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Abstract:

Pure tungsten is considered as armor material for the most critical parts of fusion reactors (the
divertor and the blanket first wall), mainly due to its high melting point (3422 °C). This is because
both the divertor and the first wall have to withstand high temperatures during service which may
alter the microstructure of the material by recovery, recrystallization and grain growth, and may
cause degradation in material properties as a loss in mechanical strength and embrittlement.

For this reason, this project aims towards establishing the temperature and time regime under which
recovery and recrystallization occur in tungsten, and quantifying the kinetics and microstructural
aspects of these restoration processes. Two warm-rolled tungsten plates are annealed at
temperatures between 1100 °C and 1350 °C, under vacuum conditions or argon atmosphere. The
effects of annealing on the microstructure are characterized microstrucurally by Optical Microscopy
(OM) and Electron Back-Scattered Diffraction (EBSD), and mechanically by Vickers hardness.

Deformation to different strains will affect the deformation microstructure, and hence the
mechanical strength and recrystallization behavior during subsequent annealing. In the present
work, the annealing behavior is investigated after introducing different deformation structures by
rolling to moderate (67% thickness reduction) and high (90% thickness reduction) rolling
reductions. The deformation-induced microstructures after rolling are characterized by the
aforementioned techniques to assess the effect of the processing parameters. Characterization of the
annealed state reveals the effect of the degree of deformation on the recovery and recrystallization
annealing phenomena. This allowed comparing recrystallization kinetics (in terms of nucleation and
growth) in dependence on initial strain and annealing temperature. The long-term annealing kinetics
were fully characterized at a wide range of annealing times and temperatures comparable to those
during operation in fusion reactors.

Using Vickers hardness characterization, recovery could be fitted to classical Kuhlmann recovery
kinetics, and recrystallization fitted to JMAK recrystallization kinetics, which in turn allowed the
calculation of recrystallization activation energies. Much faster recovery and recrystallization
kinetics were found for the plate warm-rolled to 90% thickness reduction, as compared to the plate
warm-rolled to 67% thickness reduction. An initial incubation time before recrystallization was
found for both plates warm-rolled to 67% and 90% thickness reductions. The different Avrami
exponents found for the two plates were explained microstructurally in terms of nucleation.



The microstructural evolution during recovery and recrystallization was in good agreement with the
mechanical characterization. The recrystallized grains were equiaxed and coarser than the grains of
the starting microstructure. Vickers hardness measurements indicated that no considerable grain
growth occurred after full recrystallization. The typical bce rolling texture of the as-received plates
was replaced by an almost-random texture in the fully-recrystallized state, with a slight preference
for cube components, especially in the plate warm-rolled to 90% thickness reduction. This was
explained in terms of oriented nucleation of cube nuclei. The nucleation regime showed a tendency
for site-saturation for the plate warm-rolled to 67% thickness reduction and a constant nucleation
rate for the plate warm-rolled to 90% thickness reduction. During nuclei growth, it was found that

the deformation texture component {111}<110> was less consumed by the recrystallizing grains

than the other main deformation texture components. Its higher stability was explained by the lower
stored energy of this deformed texture component. Grain sizes are observed to increase linearly
with time during recrystallization, until grain impingement occurs. The growth rates are found to be
faster for higher annealing temperatures and higher deformation.

Considerably different activation energies were found for the plates W67 and W90, comparable to
the activation energies of bulk diffusion and grain boundary diffusion respectively. The
extrapolation of the recrystallization kinetics (based on these activation energies) to lower annealing
temperatures allows predicting the lifespan of these tungsten plates under fusion reactor conditions.
A much longer lifetime at normal operating temperatures was found for the plate W67 (e.g. at least
1 million years at 800 °C) as compared to the plate W90 (e.g 71 years at 800 °C). It is therefore
concluded that high rolling reductions lead to severe degradation of the material at high
temperatures and shall be avoided. It is suggested that the microstructural reason for the different
lifetime of both plates lies in the much higher density of low angle boundaries present in the plate
W90, as compared to the plate W67. The higher presence of low angle boundaries might aid
diffusion at the interface between recovered matrix — recrystallized nuclei, and hence reduce the
activation energy required for the migration of tungsten atoms towards the recrystallizing nuclei
during recrystallization.
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CHAPTER 1

Introduction

Pure tungsten is a potential candidate material for the plasma-facing first wall and the divertor of
fusion reactors. In fact, tungsten has been chosen as the first-wall and divertor material for the
International Thermonuclear Experimental Reactor (ITER). Both parts have to withstand high
temperatures during service, which may alter the microstructure of the material by recovery and
recrystallization.

Recovery summarizes a set of thermally activated processes that reorganize the microstructure of a
metal by reducing its stored energy. These processes entail mutual annihilation of dislocations and
reorganization of dislocations into fewer Low Angle Boundaries (LABs) with a higher
misorientation across them, leading to subgrain growth.

Recrystallization is a thermally activated process by which almost defect-free grains are first
nucleated inside a deformed or recovered matrix and will later on grow by grain boundary
migration consuming the matrix. These free nuclei are fully or partially surrounded by High Angle
Boundaries (HABs) and may present new orientations different from that of the deformed metal.
The driving force for recrystallization is the energy stored in the deformed and recovered matrix
which is consumed during recrystallization.

Recrystallization of tungsten will cause degradation of the material properties, such as a loss in
mechanical strength, or (being most critical) embrittlement due to recrystallization. Although
recrystallization of fusion reactor tungsten components has a detrimental effect on the mechanical
properties and therefore must be avoided, it may still occur due to the presence of thermal shocks
due to plasma instabilities. In order to understand the possible degradation of tungsten under fusion
reactor conditions, it is paramount to characterize the kinetics of these restoration phenomena
(recovery and recrystallization) at temperatures close to the service temperature in fusion reactors.
Although a lot of work has been done on recovery and particularly on recrystallization, there is
considerable lack of experimental data on tungsten, especially on the long-term annealing
recrystallization kinetics, despite its importance for understanding and quantifying the degradation
of tungsten components.

For this reason, the aim of this thesis is to experimentally quantify and characterize the long-term
recovery and recrystallization kinetics of tungsten, both mechanically and microstructurally. This is
done by obtaining Vickers hardness data and fitting them to theoretical models for recovery and
recrystallization, and by characterizing the recrystallization of tungsten microstructurally with
optical microscopy (OM) and Electron backscattered diffraction (EBSD). Two tungsten plates
reduced to different thickness reductions by warm-rolling (67% and 90%, named W67 and W90
respectively) were studied. A wide range of experimental annealing times and temperatures were
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used for characterization, providing detailed data on the microstructural evolution and the change of
mechanical properties during annealing.

Chapter 2 provides an introduction to the application of tungsten in fusion reactors, its production
route, the characteristics of deformed metals and the annealing phenomena. Chapter 3 provides the
experimental details of this work and gives an insight into the techniques that are used to
characterize the studied tungsten plates, justifying the reason of their choice. Chapter 4 provides and
explains the results of the Vickers hardness measurements. Chapter 5 provides and discusses the
results of the microstructural characterization. Chapter 6 discusses the relationships and differences
observed between both plates, W67 and W90, and attempts to compare some findings to previously
reported studies in literature. Finally, Chapter 7 presents the outlook and the main conclusions
which can be drawn from this study.
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CHAPTER 2

Background

In this chapter, tungsten and its application in fusion reactors are introduced, followed by the
synthesis method used to produce the tungsten plates at AT&M. Finally, the theoretical background
is provided about deformation structures and the annealing phenomena of recovery and
recrystallization.

2.1 Tungsten in Fusion reactors

Tungsten is the most promising candidate for the first wall material and the divertor in fusion
reactors (see Fig. 1), which will be subjected to high heat peak loads up to 10-20 MW/m? and
temperature gradients [1], causing thermal shock and fatigue that would damage most materials [2],
[3]. These parts of the fusion reactor form the material interface with the plasma. While the first
wall has a containment purpose, the divertor serves as an exhaust channel from which the energy of
highly charged a particles can be dissipated (15% of the total thermal energy inside the reactor is
dissipated in this way) [4], [5]. The requirements that materials for fusion reactors as the ITER
(International Thermo-nuclear Experimental Reactor) must meet are very stringent. Among them,
high thermal conductivity [6], low sputtering yield [7], good thermo-mechanical properties (e.g.
creep resistance) [8], resilience to thermal shocks [5] and resistance to radiation damage [9] are the
most critical. Tungsten can meet the aforementioned requirements during operation and can also
offer high stability under such conditions (i.e. the highest melting point of all metals, 3695 K, and
therefore the highest recrystallization temperature), excellent mechanical properties (i.e. the highest
strength of all metals at high temperature), stability of mechanical properties at high temperatures,
high heat conductivity at high temperature (98 W/m'K at 2000 K), relative chemical inertness, good
radiation damage resistance, low tritium retention and excellent erosion resistance [4], [10].
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Divertor <{//

a)

Fig. 1. a) A cut-away of the ITER vacuum vessel showing the inner wall (first-wall) attached to its blanket
modules, and the divertor at the bottom, both planned to be made entirely of tungsten. ITER is currently
under construction in Cadarache, France (from wwwe.iter.org).

b) Model of EAST (Experimental Advanced Superconnductive Tokamak) vacuum vessel, located in Hefei,
China. The divertor and first-wall of the fusion reactor are highlighted in red (from own Photograph of an
EAST model taken at ASIPP (Hefei, China)).

In pure tungsten, microstructural changes during recrystallization cause considerable degradation of
the mechanical properties, including High Angle Boundary (HAB) embrittlement [11], [12].
Although brittleness is an intrinsic property of tungsten said to be caused by the high activation
energy required for screw dislocation glide [1], the brittleness of tungsten becomes even more
pronounced in the recrystallized state. Although precipitation or segregation of brittle impurities at
HABs is a cause of embrittlement in pure tungsten [13], explanations for embrittlement during
recrystallization are also given in terms of HAB weakening [12]. When such stresses reach the
tensile strength of the material, irreversible cracking at the grain boundaries occurs in order to relax
the stresses in the matrix [12]. The cracking mode tends to be intergranular in the recrystallized
state [12], [14]. When grain growth occurs, fracture is dominated by transgranular cleavage, also
initiated at HABs [14].

The use of tungsten alloys is currently not feasible, as temperature and hence diffusion is so high
under fusion reactor conditions that diluted impurities in oversaturated solid solution may segregate
as new phases, mainly at the grain boundaries, weakening their strength [15]. Such precipitates have
an embrittling effect on tungsten. Even strengthening by dispersed oxides or carbides (oxide
dispersion strengthening or carbide dispersion strengthening; ODS or CDS respectively) has an
embrittling effect on tungsten [13]. Recent studies show that control of the spatial distribution of
very small (nano-sized) precipitates can provide an improvement of mechanical properties, as
observed in CDS tungsten [16], [17]. However, this is an ongoing research topic which is not within
the scope of this research work.
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2.2 Synthesis of tungsten

The studied pure tungsten plates of this work were sintered from tungsten powders and warm-rolled
to 67% and 90% thickness reduction after powder metallurgy treatment. This was done by the
company Advanced Technology & Materials (AT&M), Beijing, China.

2.2.1 Powder metallurgy

Sintered tungsten metallic material is made from tungsten metal powder, produced through pressing
and high temperature diffusion sintering processes. These 2 processes are called compacting and
sintering respectively.

Powder compaction is used to produce the required shapes with reduced porosity. Cold-isostatic
pressing is a compaction technique in which a metal powder is sealed inside a flexible mould and
pressed uniformly using a fluid (especially a liquid) at room temperature. A uniform distribution of
pressure over the powder is achieved. This method provides tungsten with high strength, rigidity,
good and uniform permeability, and high purity with low oxygen impurity content [18]. For the
production of the tungsten plates of this work, tungsten powder was cold-isostatically compacted (at
room temperature) with 19.6 kPa of pressure. The final density of the powder is directly
proportional to the applied pressure which normally ranges from 19.6 to 98 kPa. At this stage, the
powder still needs to be sintered.

Powder sintering is the process by which the powder still compacted in the mold is heated up at
high temperature for a long period of time. This process creates uniform solid products from the
powder, increasing their density and enhancing the product properties. Powder sintering is the
process of choice for metals with high melting points such as tungsten, for which easier processes
such as metal casting cannot be used. Powder sintering is based on atomic diffusion, which takes
place faster at high temperatures. The heat helps the powder particles to bond together, which
eliminates porosity and increases compactness. The sintering process can be divided into three
stages; during the 1% stage, the initial powder particles grow into bigger particles. In the o stage,
recrystallization and high diffusion are the dominating mechanisms, both leading to densification of
the product by particle coalescence. During the 31 stage, the pores become spherical and are
eliminated at a much lower speed.

In the case of the tungsten material of this study, the tungsten powder was sintered (after
compaction) in an electrical furnace at 2300 °C for 6 hours, in a hydrogen atmosphere. Using
hydrogen during sintering presents two main advantages; on the one hand, by flowing pure
hydrogen through the tungsten material, the oxygen that may be previously absorbed reacts with
hydrogen to create water, thus removing detrimental oxygen impurities. On the other hand, the
solubility of hydrogen in tungsten is low, ensuring that little hydrogen will be absorbed in solid
solution.
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2.2.2 Rolling

In rolling, a metal piece is forced to pass through a set of rolls which apply pressure on it, reducing
its thickness with every pass (see Fig. 2). Rolling allows shaping by deformation up to high strain
levels. Depending on whether the operation temperature is below or above the recrystallization
temperature, the process is called cold-rolling or hot-rolling respectively. The term warm-rolling, in
contrast to hot-rolling, will refer in this work to rolling done at high temperatures which are still
below the recrystallization temperature of the rolled material.

Pure tungsten is hard and brittle at ambient temperature, making it difficult to deform. It is
reasonable to expect that, in practice, tungsten components of fusion reactors will be worked at high
temperatures by processes such as warm-rolling.

In order to obtain a dense tungsten material from powder with the desired shape and mechanical
properties, a good approach is to apply warm-rolling and cold-rolling in several stages. Warm-
rolling is required to induce ductility for better shaping of tungsten into rods or sheets. The reason
for the low workability of W at low temperatures is its lack of mobile dislocations, which induces
cracking and breakage [10]. Ductility at room temperature is only achieved by extensive wire
drawing, when a long-filamentary microstructure is developed. Rolling of tungsten is usually
carried out at quite high temperatures, as tungsten shows a very high ductile to brittle transition
temperature (DBTT) [19]. However, warm-rolling must be carried out below the recrystallization
temperature, because otherwise dynamic recrystallization would take place, which leads to grain
boundary embrittlement [15], [20]. On the other hand, if worked at a too low temperature, cracks
will easily build up. Intermediate stress-relief annealing is also necessary to relieve internal stresses,
avoiding cracking.

Original Pargfit Metal
11--‘41-nr'|g--fﬂu IAXED QRAING
: e

ELCHOATED GRAINE
dis 1o "plistic delormation’

Fig. 2. Sketch of warm-rolling procedure which creates elongated grains along the rolling direction RD. The
thickness of the rolled plate is decreased after rolling (from http://bsbcorp.vn/knowledge-center/thep-can-

nong?lang=en).
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2.3 Deformation structures

During deformation, most of the mechanical energy is released as heat, but a very small fraction
(around 1%) is stored inside the material in the form of point defects and to a major extent as
dislocations [21]. For worked tungsten, the dislocation density varies between 10'> m™ and 10'
m™[15]. This dislocation density accounts for the strengthening of the metal during deformation, by
accumulation of dislocations which become an obstacle to dislocation motion. The dislocation
accumulation introduced after deformation represents most of the stored energy in the material.
Dislocation density increases by generation of new dislocations. Mainly, dislocations are trapped
inside the increased grain boundary area resulting from the grain shape change, due to
accommodation to the macroscopic strain during deformation. The high mobility of point defects
(vacancies and interstitials) renders their stored energy negligible at normal operating temperatures,
as they annihilate easily even below room temperature. Since the fraction of the energy stored
during deformation is present as dislocations, the stored energy is usually discussed in terms of
dislocation density. The arrangement and distribution of the dislocations in the material also must
be taken into account for the calculation of stored energies. Dislocations are stored in
microstructural features characteristic of the deformed state.

Stored energies are usually estimated using calorimetry or by measuring related changes in the
physical or mechanical properties of the material, such as the increase of hardness with
deformation, process known as work hardening. As an example, the stored energies for lightly
deformed aluminum (5% thickness reduction) and highly deformed aluminum (90% thickness
reduction) were found to be 32.6 kJ/m’ and 1390 kJ/m’ respectively. These values were estimated
by Godfrey et al. [22] from Transmission Electron Microscopy (TEM) measurements of dislocation
boundary spacing and misorientation angles in cold-rolled aluminum. This is an example of stored
energy calculations from subgrain boundaries, the energy being stored in the Low Angle
Boundaries (LAB) that make up the subgrain boundaries, which consist of dislocation arrays. The
magnitude of the stored energies in the subgrain boundaries of deformed metals (even deformed
severely) is much lower than the energies related to phase transformations (e.g. 129.3 MJ/m? for the
o—y transformation in iron).

The microstructure of the metal also undergoes several changes during deformation; first of all, the
grain shapes are modified from the macroscopic straining. Secondly, an internal microstructure
consisting of cells or subgrains appears within the grains, caused by dislocation accumulation and
rearrangement. Some of these cell or subgrain boundaries develop high angles, making them
indistinguishable from HABs. The grain shapes are dependent on the type of deformation; rolled
sheets present grains with lath shapes, compressed sheets show disc-like grains, and drawn wires
develop needle-like grains. Moreover, the microstructures of rolled and compressed metals present
higher grain boundary area than those which were deformed by wire-drawing or torsion, with their
corresponding higher stored energy [23]. The stored energy is higher for microstructures with
smaller grains and subgrains.
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Tungsten, as a body-centered cubic (bcc) metal, generally undergoes slip upon deformation.

Tungsten presents a very high stacking fault energy (Vsre = 0.23eV/A? or VSFE = 3.68J/m?), and its
preferred deformation method is slip and cross-slip [15]. Due to this high stacking fault energy
(SFE), twinning is a much less frequent deformation mechanism, and is only observed in high
purity tungsten, occurring only on the {112} <111> system [15]. Also, the SFE is too high for
dislocations to be able to dissociate into stacking faults (even though impurity segregation in
tungsten may cause a lowering of this SFE and allow the creation of small stacking faults [24]).
Nevertheless, screw dislocations dissociate in bcc metals at low temperatures, making the
dislocations immobile, which induces brittleness into the material.

Slip in bee metals takes place in the most densely packed directions <111>, and mostly in any of the
3 plane families containing this direction; namely {110}, {122} and {123}. Deformation occurs by
glide of the most favorably oriented slip systems with the higher resolved shear stress. In fact, slip
can take place on any {hkl}<111> system [25]. The number and selection of operating slip systems
depends on the applied strain and the constraint imposed on the grain boundaries by the surrounding
grains. This will affect the resulting microstructure as well as the resulting deformation texture.

In metals of medium to high SFE deforming by slip (e.g. tungsten) a deformation microstructure
comprised of low dislocation density regions surrounded by walls of high dislocation density
evolves. These structures are referred to as cells or subgrains, depending on whether the walls are
made up of dislocation dipoles (cells) or sharp and ordered dislocation arrays (subgrains) [26].
Subgrains form as a result of recovery, which can be triggered by annealing (static recovery) or
occur concurrently with straining (dynamic recovery). Cell structures form by dislocation
movement during deformation, and are a result of self-organization of dislocations. Cells are
usually equiaxed and range from 0.5 to 2 um [19], [27]. At low strains, the cell walls are made up
of dislocation dipoles. At higher strains, the cell walls become sharper due to dynamic recovery and
the cell interiors show even lower dislocation density. Generally, the orientation difference between
cells is usually smaller than 2°. This misorientation tends to increase with increasing strain. In
contrast, in metals with low SFE (e.g. brass), dislocations dissociate into stacking faults and a cell
structure does not form.

For polycrystalline tungsten, the thermal activation of dislocation motion marks the difference
between brittle behavior at room temperature and improved ductility at higher temperatures, being
necessary therefore to deform the metal at high temperatures (e.g. by warm-rolling). An increase in
ductility at higher temperatures can be observed in tungsten for both single crystals and polycrystals
(see Fig. 3) [15]. The much lower ductility for polycrystals at room temperature, as compared to
single crystals (see Fig. 3), indicates that the presence of grain boundaries in polycrystalline
tungsten has an embrittling effect at room temperature.
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Fig. 3. Stress/strain curves for high purity single crystal and polycrystalline annealed tungsten (swaged and
annealed for 1 h at 2000 °C). Tensile testing carried out at 25°C and 400°C. Improved ductility can be
observed at higher temperatures, although the ductility of polycrystalline tungsten is lower than the ductility
of single crystals. (from [15]).

When a polycrystalline metal is deformed, the grains change their orientation and the metal acquires
preferred orientation (i.e. it develops a texture). The new orientations are related to the nature and
direction of the applied stress, as deformation occurs on the most favorably oriented slip systems.
Therefore, as the degree of deformation increases, certain orientations of the grains become more
predominant, and the material develops a texture. The reorientation of grains by plastic deformation
in tungsten is less severe than it is for low SFE metals (e.g. silver). In the case of bcc metals, the
rolling textures are unaffected by alloying elements (i.e. impurities) and rolling temperature, and
become sharper with increasing deformation [25].

In this work, Miller indices {hkl} <uvw >will be used to represent orientations (texture) with
respect to a reference frame. For rolling, the first indices{/kl}refer to the crystallographic plane

which is parallel to the rolling plane (or axis parallel to the normal direction), whereas the second
set of indices < uvw >represents the crystallographic direction parallel to the rolling direction. The
rolling texture of bcc metals is usually composed by a range of orientations from {100} <001 >

through {111}<110> to {111} <112> [25]. In other words, rolling textures of bcc metals show
components of the o fiber{hkl}<110>and the yfiber{l11} <uvw>. However, at thickness
reductions higher than 70% the two components {112} <110> and {111} <110 > usually become

more pronounced [25].
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A common way to represent textures is using pole figures. A more complete yet more complex
representation of texture is achieved by orientation distribution functions (ODFs).

Microstructural investigations of rolled tungsten published in literature report well-defined and
nearly-equiaxed subgrain structures (e.g. [19], [27], [28], [29]). Well-defined subgrain structures are
observed after rolling to strains up to 98% thickness reduction at rolling temperatures between
1000-1700 °C. Subgrain sizes reported for moderately deformed and severely deformed tungsten
are in the range 1.5-3 um and 1-1.5 um respectively. The subgrain size is directly related to the
stored energy, which is the driving force for both recovery and recrystallization.

2.4 Annealing phenomena

When a deformed metal is annealed, thermal energy is provided to the material that allows reducing
its stored energy, thereby restoring its microstructure. It is the stored energy that provides the
driving force for the annealing phenomena of recovery and recrystallization.

2.4.1 Recovery

Recovery refers to the set of microstructural processes by which dislocations annihilate and
rearrange themselves into more thermodynamically stable configurations (i.e. of lower stored
energy), without long range motion of grain boundaries. Both dislocation annihilation and
rearrangement are achieved through dislocation climb, glide and cross-slip [21], [22], [24], [25]. It
is worth noting that point defects may also recover, although this process occurs below room
temperature without the need of annealing.

Annihilation of dislocations occurs between dipoles (i.e. two parallel dislocations of opposite
Burgers vector). For instance, edge dislocations can annihilate by glide or a combination of glide
and climb. Screw dislocations can annihilate by cross-slip, more easily or at lower temperatures in
metals with high stacking fault energy, aided by the lack of stacking faults [21].

If the amount of dislocations with opposite Burgers vector is uneven or dislocations cannot meet
their opposite counterpart, total annihilation is not possible and these dislocations of same sign
rearrange themselves into low energy boundaries or low angle boundaries (LABs). This process is
known as polygonization and its simplest case (where finally only dislocations of one sign of the
Burgers vector exist) is shown schematically in Fig. 4. Although the associated energy of these
LABs increases with increasing misorientation, the amount of dislocations in the LABs is also
higher for higher misorientations, which leads to a reduction in the energy per dislocation.
Therefore, polygonization is a successful mechanism in lowering the stored energy by formation of
misoriented LABs during recovery.
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Fig. 4. (a) Crystal with only dislocations of Burgers vectors of opposite sign (b) Resulting configuration after
dipole annihilation where only dislocations of one sign are left. (c) Rearrangement of dislocations into LABs

or polygonization (from http://upload.wikimedia.org/wikipedia/en/b/b6/Polygonization.png).

The term recovery refers to a set of microstructural changes, rather than a single mechanism. These
processes take place gradually over time, so that there is no clear identification of a beginning or an
end of recovery. Recovery occurs upon annealing of deformed metals, but also in any metal which
is not in an equilibrium state, namely in metals with high concentrations of point and line defects,
such as irradiated or quenched metals. These microstructural changes affect the properties of the
metal, restoring them partially to their values prior to deformation. When recovery is occurring
simultaneously with plastic deformation it is called dynamic recovery [21].

Recovery competes with recrystallization since both are driven by the stored energy of deformation.
In other words, recovery of the deformed grains will affect the recrystallization kinetics, affecting
especially the nucleation process but also decreasing the speed of the migrating boundaries during
growth. Moreover, recrystallized regions are defect free and can no longer recover.

Cell structures surrounded by high density dislocation walls are found right after deformation, in the
case of metals of medium to high-stacking fault energies (e.g. tungsten). Recovery leads to the
decrease of dislocation density of the cell interiors, while the cell walls evolve towards more
sharply defined low angle boundaries. A subgrain structure has been formed at this stage. A
subgrain structure can also be found right after deformation, especially for metals and alloys with
high stacking fault energy and low solute content, which have been deformed to large strains at high
deformation temperature. On the other hand, subgrains are not observed in low stacking fault
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energy metals (e.g. silver) deformed at high temperatures, because recrystallization sets in and
eliminates the deformation structure before subgrain formation, unless recrystallization is inhibited
(e.g. as it happens in particle-containing alloys) [21].

Upon further annealing, the subgrains tend to coarsen in order to decrease the low-angle grain
boundary area and therefore its associated subgrain boundary energy. This process is known as
subgrain growth, and occurs via subgrain boundary migration.

Another mechanism which might lead to subgrain growth is rotation and coalescence of subgrains,
being driven by the reduction in subgrain boundary area too.

(a) Cell formation (b) Annihilation of (c) Subgrain formation
dislocations within cells

Fig. 5. Recovery stages. (a) Loose dislocations arranged into a cell structure; (b) These tangles furtherly
evolve by dislocation annihilation and rearrangement in the cell interiors and walls; (c) resulting in a more
sharply defined subgrain structure. Finally, these subgrains can grow in size driven by the corresponding
reduction in stored energy (from [21]).

All these recovery stages do not necessarily take place during annealing. Some recovery stages
might have already occurred during plastic deformation due to dynamic recovery (e.g. cell
formation). Also, their occurrence and kinetics depends on factors such as strain, deformation
mode and annealing temperatures, material and purity: more highly strained materials recover
faster. Higher annealing temperatures will more readily provide the thermal energy required to
activate recovery, leading to faster and more complete recovery with increased annealing
temperature. Solutes have a pinning effect on dislocations and retard recovery by dislocation
rearrangement and annihilation. Solutes might even retard dynamic recovery during deformation,
which might lead to faster recovery kinetics during subsequent annealing, due to the higher stored
energy after deformation [21].
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Recovery Kkinetics

The microstructural changes induced by recovery are difficult to observe, and hence recovery is
usually quantified indirectly by measuring the material property changes it induces. This approach
only works for recovery kinetics as a whole, since it does not allow differentiating among the
different set of atomistic mechanisms taking place during recovery. Indirect approaches include the
measurement of the released stored energy during recovery (using calorimetry), and the decrease in
electrical resistivity or mechanical properties (e.g. hardness, yield stress) over time during
isothermal annealing. A microstructural yet more complex approach is also possible by measuring
subgrain growth during recovery via electron microscopy. For any property X, its rate of change
will be expressed as dX/dt. The most common types of empirical relationships to describe recovery
kinetics are known as type 1 and type 2.

Type 1 or Kuhlmann recovery kinetics:

This empirical relationship and mainly states that a recovery-related property change is inversely
proportional to annealing time [cf. 21],
dX, ¢
—R_—_ 5 X,=c,—c Int (2.1)
dt t R 2 1

where c; is an integration constant and c; is a constant directly related to the recovery kinetics. This
expression only fails to describe the early stages of recovery (r=0) and the last stages (r 2) [21].

Type 1 recovery kinetics are controlled by thermally activated dislocation glide and cross-slip. Type
1 kinetics usually describes recovery of polycrystals, which allows calculating the activation energy
for recovery from the Arrhenius temperature dependence (e.g. [30]). However, since recovery is a
combination of micromechanisms, it is usually found that the activation energy itself will vary
during the different stages of recovery. Therefore, the activation energy for recovery cannot be
defined unless the physical processes occurring at a certain stage of recovery are clearly understood.

A physical explanation for the kinetic logarithmic dependence of recrystallization kinetics (Eq. 2.1)
was developed by D. Kuhlmann [31]. According to this explanation, recovery kinetics are related to
how far a trapped dislocation (which is released by an external applied stress) can move away until
becoming trapped by another obstacle (e.g. another dislocation). The area on which the dislocation
moves freely can be defined as an activation area or activation volume V .

