane normal to LD.

The S, of equiaxed grains can be described as follow,
Sy =— (8.4)

where D50 is the equivalent median diameter of the grains. The S,, of grains
or sub-grains with a misorientation angle larger than 2° (S,, ;) can be defined
as the total S, of sub-grains (S, ¢¢) and grains (S,, ;) where sub-grains and
grains are surrounded by low angle grain boundaries (LAGB) with
misorientation between 2 to 15° and high angle grain boundaries (HAGB)
with a misorientation angle larger than 15°, respectively, therefore,

Sv.s¢ = Svte — Sv- (8.5)

Contrary to grain boundaries, the strengthening particles do not share
boundaries, and therefore the S, of strengthening particles S, (i.e., valid
for W1TiC, W2YO, and WO0.5ZrC) is defined as:

Spp =~ (8.6)

8.1.3. Yield strength estimation from Vickers hardness

The correlation between the tensile stress and hardness value is well
established for metals, where an experimentally proven ratio of the HV to
true stress at 8% true strain with a value of 2.8 and 2.9 was given by Johnson
[4] and Tabor [5], respectively. However, the strain hardening capacity of the
metal will impact the ratio of the HV to tensile stress. This relationship
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regarding HV and ultimate tensile strength (oyrs) can be described by
equation 8.7 proposed by Tabor [5]. Moreover, in order to relate HV and 0.2%
yield strength (ay, ¢ 20,), Cahoon, et al. [6] proposed a new equation 8.8.

HV 2.9

oyTS (1_n)(112::1)nr (8.7)
HV _ 3 3
0y,0.2% (533062%)71 (o.n™, (8.8)

where €, o509, is the true strain at gy, 90, and n is the strain hardening
exponent, which is determined from Hollomon’s equation:

o =Kg,", (8.9)

where o is the true stress, &, is the true plastic strain, and K is the
strength coefficient.

Depending on the particular microstructure and orientation of loading if
texture is present, different strain hardening capacity may realise, up to the
extent of the appearance of strain softening well known to exhibit after
neutron irradiation [7]. In the case of commercially pure tungsten, the
experiment performed up to now show that its strain hardening exponent is
rather low [8-10] and in this work we assume that n of irradiated tungsten
has a value of 0. According to equation 8.8, the ratio of HV to ;o 59, forthe
irradiated material then has a value of 3. Therefore, the increase in the
Oy,029 aftertheirradiation (Aoy g 9,) could be be estimated as:

AHV
AO'y,O_z% = T, (8.10)

where AHV istheincrease of the Vickers hardness caused by the irradiation.
It is to be noted that this simplified method does not consider the non-
Schmid vyield behavior of tungsten, which results in tension-compression
asymmetry. Moreover, the orientation of the indent on the tested surface
should not be affected by plastic anisotropy since the tested tungsten grades
are polycrystalline.
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8.2. Results and Discussion

8.2.1. Microstructure

Figure 8.2 shows the microstructure in terms of inverse pole figures of the
different tungsten materials. The thick black lines and thin black lines indicate,
respectively, the HAGB (with misorientation > 15°) and LAGB (with
misorientation between 2 to 15°). HAGB and LAGB can also be described as
boundaries between grains and sub-grains, respectively. As shown in Figure
8.2a and d, the grains of IGP are elongated in the LD. Since the width of the
grain along the ND and transverse direction (TD) is small, one can describe
the shape of IGP grains as carrot-like bodies. The grain shape of W-RX is
shown in Figure 8.2g. The elongated carrot-like grains of IGP have evolved
towards equiaxed grains after recrystallization. Differently from the IGP, the
grains of both IGA and W0.5ZrC exhibit a pancake-like shape with a major axis
parallel to LD, as shown in Figure 8.2b, c, e, f. However, the grain size of
WO0.5ZrC is much smaller than that of IGA because of the thermo-mechanical
treatment applied to W0.5ZrC [11]. The PIM manufacturing process did not
include any mechanical post-treatment, and therefore W1TiC and W2YO
products have equiaxed shaped grains. The strengthening particles in W1TiC,
W2YO, and W0.5ZrC grades are homogeneously distributed in the matrix, as
shown in Figure 8.3. D50, D10, and D90 of the grains and of the strengthening
particles are given in Table 8.1.

As shown in Table 8.2, the median length of the major axis and minor axis of
the grains and sub-grains are measured for IGP, IGA, and WO0.5ZrC in the
planes normal to ND and LD in order to calculate the S, ;, and S, 5; based
on equations (3) and (5) since they exhibit elongated grains. And the S, ¢,
and S, 5 of W-RX, WI1TIiC and W2YO, which exhibit equiaxed grains, are
calculated based on equations (4) and (5) where the S,z and S, o¢q; Can
be calculated from the HAGB D50 (as shown in Table 8.1) and D50 with the
misorientation larger than 2° (W-RX: 59.25 pum; W1TiC: 5.74 um; W2YO: 5.85
um), respectively. Equation (6) is applied to calculate the S, of particle
reinforced tungsten (W0.5ZrC, W1TiC, and W2YO). The calculated S,
Sysg.and S, of various tungsten grades are gathered in Figure 8.4.
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Figure 8.2. Inverse pole figure of tungsten grades showing LAGB and HAGB
interfaces. (a) IGP plane normal to ND; (b) IGA plane normal to ND; (c)
WO0.5ZrC plane normal to ND; (d) IGP plane normal to LD; (e) IGA plane
normal to LD; (f) W0.5ZrC plane normal to LD; (g) W-RX; (h) W1TiC; (i) W2YO.
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Figure 8.3. BSE image and EDS map of particle reinforced tungsten grades. (a)
BSE and (b) EDS of WA1TIC; (c) BSE and (d) EDS of W2YO; (e) BSE and EDS of
WO0.5ZrC. Red, green, and yellow colors indicate elements of Ti, Y, and Zr,
respectively.
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Table 8.1. Dimensions of the grains and of the strengthening particles of
different tungsten grades.