The relationship between an external stress applied on a dislocation and the activation energy
required to release a trapped dislocation and move it an area V can be described as Eq. 2.2 (from
Eq. 5 of reference [31]),

d_a__ . _Q-oV
= Aexp(( T )j 2.2)
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where o is the applied true stress on the dislocation (equivalent to the recovery-related property
X .of Eq. 2.1), Q is the activation energy required to move the dislocation, k is the Boltzman
constant and 7 is the temperature in K. Mathematically, Eq. 2.2 can be converted into an equation

of the type Eq. 2.1 (namely Eq. 2.3) for the Vickers hardness (mechanical property measured during
recovery in this work), which in turn allows to reflect the physical meaning of the recovery kinetics

constant ¢, of Eq. 2.1 (notice that stress and Vickers hardness show an approximate relationship
HV =30 as deduced in [32], [33]:

j
)j Wy O':O':;—valnt M} HV:H‘/O*—?)kTTIHZ' (23)

Comparison of Eq. 2.3 with Eq. 2.1 allows to elucidate the values for the kinetic constant ¢, and the

activation volume V (Eq. 2.4). In Eq. 2.4, »=2.74-10""mis the burgers vector for the tungsten
crystal lattice, while A is the activation area and » is a proportionality constant. These values will be
discussed in the discussion section (6.1 recovery). Notice that the activation volume V is defined as
the area swept by the dislocation times the Burger’s vector.

_ 3kT 3k

-V =
Vv olT

>V=b-A=n-b> (24

G

Type 2 recovery Kinetics or power law kinetics:

Other times, recovery kinetics are properly described by a power law (Type 2 recovery kinetics) of
the type [cf.21]:

dX .
dt

=—c, - Xy (2.5)

Some literature studies report logarithmic recovery kinetics (Kuhlmann recovery kinetics) based on
measurements of electrical resistivity [34], [35] for recovery of cold-worked tungsten during
annealing. Additionally, in literature [36] it was found that during recovery the reduction of the
strength of tungsten followed the changes observed in subgrain coarsening according to follow a
Hall-Petch relationship. Given that recovery kinetics also affect recrystallization kinetics, recovery
kinetics are determined in detail in the current study.
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2.4.2 Recrystallization

Recrystallization is the process by which defect-free regions (nuclei) are generated in the deformed
matrix and grow into it. The driving force for this process is the internal energy difference between
the highly strained deformed material and the recrystallized grains with quite low dislocation
content. The thermal energy required to activate this process is provided during annealing of the
metal [37], [38], [39].

A partly-recrystallized microstructure is comprised at any time of a mixture of recrystallized and
recovered matrix, mathematically represented by the recrystallized fraction (X) which varies from 0
to 1 while recrystallization proceeds. The recrystallization temperature is usually defined as the
temperature at which 50% recrystallization (X = 0.5) is reached after annealing for a constant time

(e.g. 1 h).

Recrystallization has 2 different stages: nucleation characterized by the formation of new defect-
free regions, and growth of these nuclei. The recrystallizing nuclei grow into the recovered matrix
until they impinge on other nuclei and stop growing in the impinged directions. Nucleation and
growth usually occur simultaneously during annealing.

a) Deformed structure b) Nucleation of c) Partly recrystallized
defect-free grains

e =l

d) Fully recrystallized e) Grain Growth

Fig. 6. a) Deformed structure with its corresponding stored energy. b) Nucleation of almost defect-free
grains at favoured sites (i.e. mainly at GBs and triple junctions). c¢) Partly-recrystallized state where the
initial nuclei (represented as eliptical nuclei) have grown. Some of the recrystallizing nuclei already impinge
upon each other. d) Nuclei growth up to full recrystallization. e) Grain growth after recrystallization, leading
to hexagonally-shaped grains.

(edited from:http://commons.wikimedia.org/wiki/File:Ricristallizzazione _e_accrescimento.svg#/media/File:

Ricristallizzazione e_accrescimento.svg).
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Nucleation describes the formation of defect free regions of low internal energy separated by a
HAB from the recovered matrix in which they appeared and shall grow into. The driving energy for
nucleation is provided by the defects accumulated in the recovered microstructure. Nuclei will be
viable only when they are thermodynamically favourable. On the one hand, there is a stored energy
reduction Au from creating a defect-free region by eliminating the dislocation density (p). On the
other hand, new HABs separating these nuclei from the recovered matrix will have a high boundary
energy (y»). The balance between these two energies establishes the minimum nucleus radius R
required for a viable recrystallization nucleus [37], [40].

2
R="Yox1um (26)
Au

Therefore, deformed regions of high stored energy (or high local strain) will be the favorable
nucleation sites. These regions may be grain boundaries, triple junctions, or deformation induced
bands (i.e. transition bands, shear bands...) presenting short-range orientation gradients which favor
nucleation. Nucleation in the strict sense of phase transformations is not likely, since the gain in
energy by the formation of a nucleus is much lower than that of standard phase transformations. As
a consequence, recrystallized nuclei will not form randomly distributed, but at the aforementioned
nucleation sites [21]. Also in the case of phase transformations, nuclei often form non-randomly
distributed.

Nucleation can occur at the beginning of recrystallization (site-saturated nucleation), in which case
the nuclei density N will be an important parameter, or happen throughout recrystallization, in
which case the definition of a nucleation rate N = (dN/dt) becomes useful. This nucleation rate N
can in turn be constant or vary during recrystallization. The nucleation process is important, as it
will determine the final grain size as well as the orientations of the grains of the recrystallized
microstructure [21].

Growth is the process by which the boundaries surrounding the defect-free nuclei migrate through
the neighboring recovered matrix while consuming it. Nuclei will grow into the recovered matrix
until they impinge other recrystallized grains. At this point, nuclei growth will stop given the lack of
stored energy in the neighboring grain [21].

The velocity at which a boundary moves is given by Eq. 2.7,

v=MP ; (where P=P,—P) (2.7)

The driving pressure for recrystallization (P,) will be the stored energy corresponding to the

dislocation density of the recovered matrix,
P, = apGB’ (2.8)
where « is a constant with a value close to 0.5, p is the dislocation density, G the shear modulus

and b the Burgers vector of the dislocations.
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An opposing force to nuclei growth (P.) is also present whose driving force is the boundary energy

related to the boundaries of the nucleus,

p_h (2.9)
R

c
n

where y, is the boundary energy and R, is the radius of the recrystallized nucleus. The balance
between these opposing forces (P, —P) will determine the velocity of the migrating grain

boundary during growth. Given this balance of forces, it can be noted that the velocity or growth
rate v will be faster with higher initial stored energy and will slow down during annealing due to
recovery and the consequent reduction of the stored energy of the recovered matrix [41]. Although
the mobility M may be orientation dependent, the main reason for growth rate changes during
recrystallization is considered to be the variation in overall driving pressure. This variation in
driving pressure over time is due to decreasing dislocation densities (due to on-going recovery), and
also due to local heterogeneities which the moving boundary meets.

Grain growth is a stage occurring after full-recrystallization is complete, and leads to a state of
lower associated internal energy. The internal energy of the metal is decreased by a reduction of
grain boundary area. The stored energy in the HABs is the driving force for grain growth. Since the
order of magnitude in energy for grain growth is two times lower than that of recrystallization, grain
growth typically starts after full recrystallization. During normal grain growth, the bigger grains
tend to expand at the expense of the smaller grains. When a boundary pinning effect is present (e.g.
particles, LABs with low mobility) some grains may grow abnormally large with respect to the rest,
being therefore noted as abnormal grain growth [42].

Recrystallization as a whole is a thermally activated process and as such presents a relationship
between the time t to reach recrystallization and the annealing temperature 7, which allows to
obtain an activation energy for the process as a whole. The relation can be described by an
Arrhenius relationship (Eq. 2.10),

t=t exp(E/RT) (2.10)

where 7, is a pre-exponential factor, R is the universal gas constant, £ is the activation energy
required during annealing for both nucleation and growth, and T is the annealing temperature.

A typical example of recrystallization kinetics is shown in Fig. 7. The study of recrystallization
kinetics considers both recrystallization processes altogether (nucleation and growth), as they are
difficult to study individually. A model usually used to fit recrystallization kinetics was proposed by
Johnson-Mehl-Avrami-Kolmogorov (JMAK), which describes the recrystallized fraction (X) as a
function of the annealing time t (cf. [21]),

X =1-exp(-Bt") (2.11)

29



where B is a coefficient describing thermal activation and n is known as the Avrami exponent,
being related to the nature of nucleation and dimensionality of the growth process [21].
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Fig. 7. Recrystallization kinetics typical of isothermal annealing. One can see that at the early stages of
nucleation the recrystallized fraction is low and it increases exponentially over time as the nuclei grow into
the recovered matrix. When the growing nuclei impinge one another, the recrystallization kinetics decrease
until full recrystallization is achieved (from [21]).

The plastic strain, the initial grain size and the annealing temperature can be related to the
recrystallization rate and the final grain size after recrystallization as follows (cf. [21]):
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A minimum amount of deformation is needed (usually around 5-15% strain), to make the
formation of a nucleus energetically favorable and guarantee its growth.

Deformation to higher strains brings about faster recrystallization, as the higher stored
energy in the deformed matrix is the driving force for recrystallization.

Deformation at high temperatures and/or low strain rates decreases the recrystallization
velocity due to the lower stored energy in the deformed matrix.

Higher annealing temperatures bring about faster recrystallization, since the required
activation energy for recrystallization can be reached more easily (Arrhenius relationship).

The initial texture before deformation and the deformation texture influences the
recrystallization kinetics, as the active slip systems of the grains of the starting texture, as
well as the interaction between the grains, will affect the orientation gradients and stored
energy in the deformed microstructure.

Recrystallization in single crystals is retarded compared to polycrystals, due to the lack of
high angle boundaries and triple junctions serving as nucleation sites.

More highly-strained materials produce a finer recrystallized microstructure, since more
nucleation sites become active.



8) Recrystallization will be retarded for bigger starting grain sizes (as there are fewer HABs
which are favorable nucleation sites) and for metals deformed at higher temperatures (since
recovery will decrease its stored energy).

9) Alloying elements or impurities (as solutes or small dispersoids) decrease recrystallization
rates, as they have a pinning effect on the sweeping boundaries of the recrystallized grains.
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Fig. 8. Scheme showing the softening or loss of strength typical of recovery and recrystallization during
annealing. Two different stages, namely recovery and recrystallization, can be clearly distinguished by their
different slopes. Recrystallization is the 2™ stage, and entails a large decrease in hardness and strength. (edi-
ted from:https://www.nde-ed.org/EducationResources/CommunityCollege/Materials/Graphics/Recovery.gif)

Regarding static annealing, as seen in Fig. 8, recrystallization is (to a higher extent than recovery)
related to degradation of the material properties, expressed as softening or loss of strength.
Additionally, in the case of tungsten, recrystallization brings about an embrittling effect during
deformation, due to accumulation of internal stresses at the grain boundaries. In fact,
recrystallization embrittlement makes the study of the recrystallization of tungsten a critical asset
for high temperature applications such as fusion reactor components.
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Fig. 9. Tensile strength of tungsten sheets deformed to different strains as a function of testing temperature
(from [15]).

Fig. 9 graphically showcases the degradation of the properties of tungsten during recrystallization.
The upper strength limit corresponds to a stress-relieved sheet after deformation to high strain,
whereas the lower strength values around 400 °C correspond to sheets deformed to low strains. As
the tensile testing temperature is increased above 1200 °C, the material recrystallizes and loses its
strength. At about 1500 °C, there is a lower strength limit characteristic of the fully recrystallized
state. Below 1200 °C, the degradation of the properties is only due to recovery.

2.4.3 Texture evolution

The microstructural and textural changes induced by recrystallization are relevant for the
application of tungsten in fusion reactors because they are expected to affect the behavior of
tungsten under irradiation conditions [43], as well as its mechanical properties [25]. For example,
refinement of the grain size may lead to improved radiation resistance [44]. It has also been
observed that the crystallographic orientations of the grains are critical in determining the amount
and structure of blistering on the surface when exposed to a high flux plasma [45]. It has also been
observed that the <001> orientation exhibits the highest deuterium blistering resistance [46].
Orientation dependence is also shown for He trapping in radiation-induced defects in W during
fusion operation, which can seriously affect the PFC robustness [47].

The mechanical properties are also affected by the material texture. As an example, slip, the basic
mechanism for plastic deformation of pure tungsten, occurs along {110} and {112} planes, in the
most densely packed [111] direction [15]. Additionally, slip occurs in the {111} plane at high
temperature, and both twinning and cleavage are affected by texture [15].

The texture of rolled tungsten and other bcc transition metals is accepted to present a “typical bce
rolling texture”; a texture comprised of a y fiber {111}<uvw> and a a fiber {hkl}<110> ([48], [49]).
The fibers are usually heterogeneous, and some studies find the y fiber to be more predominant
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[48]. The heterogeneity in the fibers is inherited from warm-rolling. Along with the o and v fibers, a
predominant rotated cube component {001}<110> has also been found in rolled tungsten ([50],
[47]) and in other bee metals like ferritic steel ([51], [52]).

The recrystallization texture of tungsten is widely found to be weak or quite close to random (e.g.
[46], [50]). This weak recrystallization texture is rationalized in [50], in terms of the
recrystallization of (001)<110> components into various components related to <110> rotations,
based on the elastic isotropy of tungsten.

2.4.4 Activation energies

2.4.4.1 Activation energies of recrystallization

The recrystallization activation energy can be defined as the energy barrier that needs to be
overcome (or the energy that needs to be provided externally) for recrystallization to occur. This is
a very important parameter because it will determine the lifetime of a tungsten component during
high temperature operation, since recrystallization degrades the material. Few literature studies on
tungsten recrystallization provide recrystallization activation energies comparable to bulk diffusion
in tungsten (586-628 kJ/mol). For example, comparably high activation energies for
recrystallization include an activation energy of 544 kJ/mol reported for recrystallization of a drawn
wire of high purity tungsten [53], and recrystallization activation energies of 502 kJ/mol and
573 kJ/mol for recrystallization of heavily-drawn wires annealed under vacuum or Argon
atmosphere, respectively [54]. Usually, lower recrystallization activation energy values are found in
literature (e.g. [S55], [53], [56], [57], [58], [59]). The reason for these lower recrystallization
activation energies is said to remain in the additional contribution of grain boundary diffusion,
which depends on the microstructure in polycrystalline tungsten [15].

2.4.4.2 Activation energies of bulk-diffusion

Tungsten bulk self-diffusion is relevant especially in coarse-grained material where the contribution
of grain boundary diffusion is less dominant [15]. For this reason, the activation energies for bulk
self-diffusion of tungsten were compiled from literature. Literature reference [15], a book on
tungsten properties, presents a compilation of literature data for activation energies of bulk self-
diffusion ranging from 586 to 628kJ/mol. Direct measurements of bulk self-diffusion activation
energies from diffusion of tungsten radiotracers include 526-666 kJ/mol [60], 568 kJ/mol [61], 504
kJ/mol [62], 640kJ/mol [63], 669k]J/mol ([64],[65]). Other indirect measurements provide
523kJ/mol [66], 582 kJ/mol [67] and 594kJ/mol [68]. Some theoretically predicted values found in
literature are 586 kJ/mol and 611 kJ/mol, as estimated in [69] and [70].

2.4.4.3 Activation energies of grain boundary-diffusion

Grain boundary diffusion becomes more important with decreasing grain boundary spacing [15].
Literature reference [15] quantifies the activation energy for grain boundary diffusion to be 377-460
kJ/mol. Other reported values in individual literature references include 210.7 kJ/mol [71] (at 1500-
1900 °C), 294 kJ/mol [72] (at 887-1050°C) and 380.7 kJ/mol [73].
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As an example for the calculation of activation energies of grain boundary diffusion, Riihle
& Almanstotter [71] determined the activation energy for grain boundary diffusion in the
temperature range 1500-1900 °C experimentally, for severely-deformed pure tungsten wire. The
calculation is based on the estimation of grain growth after recrystallization at different annealing
time and temperature. The activation energy for GB migration is calculated to be G, = 210.7 £ 13.2
kJ/mol using an Arrhenius relationship for the grain size with annealing temperature.

For clarity purposes, the range of activation energies for bulk self-diffusion and grain boundary
diffusion are summarizedd in Table 1.

Table 1. Ranges of the activation energies for bulk self-diffusion and grain boundary diffusion (from
reference [15]).

Bulk self-diffusion activation energy Grain boundary diffusion activation energy

586 — 628 kJ/mol 377 — 460 kJ/mol

In this background chapter, it was described that recovery and recrystallization will cause
degradation in material properties as softening and loss in mechanical strength, being most critical
for tungsten the embrittlement due to recrystallization. In order to characterize the possible
degradation of tungsten under service conditions, it is paramount to characterize the kinetics of
these restoration phenomena (recovery and recrystallization), as well as to understand the
microstructural evolution during recrystallization, at temperatures close to the service temperature
in fusion reactors. Although a lot of work has been done on recovery and particularly on
recrystallization, there is considerable lack of experimental data on tungsten, especially on the long-
term annealing recrystallization kinetics, despite its importance in understanding and quantifying
the degradation of tungsten components. For this reason, the long-term recovery and
recrystallization kinetics of tungsten are experimentally quantified and characterized in this work,
both mechanically and microstructurally.
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Chapter 3
Experimental Method

In this chapter, the experimental procedures followed in this thesis are described. Apart from the
experimental details, a few results on Optical Microscopy and impurity measurements (GDOES)
are also provided. Moreover, the theoretical background of the most widely used techniques of this
work, namely Vickers hardness testing and Electron Backscattered Diffraction (EBSD), is
explained in detail.

3.1 Experimental details

Two tungsten plates warm-rolled to 67% and 90% thickness reduction (and with 99.95% purity
according to the material supplier) were received from Advanced Technology & Materials Co.,
Ltd., Beijing. The plates had been manufactured from tungsten powder by cold-isostatic pressing
and sintering under a hydrogen atmosphere at 2300 °C for 6 h. The tungsten product was pre-
annealed at 1200 °C for 15 minutes before rolling in order to relieve internal stresses. After pre-
annealing, the tungsten plates were warm-rolled 10 times by reverse rolling (i.e. the plate was
turned over after each rolling pass), starting at a temperature of 1550 °C and the last pass being
carried out at 1100 °C. No protective atmosphere was used during rolling. The initial and final
thicknesses of the tungsten plate warm-rolled to 67% thickness reduction were 36 mm and 12 mm
respectively. The initial and final thicknesses of the tungsten plate warm-rolled to 90% thickness
reduction were 39 and 4mm respectively. The final dimensions of the warm-rolled plates were
180x100x12 mm® and 210x130x4 mm® respectively. From now on, the plates warm-rolled to 67%
and 90% thickness reduction will be referred to as W67 and W90 respectively.

The homogeneity of the plates after rolling was checked by testing the rolling surface of the plates
with Vickers hardness measurements, using a load of 10 kg and a dwell time of 10 s. The as-
received plates and the Vickers hardness profiles obtained on their rolling surfaces are shown, for
both plates W67 and W90, in Fig. 10 and Fig. 11 respectively. 10 hardness measurements were
done and averaged within each of the squared areas of the plates indicated in Fig. 10b and Fig. 11b.
The maximum observed standard deviations of the average among the 10 hardness indents for the

individual indented areas were HV,,, £ Twer _ 44543 Vi,and HV,,g, £ w0 _ 440+2H V,, for the

V10 V10

plates W67 and W90 respectively. This means that these maximum deviations correspond to the

squared areas with average Vickers hardness HV,, ., =445HV,, for the plate W67 (see Fig. 10b) and
HV,,,, =440HV,, for the plate W90 (see Fig. 11b). The maximum difference in Vickers hardness
from  indented area to  indented area = was HV,. —HV,. . =1THV, and
HVy00m — HVypoomin =12HV,, for the plates W67 and W90 respectively. It was concluded that both

plates presented a reasonably homogeneous hardness distribution throughout the plate.
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Fig. 10. Plate W67. a) Picture of the plate with the indented areas (in order to check homogeneity in
hardness) numbered 1 to 8. The rolling direction is shown horizontally and the transversal direction
vertically. b) Sketch showing the position of the areas where the hardness values are obtained for each area
(HV o as measured on the RD/TD surface and averaged over 10 indents). The values are measured on the
surface which has been in direct contact with the rolls.

N B P R T R
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Fig. 11. Plate W90. a) Picture of the plate, with RD being the longest direction, TD representing the width of
the plate, and ND representing its thickness. b) Sketch showing the position of the areas where the hardness
values are obtained (HV o as measured on the RD/TD surface and averaged over 10 indents). The values are
measured on the surface which has been in direct contact with the rolls.

For both plates W67 and W90, the hardness on the RD/ND surface was also checked, showing a
considerably lower value as compared to the outer RD/TD plane. For the plate W67, the hardness
for individual as-received samples was also checked at the middle of the RD/TD plane (at a depth
of approximately 6mm), and the hardness of the internal RD/TD plane was comparable to that of
the RD/ND plane. It was concluded that the higher hardness value of the outer RD/TD surface was
due to the overstraining due to the direct contact with the surface of the rolls. Therefore, it was
ensured that the hardness and microstructural characterization was done far from the surface with
direct contact with rolls (outer RD/TD surface).
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In contrast, a third plate warm-rolled to 50% thickness reduction had to be discarded after checking
that its hardness distribution turned out to be very heterogeneous. Optical microscopy revealed that
the plate also had cracks which developed along the GBs. The cracking and the heterogeneous
hardness distribution suggest that the plate underwent brittle fracture during rolling, which led to
heterogeneous straining. The fact that an intermediate annealing step (at 1350 °C for 24 h) was
introduced to achieve a fully-recrystallized state before rolling (for this plate only, in order to be
certain of the initial state before deformation) could explain this behavior; the inherent brittle
behavior of tungsten becomes more pronounced in the recrystallized state; a process known as
“recrystallization embrittlement” in tungsten ([15], [13]). Therefore, rolling this plate in the
recrystallized state to 50% thickness reduction might have led to cracking and heterogeneous
straining. The rest of the plates (W67 and W90) did not undergo this intermediate recrystallization
annealing step before rolling.

A chemical analysis of the as-received plates (W67 and W90) was carried out, as impurities can
strongly affect the recrystallization kinetics. EDS (Energy-dispersive X-ray Spectroscopy) and
GDOES (Glow Discharge Optical Emission Spectroscopy) were used to measure impurity contents.

Energy-dispersive X-ray Spectroscopy (EDS) is a technique that detects and analyzes X-rays
emitted from a sample in order to determine the chemical composition of its constituent elements
[74]. Tt consists of an X-ray detector attached to a Scanning Electron Microscope (SEM) or a
Transmission Electron Microscope (TEM). The X-rays are generated from the interaction of the
electrons from the electron beam with the different atoms of the sample. The advantages of this
technique are its capability to do non-destructive and quick measurements, and the lack of need of
specimen preparation. The EDS equipment used in this work could detect elements with an atomic
number Z above 6, with a detection limit of approximately 1% wt.

Glow Discharge Optical Emission Spectroscopy (GDOES) is a technique that can measure the
chemical concentration and depth profiles of constituent elements in a solid sample ([75], [76],
[77]). The technique relies on sputtering the surface of the specimen and detecting the emission of
the constituent elements with photon detectors. The sputtering is carried out using low energy
Argon or Neon ions, which cause damage to the sample. The main advantages of GDOES are high
measurement speed (faster than EDS), the lack of need of ultra-high vacuum and specimen
preparation, and the possibility to measure big specimens. Other advantages are the possibility to
detect all kind of chemical elements (regardless of their atomic number) and the high sensitivity of
GDOES measurements (e.g. compositions as low as 0.1% wt. could be detected for P and S in white
cast iron AS2027 [77], given that good calibration curves from standard samples are available. This
information is given as an example, understanding that lower detection limits are also possible with
GDOES). These specifications are particularly suitable for Plasma Facing Components (e.g. parts of
the tungsten divertor). Impurities in Plasma Facing Components (PFCs) have an effect in plasma-
surface interactions and recrystallization kinetics (e.g. interstitial impurities like boron, oxygen,
nitrogen, phosphorus, silicon, hydrogen and carbon pin the grain boundaries, hampering their
mobility during recrystallization and therefore having a retarding effect on recrystallization [15]).
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GDOES allows to measure these big parts without introducing any modifications that might affect
the performance of the PFCs during service.

The chemical analysis of the plates W67 and W90 by EDS did not detect any impurities. However,
as mentioned earlier, the sensitivity for impurity detection with this EDS equipment was around 1%
wt., which is why GDOES was additionally used for higher sensitivity. Very low impurity
concentrations can affect recrystallization kinetics. The chemical composition of the elements
present in both tungsten plates (W67 and W90) were measured with GDOES and compared. The
chemical concentrations for all detected elements are shown in Table 2. The purity of the tungsten
plates was determined to be 98% wt. with these GDOES measurements. However, the GDOES
equipment used at DTU/MEK was not calibrated for measurement of high W concentrations, and
therefore these purity values cannot be considered as absolute values. Similar concentrations of
impurity elements were detected in both plates. Only the elements Sr, Ge and Mg might have a
slightly higher concentration in the plate W67, as compared to the plate W90. The GDOES results
suggest that there was no significant impurity concentration difference between the plates. It was
therefore assumed that the low impurity levels found would affect recrystallization kinetics in a
similar way for both plates. For this reason, the chemical impurity of the plates will not be dealt
with from now on in this work.

Table 2. Chemical concentrations determined by the GDOES element analysis carried out on both warm-
rolled plates W67 and W90. The comparison of both plates in terms of impurity elements shows that there is
no considerable impurity difference between the plates. The displayed concentrations in Table 2 are
averaged from 3 GDOES measurements for each plate. The standard deviations for the concentrations of all

elements of each plate are also listed as O, and O, respectively.

Element | Element wt. % O Element wt.% O Difference between
W67 plate W90 plate both plates
W 97.986 | +0.01152 98.040 | #0.01713 0.054
Fe 0 *0 0 +0 0
Ti 0 *0 0 +0 0
Al 0.01295 | +0.00126 0.01462 | +0.00104 0.00166
C 0 +0 0.00003 | +0.00002 0.00003
O 0.00013 | +0.00005 0.00143 | +0.00202 0.00130
N 0.01177 | +0.00097 0.00827 | +0.00038 0.00349
P 0 +0 0 +0 0
S 0 +0 0 +0 0
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Ni 0 *0 0 *0 0
Cr 0 *0 0 *0 0
Mn 0.26127 | +0.00327 0.25983 | +0.00690 0.00143
Si 0.70820 | +0.00672 0.73310 | +0.01066 0.02490
v 0.82540 | +0.00434 0.81810 | +0.00014 0.00730
Co 0 10 0 0 0
Cu 0 10 0 0 0
Nb 0.12567 | +0.00164 0.12283 | +0.00196 0.00283
Mo 0.00233 | +0.00017 0.00139 | +0.00056 0.00094
B 0 *0 0 *0 0
Pb 0 *0 0 *0 0
Bi 0.00013 | +0.00005 0.00011 | +0.00009 0.00002
Sn 0 *0 0 *0 0
H 0 *0 0 *0 0
Cl 0.00002 | +0.00001 0.00001 *0 0.00001
Ta 0.00068 | +0.00004 0.00078 | +0.00003 0.00010
Be 0.00334 | +0.00010 0.00362 | +0.00027 0.00029
Ag 0.00040 | +0.00001 0.00039 | +0.00001 0.00001
Pd 0.00044 | +0.00003 0.00047 | +0.00001 0.00003
Zr 0 10 0 0 0
Ca 0.00112 | +0.00005 0.00100 | +0.00003 0.00012
Sr 0.01777 | +0.00045 0.00191 | +0.00005 0.01586
Ga 0.00433 | +0.00018 0.00373 | +0.00015 0.00060
In 0.00042 | +0.00001 0.00042 | +0.00005 0
Zn 0.00172 | +0.00011 0.00131 | +0.00004 0.00041
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Au 0.00163 | +0.00028 0.00220 | +0.00006 0.00057
Sb 0.00254 | +0.00007 0.00223 | +0.00008 0.00031
Pt 0.00579 | +0.00029 0.00610 | +0.00022 0.00031
Ge 0.00112 | +0.00005 0.00238 | +0.00007 0.00126
Mg 0.02763 | +0.00151 0.02864 | +0.00061 0.00101
Na 0.00050 | +0.00008 0.00061 | +0.00009 0.00011
Li 0.00051 | +0.00006 0.00066 | +0.00012 0.00015
K 0.00038 | +0.00004 0.00042 | +0.00002 0.00004

For annealing, small specimens of about 8x3x6 mm® and 8x3x4 mm’ (RDxTDxND) were cut from
the plates W67 and W90 respectively using a diamond saw. These specimens were isothermally
annealed for different times at five different temperatures between 1150 °C and 1350 °C (namely
1150 °C, 1175 °C, 1200 °C, 1250 °C and 1350 °C) in the case of the plate W67. Annealing was
carried out at six different temperatures between 1000 °C and 1250 °C for the plate W90 (namely
1100 °C, 1150 °C, 1175 °C, 1200 °C, 1225 °C and 1250 °C).