Equivalent diameter (um)
Materials nl;lsrrr\lzl HAGB Particle
to D10 D50 D90 D10 D50 D90
IGP ND 14.46 52.66 | 103.87
LD 4.77 15.78 31.45
IGA ND 5.86 19.49 41.00
LD 4.26 9.93 19.24
ND 1.90 4.53 9.24
WO0.5ZrC D 139 575 5 35 0.20 0.42 0.83
W-RX 31.67 | 60.38 | 108.40
WI1TiC 1.76 6.03 9.75 0.42 0.92 1.60
W2YO 2.19 6.15 11.83 0.63 1.15 1.98

Table 8.2. The median length of the major and minor axes of grains of IGP,
IGA, and WO0.5ZrC products.

Median length (um)
Grains or subgrains with
misorientation > 2°
A B B> C A B1 B, C
IGP 393 | 1.60 | 2.04 | 1.20 | 77.09 | 10.02 | 12.54 | 4.75
IGA 254 | 140 | 1.98 | 1.14 | 15,59 | 5.70 8.10 | 2.94
WO0.52rC | 1.73 | 0.94 | 1.42 | 0.75 | 5.06 1.72 1.85 | 0.97

Materials Grains with HAGB
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Figure 8.4. Boundary surface area to volume ratio of HAGB (S,, ), LAGB
(Sv,s¢), and particle (S,,,) of the studied tungsten grades.

Particle reinforced tungsten grades present rather high total boundary
Sytotar (the sumof S, ¢, Sy, 56, and Sy, ;) apparently because of the small
strengthening particles embedded in the tungsten matrix. The strengthening
particles suppress grain growth (during sintering) helping to keep grain size
small in comparison with the commercial tungsten grades. Especially,
WO0.5ZrC grade has the highest S, ; and S, among other tungsten grades
because it has the smallest grain size and particle size, which is also reported
in the earlier study [12].

The S, 5 (i.e., the density of low angle grain boundaries) of IGP, IGA, and
WO0.5ZrC grades is much larger than the one of W1TiC and W2YO materials.
This is expected since W1TiC and W2YO are produced from PIM process,
which is sintered at a temperature higher than 2000 °C [13] without any
mechanical process like rolling or forging. As a result, the LAGB density of
W1TiC and W2YO are lower than that of the rolled or hammered tungsten
grades.

Respectively, the W0.5ZrC and W-RX grades exhibit the highest and lowest
Sy totar @among the studied products. The low S, ;4¢q; Of W-RX is clearly an
outcome of the recrystallization process, keeping in mind that before the
recrystallization annealing, the IGP has very high S, ¢;, being one of the
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driving forces for the recrystallization process. During the recrystallization
process, the LAGB sweep across the grains and thereby getting removed. As
a result, large grains with a high misorientation angle are formed.

8.2.2. Vickers hardness and irradiation hardening

The strength of materials increases with increasing boundary density. As
shown in Figure 8.5, The hardness of non-irradiated tungsten grades is a
logarithmic function of S, +y¢4;- The boundaries act as obstacles or barriers
and restrain the mobility of dislocations. Therefore, W0.5ZrC has the highest
hardness because of the excessively high S, 1o¢ai-

Non-irradiated

55
o WO0.5ZrC
& .
Z 5.0 wzyo . °
o IGA A WITIC
N \# ”
Q ~
[

4.5
B RN
& , IGP
4 -7
2401 e
o /
S & W-RX

3.5 : . .

10* 108 108 107 108

Sv,total (1 /m)

Figure 8.5. Relationship between total boundary surface to volume ratio and
Vickers hardness value.

The neutron irradiation hardening and the ratio of irradiation hardening to
Vicker hardness of non-irradiated state of the various tungsten grades after
irradiation at 600, 1000, and 1200 °C to around 1 dpa are shown in Figure 8.6.
For the investigated tungsten grades, except for W0.5ZrC, in this work, the
irradiation hardening increases with irradiation temperature going from 600
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up to 1000 °C. However, for W0.5ZrC, the irradiation hardening at the
irradiation temperature of 600 °C is similar to that at 1000 °C. It might be the
result of the high sink strength (i.e. high S, :otq;) of the WO0.5ZrC grade,
which offers a better resistance to irradiation (i.e. lower increase of the
hardness) by reducing the accumulation of damage.

As irradiation temperature increases to 1200 °C, the reduction of irradiation
hardening effect starts to show up for all tungsten grades except for W1TiC.
The reduction of irradiation hardening effect can be the result of the
annihilation of irradiation-induced defects and recrystallization. For W1TiC,
W2YO, and W-RX, only the annihilation of irradiation-induced defects is
expected as these grades must be resistant to the grain growth at 1200 °C.
However, it seems that the annihilation of irradiation-induced defects does
not happen in W1TiC material, as the hardness keeps on increasing with the
irradiation temperature. The absence of a reduction of the irradiation
hardening in W1TiC will require further investigation. Differently from the
PIM particle reinforced grades and W-RX, IGP and IGA have a high density of
LAGB and do not contain strengthening particles. As indicated by Pintsuk, et
al. [14] and Tsuchida, et al. [15], both IGP and IGA will be recrystallized after
annealing at a temperature of 1200 °C for a long period similar to the
irradiation time span applied in this work. Although WO0.5ZrC also involved
high LAGB density (shown in Figure 8.4), the resistance to the recrystallization
should be higher than that of the rolled pure tungsten [12]. Therefore, the
combined effect of irradiation defect annihilation and temperature-induced
recrystallization on the resulting hardness should be more pronounced in the
commercial tungsten grades i.e. IGP and IGA.