A mirror furnace (FTTF250 from Scandiaovnen A/S) which could provide a protection gas
atmosphere (argon) was available for annealing at the highest temperature of 1350 °C only.
Annealing at lower temperatures was done in conventional furnaces (as Nabertherm RHTC 80-
230/15), where protection of the specimen against oxidation was required. In order to avoid the
formation of the volatile WOs3, individual specimens were encapsulated in glass ampoules. The
ampoules each containing a single specimen were flushed with argon, evacuated and finally sealed.
The specimens were put in the pre-heated furnace, removed after the desired annealing time and
cooled to room temperature by air-cooling. Specimens which by optical microscopy showed any
indication of oxidation after heat treatment were discarded. The annealing furnace Nabertherm
RHTC 80-230/15 and the encapsulated samples inside quartz ampoules and set up for annealing are
shown in Fig. 12.

u
¥

Fig. 12. a) Tube furnace Nabertherm RHTC 80-230/15 used for annealing of tungsten samples. b) Setting of
the encapsulated tungsten samples in quartz ampoules during annealing inside the tube furnace.
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Optical Microscopy (OM) was used to reveal the microstructure at different stages of
recrystallization. Initially, two etching solutions were tried out; namely 3% wt. hydrogen peroxide
(H,0,) and Murakami’s reagent (10 g: 10 g: 100 ml; K3Fe(CN)es: NaOH: H,0). These etching
solutions are among the recommended etchants for tungsten in [78]. The optimal etching times with
these two reagents were found by trial and error. Etching for 20 minutes with 3% wt. H,O, provided
good enough grain boundary enhancement without over-etching the material (see Fig. 13 and Fig.
14). The same effect was achieved with the more aggressive Murakami’s reagent much faster; after
just 1 minute. However, out of the two solutions, hydrogen peroxide (H,O,) 3% wt. was chosen as
the best option on practical and safety grounds. Although both etchants can achieve good etching,
use of Murakami’s reagent can be hazardous. This is due to the fact that it contains dissolved
cyanide anions (CN"), an extremely lethal chemical species for humans [79]. Skin contact with the
solution might lead to cyanide poisoning. Moreover, although NaOH provides a strong alkaline
solution in Murakami’s reagent, accidental exposure to oxidizing agents can lead to the formation
of hydrogen cyanide (HCN), a potentially lethal gas when inhaled [79]).

Examples of Optical Micrographs (OMs) for the plates W67 and W90 (etched with 3% wt. H,O,)
are presented in Fig. 13 and Fig. 14 respectively. The different tonality of both figures is only due to
different microscope tonality settings during image acquisition.

Fig. 13 presents the transversal (RD/ND) and rolling (RD/TD) planes for the plate W67 in the as-
received condition (Fig. 13a and Fig. 13b respectively). Fig. 13c presents the microstructure after

annealing for 24 h at 1350 °C (fully-recrystallized condition according to hardness data) Fig. 13
clearly reveals that the deformation structure with elongated grains after warm-rolling gets replaced
by a fully recrystallized structure with equiaxed grains during the heat treatment. Moreover, a
higher elongation (or higher aspect ratio) is observed on the (RD/ND) surface (Fig. 13a), as
compared to the (RD/TD) surface (Fig. 13b). This is expected since grain elongation along RD and
contraction along ND are expected after rolling, while no significant changes are expected in grain
shape along TD.

Fig. 13. Optical micrographs (OMs) for the plate W67: a) RD/ND section from the as-received state, with
RD horizontal b) RD/TD section from the as-received state, with RD horizontal c) RD/TD section of the
fully recrystallized sample annealed for 24 h at 1350 °C. All observed surfaces were located in the center of
the plate, away from the surface in contact with the rolls.
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Fig. 14 presents the plate W90 in the warm-rolled condition, a partially recrystallized state
(X=0.38), and the fully recrystallized state after annealing at 1175 °C. The micrographs showcase
that the deformation structure with elongated grains along the rolling direction after warm-rolling
(Fig. 14a) becomes replaced by recrystallizing grains (Fig. 14b) until a fully recrystallized structure
with equiaxed grains is achieved (Fig. 14c).

a)* “Ib) = L

Fig. 14. Optical micrographs for the plate W90: a) as-received condition with elongated grains along RD,
b) partially recrystallized sample (X=0.38) annealed for 20 h at 1175 °C, where a mixture of equiaxed
recrystallized grains and recovered elongated grains is observed, c) fully recrystallized sample annealed
for 50 h at 1175 °C showing only equiaxed recrystallized grains. All sections represent the transversal
plane containing the rolling and the normal direction, RD and ND, respectively; RD being horizontal.
Source: own work.

For Electron Backscattering Diffraction (EBSD), four different scanning electron microscopes were
utilized: a Zeiss Supra 35 (at DTU Risg Campus) and a Tescan Mira 3 LHM (at Tsinghua
University) with a Nordlys II EBSD detector using the program Flamenco of HKL Channel 5 for
indexing, a FEI Helios Nanolab™ 600 (at DTU CEN) with a EDAX Hikari Camera using OIM
STMsoftware from EDAX TSL, and a JEOL JSM-840 (at DTU Risg Campus) with a phosphor
screen as detector using CROMATIC v.2.10 software to index the measured bands (Fig. 18 in
subchapter 3.3.2). Orientations were gathered at individual positions on regular square grids on the
prepared surfaces with step sizes ranging from 0.2 pm to 20 pm. Boundaries in the EBSD maps
were identified based on the misorientation between adjacent pixels: high angle boundaries (HABs)
were defined as those with misorientation angles above 15°, whereas boundaries with
misorientation angles between 2° and 15° were defined as low angle boundaries (LABs).
Misorientation angles below 2° were ignored due to the limited angular accuracy of the orientation
determination by EBSD.

In order to achieve the surface quality required for electron backscatter diffraction investigations,
the samples were grinded, polished and electropolished. After grinding (the final step being 4000
grit paper), the samples were polished with diamond suspensions of 3 pum and 1 pm size
respectively. The final polishing steps were chemical polishing with an oxide particle suspension
(OPS with 0.02 um particles), and electropolishing using a steel anode. Electropolishing was carried
out with 3% wt. NaOH at room temperature, and a constant voltage of 12 V in DC at an intensity of
approximately 2 A for a time between 40-100 s.
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Initially, electropolishing was performed at room temperature with NaOH (30% wt.) at 12V DC,
according to [80]. Although [80] recommends the use of KOH, the similar reactant NaOH was used
as it was more readily available. However, the tungsten material became over-etched at these
electropolishing conditions. For this reason, the optimal electropolishing concentrations and times
required for a good surface finish were found out by trial and error. Finally, the electropolishing
conditions were optimized using NaOH (3% wt.) for 40-100 s. It was experimentally observed that
required electropolishing times for optimal EBSD pattern acquisition were longer for samples with
higher deformation. At least 40 seconds were required to obtain high-indexing in partly-
recrystallized material (as high as 98% indexing), whereas the as-deformed tungsten plate required
around 100 seconds for reasonable indexing, (only a maximum of 96% indexed points could be
obtained in the best case). Electropolishing was required to eliminate remaining deformation still
present after polishing, in order to obtain good EBSD indexing. Note that EBSD patterns are
obtained from 10-50 nm in-depth from the measured surface, and even slight surface deformation
can have a detrimental effect on the pattern quality. The quality of the patterns decreases by
introduction of defects and is very sensitive to sample preparation [81].

The orientation data gathered on square grids of different step sizes were analyzed using HKL
Channel 5 software. The presented orientation maps are RD/TD and RD/ND sections colored
according to the crystallographic direction aligned with RD. {100}, {110} and {111} pole figures
were contoured using a Gaussian spread function with 10° half width and a cluster size of 17°.
Orientation distribution functions (ODFs) were calculated from the individual orientations using a
Gaussian spread function with 5° half width by series expansion in generalized spherical harmonics
truncated at order 22.

Table 3 provides all the annealing conditions for which EBSD orientation maps were gathered on
the plates W67 and W90.
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Table 3. List of annealing conditions for which EBSD orientation data were collected. A wide range of
annealing times were covered at three temperatures (1150 °C, 1200 °C, 1250 °C) for the plate W67, and at
two temperatures (1200 °C and 1250 °C) for the plate W90.

Plate W67 Plate W67 Plate W67 Plate W90 Plate W90
Temperature Temperature Temperature Temperature Temperature
1150 °C 1200 °C 1250 °C 1200 °C 1250 °C
Annealing time | Annealing time | Annealingtime | Annealing time | Annealing time
750 h 240 h 6h 55h 1h
950 h 300 h 12 h 7h 2h

1213 h 320 h 24 h 8h 3h
1373 h 359 h 36 h 85h 4 h
1582 h 480 h 48 h 9h 5.5h
1900 h 600 h 72 h 10 h 6h
2200 h 110 h 11h 7.5h

13 h 11h
15h 12 h
20 h 18 h
25h 30h

It shall be noted that the samples from the W90 plate after annealing at 1250 °C showed a
heterogeneous recrystallization behavior which, because of a large scatter, did not correlate well
with the hardness data. For this reason, the EBSD orientation data from the W90 plate after
annealing at 1250 °C were not used in this study. An exception is the EBSD orientation data from
the sample annealed for 1 h at 1250 °C, which is used to study nucleation orientation relationships
in subchapter 5.5.3. For this type of investigation, the heterogeneous recrystallization does not
represent a problem. In this sample, many small nuclei developed, which facilitates this analysis.

Below, the two characterization techniques used most extensively in this work (namely Vickers
Hardness and Electron Backscatter Diffraction) are explained in greater detail.
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3.2 Vickers Hardness
3.2.1 Definition

Vickers hardness is a hardness test that uses a small diamond pyramidal indenter to create a small
indentation in the surface of a material. This small indentation can be measured using an Optical
Microscope and a Vickers hardness value deduced from the indent using standardized information
(see below). Accurate measurements of the indent can nowadays be provided in an automated way,
as was the case for the equipment used in this work to measure Vickers hardness (see Fig. 15a). The
hard diamond indenter keeps its shape even at high loads, so that the measurements on hard metals
are reliable. The indenter forms a 136° angle with the indented surface of the sample (see Fig. 15b),
[37], [82].

square based —
pyramidal indenter

R - d 1 -’
s
- — d;

impression

sample —
(a) Vickers indentation (b) measurement of impression
b) diagonals

Fig. 15. a) Equipment Struers Duracsan-70 used to measure Vickers Hardness. b) Square based pyramidal
Vickers indenter making an indent in a sample of diagonals d; by d, (from http://www.twi-
global.com/technical-knowledge/job-knowledge/hardness-testing-part-1-074/).

The Vickers hardness can be determined from the indent diagonals d; and d,, and the load applied,
according to the formula:

2
HV =2Fsin 136 . 2 (3.D
2 \d +d,

Vickers Hardness values are usually expressed as HV,, in (kgf/mm?), for an applied load of w kg. In
this work, Vickers hardness values HVj are reported, which represent measurements with 10 kg
load for a dwelling time of 10 s.

Vickers hardness measurements represent an average of flow stress related to the induced strain
[83]. If a material were perfectly elastic, no indent would be left and the hardness could not be
measured. Nevertheless, during deformation, most materials plastically work-harden after the initial
breakdown of elasticity. Recovery and recrystallization of the material leads to a characteristic
decrease in hardness. For this reason, Vickers hardness can be used to track the recovery kinetics of
tungsten at the initial stages of annealing, and also to elucidate the recrystallized fraction of material
(X) at any stage of recrystallization annealing, by using the rule of mixtures,
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HV, —HV
HV =X HV, +(1-X)HV,, or X=—— (32
HV, —HV,

rec rex

where HV , is the hardness of the recrystallized volume fraction and HYV  the hardness of the
deformed or recovered matrix.

The factors that mostly affect the reliability of the measurements are flatness and a good surface
finish; the indented surface is acceptable within a maximum 1° angle tolerance. For this reason,
grinding or machining is required for a flat surface finish. Statistically, Vickers hardness
measurements are highly reliable as long as the number of measurements taken does not exceed a
minimum spread of the hardness [84].

3.2.2 Experimental details

In this work, Vickers hardness tests were carried out in order to determine the mechanical strength
at different annealing stages (as hardness values relate to yield strength [11]), and the
recrystallization fraction during annealing. Vickers hardness measurements were performed with a
fully automatic hardness tester Struers Duracsan-70 (Fig. 15) on mechanically polished surfaces
using a load of 10 kg and a dwell time of 10 s. The surfaces were prepared metallographically by
subsequent mechanical grinding and polishing with silicon carbide paper, the final step being 4000
grit paper. The indents were made on the rolling plane (RD/TD) for the plate W67 on a fresh
surface well inside the material, in order to avoid the extra deformation that might have been
induced by direct contact with the rolls. In contrast, in the case of the plate W90, the indents were
made on the transversal plane (RD/ND), because otherwise the effect of the extra deformation on
the rolling plane might have been present at all depths, considering the low thickness of the plate
W90 (4 mm). It was found that, for the as-received material, hardness values tended to be higher at
the surface as compared to the bulk. For example, in the case of the plate W67, an average hardness
value of 445 HV;y was found at the outer surface in contact with the rolls. When the measurements
were made deep in the material bulk, the average hardness value decreased to 423 HV ;. Obviously,
the latter average hardness value (423 HV,y) was used in this study. All reported hardness values in
chapter 4 of this work are averages over 20 indents.

3.3 Electron backscattered diffraction (EBSD)

Electron backscatter diffraction (EBSD) is an add-on technique to a Scanning Electron Microscope
(SEM) used to examine the crystallographic texture or orientation of crystalline materials. EBSD
offers the ability of fast and automated diffraction analysis in order to obtain crystallographic data
and maps with nanometric scale resolution [85], [86].
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3.3.1 EBSD Components

The most essential accessories for an operative EBSD system are a Scanning Electron Microscope
(SEM) equipped with an EBSD detector (Fig. 18), a phosphor screen where the pattern is diffracted,
a low light CCD camera to detect the diffraction pattern on the phosphor screen, and a software that
allows communication between the different components, as well as capability of EBSD data
treatment [81],[86],[87]. The components of an EBSD system are shown in Fig. 16 and Fig. 17.

Fig. 16. Experimental set-up for EBSD. Left: Necessary hardware and interconnection among its
components. Right: Close-up of the specimen chamber with the Electron Beam, the EBSD detector and the
phosphor screen on which the diffraction pattern is captured. (from http://www.ebsd.com/ebsd-
explained/basics-of-ebsd/principal-system-components).

Electron
beam

Specimen

Scan
\mi Phasphar]
o b A
pHedien Specimen
CCD camera — slage

Beam control

Fig. 17. Left: Diagram showing the formation of the diffraction patterns and the processed maps from such
data, as well as the better-defined microstructure obtained using EBSD as compared to conventional SEM
imaging. Right: Diagram showing the specimen mounting and the diffraction of the electron beam generated
radiation onto the phosphor screen; the parameters required for EBSD orientation measurements such as
specimen-to-screen distance L, x y z (screen/pattern axes), X; Y, Z; (specimen coordinates), and X,, Y,, Z,
(microscope coordinates) are also shown (from [81]).
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Fig. 18. One of the SEMs with an EBSD detector used for the EBSD analysis of this work: a JEOL JSM-840
with a phosphor screen as detector using CROMATIC v.2.10 software to index the measured bands (at DTU
Risg campus).

3.3.2 Collection and Analysis of Diffraction patterns

The basis for EBSD is the collection and analysis of diffraction patterns from the surface of bulk
samples in the SEM. In the early stages of EBSD, pattern recognition was done manually and was
time-consuming. Nowadays, the process is automated or semi-automated. This allows the
diffraction pattern to be captured and analyzed in real time, and computer algorithms allow the
orientation of each diffraction pattern to be obtained and stored automatically.

In order to collect the diffraction pattern, the specimen is positioned within the SEM sample
chamber and an angle of 20° is kept between the incident electron beam and the specimen surface.
This sample tilting increases the amount of backscattered electrons that diffract from the specimen
surface and leave the specimen. Some of the inelastically scattered electrons hit the atomic planes of
the sample at angles which satisfy Bragg's law (Eq. 3.3),

nA=2dsin6 (3.3)

where n is an integral number, A is the electron wavelength, d is the spacing between diffracting
planes and @ is the angle of incidence of the inelastically scattered electrons on the diffracting plane.

As diffraction occurs in all directions which form the incident angle 6 with the diffracting plane,
each family of planes produces a set of paired electron cones; cones that are used to form an image
onto the phosphor screen. The intersection of this cone with a big enough phosphor screen would
result in the formation of a circle of large radius. Since the radius of this circle is considerably large
and the phosphor screen has a limited size, only an almost straight segment of this circle intersects
with the screen. This intersection forms the almost parallel Kikuchi lines on the phosphor screen.
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The cones diffracted from parallel planes of the same crystallographic orientations form pairs of
parallel Kikuchi lines that define Kikuchi bands. Each Kikuchi band has width proportional to the
interplanar spacings. Different planes lead to different bands, resulting in the formation of countless
overlapping Kikuchi bands [86], [81]. This is sketched in Fig. 19.

" Electron Beam Trace of diffracting crysial plane
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Le Difffacted eleciron cones.

Bragg angle {8)
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Fig. 19. Scheme showing how the diffraction cone generates the Kikuchi bands onto the phosphor screen.
(from (http://www.ebsd.com/ebsd-explained/basics-of-ebsd/interpreting-the-diffraction-pattern).

Once the pattern has been collected, the determination of the crystallographic orientation of the
sampled volume is performed in two consecutive steps:

1) First, the pattern is indexed by identifying the crystallographic indices of the poles and
bands/lines in the pattern (pattern indexing). The poles (or zone axis) are the points where Kikuchi
bands intersect, and physically correspond to a shared direction by two intersecting planes (see Fig.
20). The Kikuchi bands, as mentioned earlier, are formed by a pair of Kikuchi lines. The
identification of the position of the bands and poles in the diffraction pattern is done using the
Hough transform algorithm. The Hough transform detects each line in the phosphor screen
projection and transforms it into a point in the Hough space. What the Hough transform does it to
convert the x and y directions of the pixels of the phosphor screen (namely x; and y;, where i refers
to the pixel index in the image) into the new parameters & and p. In this fashion, the Hough space is
constructed by using the parameters & and p as the x and y axis of the Hough space, covering an
areaAd-Ap . The result of this conversion is that each original pixel is transformed into a sinusoidal
curve with intensity proportional to that of the original pixel. The addition of sinusoidal curves at
the intersection of Kikuchi lines provides peaks of highest intensity, which are identified as points
of higher intensity in Hough space. Finally, the peak detection algorithm selects the highest
intensity peaks (which correspond to the Kikuchi lines and poles), while disregarding other false or
weaker peaks.

2) Secondly, the relative position of the Kikuchi bands/lines and poles with respect to the chosen
external axes is determined (orientation determination).
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As to pattern indexing, each Kikuchi band was formed by the projection of a crystallographic plane
and can therefore be indexed with the Miller indices of the plane which formed it. The Kikuchi
bands are sorted according to their intensities and widths. Indexing is based on the comparison of
measured interplanar angles (which correspond to the angles between the Kikuchi bands) and
interplanar spacings (which are represented by the band widths) with theoretically known values of
different crystal structures, until a match is made. It is the positions of the narrower and brighter
bands that are used for such indexing (5 to 10 bands). In the case of high-symmetry crystals (cubic
and hexagonal) 3-4 families of {hkl} planes are enough to solve the Kikuchi pattern, whereas for
lower symmetry crystals the use of more bands and plane families is required for pattern indexing.

% 11037

2!
258

Fig. 20. Left: Kikuchi diffraction pattern showing plane Miller indices (red) and zones axis (white). Right: A
nickel crystal unit cell on top of the diffraction pattern which it generates. The blue and yellow highlighted
planes correspond to the same Kikuchi bands, and so does the zone axis from their intersection. Source:
(from http://www.ebsd.com/ebsd-explained/basics-of-ebsd/interpreting-the-diffraction-pattern).

In order to determine crystallographic orientations, first the angles between the indexed bands or
poles and the sample normal or beam normal (ay, o, a3) must be determined. This is done by
measuring the distance from the bands or poles to the beam normal. Distances are therefore
transformed into angles using the distance between two indexed poles or from the bandwidth of a
Kikuchi band, which is related to its indices through 26 (angle of incidence of the electron beam
onto the plane), as shown in Fig. 21.

Fig. 21. Indexed Kikuchi pattern showing the angles (a;, @, a3) from which the crystal orientation is
determined, corresponding to the distance between ND (beam normal) and the poles (from [81]).
The relation between the crystallographic indices g; (of each band or pole, where i is the identified

number of bands and poles), and a; (the corresponding angle between each band or pole and ND),
yields the axis of the crystal in terms of its crystallographic indices (hkl) through Eq. 3.4:
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a ) (h
g || k :cosai-\/(qf)2+(q;)2+(q;)2 (3.4)
q; )\

Eq. 3.4. represents the indexing of three bands or poles; the minimum necessary for orientation
determination. The root in this equation normalizes the obtained orientation vector (hkl) to unity.

To derive the full orientation matrix with respect to the specimen, the indices of one further
reference axis (TD or RD) have to be determined as well. Once this is accomplished, the
crystallographic orientation of the grain can be finally described either in (hkl)[uvw] notation, or by
its orientation matrix g. Euler angles, Rodrigues vectors, or misorientation parameters can be
computed according to standard algorithms, and the results can be stored for further evaluation and
representation of the data. As a final result, each pixel can be assigned a certain crystallographic
orientation, which allow the reconstruction of orientation maps of the microstructure from which a
wealth of microstructural information can be obtained.

3.3.3 Advantages of EBSD

- EBSD allows quantitative and automated analysis of grains/subgrains more accurately than
other imaging techniques (except for TEM) [88]. In fact, using Field Emission GUN SEM
(FEGSEM) grains as small as 0.2 um can be characterized [88].

- Subgrain/cell measurements are easier than in the TEM, although the limited angular
resolution of EBSD may be problematic [86].

- X-ray methods can also determine bulk texture. However, EBSD allows spatial location of
texture distributions and correlations with grain or subgrain size, shape and position in the
sample [81].

- The fact that EBSD uses misorientations to elucidate the microstructure, enables the
distribution and nature of boundaries present in the sample to be determined [81].

- EBSD is an optimal technique to measure the spatial distribution of stored energy in

subgrain boundaries and the recrystallized fraction in a sample, both relevant parameters in
this work.
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3.4 Applications of EBSD

In materials science, EBSD is mainly used to index and identify the seven crystal systems. In terms
of crystallography, it can offer crystal orientation mapping, defect studies, phase identification,
grain boundary and morphology studies, regional heterogeneity investigations, material
discrimination and microstrain mapping. Using complementary techniques, it can also offer
physicochemical identification of the different crystallographic components. For example, in-situ
chemical analysis of certain texture components or phases is possible by combining EBSD with
another add-on package to a SEM: Energy-dispersive X-Ray spectroscopy (EDS). In the present
work, EBSD is mainly used to determine the evolution of the recrystallized fraction and the texture
evolution during recrystallization. An in-depth analysis of nucleation and growth during
recrystallization is also done with EBSD. The most relevant data to be obtained using EBSD
analysis for this work, mainly on recrystallization of pure tungsten, will be furtherly explained [86],
[81], [89], [90], [88].

3.4.1 Misorientation, IPF coloring and crystal symmetry

Misorientation is defined as the orientation difference between two crystals. The definition of an
orientation in EBSD is refers to the misorientation between the crystal in question and a reference
axis (i.e. sample axis). The EBSD data analysis can easily work out the misorientation between two
crystals from their corresponding orientations defined in Euler angles. Misorientations or angular
relationships between crystals can be described in a variety of ways (e.g. Rotation matrix,
Rodrigues vector, angle/axis pair...). Cubic crystals (as in bcc tungsten) present symmetry along all
its three axis (a=b=c) and along all its interaxial angles (a=f= y= 90°) [37]. As a consequence of
this high crystalline symmetry, there are 24 equivalent descriptions for the orientation of each cubic
crystal [81]. Misorientation angles above 62.8° between cubic crystals can be equivalently
described using lower misorientation angles due to the cubic symmetry. Also, it is standard practice
in angle/axis pair notation to use of all 24 possibilities the rotation axis more closely aligned with
<110> [81].

Misorientations can also be described in Inverse Pole Figure (IPF) space. In the current work, all
EBSD orientation maps are presented with IPF coloring along the rolling direction. Each pixel is
represented in one color which is directly related to the orientation of the crystallite in that pixel.
What the IPF coloring represents is the orientation axis that, for that crystallite in particular, would
align with the reference direction [86], [81]. The reference direction was chosen as RD in this work.
The colors used for the different axes are standardized; red for the [001] axis, green for the [011]
axis and blue for the [111] axis. Intermediate directions are represented by the combination of these
standardized axis, in a way directly related to the equivalent combination of their corresponding
colors (e.g. the orientation axis in between [001] (red) and [011] (green) is displayed in yellow; see
Fig 22). The advantage of representing misorientations in IPF space is that, since this space is
relatively large, it allows differentiating a wide range of misorientations by subtle color tonalities
[81]. IPF coloring is especially useful to show fiber orientations, as they are aligned along an axis
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and appear in that specific color, or whenever there is a textural preference aligned along an axis
[33].

111

ao1 101

Fig. 22. Inverse Pole figure legend where all the spectra of colors related to the orientation axis parallel to a
certain reference axis is displayed (from [86]).

3.4.2 Boundary character

Boundaries possess 5 degrees of freedom; 3 related to the misorientation across the boundary and 2
related to the inclination of the boundary plane. Through these parameters, EBSD allows to
determine the nature of the boundaries.

The orientation of the crystals (3 degrees of freedom for each crystal) is related to the boundary
between the 2 crystals through their misorientation. Boundaries in EBSD maps are classified
according to their misorientation angle as low angle boundaries (LABs) for misorientation angles
between 2° and 15° and high angle boundaries (HABSs) for misorientation angles above 15°.
However, it is not usually possible to determine the boundary plane using EBSD. Coincident site
lattice (CSL) boundaries are also a type of boundaries detectable by EBSD.

3.4.3 Calculation of stored energy

Given a microstructure consisting of well-defined subgrains, the stored energy in the dislocation
structure can be calculated as a function of the subgrain size, the misorientation of the boundaries,
and the boundary energy [88]. A way to calculate the stored energy in the microstructure from these
parameters is presented in Eq. 3.5 [21],

Aupyp = SV(LAB) Y B(1AB)

Aty = SV(HAB) Y B(HAB) Au=Au,p+Auy,, (3.5)
HGV 9(1"
Y BtaB)y = VB(HAB) 0_ “(I=In 9_)

where Au,,, , Auy,zand Au are the stored energies in the LABs, HABs and all boundaries. } 5,
is the boundary energy. S, 5, and S, 5, are the specific surface densities for LABs and HABs (or

the inverse of the chord lengths), 6 refers to the average misorientation for LABs between 2° and

av
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15°, and 6, is the misorientation at which the boundary energy shows a maxima (6, =15°). Note
that both LABs and HABs contribute to the stored energy of the material. For tungsten, the surface
boundary energy for HABs is 7, ;,,,) = 0.869 J/m? [91].

EBSD data treatment allows to calculate these parameters from grain and subgrain chord length
measurements and misorientation measurements from grain boundary maps (e.g. see Fig. 23).
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Fig. 23. Grain boundary map of a cold rolled aluminum alloy obtained by EBSD. Euler contrast was used

for the coloring of the grain pixels. High Angle Boundaries (HABs) are represented as black lines, and low
angle boundaries as grey lines. The map corresponds to an RD/ND section, with RD vertical. (from [92]).

3.4.4 Characterization of Recrystallization

The recrystallized fraction is estimated from EBSD by separating different areas of the
microstructure as recrystallized or non-recrystallized according to certain criteria. For this purpose,
recrystallized regions are defined as areas surrounded at least partly by HABs that meet a minimum
size and have a minimum internal misorientation. In this thesis, recrystallized regions were
determined from the orientation data using the in-house software DRG [93] based on three criteria:
i) the internal misorientation within a recrystallized nucleus/grain is less than 1°, ii) the area of a
nucleus/grain is larger than 8 pixels corresponding to 72 pm2 or 200 pm2 (for maps obtained with
3 um or 5 um step size respectively) and iii) the nucleus/grain is at least partially surrounded by
high angle boundaries with misorientations larger than 15°. The volume fraction X of recrystallized
material is therefore determined as the area fraction of all recrystallized areas detected in the
orientation map.