Other neutron irradiation hardening results from the literature [16-19], for
the tungsten materials irradiated in HFIR, and JOYOQ, are also added in Figure
8.6. With a similar dose (~1 dpa), the irradiation hardening resulting from the
irradiation in HFIR and JOYO reactors is around two times higher than the one
measured after the irradiation in BR2. Two possible reasons can be put
forward to explain this difference. Firstly, since the irradiation at HFIR was
performed in the flux trap channel, the ratio of thermal to fast neutron flux
was very high. In the case of BR2 irradiation, the specimens were placed
directly inside the fuel element to reduce thermal to fast ratio as much as
possible, and in addition to use thick stainless steel wall to absorb thermal
neutrons coming from other fuel elements. As a result, the calculated
concentration of the transmuted element (Re and Os) in the HFIR irradiation
[16] is higher than the one in BR2. Precipitation from the high concentration
of transmuted elements can be responsible for extra hardening, which is the
reason why the irradiation hardness of HFIR is higher than the one of BR2
irradiated materials. Secondly, as reported by Hasegawa et al. [16], the
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specimens irradiated in JOYO reactor are fabricated from the arc-melted
ingot annealed at 1400 °C for 1 hour. Therefore, these specimens are
expected to have a large grain size. Since the grain size is larger than those of
the specimens studied in this work, more irradiation-induced defects (voids
and dislocation loops) are expected to form (due to the effect of the sinking
at grain boundaries [20]. However, the concentration of transmuted
elements after the irradiation in JOYO reactor should be the lowest since it is
a fast reactor. Therefore, the irradiation hardening resulting from the JOYO
irradiation is lower compared to the one induced by the irradiation in HFIR
reactor.

Given the currently established understanding of the irradiation damage [20,
21], the irradiation hardening effect is expected to reduce with increasing
grain boundary density (i.e., reducing grain size) and phase boundary density
(i.e., increasing particle density) because both types of these planar defects
are believed to act as sinks for the irradiation defects. It is expected that one-
dimensionally and three-dimensionally migrating irradiation defects will get
absorbed/attracted at these planar defects and therefore will not contribute
to the formation of voids and dislocation loops inside the grain interior. The
latter defects are the main sources of irradiation hardening in the limit of
relative low irradiation doses, while the Re/Os transmutation remains low
enough. As shown in Figure 8.7, most tungsten grades follow the expected
trend, except for the IGP, which has low irradiation hardening although S, ¢
is relatively small for this material.

The S, s is notincluded in this discussion because regular LAGB have lower
sink strength compared to the HAGB. Indeed, as indicated in the literature
[22], a large grain boundary density will promote the formation of nano-voids
within the grains because of the anisotropy of the diffusion of self-interstitial
atom (SIA) and of their clusters, which promotes supersaturation of the 3D-
migrating vacancies. Thus, the population of the resulting irradiation-induced
defects (voids and dislocation loops) depends not only on irradiation dose
and temperature but also on sink strength, which is linked to the boundary
(and bulk dislocation) density. As shown in Figure 8.4 and 8.7, IGP has a lower
Sy¢ compared to the W1TiC, W2YO, and IGA material. Consequently, one
should expect the void density established in the IGP to be lower than that in
other tungsten grades. If that is indeed the case, and since the voids have a
larger contribution to the hardening compared to the dislocation loops in
tungsten [23], the irradiation hardening in the IGP should indeed be lower.
Thus, grain refinement, required to achieve high strength and low DBTT in
the non-irradiated material, might have a counter-productive effect in terms
of the preferential formation of the voids yielding to the irradiation hardness
and subsequent embrittlement. Unlike the pure tungsten grades, W1TiC,
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W2YO, and WO0.5ZrC have strengthening particles that provide phase
boundaries as additional sinks. As shown in Figure 8.7, these additional sinks
have a positive effect on the resistance against irradiation hardening. This
might be explained by the different sink strength and sink bias between grain
boundary and phase boundary (difference comes the fact that grain
boundaries may absorb dislocation loops, while strengthening particles
cannot). Clearly, both of the above discussed hypotheses require further
investigation by transmission electron microscopy (TEM).
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Figure 8.6. (a) Neutron irradiation hardening and (b) ratio of irradiation
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material test reactors and to different doses. The results of the irradiation
campaigns at HFIR and JOYO reactors are taken from the literature [16-19].
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8.2.3. Estimation of irradiation hardening on tensile yield strength

The variation of non-irradiated tensile yield strength as a function of
temperature was obtained by fitting the tensile yield strength form our
previous work [24, 25] with the equation 8.11. This simple fitting is sufficient
for capturing the trend of tensile 0.2% yield strength at various temperatures.

O-y,O.Z%(T) = 0p + O'Aexp(CT) (8.11)
where Og, Oa and C are constants; T is the temperature.

As shown in Figure 8.8, by shifting the non-irradiated gy ¢ 49,(T) with
Ay, 0.29,, Which is calculated using equation 8.10, the af,fg_z%(T) after
irradiation can be estimated by equation 8.12.

C’;iz,rgz%(T) = 0y,0.20(T) + A0y,0.29 (8.12)

Given the new curve of J;ng%(T), it should be possible to estimate the shift
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of ductile to brittle transition temperature (ADBTT) based on the intersection
of 0y020, With fracture strength line before and after the irradiation.
However, only the curves obtained for the IGP-L after the irradiation cross
over the the fracture strength line. From this observation, one may conclude
that all irradiated materials are expected to be brittle up to 600°C. However,
this is not necessary the case if the fracture strength of the material has
changed as a result of the irradiation.

As reported by Garrison, et al. [26], the fracture strength of single crystal
tungsten will vary depending on the irradiation conditions and in some cases
it increases after the irradiation. Moreover, Figure 6.11 also show that the
fracture strength of W0.5ZrC and ATW increases after the irradiation at ~600
°C to ~1 dpa. The increase yields to about 500 MPa making the fracture
strength to be about 1.5 GPa at the test temperature of 600°C. The increase
of the fracture strength might be caused by the alternation of the plastic flow
evolution due to the presence of irradiation defects. In particular, the
presence of the irradiation defects may enhance the homogeneity of the
plastic deformation, which otherwise is concentrated around grain
boundaries in the non-irradiated material. As a result, the material in the as-
irradiated state may experience a higher applied stress prior to the formation
and propagation of micro-cracks compared to the non-irradiated material.
Hence, the fracture strength indicated in Figure 8.8 might be underestimated.

Although the results presented in Figure 8.8 cannot justify the estimation of
the ADBTT, one can still see that the difference between the estimated yield
stress and the reference fracture strength line is the smallest in the case of
IGP and WO0.5ZrC. This indicates that these two grades should have the
smallest DBTT shift i.e. the highest resistance to the irradiation
embrittlement.
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8.3. Summary

The irradiation hardening of several tungsten grades irradiated in the BR2
reactor at 600, 1000, and 1200 °C to ~1 dpa is assessed by parametric
hardness measurements performed at room temperature. Using the
established correlation, the prediction of the yield stress increase resulting
from the neutron irradiation is made and compared with the fracture
strength of these materials measured in the non-irradiated state. Based on
the experimentally measured hardness and its correlation with the yield
stress established, the following conclusions can be made:

The highest irradiation hardening is reached at 1000 °C in all the
tested grades except W1TiC, which shows an abnormal increase of
the irradiation-induced hardness at 1200°C. A further
microstructural investigation is required for this material to
understand the reasons for this unexpected result.

Although the increase of the irradiation hardness at 1200 °C is
smaller (except for W1TiC, see item above) compared to 600 °C and
1000 °C irradiation, it is far not negligible and actually amounts to
about 30 —60% of the reference hardness value. Thus, even high
irradiation temperature (T/3) does not suppress the accumulation
of irradiation defects in tungsten.

The smallest irradiation induced hardness (i.e. best resistance to
irradiation damage) is observed in IGP and WO0.5ZrC products at 600
to 1000 °C, which is likely to be explained by a high density of sinks
(i.e., the density of LAGB, HAGB, dislocations, and particles in
WO0.5ZrC). The evaluation of the irradiation hardness at 1200°C
requires additional EBSD analysis of the irradiated samples as certain
recrystallization may occur during the extended irradiation period
(125 days of irradiation).

Following the estimates of 0.2% yield stress based on the correlation
with the measured hardness, IGP-L appears to have the best
resistance to the irradiation damage. Although the estimated 0.2%
yield stress of irradiated material should be quite accurate (the IT
test achieves a similar result in Chapter 6 for WO0.5ZrC), this
estimation should be treated carefully since the fracture strength of
the irradiated materials may change as well as the applicability of the
proposed correlation function. Further tensile tests are required to
substantiate the conclusion and derived correction function.
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Chapter 9
Anisotropy in the hardness of single crystal
tungsten before and after neutron irradiation

9.1. Materials and microindentation measurement

The single crystal tungsten, W(100), used in this study was produced by
MaTeck (Germany) in the form of a cylindrical rod of 12 mm diameter. The
nominal purity of the material was 99.999%. Disc shaped specimens with
about 0.8 mm thickness were cut using electric discharge machining (EDM)
and subsequently polished to remove the EDM damage. A mirror-like surface
was achieved before the samples were placed in the irradiation rig. After
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) after the irradiation.

The micro-hardness tests were performed on W(100) disks of 11 mm
diameter and 0.5 mm thickness with surface orientation (001) using a
diamond Vickers pyramid indenter. The load was set to 200 gf and both the
loading and holding time were 10 seconds each. Two hardness values are
presented in this work: the hardness following the ideal projected area,
Higeal, and hardness following the true projected area, Hiqye. The ideal
projected area, Ajgea), is Obtained as d?/2, with d the average length of
the diagonal left by the indenter, as observed through optical microscopy.
The true projected area, Aiye, accounts for the actual shape of the indent
and is computed from optical micrographs via the ImagelJ analysis software

[1].

An estimate of a pile-up height (or sink-in depth) were calculated from the
true shape of the indent, inspired from the work by Kang et al [2]. The depth
of the indent, h,, is determined as,

_dyCosw

ho = tane6s°’ (9.1)

where d,, is the distance from the center of the indent to its edge, at a
certain angle w. A schematic representation of indent geometry is given in
Figure 9.1 Following equation 9.1, the pile-up height, hg, is defined as,

hg = hco - hminf (9.2)

160



with hp, being the smallest value of h, obtained with varying w. With
this definition, the variation of pile-up height can be estimated around the
indent.

Figure 9.1. Schematic representation of the indent geometry.
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9.2. Results and discussion

9.2.1. Anisotropy in single crystal tungsten

The results of the ideal hardness, Hjgeq, and true hardness, Hipye, VErsus
rotation angle, 8, are summarized in Figure 9.2a and b, respectively. The
sample was rotated over 180° in steps of 5°, with three independent
measurements per 6. The angles for which the indenter diagonal is parallel
to specific crystallographic directions are indicated in the plot. The specific
crystallographic directions were determined from electron back-scattered
diffraction (EBSD) measurements.