This last method can also be used for subgrain detection, defined as regions surrounded by LABS of
a minimum size. Summing up, EBSD data allows for grain and subgrain reconstruction, which in
turn allows quantifying the recrystallized fraction X. Examples of partly-recrystallized tungsten
material are presented in Fig. 24.
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1250°°C, 110h (X = 0.99)

Fig. 24. Boundary maps for tungsten in the warm-rolled state (top-left), at the beginning of recrystallization
(top-right), in a 68% recrystallized state (bottom-left) and in the fully-recrystallized state (bottom-right).
High angle boundaries (>15°) appear as black lines and low angle boundaries (2-15°) as grey lines. Black
dots correspond to non-indexed pixels. Clean white regions correspond to recrystallized grains, whereas the
greyish grains correspond to the recovered matrix. All maps are obtained on the plate W67.
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Chapter 4

Characterization based on hardness measurements

In this chapter, the characterization of recovery and recrystallization kinetics from Vickers hardness
measurements is done for both moderately-deformed (W67) and highly-deformed (W90) warm-
rolled tungsten plates. The combination of both recovery kinetics and recrystallization kinetics
provides a good description of the annealing kinetics at all studied annealing temperatures and
times. This characterization allows determination of the corresponding activation energies. The
different activation energies obtained for both plates are discussed. The activation energies of
recrystallization allowed to extrapolate lifespans of these tungsten plates at different operation
temperatures. The lifespans for both plates are presented and discussed in chapter 6.

4.1 Moderately-rolled plate (W67)

4.1.1 Hardness evolution

Vickers hardness measurements were done on isothermally annealed samples at five different
temperatures; namely 1150 °C, 1175 °C, 1200 °C, 1250 °C and 1350 °C (see Table 4). Fig. 25
provides the hardness evolution during annealing at these temperatures.
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Fig. 25. Hardness evolution at different annealing times during annealing at 1150 °C (a), 1175 °C (b), 1200
°C (c), 1250 °C (d) and 1350 °C (e). Vickers hardness measurements were performed on the mechanically
polished RD/TD surfaces using a load of 10 kg and a dwell time of 10 s. The reported hardness values HV
+ AHV,, are averages over 20 indents with the standard deviation AHV, of the average; error bars in graphs

hardness (va)

hardness (va)

440
430
420
410
400
390
380
370
360

350"

440
430

420 %%

410
400
390
380
370
360

+ 1200°C

&

£ L a
3
¥

E ]
E ]
. . . . . ¢
0 100 200 300 400 500 600 700
time (h)
1350 °C

350

0 2 46 8 1012141618202224

time (h)

represent + AHV, as well.

d)

4401
430

)

O 420}
=

hardness (HV

370}
3601

350

410¢
400¢
3901
3801

4 1250°C

I

x

0 10 20 30 40 50 60 70 80 90 100110
time (h)

The standard deviation of the average (plotted error bars in Fig. 25) is defined by Eq. 4.1,
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where ois the standard deviation and N the number of hardness measurements per sample (N = 20)
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During annealing, the Vickers hardness decreases from HV,, =423+4 HV,, in the as-received
condition, to HV _ =351+1HV,, in the fully recrystallized condition. All five annealing

temperatures showed a common HV _value which did not decrease for longer annealing times,

rex
indicating that no grain growth occurred after recrystallization. This hardness value for the
recrystallized state is comparable to hardness values reported in literature for the recrystallized state
in tungsten [3].

In Fig. 25 it can be seen that the annealing temperature (as expected) has a large influence on the
required annealing time; the annealing times 7, , required to attain half of the hardness loss or,

def rex

formulated differently, to reach half-hardness (HV +HV ) / 2=387 HV,,, are reported in Table 4.

Table 4. Times to reach half-hardness loss at the different annealing temperatures. The annealing times at
1175 °C and 1350 °C were not directly available from hardness measurements, and were estimated using
linear interpolation between the two closest hardness values.

T (°C) o ()
1150 1213
1175 482
1200 300
1250 36
1350 3.58

Inspection of the hardness decrease of Fig. 25 allows distinguishing two clearly identifiable stages
from their different slopes. During the first stage, the initial rapid decrease of the Vickers hardness
is slowing down considerably with increasing annealing time. After some time, a significantly faster
decrease in the hardness is observed marking the occurrence of a second stage. The behavior in the
second stage is attributed to recrystallization by nucleation and grain boundary migration, whereas
the first stage is characteristic for recovery. The driving force for both processes is the stored energy
in the deformation structure and the associated defects (i.e. dislocations) [21]. For a full analysis of
the annealing kinetics, a full description of both recovery and recrystallization kinetics is required.

4.1.2 Recovery Kinetics

During the recovery stage (first stage of Fig. 25), the decrease of hardness with annealing time was
successfully described by logarithmic recovery kinetics (Eq. 4.2),

HV, =HV,-Clnt. 4.2)

rec

where HV,,. is the hardness of the recovered state after the annealing time. Such a dependence has
been rationalized by Kuhlmann [94] for intermediate annealing times as consequence of the
reduction in strength (caused by dislocation rearrangement and removal) due to thermally activated
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processes during recovery. Eq. 4.2 allows a fitting of the hardness data during the recovery hardness
drop, as it is shown in Fig. 26 for temperatures between 1150 °C and 1250 °C (for 1350 °C not
enough data were available to reliably fit this first recovery stage). A good description of the
hardness decrease is achieved by Eq. 4.2 for all temperatures.

As it can be noticed in Fig. 26, the slope of the linear fits represents how fast recovery kinetics are.
Such slope is mathematically described by the coefficient C. As expected, recovery kinetics
become faster with increasing annealing temperature (see Table 5, where the coefficient C
increases with increasing annealing temperature). Normalization of this coefficient C by the

annealing temperature leads to an average constant value C/T =3.1-107 (lir8%) kef K'mm™
The reason for the constant ratio C/T is related to the ability of the dislocations to move further

away with increasing temperature (activation volume). The physical interpretation of the ratio C/T

will be explained in more detail in the discussion section (6.1 recovery) for both plates W67 and
W90.

Table 5. Values of the slope C of the linear fit of recovery Kinetics at different annealing temperatures T

(°C), leading to a constant average value for the coefficient C / T=3.1-10"(1+8%) kgf K 'mm™

C( kgf mm‘z) T(°C) C/T( kgf K‘lmm‘z)
4.45 1150 0.00313
4.61 1175 0.00318
4.68 1200 0.00317
4.83 1250 0.00317
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Fig. 26: Semi-logarithmic plot of the Vickers hardness of the tungsten plate W67, in dependence on the
annealing time for different temperatures.
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4.1.3 Recrystallization Kinetics

Considering that a partly recrystallized sample will consist of both recovered regions (with hardness
HYV  characterized in the previous subchapter 4.1.2) and recrystallized regions (with hardness

rec

HV , =351x1HV,)), the recrystallized fraction X at any time can be easily calculated by applying

the classical rule of mixtures (Eq. 3.2).

The recrystallized fraction X can be worked out from hardness measurements. HV represents the
experimental value of the hardness measured at any time. HV _corresponds to the hardness value

rec

that the recovered matrix (non-recrystallized matrix) is expected to present at any annealing time.
This HV _ value has been fitted by Eq. 4.2, and can be extrapolated to longer times. This means

that, for the shorter annealing times, the hardness values HV ,_ are those of the samples of Fig. 26.

rec

For longer annealing times, the hardness values HV ,_ correspond to those that the extrapolation of

rec

Eq.2 at that particular annealing time would yield for each temperature. (note that for 1350 °C the
value after 2.5 h is used for HV,,. due to the lack of data during the recovery stage, which does not
allow a fit to Eq. 4.2. As an example, the results of these extrapolations for the lowest annealing

temperature (1150 °C) are presented in Table 6. Use of Eq. 3.2 allowed the calculation of the
recrystallized fraction X presented in Table 6.

Table 6. Relevant values for recrystallization during annealing at 1150 °C; annealing time (first column);
extrapolated HV _ values from the recovery kinetics model of Eq. 4.2 (second column); the recrystallized

fraction X calculated according to the rule of mixtures of Eq. 3.2 (third column).

Annealing
time at HV X
1150 °C
80h 417.9 0
117h 416.2 0
150h 415.1 0
300h 412.0 0
320h 411.6 0
380h 410.9 0
450h 410.1 0
540h 409.3 0
750h 407.8 0
950h 406.7 0.14
1213h 405.7 0.36
1373h 405.1 0.44
1582h 404.4 0.61
1900h 403.6 0.76
2200h 403.0 0.85
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Recrystallization occurs by thermally activated nucleation and growth of new and almost defect-
free grains. The evolution of the recrystallized fraction follows in general Johnson-Mehl-Avrami-
Kolmogorov kinetics (cf. [21]), whose mathematical expression was already described in Eq. 2.11.
A modified form of Eq. 2.11 is used in this chapter as Eq. 4.3,

X =1-exp(-b"t") 4.3)

where the former coefficient B is equivalent to »". With Eq. 4.3, a fair description of the
experimental data can be obtained as shown by the dashed line in Fig. 27, but only for the later
stages where both recovery and recrystallization occur. From Fig. 27, it becomes obvious that
especially at the beginning of the annealing treatment (e.g. up to 750 h for annealing at 1150 °C)
Eq. 4.3 overestimates the recrystallized volume fraction by far. Recrystallization apparently does
not occur during the initial stage of annealing. This can be reflected by introducing an incubation

time 7, before the onset of recrystallization [95] in Eq. 4.4.

mc

X :l—exp(—b” (r-1, )") (4.4)

By fitting an incubation time (e.g. 887 h for annealing at 1150 °C), a much better description of the
hardness evolution during recrystallization at 1150 °C is obtained by Eq. 4.4 as shown by the solid
line in Fig. 27.
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Fig. 27. Recrystallized volume fraction X of warm-rolled tungsten W67 as a function of annealing time at
1150 °C (a), 1175 °C (b), 1200 °C (c), 1250 °C (d) and 1350 °C (e). Open symbols mark values where only
recovery is expected to occur, whereas filled symbols mark values where recovery and recrystallization
occur simultaneously. The lines are fits of Eq. 4.3 (dashed line) to all values and of Eq. 4.4 (solid line) only
to those values where recrystallization is expected to occur (filled symbols).

Comparing all five investigated temperatures (Fig. 27), it was found that both, the coefficient » and

the incubation time f.

.. » are strongly depending on temperature, whereas the exponent n shows
only minor deviations from an average value 1.1. Despite theoretical expectations of much larger
values up to 4 (which are related to the nucleation mode and the growth dimensionality [21]) such a
low value for the Avrami exponent n is typically found in literature, e.g. ([96], [97], [98], [99]).
This low values of the Avrami exponent n have been explained to be due to the inability of the
JMAK model to account for the heterogeneity of the recrystallization process [21]; the

heterogeneous microstructure will lead to a non-random distribution of nuclei (due to the
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heterogeneous distribution of nucleation sites) and to different growth rates for the different
individual grains (due to the stored energy of the surrounding recovered matrix and the recovered
matrix-nucleus orientation relationship).

The addition of an incubation time is justified microstructurally. The approach was to measure
microstructurally the recrystallized fraction for a sample annealed for a time close to the estimated
incubation time with Eq. 4.4. A very low recrystallized fraction should be observed at this annealing
stage to justify the introduction of an incubation time. An EBSD grain boundary map for a sample
annealed at 1250 °C for a shorter period (24 h) than the obtained incubation time

t. (1250 °C)=24.5 h is provided in Fig. 28. It shows that only very few nuclei (covering a

recrystallized fraction of 1%) are present after annealing for 24 h at 1250 °C. Had there not been an
incubation time, a much larger recrystallized fraction X would have been observed at this relatively
advanced annealing stage. Therefore, there is microstructural evidence for the existence of an
incubation time before recrystallization.

Fig. 28. Plate W67. Boundary map obtained by EBSD with a 5 um step size on the rolling plane (RD/TD) of
a sample annealed for 24 h at 1250 °C, covering an area 845x 850 um’. A few nuclei shown in white are
identified. Nuclei were defined as regions with internal misorientations below 1°, partially surrounded by
high angle boundaries and at least 225 um?® large. The recrystallized fraction corresponds to X =0.01 . Grey
lines represent LABs (2°-15°), whereas black lines represent HABs (>15°).

Fig. 29 finally compares the evolution of the hardness during annealing at all temperatures (except
1350 °C, where no recovery model was available). Recrystallization and recovery kinetics are
expressed in Fig. 29 as functions of the hardness decrease over annealing time they induce. The
Kuhlmann recovery model (Eq. 4.2, expressed as a dashed line in Fig. 29) directly provides the
expected decrease in hardness at any annealing time. The recrystallization model of Johnsson-Mehl-
Avrami-Kolmogorov with an incubation time (Eq. 4.4, plotted as a solid line in Fig. 29) provides
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the expected recrystallized fraction at any time. By using the rule of mixtures of Eq.3.2, the
recrystallized fraction can directly be converted into the modelled hardness. Obviously, as the
recrystallized fraction increases with annealing time, the hardness decreases.

A good description of the entire annealing behavior is obtained by the combined models, as
observed by the good fit to the experimental data at all temperatures. In Fig. 29, the experimentally
measured hardness values fit the recovery model up to the incubation time of recrystallization. Once
recrystallization sets in, the experimentally-measured hardness values perfectly fit the
recrystallization model. Obviously, the extrapolation of the recovery model to longer annealing
times (dashed line) does not fit the experimental data, since the additional effect of recrystallization
must also be taken into account (solid line).
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Fig. 29. Evolution of the Vickers hardness of warm-rolled tungsten W67 measured in the rolling plane with
time during annealing at 1150 °C (a), 1175 °C (b), 1200 °C (c) and 1250 °C (d). Experimental values
(symbols) versus predictions by solely the recovery model according to Eq. 4.2 (dashed line) and
additionally the recrystallization model of Egs. 3.2 and 4.4 (solid line).
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4.1.4) Activation energies

An easy and first approach to characterize the activation energy for recrystallization is to assume
that the half-recrystallized state (X =0.5) corresponds to the state where half of the hardness loss

has occurred or, formulated differently, the average hardness (HVM +HV )/2:387 HV,,. A

rex

reason for this choice is that the half-recrystallized state is the stage where the material shows faster
recrystallization kinetics. A number of literature references make use of the half hardness loss for
the calculation of the activation energy for recrystallization (e.g. [100], [101], [99]). In this manner,

the annealing time f,,,/, required to reach a hardness HV = 387 HV,; at all temperatures allows an
initial estimation of the activation energy for recrystallization. These times 1, , are estimated from

Fig. 25 by linear interpolation between the two closest hardness values to HV = 387 HV,, and

shown in dependence on the annealing temperature 7 in Fig. 30. As indicated by the straight line,
they can be approximated by an Arrhenius relationship,

taavjs = Ly P Eyuy o [RT ) (4.5)

with the universal gas constant R. Having obtained a proper description of the recrystallization
kinetics (subchapter 4.1.3), one can (analogously to the time for attaining half the hardness loss)

identify the proper time f,_, s for half recrystallization, the incubation time #,_, and the value of the

inc ?

thermal coefficient » at all temperatures, and analyze their temperature dependence. This allows

the calculation of the activation energy for half-hardness loss (E,,y ), half-recrystallization
(Eyx_s), nucleation (E, ) and recrystallization as a whole including both nucleation and growth

(E,), from the slopes of Fig. 30. The values of all the obtained activation energies are presented in
Table 7.

It shall be noted that the values ¢, and b were obtained from the fitting of the recrystallization
kinetics expressed in Eq. 4.4 at all temperatures. E,_ defines the activation energy that shall be

provided to the sample to initiate recrystallization. On the other hand, the coefficient B from Eq.
2.11 is a kinetic parameter depending on the annealing temperature, nucleation rate and growth rate.
By the new approach of using the re-formulation of Johnson-Mehl-Avrami-Kolmogorov kinetics of
Eq. 4.4, the coefficient b should now describe thermal activation of recrystallization as a whole,
including both nucleation and growth, and without a dependence on the exponent n. Therefore, an

activation energy for recrystallization ( E, ) can also be directly calculated from the dependence of

the coefficient » on annealing temperature, using the Arrhenius relationship (Eq. 4.5).
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Table 7. Activation energies for the plate W67 calculated using the Arrhenius relationship for different
parameters: time to reach half of the total hardness loss?,y, ,, time to reach half-recrystallization #y_s,

incubation time for initiation of recrystallization f, ., and kinetic parameterb .

inc

Process Activation energy (kJ/mol)
Half-hardness 1oss ( E,y/,) 568 (1+6%)
Half-recrystallization ( £, _ 5 ) 579 (1+7%)
Incubation time before recrystallization ( E:m ) 568 (1£11%)
Thermal activation of nucleation and growth ( E,) 599.5 (1+7%)

An activation energy E,, , =568 (1£6%) kJ/mol for half-hardness loss was obtained from the
slope of Fig. 30 (red Iline). A slightly higher apparent activation energy of
E,_,s =579 (1£7%) kJ/mol for half-recrystallization is obtained from the slope of Fig. 30 (blue
line) using this more elaborate approach, which takes into account that part of the hardness loss is
due to recovery. For this reason, the values f,_,are slightly higher than the values L (see Fig.

30). For all activation energies, (1+ X %) represents the error progressed through the calculation

using the Arrhenius relationship of Eq. 4.5, as extrapolated from the standard deviations of the 20
hardness measurements for each sample. All activation energies are within the same range.

AHVIZ
i R tx:u_s

~ inc

6.8 7 7.2

6 6:2 6:4 6.6
1T(K) < 10™

Fig. 30. Activation parameters of the plate W67. Arrhenius plot of: time to reach half of the total hardness
loss 7y, 3 time to reach half-recrystallization 7y _,5; incubation time for initiation of recrystallization 7, ;

and b parameter.
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It is worth noting that all the activation energies of Table 7 are within the range of the activation

energy of volume self-diffusion E, , =586—628 kJ/mol for polycrystalline tungsten as reported

by the literature compilation of Lassner et al. [15]; values as low as E, , =526 kJ/mol are

reported in literature for bulk self-diffusion [60]. The calculated recrystallization activation energies
indicate that recrystallization of this plate W67 is a thermally activated process governed by jumps
of individual tungsten atoms, similar to the jumps in the bulk self-diffusion process.

4.2 Highly-rolled plate (W90)

4.2.1 Hardness evolution

Vickers hardness measurements were done on isothermally annealed samples from the plate W90 at
six different temperatures; namely 1110 °C, 1150 °C, 1175 °C, 1200 °C, 1225°C and 1250 °C. Fig.
31 shows the experimental hardness values measured on samples annealed at these six different
temperatures.
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Fig. 31. Hardness evolution at different annealing times during annealing at 1100 °C (a), 1150 °C (b), 1175
°C (c), 1200 °C (d), 1225 °C (e) and 1250 °C (f). Vickers hardness measurements were performed on the
mechanically polished surfaces RD/ND using a load of 10 kg and a dwell time of 10 s. The reported hardness
values HV;y + AHV, are averages over 20 indents with the standard deviation AHV,y; error bars in graphs
represent +AHV .

The standard deviation of the average (plotted as error bars in Fig. 31) was calculated using Eq. 4.1.
For the plate W90, a decrease in hardness is observed from the value HV,, =434+2HV,; of the

deformed state to the value HV , =351£2HV,, of the fully recrystallized state. This value did not

rex
decrease anymore with increasing annealing time, indicating that grain growth did not occur after
recrystallization.

Analogously to the plate W67, the annealing kinetics and the activation energy for this plate W90
were obtained by the time to reach a half-hardness (HVM +HV ) / 2=392.5 HV,,. The annealing

times to reach half of the hardness loss for the plate W90 were estimated by interpolation from
Fig. 31. The results are shown in Table 8.

Table 8. Estimated times to reach half-hardness loss at the different annealing temperatures. The annealing
times were determined using linear interpolation between the two nearest hardness values.

T (°C) o ()
1100 106.3
1150 36
1175 20.2
1200 11.9
1225 8
1250 5.35
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The recrystallization kinetics are clearly much faster for this plate W90 (Table 8), as compared to
the plate W67 (Table 4). This is expected due to its higher strain and its corresponding higher stored
energy. Similarly to the plate W67, two different softening stages can be distinguished in Fig. 31
during annealing. The first stage corresponds to recovery, whereas the second stage occurring at
longer annealing times corresponds to recrystallization.

4.2.2 Recovery Kkinetics

Analogously to the analysis of recovery done for the plate W67, the plate W90 was also fitted to the
logarithmic dependence elucidated by D. Kuhlmann (Eq. 4.2)

1100°C
1150°C
1175"C ||
1200°C
1225°C |}
1250°C

hardness (va)

1184 : L
0 1 2

Int (h)

Fig. 32. Semi-logarithmic plot of the Vickers hardness for the tungsten plate W90, in dependence on the
annealing time for different temperatures.

A good description of the hardness decrease is achieved by Eq. 4.2 for the plate W90 at all
temperatures for the initial annealing stages (see Fig. 32), as was previously observed for the plate
W67 (see Fig. 26). The slope of these linear fits, mathematically described by the coefficient C (see
Table 9), also depends linearly on temperature, leading to an average constant value

C/T=4.2-10" (1+4%) kef K'mm™. The reason for this dependence is explained in the
discussion section (6.1 Recovery).
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Table 9. Values of the slope C of the linear recovery kinetics fit at different annealing temperatures 7 (°C),

leading to a constant average value for the coefficient C/T =4.2-107 (1 * 4%) kgf K'mm ™.

T(°C) C( kgf mm’z) C/T( kgf K’]mm’z)
1100 5.60 0.00408
1150 5.81 0.00408
1175 5.95 0.00411
1200 6.15 0.00418
1225 6.32 0.00422
1250 6.65 0.00437

By using D. Kuhlmann recovery kinetics (expression of Eq. 4.2), the coefficients
C/T=3.1-10" (1+8%) kgf K'mm?and C/T =4.2-10" (1+4%) kgf K'mm™ were obtained

respectively for the plates W67 and W90. Comparison of both coefficients reveals faster recovery
kinetics for the most highly-deformed plate (W90). The same recovery model of Eq. 4.2 is also used
in literature (e.g. near grain boundaries of polycrystalline aluminum to fit recovery kinetics in
[102]). The reasons for the faster recovery kinetics for the most highly-deformed plate W90 seem to
be microstructural and will be discussed in the discussion chapter (6.1 recovery).

4.2.3 Recrystallization Kinetics

As was done for the plate W67, the recrystallized fraction of the plate W90 can be estimated from
hardness data using the rule of mixtures (Eq. 3.2), accounting also for the decrease of hardness
induced by recovery (Eq. 4.2), and finally fitted to classical Johnson-Mehl-Avrami-Kolmogorov
recrystallization kinetics with an incubation time ¢, = (Eq. 4.4):

The obtained Avrami exponent n shows only minor deviations from a common average value of 2;
The lower exponent n obtained for the plate W67 (n=1.1) as compared to that of the plate W90

(n =2) will be explained by microstructural considerations of nucleation in subchapter 5.5.1.

Analogously to the plate W67, a much better description of the hardness evolution during
recrystallization of this plate W90 is obtained by considering an incubation time (e.g. 19 h for
annealing at 1150 °C), in Eq. 4.4. This is reflected by the solid line of Fig. 33 at all temperatures.
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values where only recovery is expected to occur, whereas filled symbols mark values where recovery and
recrystallization occur simultaneously. The lines are fits of Eq. 4.3 (dashed line) to all values and of Eq. 4.4
(solid line) only to those values where recrystallization is expected to occur (filled symbols).

The addition of an incubation time is also justified microstructurally. As previously done for the
plate W67, an EBSD grain boundary map for a sample annealed at 1175 °C (from the plate W90)
for a shorter period (15 h) than the obtained incubation time ¢, (1175 °C)=16 h is provided in

Fig. 34. In Fig. 34, only very few nuclei (covering a recrystallized fraction of 2%) are present after
annealing for 15 h at 1175 °C. Had there not been an incubation time, a much larger recrystallized
fraction X would have been observed at this relatively advanced annealing stage in the plate W90.
It seems therefore that an incubation time for recrystallization exists for both plates W67 and W90.

| I - 200+ Step=3ym; Grd365x284
RD

Fig. 34. Plate W90. Boundary map obtained by EBSD with a 3 um step size on the transversal section
(RD/ND) of a sample annealed for 15 h at 1175 °C, covering an area 1095x 852 um®. A few nuclei shown in
white are identified. Nuclei were defined as regions with internal misorientations below 1°, partially
surrounded by high angle boundaries and at least 81 pum?” large. The recrystallized fraction corresponds to
X =0.02 . Grey lines represent LABs (2°-15°), whereas black lines represent HABs (>15°).

Once the recovery and recrystallization kinetics have been described, combining the Kuhlmann
model for recovery with the Johnson-Mehl-Avrami-Kolmogorov model for recrystallization allows
the entire annealing kinetics to be described successfully for all temperatures as illustrated in
Fig. 35.
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4.2.4) Activation energies

Analogously to the plate W67, the parameters f,,,, x_y5, 1,.and b obtained for the plate W90
allow the calculation of the activation energy for half-hardness loss ( E,y ), half-recrystallization
(Ey_y5), nucleation (E,W) and recrystallization as a whole including both nucleation and growth

(E,), from the slopes of the linear fits of Fig. 36. The values of all activation energies for the plate

WOO0 are within the same range, indicating similar activation energies for all recrystallization
processes (values presented in Table 10). In fact, all calculated activation energies for the plate W90
are within the range of the activation energy of grain boundary diffusion in tungsten

E,,, ., =377—460 kl/mol. The activation energies for the plate W90 are also lower than the
activation energies previously calculated for the plate W67, which were comparable to the
activation energy for bulk diffusion Eg, , =586—628 kJ/mol (see Table 7). Lower activation

energies within the range E,,,, , =377 —460 kJ/mol are more frequently reported; for instance, an

activation energy of 396 kJ/mol has been found for grain growth after recrystallization of a similar
plate (manufactured by the same company; AT&M) warm-rolled to 75% thickness reduction [56].

Moreover, Table 10 shows that the activation energy calculated from the coefficient b for
recrystallization as a whole including both nucleation and growth ( E,) seems slightly lower than

the rest for the plate W90. The lower value of E, could be explained by a possible change in atomic

jump mechanism from one with activation energy close to that of bulk diffusion to one with
activation energy close to that of grain boundary diffusion. It must be noted that the change in
atomic jump mechanism has not been proved and we mainly introduce this concept as a possibility.
It is suggested for the plate W90, that an atomic jump mechanism with activation energy close to
grain boundary diffusion, requiring a lower activation energy, is the dominating mechanism during
the growth of the recrystallizing grains of the plate W90 and facilitates it. In other words, the easier
jumps of tungsten atoms across the boundary from the recovered matrix towards the recrystallizing

grains reduce the activation energy for growth. Since (E,) also includes growth during

recrystallization, it seems reasonable that the apparent lower activation energy for growth could
decrease the activation energy for recrystallization as a whole expressed by E, (which includes

both nucleation and growth). This is also in good agreement with the fact that the parameter b
shows considerable higher values than the other parameters for the plate W90, which was not the
case for the plate W67 (compare Fig. 36 with Fig. 30). As discussed earlier, it is suggested that the
change to an atomic jump mechanism with lower activation energy (close to that for grain boundary
diffusion) for the plate W90 would lead to faster nuclei growth and therefore to higher values of the
parameter » which is also related to the kinetics of the growth process.
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Table 10. Activation energies for the plate W90 calculated using the Arrhenius relationship for different

parameters: time to reach half of the total hardness loss 7, , time to reach half-recrystallization #y_5,

incubation time for initiation of recrystallization f,

inc

and kinetics parameter b .

Process Activation energy (kJ/mol)
Half-hardness loss ( E,y),) 357 (1+£2%)
Half-recrystallization (£, _ 5 ) 352 (1£4%)
Incubation time before recrystallization ( E, ) 369 (1+£7%)
Thermal activation of nucleation and growth ( E,) 328 (1£5%)
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Fig. 36. Activation parameters of the plate W90. Arrhenius plot of: time to reach half of the total hardness
t
loss 2#V/2; time to reach half-recrystallization #,_,; incubation time for initiation of recrystallization f,;

and b parameter.

From Fig. 36, one can observe that both the times for half hardness loss and half recrystallization
(as calculated from JMAK kinetics of Eq. 4.4) are almost equivalent, with 7,,,, being slightly
smaller. As one would expect, the incubation times before recrystallization f,, are shorter than the
times to half-recrystallization 7,_, (7, 1s expected to be approximately half the time to reach half-

recrystallization #,_,5). All characteristic times also show a similar activation energy (see
Table 10).
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Comparison of the parameters f,,,,, fy_s, ,. and b for the plates W67 and W90 shows lower

recrystallization activation energies and faster recrystallization kinetics for the plate W90. The
microstructural reasons for these lower activation energies and faster recrystallization kinetics, as
well as for the possible dominance of different diffusion mechanisms for the plates W67 and W90,
will be provided in the discussion section (chapter 6). The extrapolation of the recrystallization
kinetics to elucidate lifespans at different operation temperatures is also presented and discussed in
chapter 6.
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4.3 Summary of Chapter 4

The long-term annealing behavior of two warm-rolled tungsten plates (namely W67 and W90) has
been quantified via Vickers hardness characterization in the temperature range from 1150 °C to
1350 °C for the plate W67 and in the temperature range from 1100 °C to 1250 °C for the plate
WO90. From the loss in hardness, two characteristic annealing stages (corresponding to recovery and
recrystallization) are identified. These stages are perfectly described by theoretical models at all
annealing temperatures and for both plates.

The hardness loss during recovery can be nicely fitted by the logarithmic time dependence
rationalized by Kuhlmann. A direct relationship is found between the the recovery kinetics and the
annealing temperature, as indicated by the constant coefficient C/T found for both plates, since

recovery is a thermally activated process. The coefficients C/T =3.1-107 (liS%) kgf K'mm™

and C/T =42-107 (1+4%) kef K™'mm™ obtained for the plates W67 and W90 respectively show

much faster recovery kinetics for the plate W90. The physical meaning of these coefficients as well
as the reasons for the faster recovery kinetics for the plate W90 will be discussed in the discussion
section (6.1 recovery).