Both Hjgeq and Hi.ue Oscillate around an average hardness of ~3.7 GPa,
with a period of 90°, but are in anti-phase against each other. The minimum
and maximum values for Hjge, are obtained when the indenter diagonal
(wedge) is parallel to a <110> and <100> direction, respectively, while for
Hirue the oposite applies. These trends can be explained by comparing the
ideal projected area with the true one, as shown in Fig. 2. For an indenter
diagonal parallel to a <100> direction, Ajgeal < Atrue, While for an indenter
diagonal parallel to a <110> direction, Ajgeal > Atrue- AS @ consequence,
Higeal > Hirye for an indenter diagonal parallel to a <100> direction, while
the opposite is true for an indenter diagonal parallel to a <110> direction.
The difference between Ajgea; and Airye is thus large enough to change
the phase of Hjgea suchthat Hi.,e oscillates in anti-phase. The difference
in oscillation amplitude (the one for Hjgea is smaller thanthe one for Hipye)
is explained by the same logic.

Clearly, the scatter for Hjqear islarger than for Hi.ue. The scatter for Hjgeal
is a consequence of inaccuracies in the determination of the indent diagonals,
due to the non-ideal shape of the indents (due to non-isotropic plastic
deformation), from which A;qea is determined. The values for Aipye, ON
the other hand, are computed via the ImagelJ analysis software with high
accuracy.

As shown in Figure 9.2b, Hi., is well described (correlation factor R? =
0.97) by the periodic function,
] (9.3)

Here H, isthe average value of Hi.,e, 6H is the relative amplitude of the
oscillation, 8, is a phase shift and 8, = 90° is the period of the function.
The resulting fit and optimized parameters are shown in Figure 9.2b and
Table 9.1, respectively. The relative amplitude dH = 8% is obtained,
meaning that Hi-ye can vary by up to 16%, depending on the particular

0-6,
0p

Herue = Ho [1+ 8H sin (2m
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indenter-sample orientation, solely due to the anisotropy of the plastic slip
in single crystal. Hence, it is important to characterize H, for a given data
set. Thus, if different indenter orientations are not accounted for during the
data acquisition, a systematic error of up to 8% could be introduced in the
resulting hardness value.

The observed anisotropy in Hjqea; and Hiqye €an be rationalized based on
the indenter geometry and single crystal orientation. It is established that the
hardness of a material is correlated to its yield strength, o, (e.g.via Tabor’s
relation [3]). In turn, o), is related to the critical resolved shear stress, 7,
i.e., the critical stress to invoke dislocation slip in a specific slip system, via
the Schmid factor, m. Thus, for Hjges follows,

T
Higear~0y = EC (9.4)

In turn, the Schmid factor m is defined as,
m = cos ¢ cos A, (9.5)

with ¢ being the angle between the applied stress and the slip-plane
normal and A is the angle between the applied stress and slip direction.

For the present set-up, i.e., Vickers pyramid indentation is applied to the (001)
plane surface of the single crystal, the Schmid factor m for most common
BCC slip systems {110}<111> and {112}<111> for different rotation angles 8
was calculated. Hereby, the force applied by the indenter is assumed to
transfer into the material via normal stresses perpendicular to the facets of
the indenter. In Figure 9.3a, values of Hjge; Obtained from the
measurements and equation 9.4 are plotted as a function of 6. It is noted
that maximum obtained absolute value of m was used in equation 9.4 as
the slip system that maximizes |m| generates slip. Given the scatter in the
data and the simplicity of the theory, equation 9.4 well describes the
evolution of Hjgea - The periodicity of the experimental data is correctly
reproduced and the amplitude is in the correct range.

By definition, Hiqye isrelated to Hjges following,

H _ Aideal 4 l~Aideal 1
true — idea e
Atrue Atrue m

(9.6)
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to the plots.
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In Figure 9.3b, the values of H., obtained from the experimental
measurements and equation 9.6 are plotted as a function of 6. The curve
obtained using equation 9.6 is in excellent agreement with the measured
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data. Hence, this simple theoretical layout confirms that Hirye and Higeal
are in anti-phase due to the difference true and ideal projected areas
(Ajgeal/Atrue)- Thus, the observed anisotropy in both Higea and Hipye is
solely determined by the relative orientation between indenter and single
crystal, and in turn being linked with the discreetness of the slip systems
available in the BCC lattice.

The discrepancy between Ajgeq; and Airye is the consequence of the
emergence of pile-ups under the indenter since no sink-in is expected
according to the literature [4, 5]. In these studies, it is shown that for W,
which has a small hardening rate, pile-up is expected rather than sink-in.
Thus, in this work, typical sink-in patterns (e.g. 8 = 45° in Figure 9.4b)
should merely correspond with the observation of the maximum pile-up at
the indenter corner, rather than sink-in at the center of the indenter edge. In
Figure 9.4a, the pile-up height, hg, calculated following equation 9.2 is
presented along different crystallographic directions for different
orientations of the indenter. The optical micrographs used for these
calculations are displayed in Figure 9.4b. Clearly, the maximum pile-up
height is observed along the <110> directions of the crystal, irrespective of
the indenter rotation angle 8. Therefore, at 8 = 0°, maximum pile-up is
observed at the centre of the indenter edge (w = 0°), while at 8 = 45°,
maximum pile-up is observed at the indenter corner (w = 45°).
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corresponding indents.
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9.2.2. Effect of neutron irradiation

Based on the detailed analysis of the anisotropy in hardness for unirradiated
W(100), Hiye is determined for the neutron-irradiated samples in the
following. To fully characterize Hi.,., measurements were performed at
three rotation angles 6, each separated by 30°. For each 8, three
independent measurements were performed for statistics. Subsequently,
the full curve for Hi.,e Was obtained by fitting equation 9.3 to the obtained
data points for each sample. The resulting fitted curves for H,.,e and data
they are based on are summarized in Figure 9.5. For convenience, all relevant
fitting parameters are also tabulated in Table 9.1.
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Figure 9.5. Evolution of Hi.,e with rotation angle 6 for different
irradiation temperatures. Angles for which the indenter diagonal is parallel
to specific crystallographic directions are indicated in the graph.
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Table 9.1. Summary of the fitting parameters characterizing Hipye Via
equation 3.