A proper description of the recrystallization behavior was obtained by the Johnson-Mehl-Avrami-
Kolmogorov kinetics model, accounting for an incubation time for recrystallization. Microstructural
examination of samples annealed to annealing times shorter than the fitted incubation times
supports the existence of an incubation time before recrystallization. An Avrami exponent 1 unit
higher (n = 2) was obtained for the more highly-strained plate W90, as compared to the moderately-
strained plate W67 (n = 1.1). This difference in Avrami exponent seems to be microstructural and is
dealt with in chapter 5.

From the annealing kinetics, the activation energies for half-hardness loss, recrystallization,
nucleation, and nucleation and growth as a whole (as obtained from the kinetic exponent b) were
elucidated for both plates. All calculated activation energies for a particular plate were within the
same range. The obtained activation energies were comparable to the activation energy of self-

diffusion for the plate W67 (E, , =586—628 kJ/mol), and to the activation energy of grain

boundary diffusion for the plate W90 (E,,, ., =377 —460 kJ/mol) . Much faster recrystallization

kinetics are observed for the most highly-strained plate W90 due to its higher stored energy and its
lower recrystallization activation energies. The reason for the considerably lower activation
energies of the plate W90 seems to lie in the as-received microstructure and is provided in chapter
5. From the values of the activation energies for recrystallization, the lifetime of these tungsten
components could be extrapolated to lower temperatures, indicating a much higher thermal stability
for the plate W67 at the studied temperatures. These lifetimes are presented in the discussion
section of chapter 6.
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CHAPTER 5

Microstructural characterization

In this chapter, Electron Backscattered Diffraction (EBSD) is used in order to study recovery and
recrystallization. A thorough EBSD analysis of samples annealed at different temperatures and
covering a wide range of annealing times is carried out. This chapter also includes a detailed study
of nucleation and growth during recrystallization. Both the moderately-rolled (W67) and the highly-
rolled (W90) plates are studied and compared. Additionally, the EBSD data also complement the
hardness data in tracking recovery and recrystallization kinetics.

5.1 As-received state

5.1.1 General microstructure and texture

The microstructure of the as-received states is illustrated by EBSD orientation maps in Fig. 37 for
the plates W67 (a) and W90 (b). Both maps represent the rolling plane (RD/TD). High angle
boundaries (HABs) with misorientations above 15° (black lines) delineate a coarse-grained
microstructure slightly elongated along RD. Corresponding maps obtained with smaller step size
0.5 um, (a) and 0.2 um (b) are presented in Fig. 41 in subchapter 5.1.2.

Fig. 37. Orientation maps obtained by EBSD: a) tungsten plate W67, b) tungsten plate W90. The observed
sections correspond to the rolling plane RD/TD, with RD being horizontal in both maps. IPF coloring of the
rolling direction is used. The maps were obtained with 5 pm step size, covering an area of 850x850 um?” and
930x930 um” respectively. Black lines represent HABs (>15°) and grey lines LABs (2-15°). The maps are
presented on the same scale for comparison purposes. Non-indexed points are represented as black pixels.
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From the maps, the mean chord lengths of the grains (4,5 xp » Ayup ) for the plates W67 (Fig. 37a)
and W90 (Fig. 37b), the experimentally calculated average grain aspect ratio AR

exp

(from Fig. 37),

and the theoretically expected grain aspect ratio AR, , after rolling (as estimated from the thickness

reduction, and ignoring any possible dynamic recrystallization), are summarized in Table 11. The
mean chord length of the grains refers to the length of the grains along a specific direction. The
mean chord length is calculated by plotting 50 intercept lengths that measure lengths in the grain
boundary map until a critical misorientation is met (15° in this case).

Table 11 also provides the specific surface density of HABs (Eq. 5.1), as calculated from the mean
chord lengths between HABs.

1 1
Sy g = 1 + G.D

HAB,RD //i’HAB ,ITD

A considerably bigger average grain size is observed for the plate W90 as compared to the plate
W67. This difference can only be explained by a different initial microstructure before rolling for
the plates W67 and W90. Higher rolling strains are expected to lead to smaller grain sizes, and the
fact that the contrary relationship is found here seems to indicate that the plate W90 already
possessed a coarser microstructure than the plate W67 before rolling.

Regarding the aspect ratio of the grains of both plates, although the most highly-strained plate W90
(Fig. 37b) shows a slightly higher aspect ratio (AR, =1.3), both plates (W67 and W90) present

nearly-equiaxed grains (AR, = 1). However, for both plates, the experimentally determined aspect

ratios AR, are much lower than the expected theoretical aspect ratios AR;;,, that would result from

Theo
rolling to the different rolling reductions (especially for the most highly-deformed plate). An

equiaxed microstructure was assumed after powder sintering (AR;,,, =1), so that AR,  reflects the

eo

expected change in the aspect ratio entirely due to warm-rolling. The difference between AR, and

AR, is most likely caused by dynamic recrystallization during warm-rolling; recrystallization

would lead to the formation and growth of new grains during the several rolling passes, resulting in
more equiaxed grains (with lower aspect ratio) than would have otherwise been expected, had
dynamic recrystallization not occurred. Dynamic recrystallization could also explain the bigger
grain size for the plate W90. Nevertheless, the abundance of LABs in the as-received structure (see
Fig. 41c, d) excludes the possibility of dynamic recrystallization during the last rolling passes.
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Table 11: Microstructural parameters obtained from Fig. 37 for the warm-rolled plates W67 and W90: mean

chord lengths of grains along the rolling and transversal direction, specific surface density of High Angle
Boundaries (Sy ;) and experimental (AR, ) and theoretical (AR, ) aspect ratios. For the plate W67, the

grain elongation after rolling is expected to increase 3 times along RD and remain constant along TD,

leading to an expected AR, =3. For the plate W90, the grain elongation after rolling is expected to

increase 10 times along RD and remain constant along TD, leading to an expected AR, =10.

Condition Appsro | Auasan | Sy s AR = Ausro | ARy,
1 exp 2
(um) | (um) | (um™) HAB.TD
Warm-rolled W67 (RD/TD) 36 37 0.055 1 3
Warm-rolled W90 (RD/TD) 62 47 0.037 1.3 10

The textures of the plates are presented as {100}, {110} and {111} pole figures in Fig. 38a and Fig.
38b respectively, and as inverse pole figures in Fig 38c and Fig 38d.
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Inverse Pole Figures
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Fig. 38. {100}, {110} and {111} pole figures contoured using a Gaussian spread function with 10° half
width and a cluster size of 17°. a) Plate W67, showing a maximum density 4 times above random for the

{111} orientation parallel to ND, b) Plate W90, showing a maximum density 7.6 times above random for the
{111} orientation parallel to ND. Inverse pole figure for the plate W67 (c) and the plate W90 (d).

The pole figures of the plate W67 were calculated from the map of Fig.37a, while the pole figures
for the plate W90 were calculated from the following orientation map (Fig. 39). This is because the
map of Fig. 37b did not cover enough grains for a statistically reliable description of the texture
(note that more grains are mapped in the as-rolled microstructure for the plate W90 of Fig. 39).
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m; Grid4aax4aa

Fig. 39. Orientation maps obtained by EBSD for the as-received tungsten plate W90. The observed section
corresponds to the rolling plane RD/ND, with RD being horizontal in both maps. IPF coloring of the rolling
direction is used. The map was obtained with 3 um step size, covering an area of and 1404x1404 um®. Black
lines represent HABs (>15°) and grey lines LABs (2-15°). Non-indexed points are represented as black
pixels.

The pole figures show that for both plates, and especially for the plate warm-rolled to the highest
strain (W90), the most dominant texture component is {111} parallel to ND. For a better description
of the texture, the Orientation Distribution Functions (ODFs) were calculated for both plates. The
corresponding calculated sections at ¢$,=45° are presented in Fig. 40a and Fig. 40b.

il__ il_ il_ (00D)[010]
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—= « fiber (hkI)[110]
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Fig. 40 ¢,=45° section of the orientation distribution function (ODF) calculated from the orientation data. a)

Plate W67 showing a maximum density 3.7 times above random for the {111} <110 >component. b) Plate

W90 showing a maximum density 6.4 times above random for the {111} <110 >component. c) Sketch of the
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¢$=45° section of orientation space, indicating the main components of a typical bcc rolling texture: the o
fiber (red) and the y fiber (green), as well as some of their components; the cube {001} <010 >component,

the rotated cube {001} <110 > component, and the y fiber components {111} <110>and {111} <112>.

For both warm-rolled plates, the texture of the present material is a typical bce rolling texture, with
pronounced orientation densities along the so-called y and o fibers, namely {111} <uvw>and

{hkl} <110 > respectively. Both plates present a more dominant vy fiber.

The plate warm-rolled to a moderate strain (W67) shows an almost complete o fiber and a complete
and stronger v fiber, with the y fiber sharper than usually found in bcc rolling textures.

In contrast, for the plate warm-rolled to a higher strain (90% thickness reduction), the y fiber
presents a more usual appearance and also becomes more dominant. In fact, it is essentially only the
{111} <110 >component which is observed as a clear peak along the a fiber, a component evenly

shared with the y fiber. Moreover, the y fiber is heterogeneous in that its orientation densities are
shifted towards a {111} <110>dominating component. Apparently, the higher strain induces a

stronger y fiber texture with a dominating {111} <110 >component.

Nevertheless, both plates show maximum orientation densities (3.7 and 6.4 for the plates W67 and
W0 respectively) which are not very high, as it is typical for high temperature rolling of pure and
low-alloyed bcc transition metals [48]. In contrast, cold-rolling of W has been shown to lead to
stronger textures in which the rotated cube {001}<110>component dominates ([103], [48], [50]).

For the present samples, only a rather weak peak with an orientation density 2 times above random
is seen for this orientation (see Fig. 40a and Fig. 40b).

5.1.2 Subgrain structure

The abundance of low angle boundaries (LABs) with misorientations between 2° and 15° within the
grains is characteristic for deformation structures with many deformation-induced dislocation
boundaries. This abundance of LLABs within the grains excludes the occurrence of dynamic
recrystallization in the last rolling pass. Finding misorientation angles of more than 2° between
almost all neighboring points, however, indicates that the spacing between dislocation boundaries in
the deformation structure is smaller than the step size of 5 pum selected for gathering the orientation
data. Hence, to better resolve the microstructure, a finer step size is required. Using a finer stepsize
(i.e. 0.5 um and 0.2 pm were found optimal for the plates W67 and W90 respectively), the subgrain
structure could be revealed (see Fig. 41):
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Fig. 41. Boundary maps obtained by EBSD. a), b): Maps corresponding to the plate W67 obtained with 0.5
um stepsize and showing a LAB spacing of 2 um. c), d): Maps corresponding to the plate W90 obtained with
0.2 um stepsize and showing a LAB spacing of 0.67 um. Grey lines represent LABs (2°-15°), whereas black
lines represent HABs (>15°). The complete boundary map gathered for the plate W67 (a, b) (namely Fig. 42)
covers a wider area; the smaller areas of this figure have been cropped from Fig. 42a, in order to visually
compare the grain size and the LAB spacing at the same scale with the maps for the plate W90 (c, d).
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Two grain boundary maps covering a wider area for the plate W67 (displayed on the same scale)
and where the LABs are resolved are shown in Fig. 42.

o
Grid1 D5Bx 340

TD

Fig. 42. Two boundary maps obtained by EBSD (a, b) on the RD/TD section for the plate W67. The maps
were obtained with 0.5 um stepsize and show a LAB spacing of 2 um. The data summarized on Table 12
were obtained from these maps. The maps are displayed on the same scale for comparison purposes.

The specific surface density of LABs (S, ,,,) and average misorientation angle for the LABs inside

the deformed grains (namely @, ) were measured from the orientation maps of Fig. 42a, b (Plate

W67) and Fig. 41c, d (Plate W90). These parameters were measured for the individual grains of the
previously presented boundary maps of both plates, and used to calculate stored energies ( Au ) for
the main texture components present in the as-received plates (see Fig. 40). The individual grains
were defined as areas not exceeding a critical misorientation of 15°, using the grain detection tool of
the software hkl Channel 5. Grains showing a maximum deviation £15° from the ideal orientation
were considered to belong to the same ideal texture component.

These data are summarized in Table 12 and Table 13 for the plates W67 and W90 respectively. The
specific surface density for LABs (S, ,,;), was calculated from the specific surface density for all

boundaries (>2°,S, ,,, ) and the specific surface density for HABs (>15°, S, ,,;), with the average

chord lengths measured over both the horizontal and vertical direction in the boundary maps,
according to (Eq. 5.2)

1 1 1 1
Sv(LAB) = Sv(ALL) - Sv(HAB) = ( = += J_(z += j (5.2)

ﬂ’ALL, RD /IALL,TD ‘HAB,RD HAB,TD

or Ay and A, ,, (instead of 4,,,,, and A,,,,,) in the case of the plate W90, where the

transversal plane (RD/ND) was mapped. For clarity purposes, the mean chord lengths for LABs are
also presented in Table 12 and Table 13. The parameters ZLAE’RD and /TLAB,TD (or /TLAB,ND for the plate

WO90) presented in Table 12 and Table 13 are obtained according to Eq. 5.3, where D represents the
corresponding direction RD, TD or ND:
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(5.3)

The stored energies ( Au ) were calculated from the data obtained from two orientation maps for the
plate W67 (Fig. 42) and two orientation maps for the plate W90 (Fig. 41c, d), by application of Eq.
3.5 [21], previously presented chapter 3.

Table 12. Tungsten plate W67. The parameters S, ;5. S, yzand 6, are determined from two orientation

maps (Fig. 42) obtained on the rolling plane (RD/TD). The main texture components of the deformed

structure are listed in the table. The stored energy in LABs (Au,,;) and the total stored energy (Au) are

calculated according to Eq. 3.5. The mean chord lengths for LABs along RD and TD, namely /1LAB’RD and

ﬂLAB,TD , and the fraction of LABs inside the grains(f,,;) are presented as well. The data for each texture

component are averages from 5 grains mapped for each orientation.

Warm-rolled 67% SV,LAB SV,HAB ‘9av. Auyyy Au lLAB’RD ELAB’TD S8
Texture components (pm_l) (pm_l) (°) | (KJ/m’) (kJ/m*) (um) | (um)

Average all orientations 0.934 0.085 4.5 536.6 610.5 1.83 2.53 0.92
Cube {001} <010 > 0.890 | 0.096 | 4.6 | 5175 | 600.9 | 2.11 | 2.40 | 0.90
Rotated cube {001} <110 > 0.894 | 0.057 | 4.6 | 519.8 | 569.3 | 2.14 | 236 | 094
All components v fiber 0.956 | 0.052 4.5 549.2 594.4 1.88 2.36 | 0.95
v fiber component {111} <112> | 1.079 | 0.098 4.4 612.3 697.5 1.64 2.13 | 094
v fiber component {111} <110> | 0.858 | 0.056 | 4.5 | 493.0 | 541.6 2.14 2.56 | 0.88
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Table 13. Tungsten plate W90. The parameters S, , .5, S, 4 pzand 6, are determined from two orientation
maps (Fig 41c, Fig. 41d) obtained on the transversal plane (RD/ND). The main texture components of the
deformed structure are listed in the table. The stored energy in LABs (Au,,,) and the total stored energy
(Au) are calculated according to Eq. 3.5. The mean chord lengths for LABs along RD and ND, namely
Apagrp@nd A, vy, and the fraction of LABs inside the grains(f,,;) are presented as well. The data for

each texture component are averages from 5 grains mapped for each orientation.

Warm-rolled 50% SV,LAB SV,HAB eav. A”LAB Au ILAB,RD /TLAB’ND fLAB
Texture components (um™)| (um™) (°) | (kIm*)| (kJm?) (um) | (um)

Average all orientations 2.945 0.102 5.8 1929.6 | 2018.3 0.64 0.73 | 0.92
cube {001} <010 > 2.880 | 0.114 | 59 | 1902.8 | 2001.8 | 0.64 | 0.75 | 092
Rotated cube {001} <110 > 2920 | 0139 | 5.7 | 1897.0 | 2017.8 | 063 | 076 | 021
All components ¥ fiber 2.786 | 0.133 | 5.9 | 1840.7 | 1956.2 | 0.68 | 0.76 | 0.91
y fiber component {111} <112 > | 3.147 | 0.107 | 59 | 2079.2 | 21722 | 0.61 | 0.66 | 0.92
y fiber component {111} <110> | 2.703 | 0.098 | 5.8 | 1771.1 | 1856.2 | 0.70 | 0.78 | 0.91

A considerably higher stored energy is obtained for the most highly-deformed plate (W90), mainly
due to its considerably higher S, ,,, (i.e. lower LAB spacing). This is expected since higher strains

introduce more stored energy in the material in the form of dislocations. Since the average

misorientations (&

av.?

Table 12) as well as the misorientation distributions (Fig. 43) are similar for

all texture components, it can be deduced from Eq. 3.5 that the difference in stored energy between
the different texture components and the different plates is mainly caused by a difference in the
LAB spacing. This explains the good correspondence between the difference in specific surface

density of LABs (S, ;45 wer ®3S, aswoos €8 see Fig. 41) and the stored energy (Auy,,, ~3.3Au,, )

for both plates. Moreover, a clear difference in stored energy between the two main y fiber texture
components can also be observed for both plates. Apparently, the most dominant y fiber component
{111} <110> presents a considerably lower stored energy than the less dominant y fiber component
{111} <112 >. The fraction of LABs (f,,,) refers to the fraction of LABs inside the grains with

respect to the present HABs in those grains (including both HABs surrounding the grains and HABs
that might be present in the grain interiors). Both plates W67 and W90 show very similar values of
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(fy4p) - Although the grain interiors of the plate W90 clearly show a higher fraction of LABs (as
reflected by the shorter LAB spacing ZLAB ), these grains also seem to present a higher fraction of

internal HABs, leading to a shorter HAB spacing /THAB for the individual grains, due to the higher

presence of HABs in the grain interiors of the plate W90. It is possible that the extra amount of
LABs could be counterbalanced by the extra amount of HABs in the plate W90, making the fraction

(f,4p) similar for both plates.

The higher stored energy of the {111} <112 > component as compared to all other components (see
Table 12 and Table 13) is in good agreement with [104] on hot-rolled molybdenum, which also
finds the {111} <112 > y component to have the higher stored energy. The texture of the as-rolled
molybdenum of [104] consists of a predominant o fiber (with a dominant rotated-cube component)
and a less dominant y fiber (with dominant{I111} <112 >). In [104], it is observed that the vy fiber
(with dominant {I111} <112 >component) presents the highest stored energy among all other
components. However, the dominant y fiber component {111} <112 > of [104] is not compared to

the component {111} <110 > in [104]; the y fiber is treated instead as a whole of all its components.

The misorientation distributions (a, b) and accumulated misorientation angle distributions (c, d) for
both as-received plates for misorientation angles between 2-30° are presented in Fig. 43.

Misorientation angle distribution 67% plate as-received Misorientation angle distribution 90% plate as-received
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Fig. 43. Misorientation angle distributions for the different texture components present in the as-received
plates. a) Plate W67. b) Plate W90. c) Accumulated misorientation angle distribution corresponding to Fig.
43a (W67). d) Accumulated misorientation angle distribution corresponding to Fig. 43b (W90). The
misorientation frequencies were obtained from HKL Channel 5, using a bin size of 0.1°.

The accumulated misorientation angle distributions (Fig. 43c, Fig. 43d) were plotted in order to
highlight the small misorientation differences that might exist between the different components of
the as-received texture. Slight differences are found in Fig. 43c and Fig. 43d between the different
components. For example, in the case of Fig. 43d, the rotated cube component and the

{111} <110 > y fiber component tend to show slightly lower misorientations than the others. This is
in good agreement with Table 13, where the aforementioned components show lower average
misorientation 6, .

The misorientation data from 2-15° only were selected from Fig. 43c and Fig. 43d, and the plots of
the misorientation angle distributions for LABs only (2-15°) shown in Fig. 44c, and Fig. 44d
respectively. The idea is to check if it could be the HABs (15-30°) which cause the slight
misorientation differences of Fig. 43c and Fig. 43d. The misorientation angle distribution where
only LABs (2-15°) are selected (Fig. 44c and Fig. 44d) show a better overlap among all components
as compared to Fig. 43d. Therefore, it seems that a difference in HABs partly causes the small
misorientation differences between the different components of Fig. 43¢ and Fig. 43d, while the still
remaining slight misorientation differences between 2-15° seem to be directly related to the average
misorientation of LABs (6,) for each component (see Fig. 44c and Fig. 44d). A considerable
homogeneity of the texture components in terms of the misorientation of the LABs is observed in
Fig. 44c and Fig. 44d for both plates. Comparison of the accumulated misorientation angle
distributions of Fig. 44c (W67) and Fig. 44d (W90) shows that there is a higher frequency for more
highly-misoriented LABs for the plate W90, as compared to the plate W67. The increase of the
average misorientation with increasing strain is expected.
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Fig. 44. Misorientation angle distribution between 2-15° for the different texture components present in the
as-received plates. a) Plate W67. b) Plate W90. c¢) Accumulated misorientation distribution analogous to Fig.
44a. d) Accumulated misorientation distribution analogous to Fig. 44b. The misorientation frequencies were

obtained from HKL Channel 5, using a bin size of 0.1°.

5.2 Recovery

For the study of recovery in terms of subgrain size coarsening during recovery, the subgrain size
was measured during annealing of the plate W67 at 1250 °C for recovered grains of the main

rolling texture component (i.e. y fiber component{I111} <110 >). The study of recovery is done
on grains of orientation {111} < 110 > because this rolling component is the most abundant in the
texture of the rolled tungsten plates. Three grains of this orientation were characterized for each
annealing stage. The results, expressed as the evolution of the surface density of LABs (S, ,,;)

with annealing time, are shown in Fig. 45a. It is shown in Fig. 45b that the logarithmic time
dependence (Eq. 4.2) also describes the evolution of subgrain size with annealing time. Examples

91



of some orientation maps for grains of orientation {111} <110 >within a spread of +15°, at

different recovery stages, are presented in Fig. 46 (seen in green, since IPF coloring along RD
was used).

Grains with {111}<011> orientation

Grains with {111}<011> orientation
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Fig. 45. Recovery of the plate W67. a) Specific surface density of low angle boundaries S v.1ap Obtained in

grains of {111} <110 > orientation (+15°) as a function of annealing time at 1250 °C. b) Semi-logarithmic
plot of Fig. 45a where it is shown that a logarithmic recovery kinetics can successfully describe the
evolution of subgrain size over annealing time at 1250 °C. Three grains with {111} <110> orientation

were mapped for each annealing stage.

Additionally to the specific surface dentisy S, ,,,, the average misorientation angle for the LABs

between 2° and 15°, namely @ , was also determined. This allowed to calculate the evolution of

av.?

the stored energy Au during recovery at 1250 °C, according to Eq. 3.5. The data are summarized in
Table 14.

92



I 20 ;s 5C+EL-3; Sep=0.5 s Gridl 90x146

RD

(a)

RD

(d)

93



Fig. 46. Orientation maps obtained by EBSD with a step size of 0.4 um for grains with orientations close to
{111} <110 > (+15°), for the plate W67. The rolling plane (RD/TD) is mapped in all cases, with the

crystallographic direction along the rolling direction (horizontal) being colored. The mapped grains

correspond to the as-received state (a), and recovered states after annealing at 1250 °C for different times (b)
6h,c) 12 h, (d) 24 h, (e) 36 h, (f) 48 h.

Table 14: Evolution of different parameters during annealing of the tungsten plate W67. The evolution of the
parameters S, 5, Sy ypand @, during recovery is measured and averaged from three individual grains of
{111} <110 > orientation (£15°) for each annealing stage (see Fig. 45). The mapped grains were inspected
on the rolling plane (RD/TD). The stored energy in LABs (Au,,,) and the total stored energy (Au) are
calculated according to Eq. 3.5. The mean chord lengths for LABs along RD and TD, namely /1LAB’ zp and

/1LAB‘TD, are also presented. 6 represents the average misorientation predicted theoretically during

recov

recovery, as according to Eq. 5.5.

Warm-rolled 67% SV,LAB SV,HAB Hav‘ AMLAB Al/l ﬂ“LAB,RD /ILAB,TD Hrecov
Texture comp. {111} <110 > (Hm_l (Hm_l) (°) | (kJ/m") (k/m’) (um) (um) | Eq.(5.5)
(°)
As-received state 0.811 | 0.049 4.5 465.9 508.5 241 2.54 4.5
Annealed 6 h at 1250 °C 0.657 | 0.041 4.8 390.8 426.5 2.92 3.18 4.9
Annealed 12 h at 1250 °C 0.611 | 0.043 5 3714 408.7 3.18 3.37 5
Annealed 24 h at 1250 °C 0.565 | 0.033 5.2 350.5 379.2 3.45 3.63 5.2
Annealed 36 h at 1250 °C 0.531 | 0.035 53 332.6 363.0 3.68 3.87 53
Annealed 48 h at 1250 °C 0.506 | 0.038 5.4 320.0 353.0 3.84 4.07 5.4

The evolution of the misorientation angle distribution for grains of {111} < 110 > orientation with

annealing time at 1250 °C is also shown in Fig. 47.
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Fig. 47. Misorientation angle distribution evolution during recovery of {111}<110 > orientation grains

present in the tungsten plate W67. a) misorientation angle distribution from 2° to 30°. b) Misorientation
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angle distribution from 2 to 15°, corresponding to LABs. ¢) Accumulated misorientation angle distribution
calculated from Fig 47a. d) Accumulated misorientation angle distribution calculated from Fig 47b. e)
Misorientation angle distribution from 2 to 15° normalized by the average misorientation angle of each
annealing stage. Recovery was studied up to 48 h at 1250 °C. The misorientation frequencies were obtained
from HKL Channel 5, using a bin size of 0.1°.

In Fig. 47, it can be seen how the misorientation distributions shift to higher misorientation angles
as recovery proceeds during annealing (seen more clearly in the accumulated misorientation
distribution for LABs only (2-15°) of Fig 47d). From Fig 47d, it can be seen that it is the
misorientation of the LABs present in the grain interiors which tends to increase as recovery
proceeds during annealing. This is in good agreement with the increase of the average

misorientation angle for LABs (6, ) during recovery reported in Table 14. In order to study whether
the misorientation differences of Fig. 47 are entirely due to the increase of 6 during recovery, or

there is an additional effect contributing to the misorientation angle distribution differences, each
misorientation angle distribution has been normalized by the average misorientation angle (6,) at

each annealing condition (see Fig. 47¢). This removes the shifting to higher misorientation angles,
and allows direct comparison of the misorientation differences that might exist between the
different annealing conditions. It can be seen in Fig 47e that the misorientation distributions at all
annealing stages shows a better overlap than the non-normalized distribution of Fig. 47d, which
indicates that the misorientation differences for the different recovery stages are partly due to the

increase of the average misorientation angle 6, during recovery. However, some small differences

are still appreciated between the normalized misorientation distributions, where it can be seen that
the distribution of the LABs becomes broader as recovery proceeds.

The increase of the average misorientation angle of the LABs (6, ) during recovery is displayed in
Fig. 48, where 6, at each recovery stage (as averaged from 3 grains for each stage) is plotted

versus the inverse of the surface density of LABs, namely (1/S,,,5)-
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Fig. 48. Misorientation distribution evolution during recovery at 1250 °C of {111} <110 > orientation grains

( £15°) present in the tungsten plate W67. Recovery was studied up to 48 h. The misorientation of the LABs
present in the grain interiors tends to increase as recovery proceeds during annealing.

As can be seen from Fig. 48, for both the average misorientation angle (€, )and its square root

@.

av.

) a reasonably good linear fit to the average LAB spacing can be observed (Fig 48b).

The increase of average misorientation of the LABs with increasing subgrain size during recovery
has already been modelled, for example, in Eq. 5.4 (from [105]), which can be re-written as:

_ — A
erecov = Hdef()rm LA (54)
;{’LAB(defbrln)
Or, formulated differently in Eq. 5.5,
_ _ A !
arecov = Hdeform M (55)
/1LA B(deform)

is the average misorientation of the LABs at each recovery stage, gd

eform

where 6

recov

is the average
misorientation of the LABs in the as-received state, 4,5 .., i the spacing between LABs at each

recovery stage, A,gpm) i the spacing between LABs in the as-received state, and the n

exponent of Eq. 5.5 equals n =0.5 in Eq. 5.4.

A slightly higher average misorientation 6

recov

than the measured @, during recovery is predicted
by Eq. 5.4. Fitting of the exponent n of Eq. 5.5 to the experimentally measured average
misorientation (6,,) led to an exponent n = 0.4 (slightly lower than the exponent n = 0.5 of
reference [105]) which yielded a very good prediction of the experimental average misorientation
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(6,,) with the misorientation predicted by Eq. 5.5 (6,

values @, and

0,

recov

of this table.

eCov

) , as shown in Table 14 by comparing the

The value of the exponent n was obtained from the double logarithmic fit of the data of Fig. 48a,
resulting into Fig. 49. The exponent n = 0.4 represents the slope of the linear fit of the plot of
Fig. 49. The exponent n = 0.4 is closer to the exponent n = 0.5 which represents the quadratic fit.
Therefore, it is concluded that a better fit can be obtained using the quadratic fit of Fig. 48b.

® 1250 °C

0.2 0.6 0.8

0.4
In1/ SV(LAB)

Fig. 49. Double logarithmic plot of the average misorientation angle (€, ) and the average LAB spacing

(178, 45)) during recovery at 1250 °C of {111} < 110 > orientation grains ( £15°) present in the tungsten
plate W67. The data correspond to the data of Fig. 48a.

Only a slight modification of the exponential factor to n=0.41in Eq. 5.5 was required, as compared
to n=0.51in Eq. 5.4 from [105]. Therefore, it was concluded that the misorientation angle increases
linearly with subgrain coarsening during recovery, in a similar manner to that predicted in [105].

This finding is contrary to [40], where a slight decrease of the average misorientation @, is found

during the earlier stages of recovery in aluminum, until the average misorientation stabilizes at a
constant value.

During recovery, the stored energy of the material decreases (see Table 14). This is achieved by
rearrangement and annihilation of dislocations. As recovery proceeds, the subgrain size tends to

increase (S, ,,,decreases), while the subgrain walls made up of dislocation arrays increase their
misorientation (6, increases), as can be seen from Fig. 47 and Table 14. As the misorientation of

the LABs increases, so does the amount of dislocations per LAB. During this process, the stored
energy per dislocation decreases as the LLABs increase in misorientation (as seen in Fig. 47).
Therefore, the subgrain coarsening during recovery and its corresponding increase of the LAB
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average misorientation (€, ) induce a decrease of stored energy in the material. This is the driving

force for subgrain growth.

It shall be noted that, at this stage, both the hardness evolution (subchapter 4.1.2) and the subgrain
size evolution (current subchapter) during recovery have been characterized by logarithmic
recovery kinetics over annealing time. For this reason, Fig. 50 attempts to relate the evolution of the

microstructure (through the inverse of the intercept length between LABs, namely S, ,,,) with the

mechanical properties (through the decrease of Vickers hardness HV ) during recovery. The linear
relationship between the Vickers hardness and the subgrain size (Eq. 5.6) [106]:

HV =30, = HV, +3KubS, ,,, (5.6)

is met in Fig. 50, where 1 =1.61-10"MPa or x=1.64-10* kgf/m*is the shear modulus of tungsten

b=2.74-10"um is the Burgers vector for tungsten, and K is a proportionality constant. The good fit

of the experimental data to Eq. 5.6 illustrates that the strength of the metal is inversely proportional
to the subgrain size. The tungsten plate becomes softer as recovery occurs during annealing, due to
the annihilation and rearrangement of dislocations induced by recovery, which results in the
coarsening of the subgrain size. The linear fit of Eq. 5.6 allows the calculation of the value

K,, =3.4 for the proportionality constant of this tungsten material (plate W67) from the linear fit of

Fig. 50. This value is comparable to that of the similar refractory metal molybdenum K wo = 2.7

[107], showcasing a similar relationship between changes in subgrain size and strength for both
metals.

Grains with {111}<011> orientation
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Fig. 50. Evolution of the specific surface density of LABs (S, ,,;) and the Vickers hardness (HV,,) during

recovery of grains with orientation {111} <110 >, for samples annealed at 1250 °C and up to 48 h. The plot

shows that the experimental data fit a linear relationship between hardness and LAB surface density and
hence an inverse proportionality between hardness and subgrain size (Eq. 5.6).
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5.3 Recrystallization: EBSD characterization

In this chapter, orientation maps for both tungsten plates (W67 and W90) were analyzed using HKL.
Channel 5, which allowed to obtain recrystallization-related parameters at each annealing stage. The
software DRG was used in order to identify the recrystallized grains and recrystallized fraction

X zpsp - Maps of recrystallized grains obtained using DRG software (where the recrystallized grains

are shown in random colors) are placed next to each orientation map for comparison.

5.3.1 Moderately-rolled plate (W67)

Orientation maps at the different recrystallization stages were obtained for the plate W67 for three
temperature series: namely after annealing at 1150 °C, 1200 °C and 1250 °C. The EBSD orientation
data were mapped with a stepsize ranging from 3-20 um. The smaller stepsizes were used for
intercept length studies, while the bigger stepsizes were used for textural studies. The maps were
taken on the rolling plane (RD/TD). The recrystallization-related parameters obtained from the
EBSD orientation maps are compiled in Table 15, Table 16 and Table 17 for annealing of the plate
W67 at 1150 °C, 1200 °C and 1250 °C respectively.

One EBSD orientation map at each annealing stage from 750 h to 2200 h at 1150 °C is presented
from Fig. 51 to Fig. 57. Note that 750 h is the shortest available annealing time, just before the
incubation time of 887 h as estimated by Vickers hardness in subchapter 4.1.3. In this map, only a
few nuclei are observed.

200pm

Fig. 51. a) Orientation map obtained on the RD/TD plane after annealing for 750 h at 1150 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.03.
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Fig. 52. a) Orientation map obtained on the RD/TD plane after annealing for 950 h at 1150 °C. The map was
taken with 4 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.15.
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Fig. 53. a) Orientation map obtained on the RD/TD plane after annealing for 1213 h at 1150 °C. The map
was taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection

of recrystallized grains using the software DRG, covering a recrystallized fraction X 5, = 0.41.
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Fig. 54. a) Orientation map obtained on the RD/TD plane after annealing for 1373 h at 1150 °C. The map
was taken with 4 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection

of recrystallized grains using the software DRG, covering a recrystallized fraction X ¢, = 0.44 .

2[](limr

Fig. 55. a) Orientation map obtained on the RD/TD plane after annealing for 1582 h at 1150 °C. The map
was taken with 4 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection

of recrystallized grains using the software DRG, covering a recrystallized fraction X g, = 0.69.
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Fig. 56. a) Orientation map obtained on the RD/TD plane after annealing for 1900 h at 1150 °C. The map
was taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection

of recrystallized grains using the software DRG, covering a recrystallized fraction X 5, =0.86.

lUOitm

Fig. 57. a) Orientation map obtained on the RD/TD plane after annealing for 2200 h at 1150 °C. The map
was taken with 3 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection

of recrystallized grains using the software DRG, covering a recrystallized fraction X 5, =0.90. Note the

higher magnification of this latter orientation map as compared to Fig. 56.
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Table 15. Plate W67 in the as-received condition and after different annealing treatments at 1150 °C: mean

chord length for all grains along the rolling (4, zp)and transversal direction (4, ,,), specific surface
density of high angle boundaries (S, ) in the RD/TD plane and recrystallized volume fractions X g4,
and X, as obtained by EBSD and Vickers hardness measurements respectively. S, napis calculated from

the average chord lengths along both directions, namely ZLAB’ zp and ZLAB’TD

Annealing time at IHAB’RD ZHAB’TD Sy mas X ssp Xy

1150 °C (um) (wm) | (um™)

Warm-rolled W67 36 37 0.055 0 0
750 h 38 36 0.054 0.03 0
950 h 41 38 0.050 0.15 0.14
1213 h 49 46 0.042 0.41 0.37
1373 h 54 51 0.038 0.44 0.44
1582 h 66 59 0.032 0.69 0.61
1900 h 77 70 0.027 0.86 0.76
2200 h 81 74 0.026 0.90 0.85

One orientation map per annealing stage from 240 h to 600 h at 1200 °C is presented from Fig. 58
to Fig. 63. 240 h is the shortest annealing time for which orientation data were available after
annealing at 1200 °C. Note that 240 h is very close to the incubation time of 232 h estimated with
Vickers hardness in subchapter 4.1.3.

104



200p0m

Fig. 58. a) Orientation map obtained on the RD/TD plane after annealing for 240 h at 1200 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ¢, = 0.05.

200m

Fig. 59. a) Orientation map obtained on the RD/TD plane after annealing for 300 h at 1200 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 5, =0.32.
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Fig. 60. a) Orientation map obtained on the RD/TD plane after annealing for 320 h at 1200 °C. The map was

taken with 10 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.49.
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Fig. 61. a) Orientation map obtained on the RD/TD plane after annealing for 359 h at 1200 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.58.
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Fig. 62. a) Orientation map obtained on the RD/TD plane after annealing for 480 h at 1200 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ppq, =0.77 .

200w

Fig. 63. a) Orientation map obtained on the RD/TD plane after annealing for 600 h at 1200 °C. The map was
taken with 20 pm stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ¢, =0.97 .
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Table 16: Plate W67 in the as-received condition and after different annealing treatments at 1200 °C: mean
chord length for all grains along rolling and transversal direction, specific surface density of high angle
boundaries in the RD/TD plane and recrystallized volume fractions as obtained by EBSD and Vickers

hardness measurements. S ,.uap 18 calculated from the average chord lengths along both directions, namely

ﬂ’LAB,RD and ILAB,TD

Annealing time at ZHAB’RD ZHAB’TD Sy nas X isso X,y
1200 °C (um) (um) (um™)

Warm-rolled W67 36 37 0.055 0 0
240 h 37 35 0.055 0.05 0
300 h 45 36 0.050 0.32 0.39
320h 48 43 0.044 0.49 0.47
359 h 53 45 0.041 0.58 0.59
480 h 75 69 0.028 0.77 0.87
600 h 105 94 0.021 0.97 0.99

One orientation map per annealing stage from 6 h to 110 h at 1250 °C is presented from Fig. 64 to
Fig. 70. 24.5 h at 1250 °C was the estimated incubation time by Vickers hardness in subchapter
4.1.3.
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Fig. 64. a) Orientation map obtained on the RD/TD plane after annealing for 6 h at 1250 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ;5¢, = 0.003.

200

Fig. 65. a) Orientation map obtained on the RD/TD plane after annealing for 12 h at 1250 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 5, = 0.01.
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Fig. 66. a) Orientation map obtained on the RD/TD plane after annealing for 24 h at 1250 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X yp, = 0.01.
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Fig. 67. a) Orientation map obtained on the RD/TD plane after annealing for 36 h at 1250 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

b)

|

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.39.
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Fig. 68. a) Orientation map obtained on the RD/TD plane after annealing for 48 h at 1250 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.68 .

200 pm

Fig. 69. a) Orientation map obtained on the RD/TD plane after annealing for 72 h at 1250 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ¢, =0.83.
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Fig. 70. a) Orientation map obtained on the RD/TD plane after annealing for 110 h at 1250 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ¢, =0.99.
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Table 17. Plate W67 in the as-received condition and after different annealing treatments at 1250 °C: mean
chord length for all grains along rolling and transversal direction, specific surface density of high angle

boundaries (S, ,,;)in the RD/TD plane and recrystallized volume fractions as obtained by EBSD and
Vickers hardness measurements. S, ,,, is calculated from the average chord lengths along both directions,

namely /TLAB!RD and ZLAB,TD.

Annealing time at - Aian1n Sy nas X psso X,y
1250 °C (um) (um) (um™)
Warm-rolled W67 36 37 0.055 0 0
6h 36 33 0.058 0 0
12 h 34 32 0.060 0.01 0
24 h 37 39 0.052 0.01 0
36 h 36 32 0.059 0.39 0.39
48 h 50 48 0.041 0.68 0.61
72 h 68 62 0.031 0.83 0.87
110 h 87 81 0.024 0.99 0.99

As observed from the tables (Table 15, Table 16, Table 17) and the EBSD orientation maps (Fig. 51
to Fig. 70 obtained on the RD/TD section) during isothermal recrystallization annealing in the range
1150-1250 °C the nearly equiaxed warm-rolled grain structure of the plate W67 in the as-received
state (36 um x 37 um) is replaced by new, also equiaxed, recrystallized grains which become larger
than those in the as-received state (e.g up to 105 um x 94 um after annealing at 1200 °C for 600 h).
It may be possible that, for annealing at 1250 °C, grain growth has already occurred, since after
annealing at 72 h most grains have already impinged, yet an increase in recrystallized grain size is
still observed after annealing at 110 h. Consequently, recrystallization at all temperatures leads to a

reduction of specific surface density S, ,,, of high angle boundaries and an increase in grain size

for the plate W67.
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5.3.2 Highly-rolled plate (W90)

EBSD maps at the different recrystallization stages were obtained for the plate W90 after annealing
at 1200 °C. The maps were obtained with a stepsize ranging from 3-15 um. The smaller stepsizes
were used for intercept length studies, while the bigger stepsizes were used for texture studies. The
maps for the plate W90 were taken on the transversal plane (RD/ND), in contrast to the maps for
the plate W67, which were taken on the rolling plane (RD/TD). The reason for this change is that,
in this way, the surface on which the Vickers hardness measurements were made corresponds to the
mapped EBSD section for each plate. This allows a better correlation between the hardness
evolution and the microstructural evolution.

Additionally, each of the EBSD orientation maps was analyzed using the software DRG (see
experimental details subchapter 3.1), from which the recrystallized fraction Xgpsp was obtained.
The recrystallized grains map obtained using the software DRG is shown next to each orientation
map for comparison. The recrystallization-related parameters obtained from the orientation maps
are compiled in Table 18 for annealing of the plate W90 at 1200 °C.

One orientation map per annealing stage from 5.5 h to 25 h at 1200 °C is presented from Fig. 71 to
Fig. 81. The sample annealed for 5.5 h corresponds to the shortest available annealing time, which
is right before the incubation time of 7 h estimated by Vickers hardness in subchapter 4.2.3.

200 pamn

Fig. 71. a) Orientation map obtained on the RD/ND plane after annealing for 5.5 h at 1200 °C. The map was
taken with 4 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ¢, =0.03
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RD
Fig. 72. a) Orientation map obtained on the RD/ND plane after annealing for 7 h at 1200 °C. The map was
taken with 3 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.05.

200pm
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Fig. 73. a) Orientation map obtained on the RD/ND plane after annealing for 8 h at 1200 °C. The map was
taken with 3 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 5., =0.08.
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Fig. 74. a) Orientation map obtained on the RD/ND plane after annealing for 8.5 h at 1200 °C. The map was
taken with 3 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 5, =0.09.
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Fig. 75. a) Orientation map obtained on the RD/ND plane after annealing for 9 h at 1200 °C. The map was
taken with 3 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. B) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.10.
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Fig. 76. a) Orientation map obtained on the RD/ND plane after annealing for 10 h at 1200 °C. The map was
taken with 3 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ¢, = 0.18
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Fig. 77. a) Orientation map obtained on the RD/ND plane after annealing for 11 h at 1200 °C. The map was
taken with 3 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X .55, =0.29
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Fig. 78. a) Orientation map obtained on the RD/ND plane after annealing for 13 h at 1200 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X gp, = 041.

'_2“!]:.- m

Fig. 79. a) Orientation map obtained on the RD/ND plane after annealing for 15 h at 1200 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 5, =0.52.
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Fig. 80. a) Orientation map obtained on the RD/ND plane after annealing for 20 h at 1200 °C. The map was
taken with 5 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X ¢, =0.93.
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Fig. 81. a) Orientation map obtained on the RD/ND plane after annealing for 25 h at 1200 °C. The map was
taken with 3 um stepsize and is displayed with IPF coloring along RD, with RD horizontal. b) Detection of

recrystallized grains using the software DRG, covering a recrystallized fraction X 55, =0.99.
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Table 18. Plate W90 in the as-received condition and after different annealing treatments at 1200 °C: mean
chord length for all grains along rolling and transversal direction, specific surface density of high angle
boundaries in the RD/ND plane and recrystallized volume fractions as obtained by EBSD and Vickers

hardness measurements. S ,.uap 18 calculated from the average chord lengths along both directions, namely

A

1ap.gp and ]’LAB,ND .

Annealing time at Aoins v Avinsnp Sy tag X cssp Xy
1200 °C (um) (um) (um™)

Warm-rolled W90 57 18 0.073 0 0
5.5h 50 25 0.060 0.03 0
7h 39 24 0.067 0.05 0.02
8h 37 22 0.072 0.08 0.05
8.5h 39 24 0.067 0.09 0.08
9h 35 27 0.066 0.10 0.10
10 h 50 29 0.054 0.18 0.16
11 h 54 38 0.045 0.29 0.24
13 h 55 42 0.042 0.41 0.45
15h 72 49 0.034 0.52 0.61
20h 104 80 0.022 0.93 0.91
25h 119 98 0.019 0.99 1

As observed from Table 18 and orientation maps (Fig. 71 to Fig. 81 obtained on the RD/TD
section) during isothermal recrystallization at 1200 °C, the initial as-received elongated
microstructure along RD (57 um x 18 um) is replaced by new recrystallizing grains that end up
being larger than those of the as-received microstructure (e.g up to 119 um x 98 um after annealing
at 1200 °C for 25 h). Consequently, recrystallization leads to a reduction of specific surface density

Sy nap Of high angle boundaries and an increase in grain size for the plate W90. The aspect ratio in

the RD/ND section decreases from an elongated microstructure along RD in the as-received state
(with an aspect ratio 3.2) to a nearly-equiaxed microstructure (with an aspect ratio 1.2) after full-
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recrystallization. Notice that the aspect ratio of 1.3 previously obtained in subchapter 5.1.1 for the
as-received plate W90 referred to another plane of observation (namely the rolling plane RD/TD)
and is not comparable to the aspect ratio of 3.2 measured on the RD/ND section. Also notice that
the orientation maps during recrystallization have been obtained on the rolling plane (RD/TD) for
the plate W67 and on the transversal plane for the plate W90 (RD/ND). Therefore, the aspect ratios
during recrystallization of both plates are not directly comparable given the different plane of
observation.

5.3.3 Grain size evolution during recrystallization

Fig. 82 and Fig. 83 present the grain size distribution (for all grains present, indistinctively of
whether they are recovered or recrystallized grains) for all annealing stages during recrystallization
annealing for the plates W67 and W90 respectively. The grain areas have been obtained from
orientation grain maps. The grains were identified using the grain detection tool on the software hkl
channel 5, as those areas which did not surpass a critical misorientation of 15°. The mapped
sections correspond to the rolling plane (RD/TD) for the plate W67 and the transversal plane
(RD/ND) for the plate W90. The grain size distributions cover a broad range (for all annealing
stages) as seen from the grain area distribution of Fig. 82a. and Fig 83a. Such wide grain size
distributions are typical for hot-deformed samples ([108], [109]). These distributions tend to shift to
the right (to larger grain areas) for the later recrystallization stages, because at these stages the new
recrystallizing grains become bigger than the grains of the as-received material due to nuclei growth
during recrystallization. Notice that the large last peak for the largest grain area of Fig. 82a and Fig.
83a (located at x=20000 pm?) results from the fact that, unlike the other bins which include grains
with sizes £500 pmz, the last bin includes all grains whose area is A>20000 pmz. This peak just
represents that there are still some grains larger than the end of the x axis, and shall not be
compared to the other bins directly. A direct comparison becomes possible for Fig. 82c and Fig.
83c, where the area of each bin has been divided by the average grain area. This normalization
distributes the data of the former large peak among all peaks with a minimum size. For example, for
the plate W67 (Fig. 82a), the data for the fully-recrystallized sample become distributed among all
bins with axis A/Ag > 2 (since the average apparent grain area for the sample annealed for 110 h at
1250 °C is approximately 11500 pm?). In other words, the data of the large peak of Fig. 82a and
Fig. 83a become more evenly distributed among all peaks in Fig. 82¢ and Fig. 83c, and are directly

comparable.
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The increasing grain size during recrystallization results from the growth of recrystallizing grains.
This effect can be more clearly seen in the accumulated grain size distributions of Fig. 82b and Fig.
83b for the plates W67 and W90 respectively. In fact, this effect is not observed in cold-rolled
plates, where the recrystallized grains are typically smaller than the grains of the as-rolled material
([21], [110]). It is speculated that, because the current plates were warm-rolled, dynamic recovery
might have reduced the stored energy of the potential nucleation sites, leading to lower nucleation
as compared to cold-rolling, which might explain the bigger grain size of the recrystallized current
warm-rolled plates. At the beginning of recrystallization for the plate W67 (after annealing for 6 h
at 1250 °C) the maximum apparent grain area was 17500 pm” and the average apparent grain area
was 3500 umz. The fully-recrystallized state (after annealing for 110 h at 1250 °C) shows a
maximum apparent grain area of 93500 um” and an average apparent grain area of 11500 um?’. At
the beginning of recrystallization for the plate W90 (after annealing for 7 h at 1200 °C) the
maximum apparent grain area was 10500 umz and the average apparent grain area was 1800 umz.
The fully-recrystallized state (after annealing for 25 h at 1200 °) shows a maximum apparent grain
area of 108000 um?” and an average apparent grain area of 12000 pm?. The maximum apparent grain
area represents the area of the biggest grain found for that sample, whereas the average apparent
grain area represents the average size of all grains for that sample. Notice that, in Fig. 82b and Fig.
83b, except for the as-received samples and the fully-recrystallized samples, the mapped grains are

a combination of both recovered and recrystallized grains.

From Fig. 82b and Fig. 83b, it can be seen that both the as-received material and the earlier stages
of recrystallization show very similar grain size distributions, with a predominance for smaller grain

sizes, for both plates W67 and W90. At higher recrystallization stages (after approximately
X zpsp >0.3), a noticeable decrease of the fraction of the smaller grain sizes starts to occur, as well

as an increase of the fractions of the bigger grain sizes for both plates W67 and W90. However, a
difference can be appreciated between the plates W67 and W90 by comparing states of similar
recrystallized fraction of both plates. As recrystallization proceeds, the fraction of smallest grain
sizes seems to decrease more slowly for the plate W67 (see Fig. 82a), while a more abrupt decrease
of the fraction of the smallest grain sizes and a shift of this peak to the right (to slightly bigger grain
sizes) is observed in the plate W90 at similar recrystallized fractions (see Fig. 83b). In contrast, this
peak never shifts during recrystallization for the plate W67, although it decreases in intensity. All in
all, at similar recrystallized fractions for the plate W67 and W90, a higher fraction of nuclei of

bigger sizes seems present for the plate W90. A plausible reason for this might be that the new

122



recrystallizing nuclei impinge more upon one another in the plate W67 (as compared to the plate
WO90) limiting more their growth, while the nuclei of the plate W90 could be less impinged and
allowed to grow further. This might explain the shift of the peak of the smallest grain sizes to the
right as recrystallization proceeds (see Fig. 83b). In fact, as will be observed in chapter 5.5.1 on
nucleation, a higher tendency for site-saturation of nuclei is observed for the plate W67 as
compared to the plate W90, which is in good agreement with the former impingement argument.
Finally, at the latest recrystallization stages and for both plates, most grains present bigger grain

sizes as expected due to nuclei growth.

From Fig. 82a and Fig. 82b, it seems apparent that recrystallization leads to an increase of the
average grain size. However, in order to better analyze the small differences that might exist
between the different grain size distributions, and see if these differences can be accounted for
entirely by the increase of grain size due to nuclei growth during recrystallization, the effect of the
increasing grain size was deducted from the distribution. This normalization is done by dividing the
grain distribution by the average grain size at each recrystallization stage in Fig. 82¢ and Fig. 82d
for the plate W67 (and analogously in Fig. 83c and Fig. 83d for the plate W90). Close examination
of Fig. 82¢ and Fig. 82d (for the plate W67) and Fig 83c and Fig 83d (for the plate W90) reveals
(by the superposition of all recrystallization stages in the plate W67) that the shape of the
normalized grain size distribution remains almost unaltered during recrystallization for the plate
W67, while a shift to the right is still present during recrystallization for the plate W90 which is due
to reasons different to nuclei growth. This additional effect could explain the fastest decrease of the
fraction of the smallest grain sizes for the plate W90, as compared to the plate W67. All in all, this
indicates that nuclei growth during recrystallization alone accounts for the shifting of the
distribution to bigger grain sizes as recrystallization proceeds for the plate W67, while grain growth
contributes only partially to this shift for the plate W90. It can also be deduced from Fig. 82c and
Fig. 82d for the plate W67 that there seems to be a similar growth rate for all grain orientations and
sizes during recrystallization of the plate W67; textural changes during recrystallization are
expected to occur, yet the normalized size distributions perfectly fit together regardless of the
texture of the material at each recrystallization stage. The same cannot be said for the plate W90. A

more detailed study of growth during recrystallization will be done in subchapter 5.6.
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Fig. 82. Grain size distribution evolution during recrystallization of the plate W67 after annealing at 1250 °C.
a) Grain area distribution. b) Accumulated grain area distribution obtained from binned data in Fig. 82a. c)
Grain area distribution normalized by the average grain area of each annealing stage. d) Accumulated
misorientation distribution normalized by the average grain area; analogous to Fig. 82c. The grain areas
presented here were measured using HKL. Channel 5, including both recovered and recrystallized grains. A
bin size of 600 um* was used for the misorientation distributions of Fig. 82a and Fig. 82b.

124



0.35 e
0.325¢ ~+-(7h,1200°C), X =0.05 |{
. 034 ~+-(8h,1200°C), X =0.08 |3 o
T 027511 i Rl 8
it (11h,1200°C), X =0.29| =
20225_! \ (13h,1200°C), X =0.41 £
S 02.1} ‘.;] (15h,1200°C), xv=0.52i 2
= 0475 | ~+~(20h,1200°C), X =0.93; 15 —
2 0-15] AN e (25h,1200°C), xv=0.99f E —(sn1200°C), X =008 |
& 0.125 | 45\ " JJ "E {11h,1200°C), X =0.29
= 0.’1J \ \¥ ., \ i = (13h,1200°C), X =0.41 ||
© 0.075 pI fl o (15h,1200°C), X =0.52
O 005 ‘ﬁ ,{\H\H i —(20n,1200°C), X =0.93
0.025; & ﬁw WPy e ‘\/t\; 7 wﬂ \j‘* ’ ——(250,1200°C), X =0.99 |
O+ i g
0 02 04 06 OB 1 12 14 16 18 2 0D 02040608 1 12141618 2 22
a) Grain area (um?) x 10 b) Grain area (um?) x 10"
: ! i : 1 ? “‘_ﬁ._—':'__—_-‘-‘—_-i
—-(7h,1200°C), XV=0.05 =
0.5¢ +—(8h,1200°C),XV=0.08 i
#-(11h,1200°C), Xv=0.29
0.4r %

o
)

o
w

(13h,1200°C), X =0.41 I
(15h,1200°C), X =0.52
—-(20h,1200°C), X =0.93
—-(25h,1200°C), X =0.99 ]

—(7h,1200°C), X =0.05
—(8h,1200°C), X =0.08

(11h,1200°C), X =0.29| |

(13h,1200°C), X =0.41

(15h,1200°C), X =0.52 |
——(20,1200°C), X =0.93 ||
——(25h,1200°C), X =0.99 |1
12 3 4567 8 910
Grain area (um2) / Average grain area(umz)

=
—

Grain fraction (normalized)

Grain fraction (normalized)

2_3 4 5 6 # _9
Grain area (um ) [ Average grain area(um ) d)

S
c)

Fig. 83. Grain size distribution evolution during recrystallization of the plate W90 after annealing at 1200 °C.
a) Grain area distribution. b) Accumulated grain area distribution obtained from binned data in Fig. 83a. ¢)
Grain area distribution normalized by the average grain area of each annealing stage d) Accumulated
misorientation distribution normalized by the average grain area; analogous to Fig. 83c. The grain areas
presented here were measured using HKL Channel 5, including both recovered and recrystallized grains. A
bin size of 600 pm* was used for the misorientation distributions of Fig. 83a and Fig. 83b.
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5.4 Textural evolution during recrystallization

Upon annealing at all temperatures for times shorter than the incubation time for recrystallization,
the texture of the plates during this recovery stage remains almost unaltered. This is expected
because of no considerable nucleation of any new grains which may have a different texture. As an
example, the texture of the plate annealed at 1150 °C for a time of 750 h (right before the
incubation time of 887 h) is provided in Fig. 84a. Also, the texture of the plate W67 annealed at
1250 °C for a time of 24 h (right before the incubation time of 24.5 h) is shown in Fig. 85a. Both
textures are perfectly comparable to the texture of the as-received plate W67 (Fig. 38a). The same is
observed for the plate W90, where the texture of the plate W90 annealed for 7 h at 1200 °C
(corresponding to the incubation time) of Fig. 88a is perfectly comparable to the as-received texture
of the plate W90 (Fig. 38b). Once the incubation time for recrystallization has been reached,
recrystallization sets in and changes in the texture start to occur.

5.4.1 Moderately-rolled plate (W67)

The textural evolution for the plate W67 during recrystallization annealing at 1150 °C and 1250 °C
is shown in Fig. 84 and Fig. 85 respectively. These correspond to the lower and higher annealing
temperatures for which orientation data has been gathered for the plate W67.