Sample H, (GPa) 6H (n.u.)

Ref. 3.69 +0.00 0.081 + 0.003
600 °C 7.44 £ 0.06 0.085 + 0.011
800 °C 8.00 + 0.05 0.075 + 0.009
900 °C 7.84 £ 0.04 0.079 + 0.006
1200 °C 6.86 + 0.05 0.085 + 0.012

The average irradiation hardening, AH, = H{™™ — HE®', is shown in Figure

9.6a. The maximum radiation hardening is observed at 800 °C, which
amounts up to 117% of H{®f. This maximum is consistent with the reported
peak swelling at 800 °C [6]. Recently, a similar trend with irradiation
temperature was observed for the same material, irradiated in the same
temperature range but only up to 0.12 dpa [7]. In that work, positron
annihilation spectroscopy (PAS), object kinetic Monte Carlo (OKMC) [8-10]
and a dispersed barrier model were combined to link the radiation-induced
microstructure to the observed hardening. The maximum hardness was
correlated to a high number density of small voids, while the reduction of
irradiation hardening above 800 °C was associated with decreasing a number
density of voids (coarsening of small voids into larger ones). The radiation
hardening below 800 °C, on the other hand, was associated with the
presence of small voids (smaller compared to 800 °C) but with similar number
density. Thus, at 1200 °C only a partial recovery of the radiation hardening
occurs, while the radiation hardening is still significant, i.e., ~“86% of ngf.

In Figure 9.6b and Table 9.1, 6H is reported for unirradiated and 1.05 dpa
irradiated W samples. Clearly, after the irradiation, §H remains nearly the
same compared to the reference value, regardless the irradiation
temperature. This implies that the presence of the irradiation defects (at
least dislocation loops, voids, and highly likely Re/Os precipitates) does not
impose any strong bias in the action/suppression of the slip systems
otherwise operating in the non-irradiated material. So that, in the irradiated
material, the anisotropy is solely determined by the relative orientation
between indenter and single crystal just like in the defect free crystal.
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In Figure 9.7, the irradiation hardening data (a difference of the hardness
measured before and after the irradiation) obtained in the present work is
summarized together with available data from the literature obtained for
single crystal W after neutron irradiation. The data were obtained from
irradiation campaigns executed at the HFIR reactor in the temperature range
80-830 °C with thermal neutron unshielded capsules [11-13]; irradiation
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campaigns in the HFIR reactor in the temperature range 580-780 °C using
thermal neutron shielded capsules [14]; and irradiation campaigns in the BR2
reactor in the temperature range 600-1200 °C [7]. Clearly, all data (including
the data obtained in the present work) fits the same trend described by a
typical power law. Thus, no saturation of the hardening is observed at least
up to 3 dpa. The scatter in the data due to different radiation temperatures
makes it impossible to address the variations in hardness due to different
neutron spectra.
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Figure 9.7. Irradiation hardening, expressed as a difference of the hardness
measured before and after the irradiation, of single crystal W after neutron
irradiation in different reactors under various conditions with accumulated
dose. Open symbols represent W(110) while filled symbols represent W(100).
References to the data are provided in the text.
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9.3. Summary

Based on the results and their discussion, the following conclusions can be
formulated.

VL.

Anisotropy is observed in the hardness of single crystal W(100) with
an amplitude up to 8% for both irradiated and unirradiated materials.

The true hardness is well described by a sine function with the
maximum corresponding to the configuration of the indenter
diagonal being parallel to the <110> crystal axis and the minimum —
for the indenter diagonal being parallel to the <100> crystal axis.

The anisotropy in both irradiated and unirradiated samples is
rationalized based on the relative orientation between indenter and
a number of available slip systems.

. A simple methodology to deduce the mean hardness, H,, which can

be used as an unbiased value to measure the hardness of single
crystal W, is proposed here. This method may also prove useful to
the case of massive recrystallization in the polycrystalline tungsten,
when the grain size becomes large enough to accommodate the
strain due to indenter.

Neutron irradiation up to 1 dpa causes a strong increase of the
hardness (more than a factor of two compared to the reference
value). The maximum hardness is attained at 800 °C, which coincides
with the temperature of the peak swelling. Only limited recovery of
the irradiation-induced hardening is observed after the irradiation at
1200 °C, such that the absolute value of H, remains twice as large
compared to the reference material. This is a clear proof that even
at 1200 °C, neutron irradiation generates considerable density of
thermally stable lattice defects (most likely conducted with
segregation/precipitation of Re/Os) that are not recovered
(annihilated) by thermally activated diffusion processes.

Based on the anisotropy of the hardness, deduced here for reference
and neutron irradiated single crystal tungsten, it is recommended to
apply an uncertainty of ~8% to the absolute value of the hardness if
the exact orientation of the indenter and crystallographic axes of the
crystal is not known.
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Chapter 10
Summary and Conclusions

The objective of this thesis was to investigate the ductile to brittle transition
temperature (DBTT) and the degradation of mechanical properties of
tungsten after neutron irradiation. In order to reach these targets, the studies
have been performed across three directions: (i) development of
miniaturized mechanical testing methods, adapted, or modified in terms of
specimen design, loading condition, loading fixtures, and data reduction
schemes; (ii) the mechanical tests on non-irradiated tungsten products have
been analyzed and interpreted with respect to the microstructure and
fracture surfaces as characterized by SEM, EBSD, and EDS; (iii) both
procedures were applied to neutron irradiated materials performing tests in
hot cells. Twelve different tungsten products, which have been irradiated and
tested, are listed in Table 10.1.