Upon recrystallization at all temperatures, new recrystallization texture components start to appear,
with no real preference for any particular component, except for a weak component not too far in
orientation from the cube component. This leads to a considerable randomization of the texture
during recrystallization, as can be observed by the appearance of green shaded regions in the pole
figures (of intensity close to 1) as recrystallization proceeds (see Fig. 84 and Fig. 85). This means
that all orientations tend to be equally present as recrystallization proceeds or, in other words, the
texture becomes increasingly random during recrystallization. As recrystallization proceeds, a very
slight predominance of orientations not too far in orientation from the cube component can be
observed in an otherwise almost-random recrystallized texture (see Fig. 84 and Fig. 85). For
example, the recrystallized texture of this fully-recrystallized tungsten plate (W67) after annealing
at 1150 °C consists of a random texture with higher intensities for components not too far from the
ideal cube orientation (with intensity 3.5 times above random as seen near the centre of the {100}
pole figure of Fig. 84d).

The recrystallization temperature may or may not affect the microstructural development, as has
been observed for example in aluminum at different strains (e.g. [111], [112]). In the current study,
the annealing temperature had no considerable effect on the textural evolution during
recrystallization (compare Fig. 84 and Fig. 85).

126



Pole Figures

[FE0R1150C. cpr]
Tungsten [m3m)
Complete data set
ThHO7E data points
Stereographic projectio
Upper hemizpheres

Half width:10°
Cluster size17*

Exp. densities [mud):
Mir= 0.07, Max= 453

1

72— 1
i — 2
4o 3
4
Pole Figures
[1150C71 21 3hdumn. cpr]

Tungsten [m3m]
Complete data zet
51756 data points
Stereographic projectio
Upper hemizpheres

Half width:10°
Cluster size:17*

Exp. densities [mud]:
Min= 0,03, Max= 4,37

1

2
3
4

Ly pa =

:

Pole Figures

[1150C1582HTEXTURH
Tungsten [rm3m)
Complete data set
126863 data points
Stereographic projectior
Upper hemizpheres
Half waicdthe 10°

Clugter size:17*

Exp. densities (mud)
Min= 0,07, Max= 4,28

1
2
3
4

1
2
3

Pale Figures

[1150C2200. cpr]
Tunagzten [m3m)

Carmplete data set
28900 data points
Stereographic projection
Upper hemispheres

Half waidth:10*
Clugter zize:17*

Exp. densties [rmud]:
bin= 010, Max= 347

q -

Fig. 84. {100}, {110} and {111} pole figures contoured using a Gaussian spread function with 10° half
width and a cluster size of 17°, showing the texture of the plate W67 during recrystallization at 1150 °C. a)
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Annealed for 750 h at 1150 °C, right before the incubation time for the start of recrystallization
(X zgsp =0.03) . b) Annealed for 1213 h at 1150 °C to a state before half-recrystallization (X g, =0.41).

¢) Annealed for 1582 h at 1150 °C to a state after half-recrystallization (X gz, =0.69). d) Annealed for
2200 h at 1150 °C to a state close to a fully-recrystallized state (X z55, =0.90).
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Fig. 85. {100}, {110} and {111} pole figures contoured using a Gaussian spread function with 10° half
width and a cluster size of 17°, representing the texture of the plate W67 during recrystallization annealing at
1250 °C. a) Annealed for 24 h at 1250 °C, right before the incubation time for the start of recrystallization

(X zgsp = 0.01). b) Annealed for 36 h at 1250 °C to a state before half-recrystallization (X 5, =0.39). ¢)
Annealed for 48 h at 1250 °C to a state after half-recrystallization (X s, =0.68) . d) Annealed for 72 h at
1250 °C to a state close to full-recrystallization (X g, =0.83) . e) Annealed for 110 h at 1250 °C to a

fully-recrystallized state (X .55, =0.99).

For a better description of the texture evolution during annealing, the Orientation Distribution
Functions (ODFs) were calculated at the beginning of recrystallization, in the half-recrystallized
state and in the fully-recrystallized state. The calculated ODF sections at ¢, =45° are presented in

Fig. 86.
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Fig. 86. ¢,=45° section of the orientation distribution function (ODF) calculated from the orientation data for
the plate W67 annealed at 1250 °C. a) Annealed for 24 h at the beginning of recrystallization, showing a
maximum density 4.3 times above random for the {111} <110 >component. b) Annealed for 36 h to the half-
recrystallized state, showing a maximum density 4.1 times above random for the {111} <110 >component.
¢) Annealed for 110 h to the fully-recrystallized state, showing a maximum density 3.3 times above random
for components approximately 30° off along ¢; from the ideal cube component. d) Sketch of the ¢$=45°

section of orientation space, indicating the main components of a typical bcc rolling texture: the a fiber (red)
and the y fiber (green), as well as some of their components; the cube component, the rotated cube

{001} <110 > component, and the y fiber components {111} <110 >and{111}<112>.

From Fig. 86, it can be observed that the texture of the plate W67 at the beginning of
recrystallization (Fig. 86a) is mainly composed of two fibers: the dominating y fiber ({I111} <uvw >

or {111} parallel to ND) and the o fiber ({hkl}<110> or <110> parallel to RD). The y fiber

component {111} <110> is slightly stronger than the {111} <112 > y fiber component. The o fiber

mainly consists of the rotated cube component (with intensity 4.1). All in all, the texture is quite
weak and very similar to the texture of the as-received W67 plate (compare to Fig. 40a).

The texture in the half-recrystallized state (Fig. 86b) shows a decrease of the intensity of the y fiber
and a slight increase of texture components closer in orientation to the cube component as
compared to the rotated cube component. A reduction of the intensity of the rotated cube

component {001} <110 >is also observed. It seems that the recovered y fiber and the rotated cube

component, which mainly comprise the as-received texture, are being replaced by other textural
components during recrystallization, with a very low preference for components closer to the ideal
cube component. Careful inspection of Fig. 86b shows a slightly higher presence of the

{111} <110 > v fiber component, as compared to the {I11}<112> y fiber component. The lower
presence of the {111}<112> component could indicate preferential growth of the recrystallized
components into this recovered y fiber component. The higher stored energy of the deformed

{111} <112 > component as compared to the {l111} <110> component (see Table 12 and Table 13

in subchapter 5.1.2) could explain this selective consumption; the higher stored energy of this
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component could lead to faster growth of recrystallized components into the {111}<112>

recovered matrix, as compared to the other {111} <110 > component of the v fiber.

The texture of the fully-recrystallized sample from the plate W67 after annealing for 110 h at 1250
°C (Fig. 86¢) is quite random, consisting of remaining y-fiber and a weak predominant texture
consisting of recrystallized components 30° off along ¢; from the ideal cube component (with
maximum intensity 3.2 times above random). Therefore, the recrystallization texture is a nearly-
random texture showing slightly higher intensities for components closer in misorientation to the
cube component than the initial rotated cube components of the as-received texture.

The misorientation distribution evolution during recrystallization of the plate W67 at 1150 °C and
1250 °C is shown in Fig. 87. At the earlier stages of recrystallization, a higher fraction of LABs is
present. As recrystallization proceeds, the contribution of the HABs increases while that of LABs
decreases. The reduction of LABs is expected because the recovered regions with an abundance of
LABs become replaced by almost deformation-free recrystallized grains. At the later stages of
recrystallization, this leads to a misorientation distribution which is more nicely described by the
theoretical Mackenzie distribution [113], which corresponds to the misorientation angles between
randomly oriented crystallites of cubic symmetry. In other words, the Mackenzie distribution
represents the distribution corresponding to a random texture of the material. As an example, the
misorientation distributions during recrystallization after annealing at 1150 °C and 1250 °C are
presented in Fig. 87. Although the misorientation distributions at both temperatures resemble more
closely the Mackenzie distribution at the later recrystallization stages (e.g. see Fig. 84 and Fig. 85),
this cannot be directly related to a randomization of the texture during recrystallization because
LABs still exist that present a misfit with the Mackenzie distribution that represents a random
texture.
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Misorientation angle distribution during recrystallization
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Fig. 87. Misorientation angle distribution evolution for the plate W67 during recrystallization after annealing
at: a) 1150 °C, b) 1250 °C. The misorientation frequencies were obtained from HKL Channel 5, The
Mackenzie misorientation distribution (discontinuous red line) represents the misorientation distribution that
would be expected in a material of random texture.
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5.4.2 Highly-rolled plate (W90)

The textural evolution during recrystallization at 1200 °C is shown in Fig. 88. Recrystallization of
the plate W90 at 1200 °C showed the appearance of a stronger cube component during
recrystallization (see the textural evolution of Fig. 88), as compared to the recrystallized W67 plate.
Analogously to the plate W67, the intensity of the dominant y fiber has considerably decreased after
recrystallization, although part of the y fiber still remains after recrystallization. Whether the
textural evolution is determined by oriented nucleation or oriented growth will be discussed later in
subchapters 5.5 and 5.6
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Fig. 88. {100}, {110} and {111} pole figures contoured using a Gaussian spread function with 10° half
width and a cluster size of 17°, representing the texture of the plate W90 during recrystallization annealing at
1200 °C. a) Annealed for 7 h at 1200 °C, right at the incubation time for the start of recrystallization

(X zpsp = 0.05) .b) Annealed for 8 h at 1200 °C to an early recrystallization stage (X 5, =0.08). c)
Annealed for 11 h at 1200 °C to a more advanced recrystallization stage before half-recrystallization

(X pgsp =0.29) .d) Annealed for 13 h at 1200 °C to a state right before half-recrystallization
(X zgsp =0.41) ) Annealed for 15 h at 1200 °C to a state right after half-recrystallization (X 55, =0.52).
f) Annealed for 25 h at 1200 °C to an almost fully-recrystallized state (X 5, =0.93).
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For a better description of the textural evolution at 1200 °C, the Orientation Distribution Functions
(ODFs) were calculated at the beginning of recrystallization, the half-recrystallized state and the

fully-recrystallized state. The sections at ¢, =45° are presented in Fig. 89.
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Fig. 89. ¢,=45° section of the orientation distribution function (ODF) calculated from the orientation data of
the plate W90 annealed at 1200 °C. a) Annealed for 8 h at the beginning of recrystallization, showing a
maximum density 6.6 times above random for the {111} <110 > component. b) Annealed for 15 h to the half-

recrystallized state, showing a maximum density 4.5 times above random for the {111} <110> component.

¢) Annealed for 25 h to the fully-recrystallized state, showing a maximum density 8.8 times above random
for the cube component d) Sketch of the $,=45° section of orientation space, indicating the main components
of a typical bce rolling texture: the a fiber (red) and the v fiber (green), as well as some of their components;
the cube component, the rotated cube {001} <110 > component, and the y fiber components {111} <110 >and

(111} <112>.

From Fig. 89, it can be observed that the texture at the beginning of recrystallization (Fig. 89a) is

mainly composed by the y fiber. A considerably higher presence of the {111} <110> y fiber

component (red-shaded regions with an intensity 4.5 times above random) is observed as compared

to the less dominant {111} <112 > y fiber component. The rotated cube component {001} <110>

seems to be the only component of the less dominant a fiber. Obviously, the texture at this stage is
very similar to the as-received texture (compare to Fig. 40b). The slightly higher intensity of cube
and near-cube components (green-shaded regions with intensity 2 and 3 times above random in Fig.
89a that were not observed in the as-received texture of the plate W90 in Fig. 40b) could indicate
the nucleation of a few grains with near-cube texture right at the beginning of recrystallization.

The texture in the half-recrystallized state (Fig. 89b) shows a decrease of the intensity of the y fiber
and an increase of texture components closer to the cube component during recrystallization.

Careful inspection of Fig. 89b shows a higher presence of the {l11}< 110> vy fiber component, as

compared to the {I11} <112 > y fiber component. The higherer presence of the {111} <110>
component could indicate higher stability of this recovered component, which is less consumed by

the recrystallizing grains. The higher stored energy of the deformed {111} <112 > component as
compared to the {111} <110> component (see Table 12 and Table 13 in subchapter 5.1.2) could
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explain the faster growth of recrystallized components into the {111} <112 > recovered matrix, and
therefore its faster consumption.

The texture of the fully-recrystallized state from the plate W90 after annealing for 25 h at 1200 °C
(Fig. 89c¢) consists of few remaining orientations along the y-fiber and a marked yet not too strong
cube component {001} <010 >. This marked cube component is observed in the fully-recrystallized

state (red-shaded region with intensity 8.8 times above random). The simultaneous recrystallization
of other weak texture components in a somewhat random fashion may be the reason of the not too
strong fully-recrystallized near-cube texture.

In the misorientation distribution evolution during recrystallization of the plate W90 at 1200 °C (see
Fig. 90), a higher presence of LABs is present at the later stages of recrystallization of the plate
W90 and a worse fit with the Mackenzie distribution is observed as compared to the plate W67. The
presence of a higher fraction of LABs (especially those below 5°) at the later recrystallization stages
for the plate W90 (e.g. blue line of Fig. 90, corresponding to the fully-recrystallized state) is related
to the sharper recrystallization texture developed for the plate W90.

Misorientation angle distribution evolution during recrystallization
——Misorientation 1200°C,7h, X =0.05

Misorientation 1200°C.2h, X =0.11
——Misorientation 1200°C,10h, X = 0.18

= 0.075¢ ——Misorientation 1200°C,11h, X =0.29}
5 -Misorientation 1200°C,15h, X =0.52
03; —Misorientation 1200°C,25h, X = 0.99
= ' ---Mackenzie distribution [random]

—- 0.05F 1
[(}]

N

©

£

[@]

< 0.025¢ T

OO 5 10 15 20 25 30 35 40 45 50 55 60 65
Misorientation (°)

Fig. 90. Misorientation angle distribution evolution for the plate W90 during recrystallization at 1200 °C.

The misorientation frequencies were obtained from HKL Channel 5. The Mackenzie misorientation

distribution (discontinuous red line) represents the misorientation distribution that would be expected in a

material of random texture.
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Theories are available which successfully predict how the typical {001} <110 >component seen in

cold-rolled W transforms during recrystallization into a weak cube texture ([50], [114]). According
to these models, the weakening of the texture is related to the elastic isotropy of tungsten, which

allows the rotated cube {001} < 110> components to transform into various recrystallization texture

components by <110> rotations. In fact, as mentioned earlier, a very weak texture misoriented
around 30° from the cube texture develops for the recrystallized plate W67 (see Fig. 84e), while a
stronger yet still weak near-cube texture develops for the recrystallized plate W90 (see Fig. 88f
respectively). It is speculated that these recrystallized components could arise from the as-received
deformed cube components, being transformed by the aforementioned mechanism. It is also
speculated, that the highest strain for the plate W90 could be related to the better alignment of the
recrystallized cube component as compared to the plate W67 (where a weak component 30° off
from the ideal cube appeared). The higher alignment of the recrystallized cube component with the
ideal cube orientation with increasing rolling deformation has been previously observed in other
metals (e.g. for copper in [115]).

However, these models ([50], [114]) cannot fully explain the development of the recrystallized
texture of the plates W67 and W90 of this study. The reason is that the deformation texture of the
present plates W67 and W90 (see Fig. 40a and Fig. 40b respectively) is different from the simple

{001} <110 > texture assumed in the model. Although some rotated cube components are present in

the as-received plates, the texture of the present plates is mainly composed of the y fiber. Therefore,
in the following subchapters 5.5 and 5.6, orientation effects for both nucleation and growth of
recrystallizing grains during recrystallization are studied, in order to understand the textural
evolution during recrystallization microstructurally. In the next sections on nucleation (5.5) and
growth (5.6), nucleation densities and growth rates (as well as orientation relationships) were
studied in detail. The latter allowed to elucidate whether the recrystallized texture was due to
oriented nucleation or oriented growth.

5.5 Nucleation

5.5.1 Nuclei density evolution during recrystallization

The number of nuclei in each orientation map was determined using the software DRG for the
plates W67 and W90. The nuclei evolution during recrystallization was determined for the plate
W67 at three temperatures (namely 1150 °C, 1200 °C and 1250 °C) and at 1200 °C for the plate
WO0. These correspond to the annealing temperatures for which complete series of EBSD data were
available at a wide range of annealing stages.

Secondly, the number of nuclei was normalized by the area covered by each orientation map,
thereby obtaining the density N, , or number of nuclei per unit area um? . Furthermore, it must be
noted that the orientation maps represent two-dimensional sections of the tungsten plates. Since the
material is three-dimensional in nature, the chance of mapping a grain in a 2D section of the
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material must be also taken into account; there will always be a higher chance to map a bigger grain
than a smaller grain in the 2D section. In fact, only nuclei which are a distance lower or equal to R
away from the 2D section (either above or below the section, namely within a distance 2R) will be
mapped in the 2D section. This is expressed by Eq. 5.7, which allows determination of the nuclei

density per unit volume (N,),

N, =N,/2R (5.7

where N, is the number of nuclei per um? and R is the average radius of the nuclei, as measured
from the average chord lengths between HABs surrounding the nuclei, with Eq. 5.8 (from [111]):

g . ( ﬂ‘HAB,RD + ﬂ‘HAB,TD j (58)

;LHAB =

R=

3
4 4 2

or Ay yp (instead of 4, -, ) in the case of the plate W90, where the transversal plane (RD/ND)

was mapped. The choice of different 2D sections for the acquisition of the EBSD orientation data
(RD/TD section for the plate W67, vs. RD/ND section for the plate W90) could affect the results
only if there is a preference for the growth of the nuclei along either TD or ND, since the chance
that nuclei are mapped is higher with increasing nuclei area. However, there does not seem to be
any preferential nuclei growth along any direction, as reflected by the nearly-equiaxed aspect ratio
of the recrystallizing grains determined from the orientation maps in subchapter 5.3.

The calculated nuclei area density (N,) for the plate W67 after annealing at the temperatures 1150
°C, 1200 °C and 1250 °C is presented as a function of the annealing time ¢ (h) and the recrystallized
fraction X in Fig. 91 and Fig. 92 respectively. The nuclei volume density (V,) is also plotted as a
function of the annealing time f (h) and the recrystallized fraction X in Fig. 93 and Fig. 94

respectively.
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Fig. 91. Nuclei area density as a function of annealing time during recrystallization at: a) 1150 °C,

b) 1200 °C, c) 1250 °C.
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Fig. 93. Nuclei volume density as a function of annealing time during recrystallization at: a) 1150 °C ,

b) 1200 °C, c) 1250 °C.
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The calculated nuclei area density (N,) and nuclei volume density (&,) for the plate W90
after annealing at 1200 °C are presented as a function of the annealing time 7 (h) and the
recrystallized fraction X in Fig. 95.
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Fig. 95. (a, b) Nuclei area density evolution during recrystallization at 1200°C ; a) as a function of annealing
time, b) as a function of the recrystallized fraction. (c, d) nuclei volume density evolution during
recrystallization at 1200°C; ¢) as a function of annealing time, d) as a function of the recrystallized fraction.

Comparison of the nuclei volume density evolution (N,) between the plate W67 (see Fig. 94) and
the plate W90 (see Fig. 95d) seems to indicate a tendency for site-saturation (i.e most nuclei form at
early stages of recrystallization) for the plate W67, a tendency which is not as marked for the plate
WO0: in the case of the plate W67, from Fig. 94a, it can be seen that the maximum nuclei volume
density during annealing of the plate W67 is already achieved at early stages of recrystallization for
all annealing temperatures (e.g. after only 15% recrystallization, in the case of the sample annealed
for 950 h at 1150 °C), indicating site-saturated nucleation. The slight decrease of the nuclei volume
density after reaching the maximum volume density as recrystallization proceeds does not seem
due to grain growth (namely due to the consumption of smaller recrystallized grains by bigger
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recrystallized grains), given that hardness and microstructural measurements did not show evidence
for grain growth at 1150 °C . This seems to be a purely due to a statistical or stereological effect

In contrast, for the plate W90 annealed at 1200 °C (see Fig. 95d), the nuclei volume density (N,)
seems to keep increasing during annealing, until a state close to the half-recrystallized state is
achieved (i.e. samples annealed for 13 h 15 h at 1200 °C, showing a recrystallized fraction of 0.41
and 0.52 respectively). At this point, it seems that most nuclei have already been formed, and as a
consequence, the nuclei density seems to saturate up to full-recrystallization. Although it must be
noted that the nucleation rate seems to drastically decrease after reaching a recrystallized fraction of
0.18 (i.e. for the sample annealed for 10 h at 1200 °C, see Fig. 95¢ and Fig. 95d), nuclei formation
still occurs at a slower nucleation rate until the half-recrystallized state is reached. Therefore, it
seems that the plate W67 shows a more site-saturation-like behavior, whereas nuclei are still
forming in the plate W90 up to half-recrystallization. The nucleation behavior of the plate W90
could be explained as two nucleation regimes for which the nucleation rate seems approximately
constant. First, up to a recrystallized fraction of 0.18, a faster and almost constant nucleation rate is
observed. Secondly, after reaching a nuclei fraction of 0.18, the nucleation rate decreases
considerably and seems to stay rather constant until reaching the half-recrystallized state. This is
showcased by the almost linear relationship that exists for these 2 previously mentioned
recrystallization regimes, as can be observed in the plot of the nuclei density vs. the recrystallized
fraction of Fig. 95d. When the half-recrystallized state is reached, most nuclei seem to have already
formed. It shall be noted that this nucleation behavior could also be due to a statistical or
stereological effect.

This different nucleation behavior for the plates W67 (site-saturation) and W90 (constant nucleation
rate) could be explained by the considerably smaller grain size of the as-received plate (with
average chord lengths 36x37um) as compared to the plate W90 (with average chord lengths
62x47um). These chord lengths were both measured on the rolling plane along RD and TD.

A smaller initial grain size for the plate W67 entails a higher surface density of HABs which can act
as potential nucleation sites. The presence of a higher surface density of HABs could lead to the
presence of more potential nucleation sites (as compared to the plate W90 of lower surface density
of HABs). This could lead to an effective site-saturation behavior in the plate W67; since the plate
W67 has a higher surface density of HABs, the nuclei could form preferably at these HABs, and
most nuclei could already have formed at earlier stages of nucleation.

The higher surface density of HABs for the plate W67 could also explain the similar nuclei
densities that are found for the plates W67 and W90. In principle, the plate W90 would be expected
to show higher nucleation density, since a higher stored energy was estimated for the as-received
plate W90 (see Table 13), which increases the amount of potential nucleation sites available for
nucleation. However, the extra surface density of HABs present in the plate W67 (due to its smaller
grain size) might counteract the higher nucleation density expected for the most highly-deformed
plate W90, which might explain the similar nucleation densities found for both plates W67 and
W90.
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Additionally, the different nucleation behavior of the plates W67 and W90 could also explain the
lower Avrami exponent for the plate W67 (n=1.1) observed in the JMAK recrystallization kinetics
defined by hardness characterization in chapter 4, as compared to the higher Avrami exponent
(n=2) of the plate W90. Site-saturation behavior for the plate W67 and constant nucleation rate for
the plate W90 might explain this difference in Avrami exponents. An Avrami exponent higher by 1
unit than that for site-saturation is expected for constant nucleation rates during recrystallization
[21]. In fact, an Avrami exponent higher by 1 (n =2) was found for the plate W90 as compared to
the plate W67.

Regarding the spatial distribution of the nuclei of the earlier stages of recrystallization of the plate
W67 (e.g nuclei from the samples annealed for 750 h and 950 h at 1150 °C of Fig. 51-52) and the
plate W90 (i.e nuclei from the samples annealed for 7 h, 8 h and 8.5 h at 1200 °C of Fig. 39-41), it
is observed that the nuclei develop relatively well spatially-distributed in the recovered matrix.
Some weak clustering along RD is observed which is not surprising, taking into account the
deformation-induced subdivision of the deformed grains that can be observed in Fig. 41a, b and Fig.
41c, d (subchapter 5.1.2) for the as-received plates W67 and W90 respectively.

5.5.2 Orientation of the nuclei

The orientations of the initial nuclei for the plates W67 and W90 were measured and presented as
{111} pole figures in Fig. 96a and Fig. 96b respectively. This allows to study relationships between
the orientation of the initial nuclei and the texture of the recrystallized material.

In Fig. 96a, the orientations of in total 134 nuclei observed in the plate W67 for the two samples
annealed at 1150 °C for the shortest times showing recrystallization (i.e. 750h and 950 h,
corresponding to a recrystallized volume fraction of 0.03 and 0.15 respectively) are presented as a
{111} pole figure. In Fig. 96b, the orientations of in total 184 nuclei observed in the plate W90 for
the three samples annealed at 1200 °C for the shortest times showing recrystallization (i.e. 7 h, 8 h,
and 8.5 h, corresponding to recrystallized volume fractions of 0.05, 0.08, and 0.09 respectively) are
presented also as a {111} pole figure. Observation of Fig. 96 reveals a more random orientation
distribution of the nuclei for the plate W67 (see Fig. 96a), as compared to the plate W90 which
shows preference for nuclei of cube orientation (see Fig. 96b). This is in good agreement with the
more random texture observed for the recrystallized plate W67 (see Fig. 86¢c), and the weak yet
stronger cube texture observed for the recrystallized plate W90 (see Fig. 89c).

When the determined orientations are presented as calculated ODFs (see Fig. 97), it appears that the
orientation distribution of the nuclei/grains at these early recrystallization stages resembles the
texture of the fully-recrystallized plates (especially for the plate W90; e.g. compare Fig. 97a and
Fig. 97b to Fig. 86¢c and Fig. 89c respectively, corresponding to the plates W67 and W90
respectively).
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a) b)

Fig. 96. {100} pole figures showing the orientation distribution of the nuclei at the early recrystallization
stages for the plates, with IPF coloring along RD: a) W67 annealed at 1150 °C for 750 h and 950 h, b) W90
annealed at 1200 °C for 7 h, 8 h, 8.5 h.
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Fig. 97. ¢,=45° section of the orientation distribution function (ODF) calculated from the orientation data of
the nuclei corresponding to the earlier recrystallization stages represented in Fig. 96 for the plates a) W67
annealed at 1150 °C for 750 h and 950 h, b) W90 annealed at 1200 °C for 7 h, 8 h, 8.5 h, ¢) Sketch of the
¢$=45° section of orientation space, indicating the main components of a typical bcc rolling texture: the o
fiber (red) and the vy fiber (green), as well as some of their components; the cube component, the rotated cube

{001} <110 > component, and the y fiber components {111} <110>and{111}<112>.

It therefore seems that the final recrystallized texture is largely determined by nucleation; slight
oriented nucleation leads to the weak recrystallized cube texture of the plate W67, while more
pronounced oriented nucleation of cube oriented nuclei seems responsible for the stronger near-
cube texture of the plate W90.

Oriented nucleation is in fact given as a main reason for the development of a recrystallized cube
texture in a review on the reasons for the formation of recrystallized cube texture in several fcc
metals [116]. Nevertheless, one can only speculate that the higher strain applied during rolling of
the plate W90 (as compared to the plate W67) might have led to the introduction of deformation
structures that act as favorable nucleation sites for nucleation of cube nuclei. Evidence of higher
strains leading to the formation of a stronger recrystallized cube texture is also found in literature on

copper (e.g. [115])
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5.5.3 Nucleation orientation relationships

The orientation relationship between the nuclei and the recovered matrix was studied statistically at
an early recrystallization stage for the plate W90, namely after annealing at 1250 °C for just 1 h
(Fig. 98). This sample was selected because it showed an unsually high amount of nuclei at a very
early recrystallization stage, which allows for a representative statistical study of nucleation
orientation relationships. However, it shall be noted that the nucleation behavior at 1250 °C was
very different to that observed at 1200 °C. In fact, the series annealed at 1250 °C for the plate W90
was discarded from this study, since it presented a heterogeneous recrystallization behavior as
observed with EBSD, which could not be related to the Vickers hardness measurements.

The misorientation between each nucleus and the neighbouring recovered matrix was measured
both along RD and ND using the software HKL channel 5 for all non-impinged directions of the
nuclei. This allowed obtaining the angle/axis pair that defined each misorientation, from which the
orientation relationships could be studied. The nuclei were classified as three different types of
nuclei; nuclei located at grain boundaries or triple junctions (in the following called “B” nuclei),
nuclei located inside the recovered grains away from the grain boundaries (in the following called
“M” nuclei), and nuclei belonging to nuclei clusters of more than 5 nuclei (in the following called
“C” nuclei). The nuclei orientation relationship with the recovered matrix was measured for a total
of 174 nuclei, both along RD and ND. An inspection of Fig. 98 revealed that 51% of the nuclei
were of “B” type, 13% of the nuclei were of “M” type, and 36% of the nuclei were of “C” type. The
highest presence of nuclei originating at grain boundaries or triple junctions is easily explained by
the presence of original HABs and higher misorientation gradients at these sites, which become
potential nucleation sites. This also explains the lowest presence of nuclei originating in the interior
of the recovered matrix (“M”), given the difficulty for nucleation at sites that lack original HABs. In
fact, the nuclei of type (“M”) could have originally nucleated at a HAB even if they seem to be at
the grain interiors (e.g. the original grain boundary may be on the third unseen dimension of the 2D
section). The nuclei clusters (“C”) seem to have started at grain boundaries. This would explain the
slight clustering of the nuclei along RD (direction along which the grain boundaries extend), as
compared to ND. In fact, 57% of the total impinged area of the nuclei of “C” type is impinged along
RD, while the remaining 43% is impinged along ND.
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Fig. 98. a) Orientation map corresponding to the RD/ND section of the plate W90 after annealing for 1250
°C for 1 h to a very early recrystallization stage (X = 0.04). b) nuclei map where the recrystallized nuclei

can be clearly seen. Notice that many nuclei are present in this EBSD orientation map (namely 213 nuclei),
which allows to study statistically the orientation relationship between the nuclei and the surrounding
recovered matrix along both RD and ND.