Table 10.1. Basic information for tested tungsten products

Materials Composition Grain size Manufacturing process
(by weight) (D50, um)
IGP Pure W 53-87 Double hammering
IGA Pure W 19 Rolling
ATW Pure W 60 Rolling
W-RX Pure W 60 IGP annealed 1600 °C/1 hr
FG Pure W 9 SPS
HDK W + 60 ppm K 27 Heavily deformed (Rolling)
ALK W + 30 ppm K 37 Rolling
AR | W *3%Re+28 33 Rolling
ppm K
W1TiC W + 1% TiC 6-8 PIM
W2YO W +2% Y,03 6-7 PIM
WO0.5zrC W +0.5% ZrC 5-7 Rolling + TMT

The main findings and the developments associated with these three
directions are summarized hereafter.
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10.1. Mechanical testing methods

The developed mechanical testing methods, as shown in the schemes from
Figure 10.1, can be summarized as follows:

The miniaturized three-point bending test can be used as
complementary information to determine the DBT transition curve
from the fracture toughness test. Since the miniaturized three-point
bending specimens are small in volume and exhibit a trivial geometry,
a high number of such test specimens can be irradiated in the limited
volume available in the high flux positions of material test reactors
(and in DONES/IFMIF in the future), the test fixtures can be of
rather simple geometry, as well as machining of the rectangular bars
from the irradiated broken samples is also possible. As a result, the
cost and time to perform the irradiation and post irradiation
programs can be reduced. Moreover, homogeneous proton
irradiation (for proton energy of tens of MeV) is also possible since
the specimen cross-section area is 1 mm?, which is compatible with
the penetration depth of protons for tungsten. Hence, the
miniaturized 3PB geometry also enables the application of Fusion
Target Station, being under development at SCK CEN within MYRRHA
project. The fitting method for the transition curve with a DBTT
defined by a flexural strain of 5% has been successfully implemented
to identify the DBT transition curves of various tungsten grades. This
defined DBTT is also close to the temperature at which the tensile
specimen starts to show a small degree of plastic deformation.

An estimate of the DBTT region can also be identified by a new test
method developed in this study. This is the single specimen
interrupted tensile test with the descending test temperature, which
captures the lowest temperature at which micro-yielding still takes
place. The trend of the yield strength vs. temperature can also be
determined by these interrupted tensile tests. It requires finding the
stress at half maximum load rate (HMLR). This approach minimizes
the number of samples required for the identification of the DBTT
region as well as allows one for a significant reduction of the cost and
time.

Finally, a simple and efficient method was elaborated to extract the
hardness of neutron irradiated single crystal, for which the specific
crystallographic orientation of the sample is a priori unknown.
Indeed, hardness anisotropy in single crystal is well known
phenomenon, so that unambiguous determination of the hardness
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requires the knowledge of the crystallographic orientation. This
study has proposed a parameter Ho, which can be considered as an
unbiased hardness value to evaluate single crystal hardness by
Vickers indenter. This unbiased hardness method requires at least
three hardness tests in different orientations in order to fit the
proposed sine function. Based on the obtained results, a
recommendation to apply 8% uncertainty for the mean hardness
value for both non-irradiated and irradiated samples is drawn, in the
case of hardness measurement without indenter rotation or with the
unknown crystallographic orientation of the sample.
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Figure 10.1. Schemes of the developed mechanical testing methods
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10.2. Mechanical properties of non-irradiated tungsten

alloys

The main results regarding non-irradiated tungsten alloys are shown in Figure
10.2. Moreover, the main findings are summarized as follows:

For rolled/forged tungsten, the DBTT depends on grain orientation.
The lowest DBTT value is found in the longitudinal direction (LD)
specimens, which have their elongated grains parallel to the tensile
load. The origin of this dependence is related to the crack
propagation path, which preferentially takes place along tungsten’s
grain boundary (weakest link) and which will be deflected to the
direction parallel to the fracture plane of LD specimens. If the
deflection of the crack is not possible, a transgranular brittle fracture
develops. As a result, the LD specimens exhibit a rougher fracture
surface and a higher surface coverage by the transgranular brittle
fracture mode.

Introducing strengthening particles in PIM tungsten (W-1 wt% TiC
and W-2 wt% Y,03) appears to have a minor effect on the DBTT
compared to the commercial tungsten grades studied here. However,
if the particle reinforced tungsten undergoes a thermo-mechanical
treatment such as the case of investigated W-0.5 wt% ZrC grade, the
DBTT can be further reduced while the strength and ductility are
improved compared to the commercial tungsten.

Although mechanical treatment like rolling and forging can reduce
the DBTT of tungsten alloys, the strain hardening capacity at a high
temperature (above 500 °C) will be reduced. As a result, at 600 °C,
the uniform elongation of rolled/forged tungsten alloys is much
smaller than the one without mechanical treatment. For the
rolled/forged tungsten alloys, the uniform elongation reaches a
plateau as soon as test temperature reaches about 300 °C above the
DBTT. At even higher temperatures, the uniform elongation of
rolled/forged tungsten alloys reduces to nearly zero.
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Figure 10.2. Summary of the (a) DBTT and (b) tensile properties of non-
irradiated tungsten grades. The yield strength, fracture strength, and uniform
elongation are tested at 600 °C. DBTTinsie is defined as the lowest
temperature at which tensile specimens show plastic deformation. DBTT3pg is
estimated by the three-point bending test.

179



10.3. Mechanical properties of irradiated tungsten alloys

The main findings regarding the mechanical properties of tungsten alloys
after neutron irradiation are summarized in Figure 10.3 and are listed as

follows:

The fracture toughness of commercial tungsten grades (IGP and
ATW), irradiated at 600 °C, reduces with increasing the irradiation
fluence. Apart from the fracture toughness, the fraction of
transgranular brittle fracture of the ATW T-L increases after the
neutron irradiation, while the intergranular fracture remains
dominating in the IGP T-L. The observed phenomenon can be
explained by the irradiation-induced defects, which constrain the
plastic deformation of grains, and by the grain orientation of ATW T-
L, which is perpendicular to the crack propagation plane.

The irradiation embrittlement reaches a plateau at the dose above
0.67 dpa for the irradiation temperature of around 600 °C in the case
of the ATW T-L. The DBTT shift of the ATW T-L specimens irradiated
at 600 °C to 0.67 dpa (evaluated by the fracture toughness test) and
the ATW-L specimens irradiated at 610 °C to 1.075 dpa (estimated by
the interrupted tensile test) have similar value, which is around 300
°C. Since the irradiation embrittlement results from the irradiation-
induced defects mostly formed within the grains (i.e. no strong
impact on the structure and chemistry of grain boundaries is
expected), the irradiation embrittlement (i.e. DBTT shift) should not
depend on grain orientation. As a result, an irradiation dose of
around 0.67 dpa might be the plateau threshold of the irradiation
embrittlement effect for the ATW grade irradiated at about 600 °C.

The neutron irradiation hardening effect estimated from the
hardness test shows that the IGP and W-0.5 wt% ZrC grades have the
best resistance to the irradiation embrittlement compared to other
particle reinforced tungsten grades. The good irradiation resistance
of the W-0.5 wt% ZrC material apparently stems from its
microstructure composed of fine reinforcing particles (which also
rectify the structure of sub-grain boundaries by absorbing oxygen),
high dislocation density and small grain size (4.5 um), which all
together creates high sink strength. Although IGA and IGP also have
large amount of high and low angle grain boundaries, the anisotropic
diffusion properties of the self-interstitial atoms (SIA) will promote
the formation of voids in the materials with smaller grains. As a result,
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without the presence of the grain-refining particles, the irradiation
hardening effect of fine grain grades, like IGA, remains high.

By applying the hardness test on the specimens irradiated at
different temperatures, it was observed that the maximum
irradiation-induced hardening realizes around 800-900°C, and above
this temperature the reduction of the hardening takes place in all
types of the tested materials except W-1 wt% TiC. The reduction of
the irradiation hardening above ~800°C is very reasonable to expect
since the thermally activated diffusion must enhance self-
annihilation of irradiation defects, as well as their sinking at the
natural material microstructure (dislocations, grain boundaries). The
reason for the absence of the hardening reduction in W-1 wt% TiC
will require further investigation.
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Figure 10.3. Summary of the mechanical properties of tungsten grades
irradiated at (a) 600 °C and (b) other temperatures. The doses and
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ADBTT;r are the shift of DBTT estimated by the fracture toughness test and
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increase of ultimate tensile strength and the increase of 0.2% yield strength
measured at ~600 °C. AYSyy is estimated from the Vickers hardness.
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10.4. Conclusion

In conclusion, the key findings of this work that contribute to the selection of
suitable tungsten grade for fusion applications are:

Development and validation of new methods for miniaturized
bending and tensile specimens to identify DBTT and tensile
properties (for details, please refer to Chapter 4 - 6);

Development of a method coupled with a simple unbiased
hardness value Ho for single crystal specimen, which is tested
by Vickers indentation (for details, please refer to Chapter 9);

Identification of controlling factors of DBTT for rolled/forged
tungsten and particle reinforced tungsten based on EBSD
analysis and mechanical tests (for details, please refer to
Chapter 3 -5);

Assessment of fracture toughness and transition curve of
commercial tungsten grades after neutron irradiation at high
temperature (for details, please refer to Chapter 7);

Evaluation of factors controlling the neutron irradiation
hardening for tungsten irradiated at 600 °C with a dose of ~1
dpa (for details, please refer to Chapter 8).
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10.5. Perspectives

This thesis presents the first results of a large-scale neutron irradiation
campaign in BR2 executed for tungsten. Although this thesis has introduced
new methods for investigation of mechanical properties and assessed the
controlling factors of DBTT in several tungsten grades due to neutron
irradiation, a number of questions still require further study and verification.
These questions or rather research topics are listed as follows:

l. The applicability of the miniaturized three-point bending for the
irradiated tungsten grades needs further confirmation since the
method will need to account for the irradiation degradation and
thus might require modification.

Il. Tensile tests and fracture toughness tests at higher
temperatures are needed for some of the studied tungsten
grades since the DBTT is higher than 600 °C, which is the highest
test temperature available in the hot lab used for this thesis.

lll.  Since most of the mechanical testing standards involving
irradiation are designed for the steels, the codes and standards
for high DBTT metal, like tungsten, require more experimental
and simulation results for the validation and standardization of
testing procedures.

IV. The microstructural investigations of the evolution of irradiation
induced defects by transmission electron microscopy (TEM) and
positron annihilation spectroscopy (PAS) are necessary in order
to verify the proposed here relationship between irradiation
hardening and microstructural properties.

V. The microstructural assessment of the texture evolution and
effect of irradiation on (potential) recrystallization of the
tungsten grades irradiated at high temperature is needed. Thus,
EBSD and TEM analysis is of interest for the heavily deformed
plate (with high potential for recrystallization), commercially
pure rolled tungsten, fine-grain structured tungsten and PIM W-
TiC, which showed abnormal increase of the hardness after the
irradiation at 1200 °C.
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