The rotation axis was calculated from the original Euler angles ¢, D, ¢, that define the orientation

of each nucleus and its surrounding recovered matrix. For this, the Euler angles ¢,,®,¢p, were

converted into the orientation matrix g (Eq. 5.9):

£1]= COS@|COS@,—sin @ sin @, cosg
g2 = sing, cos,+cos@, sin @, cos@
r r r : :
é)]] (gl?_ é)l?r g3 Slllm:sml.;ﬂr _
£2)= —COS@, SiN @5 —SiN @) COS P, COSP
r —= r ¥ r — gyy= —sing,sin @, +COS @ COS@, COS @ (5.9)
8 Exn En Ex G2~ cosp, sing
Z3= sing,sing
831 83 833 g32= C—;;;@?]Sl";f)

The orientation matrix for the nucleus (g, ) and the recovered matrix (g, ) were calculated from the
3 corresponding Euler angles ¢,,®,®, of the nucleus or the recovered matrix respectively. The

misorientation matrix g,, which defines the misorientation between a nucleus and the surrounding
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. . | . . . .
recovered matrix, is calculated as g, = g, - g, . The misorientation matrix g, was further converted

into the misorientation angle/rotation axis pair that defines the orientation relationship between the
nucleus and the recovered matrix (Eq. 5.10), where the misorientation angle & is in degrees.

(8, +8n+8s—D

cosf =
2
, = (85~ 83)
' (2sin6)
(5.10)

.= (83— &13)
> (2sin®)
.= (81, — 821)

3 = A
(2sin 0)

This allowed to obtain the misorientation axis (in terms of its normalized indices 7, 7,,1;) as well as
the misorientation angle between each nucleus and its surrounding matrix. The absolute value of
such normalized indices was ordered in ascending order as 7, <7, <r;, and used to display in an
inverse pole figure (Fig. 99) such misorientations by definition of its x, y axis via Eq. 5.11:

2r 2r,

= ; = 5.11
e YT aen) G40

The inverse pole figure (Fig. 99) shows the misorientation axes between all types of nuclei and their
surrounding deformed matrix, measured along both RD and ND and for all misorientation angles
(a). In order to observe the dependence of the rotation axes on the misorientation angle, all the
calculated rotation axes were subdivided into 3 Inverse Pole Figures (b, ¢, d) covering three ranges
of misorientation angles for a better interpretation. All in all, the distribution of rotation axes seems
quite random. Comparison with the theoretical distribution of rotation axes of [117], which
corresponds to the distribution for randomly distributed cubic crystals, yields a good match
especially for Fig. 99d, with the slight maximum at [332] (along [101]-[111]). Therefore, it is
concluded that the orientation relationship between the nuclei and the surrounding deformed matrix
is random. The fact that all different types of nuclei (colored markers of Fig. 99) are similarly
distributed in the inverse pole figures indicates that there is no dependence on the type of nuclei.
The same distribution is observed when plotting only the individual measurement directions along
either RD or ND (not shown here), indicating also an independence on the measurement direction
RD and ND. In other words, there is no particular rotation axis that defines the orientation
relationships between the nuclei and the recovered matrix.
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Fig. 99. Inverse pole figure corresponding to the misorientations between each nucleus and the surrounding
deformed matrix for 174 nuclei of 3 different types, namely “M”, “B” and “C” measured along both the RD
and ND directions. a) for all misorientations, b) For misorientations between 0-35°, c) for misorientations
between 35-45°, d) for misorientations between 45-63°.

Additionally, the misorientation angled calculated from the orientation relationship was also
plotted for all types of nuclei and along both directions RD and ND as relative frequencies, in order
to observe if there is a preference for certain misorientation angles 0 (see Fig. 100). As can be
observed from the normalized misorientation angle distribution of Fig. 100, misorientation angles
close to 45° between the nuclei and the recovered matrix seem to be slightly favored for all 3 types
of nuclei and along both directions RD and ND. The misorientation angle distributions closely
resemble the Mackenzie distribution for randomly-oriented cubic crystals, showcasing the random
orientation relationship between the nuclei and the surrounding deformed matrix.
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Fig. 100. Normalized distribution of misorientation angles between the nuclei and the recovered matrix for
all 3 types of nuclei, namely “M”, “B” and “C”. a) measured along RD, b) measured along ND. 5° binning
was used to plot the data.
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Fig. 101. Accumulated frequency distribution of misorientation angles @ between the nuclei and the
deformed matrix for all 3 types of nuclei, namely “M”, “B” and “C”. a) measured along RD, b) measured
along ND, c¢) Both RD and ND combined.
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The accumulated misorientation distributions of Fig. 101) are constructed from the misorientation data of
Fig. 100, and present the advantage of discarding the artifacts introduced by binning in Fig. 100 (since no
binning is required for this type plot). From Fig. 101, it can also be seen that the misorientation distributions
are similar for all types of nuclei and along both directions RD and ND, with a higher tendency for angles
close to 45° (observed from the higher slopes of the distributions around 45°).

The texture of these initial nuclei is presented in Fig. 102. Their texture mainly consists of
components with (100) parallel to ND (see Fig. 102b), among which some cube texture components
are present. Some remaining y fiber components are also present. All in all, there is no particular
misorientation relationship between the formation of these nuclei and the surrounding recovered
matrix.

E (001)[010]
& | Toonaio)
— « fiber (hkI)[110]
[1T0]  [0T1]
[121] [112]
¥(111)[avw]

y fiber

2=45° =35

b) c)

Fig. 102. a) {100} pole figure showing the orientation of the initial nuclei of the sample found after
annealing for 1 h at 1250 °C in Fig. 98, with IPF coloring along RD. b) ¢#=45° section of the orientation
distribution function (ODF) calculated from the orientation data of the nuclei of Fig. 98. c¢) Sketch of the
¢$=45° section of orientation space, indicating the main components of a typical bcc rolling texture: the o
fiber (red) and the y fiber (green), as well as some of their components; the cube {001} <010 >component,

the rotated cube {001} <110> component, and the y fiber components {111} <110>and{I11}<112>.

5.6 Growth

5.6.1 Evolution of texture components during growth

From the evolution of the different texture components during recrystallization, one can assess if
the textural evolution during recrystallization is influenced by preferential growth of certain
components during recrystallization, and if there is some preference for the consumption of certain
deformation texture components by the recrystallizing grains. For this purpose, the volume fraction
of each recrystallization and deformation texture component was measured at each stage of
recrystallization, during annealing at 1200 °C for both plates W67 and W90. The volume fraction
was determined with the software HKL channel 5, and grains with a maximum deviation of +15°

from each ideal orientation were included as being part of that texture component. The results are
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presented in Fig. 103 and Fig. 104 for the plates W67 and W90 respectively. The miller indices of

each ideal orientation are presented in the graph legends.

The total volume fractions of the most relevant deformation and recrystallization texture

components are shown in Fig. 103a and Fig. 103b for the plate W67, and in Fig. 104a and Fig. 104b

for the plate W90. The recovered matrix without recrystallized grains is also studied separately. The

volume fraction of each recovered deformation texture component as a fraction of the total

recovered volume is shown in Fig. 103c and Fig. 103d for the plate W67 and in Fig. 104c and

Fig. 104d for the plate W90.
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Fig. 103. Evolution of the different texture components (both deformation and recrystallization texture)
during recrystallization of the plate W67 at 1200 °C. Evolution of the volume fraction of each component: a)
with annealing time; b) with increasing recrystallized fraction during annealing.
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Evolution of the volume fraction of the different deformation texture components with respect to the total
recovered volume: c) as a function of annealing time; d) as a function of the total recrystallized fraction.
Each orientation component is defined with a maximum deviation of = 15° from the ideal orientation. The

miller indices represent each ideal orientation. The terms “Def.” and “Rex.”

recrystallization texture components respectively.
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Fig. 104. Evolution of the different texture components (both deformation and recrystallization texture)
during recrystallization of the plate W90 at 1200 °C. Evolution of the volume fraction of each component: a)
with annealing time; b) with increasing recrystallized fraction during annealing.

Evolution of the volume fraction of the different deformation texture components with respect to the total
recovered volume: c¢) as a function of annealing time; d) as a function of the total recrystallized fraction.
Each orientation component is defined with a maximum deviation of + 15° from the ideal orientation. The

miller indices represent each ideal orientation. The terms “Def.” and “Rex.”
recrystallization texture components respectively.

represent deformation and
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Regarding the evolution of the recrystallization texture components during recrystallization, it was
only the recrystallized cube component {001} <010 > which showed certain predominance in

volume fraction with respect to other orientation components, which is why the other
recrystallization components were denoted simply as “other”. From Fig. 103, it can be seen that
only a low fraction of the cube component is present at the later recrystallization stages, while the
“other” recrystallized components are more dominating (which indicates no predominance for any
other component different than cube). The predominance of the recrystallized cube component is
higher for the plate W90, as compared to the plate W67.

During recrystallization, the different deformation texture components seem to have similar
consumption rates. This tendency is observed for both plates W67 and W90 in Fig. 103d and Fig.
104d respectively, where the volume fraction of most of the different recovered or non-
recrystallized components of the deformation texture seem to decrease similarly during
recrystallization. A slower consumption rate is observed however for the more stable y fiber

component {111} <110>as compared to all other components, even as compared to the other y

fiber component{111} <1 12 >, for both plates W67 and W90. This difference in stability between
the two dominating y fiber components was previously related to the lower stored energy present in

the {111}<1T0>component. The higher stability of the y fiber component {111} <110> (as

compared to the y fiber component {111} <112>) is also apparent from the ODFs for only the
recovered matrix of the plates W67 and W90 in a partially-recrystallized state. As observed in Fig.

105, the vy fiber component {111} < 110 >is considerably more present in the recovered matrix than

the y fiber component {111} <112 > indicating that the former component must be more stable and

less consumed during recrystallization.
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Fig. 105. ¢,=45° section of the ODF calculated from the non-recrystallized (or recovered) part of the
microstructure of: a) partially recrystallized (X= 0.32) sample annealed for 300 h at 1200 °C from the plate
W67. b) partially recrystallized (X=0.41) sample annealed for 13 h at 1200 °C from the plate W90. Contour
lines indicate the orientation density in multiples of a random distribution from 1 to 4. The most dominant
orientations (red-shaded regions in Fig. 105a and Fig. 105b) show an intensity 3.7 and 4.9 times above
random respectively. The strongest texture component of the recovered matrix in the partly recrystallized
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state (in the plates W67 and W90) is the y fiber component {111} < 110> . ¢) Sketch of the $=45° section
of orientation space, indicating the main components of a typical bce rolling texture: the o fiber (red) and the

y fiber (green), as well as some of their components; the cube component, the rotated cube {001} <110>

component, and the y fiber components {111} <110>and {111} <112>.

As mentioned earlier, the appearance of a nearly-random texture after recrystallization can be
described by available theories ([50], [114]) from the presence of a {001} < 110 > component seen
in cold-rolled W, which transforms during recrystallization into various recrystallization
components by <110> rotations, leading to a nearly-random texture. Although the rotated cube is

not the dominant component for any of the as-received plates (where the y fiber {111 }<hkl>
dominates), comparison of the textures of the as-received plates W67 and W90 (Fig. 86a and Fig.

89a respectively) reveals in fact a stronger intensity for the rotated cube component {001} < 110>in

the as-received plate W67 (as compared to the plate W90). Comparison of Fig. 103 and Fig. 104
also reveals the higher presence of this rotated cube component in the recovered plate W67. It could
be therefore the consumption of this rotated cube component by the recrystallizing grains which
leads to the randomization of the texture in tungsten (as rationalized in [50]) and contributes to the
more random recrystallization texture of the plate W67 as compared to the plate W90.

In contrast, recrystallization of the plate W90 (warm-rolled to 90% thickness reduction) leads to a
weak recrystallized texture with a stronger recrystallized cube component. The formation of non-
random recrystallized textures in tungsten has been observed in highly strained rolled tungsten
(after 96% thickness reduction in [103]). In [103], a rotated cube {001} < 110 > deformation texture
leads to a {001}<320> recrystallization texture. However, it must be noted that the plate W90
mainly consists of y fiber texture components with a dominating component {111} < 110>and only
a minor rotated cube component; a comparison between these deformation textures is therefore not
possible. In the current study, consumption of {111} <112 >components is the dominating texture
evolution mechanism for both plates and leads to a nearly-random texture for both plates. The

rotated cube component is more present in the as-received plate W67 which develops weaker cube
recrystallization components.

It seems therefore clear that neither the consumption of this y fiber component {111} <1 12 >nor the

consumption of the rotated cube component {001} < 110> (which should lead to a random texture)

can account for the recrystallization cube texture of the plate W90. It is suggested here that the final
cube recrystallization texture is not considerably affected by the orientation of the recovered matrix
that is consumed during recrystallization. Oriented nucleation of cube nuclei is suggested to be
responsible for the near-cube recrystallization texture of the plate W90, rather than oriented growth.
In fact, it was observed in subchapter 5.5.2 that the initial nuclei for the plate W90 presented mostly
a cube texture. Moreover, the orientation of the nuclei does not seem to depend on the orientation of
the surrounding recovered matrix into which they originate, as was demonstrated by the random
nuclei-recovered matrix misorientation relationships in subchapter 5.5.3.
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5.6.2 Evolution of recrystallized grain size during growth

During recrystallization, the nuclei grow into the recovered matrix by migration of the nuclei
boundaries, while no migration is expected where nuclei boundaries impinge upon each other.
Average growth rates are often estimated by measuring the average size of the nuclei/recrystallized
grains for samples annealed at different times. For this reason, the chord lengths between HABs for
the nuclei present at the different stages of recrystallization were measured both along RD and TD
(or ND) in the orientation maps. Nuclei growth during recrystallization was tracked during
annealing at two different temperatures for the plate W67; namely 1150 °C and 1200 °C. Moreover,
nuclei growth was also tracked for the plate W90 during recrystallization annealing at 1200 °C.
The results are presented as the chord length increase along RD and TD directions in the case of the
plate W67 (see Fig. 106), and the increase along the RD and ND directions in the case of the plate
WOO0 (see Fig. 107).
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Fig. 106. a) Average size of the nuclei/recrystallizing grains measured as average intercept lengths along RD
(blue) and TD (red) after annealing of the plate W67 at a) 1150 °C, and b) 1200 °C. The development of the
average size fits a linear relationship with time, except for the two longest annealing times (480 h and 600 h
in Fig. 106a, and 1900 h and 2200 h in Fig. 106b), where grain impingement limits the growth of the nuclei
considerably.
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Fig. 107. Average size of the nuclei/recrystallizing grains measured as average intercept lengths along RD
(blue) and ND (red) after annealing of the plate W90 at 1200 °C. The development of the average size fits a
linear relationship with time, except for the two longest annealing times of 20 h and 25 h, where grain
impingement limits the growth of the nuclei considerably.

In Fig. 106, it can be seen that the chord lengths of the recrystallized grains in W67 along both RD
and TD directions increase linearly with annealing time up to 359 h and 1582 h for annealing at
1200 °C and 1150 °C respectively (corresponding to a recrystallized fraction of 58% and 69%
respectively). In Fig. 107, the chord lengths of the recrystallized grains in W90 along both RD and
ND directions increase linearly with annealing time up to 15 h, corresponding to a recrystallized
fraction of 52%. In other words, a linear increase of the average intercept length is found with time
while the boundaries are free to migrate. Once the moving boundaries impinge upon one another,
the increase in chord length with time decreases, as expected from impingement between the
recrystallizing grains. From these figures, it is concluded that grain impingement becomes
significant after approximately half-recrystallization for both plates W67 and W90.

A first approach to quantify nuclei growth during recrystallization can be done from the slope of the
linear fit of the evolution of the chord lengths of the recrystallized grains of Fig. 106 and Fig. 107,
for the plates W67 and W90 respectively. Fig. 106 shows an increase in average intercept length
during the early stages of recrystallization of the plate W67 of approximately 0.045 pum/h and 0.215
um/h during annealing at 1150 °C and 1200 °C respectively, being very similar along RD and TD.
The nuclei have a larger size by 10-20 um along RD during recrystallization (compared to TD),
which is reduced to approximately 10 pwm at the later stages of recrystallization where the
recrystallizing grains impinge upon one another. In fact, an almost-equiaxed aspect ratio of
approximately 1.1 is observed for the nuclei at annealing stages close to the fully-recrystallized
state. This is observed for both annealing temperatures of 1150 °C and 1200 °C in Fig. 106.
Therefore, it seems that the aspect ratio of the nuclei of the W67 plate becomes more equiaxed as
recrystallization proceeds.

Comparison of both annealing temperatures (1150 °C and 1200 °C) for the plate W67 shows an
increase of average intercept length of the recrystallizing grains 4.8 times faster for annealing at
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1200 °C, as compared to annealing at 1150 °C. The faster nuclei growth is expected given the

higher annealing temperature. One can estimate the average growth rates at 1150 °C (v;5,) and

1200 °C (v,5y,), as well as their ratio, from an Arrhenius relationship, with the activation energy for
nucleation and growth determined from the Vickers hardness measurements of the plate W67
(E, =599.5kJ / mol ) according to Eq. 5.12.

Vizoo _ Y eXp(_Eb/Rleoo) -56 (5.12)

Viiso, Vo exp(_Eb /RTI 150)

Eq. 5.12 predicts a ratio of 5.6 which is in good agreement with the ratio of 4.8 obtained from the
measurement of the chord lengths. However, this agreement seems purely coincidental, since
application of the more realistic Cahn Hagel method leads to a lower ratio of 3.9 (see Table 20).

Fig. 107 shows an increase in average intercept length during the early stages of recrystallization of
the plate W90 with approximately 5 pm/h, being similar along RD and ND. A size advantage of 20
um of the chord length along RD is observed (as compared to ND). An almost equiaxed aspect
ratio of 1.2 in the fully-recrystallized state is observed, where the grains become increasingly
equiaxed as recrystallization proceeds.

Comparison of the average growth rates at 1200 °C for the plates W67 and W90 yields a
considerably faster average growth rate (23 times faster) for the highly strained plate W90. This big
difference in average growth rates is expected because of the higher deformation. The much higher
deformation of the plate W90 provides the deformed matrix with a considerably higher stored
energy (compare Table 12 to Table 13 for the plates W67 and W90 respectively), which is the
driving force for the growth of the nuclei into the recovered matrix during recrystallization. The
considerably faster growth rate observed for the plate W90 could be entirely due to its faster
recrystallization kinetics (as compared to W67), although it could also be affected by the lower
activation energy for growth in W90 (as compared to W67). As was presented in Chapter 4, much
lower activation energies close to the activation energy for grain boundary diffusion were observed
for the plate W90. This argument applies only for annealing temperatures below 1480 °C, since
extrapolation of the Arrhenius plots of the recrystallization kinetics of both plates to higher
temperatures shows that the slopes of the activation energies for half-recrystallization would
crossover (see Fig. 111b). Above 1480 °C, recrystallization kinetics would become theoretically
faster for the plate W67 instead.

Assuming that (almost) spherical grains grow freely without impingement restrictions and no new
nuclei appear, the average intercept length increase rate can be converted to a boundary migration
rate/growth rate by dividing with a stereological factor 4/3 [111]. This allows for a stereological
conversion of the two-dimensional data obtained on a section with EBSD into a three-dimensional
interpretation. In this manner, the present data suggest a growth rate of about 0.034 pm/h and 0.160
um/h for the early stage of recrystallization of the plate W67 during annealing at 1150 °C and 1200
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°C respectively. A growth rate of about 3.8 um/h is calculated for the early stage of recrystallization
of the plate W90 during annealing at 1200 °C.

A much more precise (but also more labor-intense) method to determine growth rates during
recrystallization has been proposed by Cahn and Hagel ([118], [119]). The Cahn Hagel method
takes the impingement between recrystallized grains properly into account by considering the

density S, of the boundary area between nuclei and the recovered matrix. The surface density S,

was obtained in this work from the EBSD data using the software DRG. The advantage of the
Cahn-Hagel method is that it realistically assumes that impinged boundaries cannot migrate.
Another advantage is that it only needs a good description of the evolution of the recrystallized
fraction over time (dX /dt), so that more complex parameters such as nucleation sites and rates
need not be taken into account. Although the original Cahn-Hagel model is based on the calculation
of the transformation rate of the pearlite phase during austenitic decomposition in steel, the model is
equally applicable to recrystallization of pure metals like tungsten. The average growth rate (G) at
each recrystallization stage can be calculated using the Cahn Hagel method via the expression (Eq.
5.13),

_dX/dt
S

v

G

(5.13)

where X is the volume fraction of recrystallized material, ¢ is the annealing time and S, is the

density of total interfacial area between recrystallized and recovered material (or non-impinged
nuclei boundary area).

It shall be noted that the description of the recrystallized fraction X over annealing time t is already
available from JMAK recrystallization kinetics, which were defined using Vickers hardness data in
chapter 4 for both plates W67 and W90 at all annealing temperatures. Therefore, the derivative
(dX / dr)at each annealing stage can be easily calculated from JMAK recrystallization kinetics

accounting for an incubation time ¢

inc °

X =1-exp (—b” (1-1,.) ) (4.4)

dX 1dt =—exp( 0" (t-1,,)")-di=b" (-1, )"}/ di

inc mce

dX /dt = —exp(—b" (11, )”)-b"n(t—tim_ )’H (5.14)

mc

where the coefficientd, the Avrami exponent n, and the incubation time f,, were calculated before

by fitting hardness data to JMAK kinetics with an incubation time f, in chapter 4, for each plate

and annealing temperature.
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This allows to calculate an average growth rate <G >, by averaging the growth rates at each
recrystallization stage. As a clarifying example, Table 19 lists all the relevant parameters as well as
the calculated growth rate at each condition during annealing at 1200 °C from the plate W90,

leading to an average growth rate<G > =4.6 um/h

Table 19. Table with the relevant data for the calculation of the average Cahn Hagel growth rate of the
recrystallizing grains during annealing of the plate W90 at 1200 °C; ¢ (h) is the annealing time at 1200 °C,

X ppsp
matrix respectively (as measured using the software DRG), dX/dr is the derivative of the recrystallized
fraction with annealing time as calculated from JMAK recrystallization kinetics in Eq. 5.14, and G is the
growth rate for each annealing stage as calculated from Eq. 5.13. The average growth rate

and S are the recrystallized fraction and the density of boundaries between nuclei and recovered

<G> =4.6 pm/ h is therefore the average of all the growth rates shown in the table.

Plate W90. G G

Annealing S, dX / dt (um/s) | (um/h)
time at Xesso (1/pm)

1200°C

t (h)
7 0.05 | 0.00387 0 0 0
8 0.08 | 0.00605 | 5.63:10° | 0.00093 3.35
8.5 0.09 | 0.00693 | 8.3410°° | 0.00120 | 4.32
9 0.1 0.00933 | 1.0910% | 0.00117 | 4.21
10 0.18 | 0.01250 | 1.5610% | 0.00125 | 4.49
11 0.29 | 0.01501 | 1.9310% | 0.00129 | 4.64
13 0.41 | 0.01578 | 2.3610% | 0.00150 | 5.38
15 0.52 | 0.01484 | 2.3610% | 0.00159 | 5.72
20 0.93 | 0.00492 | 1.3110% | 0.00147 | 5.29
25 0.99 | 0.00300 | 3.7110° | 0.00124 | 4.46

The calculated average growth rates <G >using all three different methods are summarized in
Table 20.
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Table 20. Summary of the different average growth rates < G >calculated for the different annealing
conditions using different calculation methods. First, the growth rates were studied from the evolution of the
average intercept lengths of the recrystallized grains (simple linear intercept method). Secondly, the former
average growth rates were divided by the stereological factor 4/3. Finally, growth rates were calculated using
the Cahn Hagel method [118].

i 3D conversion
caICUIa:o dn 2D linear intercepts Cahn Hagel
Annealing metho factor 4/3
condition
Plate W67 annealed at
0.045 um/h 0.034 um/h 0.055 um/h
1150 °C
Plate W67 annealed at
0.215 pm/h 0.16 ym/h 0.217 um/h
1200 °C
Plate W90 annealed at
5 um/h 3.8 um/h 4.6 um/h
1200 °C

The values calculated using the Cahn-Hagel method (for both plates W67 and W90) are slightly
larger than those determined by dividing the growth rates calculated using the linear intercept
method by the stereological factor 4/3. This is expected because even at the early stages of
recrystallization (e.g. Fig. 51 for the plate W67 ; Fig. 73 for the plate W90), some nuclei already
impinge upon each other, so not all boundaries are free to migrate and the growth of the nuclei must

be achieved by a larger growth rate of the movable boundaries.

The evolution of the interfacial area between the nuclei and the recovered matrix (S,) is presented as
a function of the total recrystallized fraction (X) for all annealing stages of all 3 annealing
conditions of Table 20 (see Fig. 108). As can be observed in Fig. 108, the interfacial area S, at all 3
annealing conditions increases as recrystallization proceeds until a maximum is reached close to the
half-recrystallized state. This is attributed to nucleation of new nuclei and growth of the existing
nuclei, since both phenomena increase the contact area between the recovered matrix and the nuclei.
After half-recrystallization, a decrease of the interfacial S, is observed which is attributed to the
impingement of the nuclei boundaries with other nuclei. This impingement renders the nuclei

boundaries immobile and hinders further growth.
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Fig. 108. Evolution of the interfacial area between the nuclei and the recovered matrix (S,) as a function of
the recrystallized volume fractions as determined by EBSD (X) for different annealing conditions: a) Plate
W67 annealed at 1150 °C, (b) Plate W67 annealed at 1200 °C, (c) Plate W90 annealed at 1200 °C. The data

have been fitted to a 2" degree polynomial (solid lines).

5.7 Correlations between hardness and microstructural evolution

The recrystallized volume fractions X, of the recrystallized grains obtained from EBSD
orientation maps were estimated using the in-house DRG software for the different annealing
conditions and compared to the recrystallized volume fractions X, estimated from the Vickers

hardness measurements (chapter 4). The data from the plate W67 is compared for all three
annealing temperatures at which EBSD orientation maps were available; namely 1150 °C, 1200 °C
and 1250 °C (Fig. 109).

Analogously, the data from the plate W90 are compared at the available annealing temperature of

1200 °C (Fig. 110). As indicated by the line X 5, = X, of Fig. 109 (and also Fig. 110), both

values match rather closely for all annealing temperatures and for both plates W67 and W90. This
confirms not only the validity of the composite approach for calculating the hardness of partially
recrystallized samples (Eq. 3.2), but also the method of identifying recrystallized regions by EBSD.
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Fig. 109. Recrystallized volume fractions as determined by EBSD and estimated from Vickers hardness

measurements on warm-rolled tungsten W67 after annealing at 1150 °C (a), 1200 °C (b) and 1250 °C (c).
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5.8 Summary of Chapter 5

The microstructure of two warm-rolled plates to 67% and 90% thickness reduction (W67 and W90
respectively) was characterized. Both plates present a relatively coarse initial microstructure. The
plates W67 and W90 present a more equiaxed microstructure (or lower aspect ratio) than would be
theoretically expected from the rolling reduction. Dynamic recrystallization is given as a possible
cause for the difference between the theoretically expected and the experimental aspect ratio. The
stored energy of the different texture components of the plates W67 and W90 was also studied from
LAB spacing measurements. It was found that the average misorientation of the LABs was similar
for all texture components within the same plate. A lower stored energy for the y fiber component
{111} <110 >and a higher stored energy for the y fiber component {111} <112 >was found for

both plates, as calculated from the difference in the LAB spacing. A considerably higher stored
energy as well as a higher misorientation for the LABs was found for the plate W90, expected given
its higher deformation as compared to W67.

The recovery behavior was studied microstructurally during isothermal annealing at 1250 °C of the
plate W67 and for grains of the most abundant orientation {111}<110>. The logarithmic

relationship elucidated by Kuhlmann is also met as an increase of the subgrain size or decrease of
the specific surface of LABs (Sy), in good agreement with the mechanical characterization of
Chapter 4. In fact, a linear relationship was obviously found between the decrease in hardness of the
material and the subgrain size coarsening during recovery annealing. A linear increase of the
misorientation angle of the LABs with subgrain coarsening during recovery was observed, showing
that the average misorientation of the LABs increases as recovery proceeds. This behavior could be
reasonably well defined by Eq. 5.5.

The long-term recrystallization kinetics of the plates W67 and W90 warm-rolled to different
reductions were fully-characterized microstructurally via EBSD. It was found that the initial coarse
deformed microstructures become replaced by a coarser and equiaxed recrystallized microstructure
for both plates. As previously observed in the mechanical characterization of Chapter 4, the plate
W90 shows much faster recrystallization kinetics than the plate W67, indicating that the rolling
strain has a tremendous effect in accelerating recrystallization kinetics. A very good fit was found
between the recrystallized fractions calculated with EBSD and those calculated mechanically in
Chapter 4 (see section 5.7). This confirms the validity of the method to detect recrystallized regions
with EBSD as well as the validity of the composite approach that considers the material to consist
of both recovered and recrystallized regions.

The as-received textures of the plates were found to be typical rolling textures of bcc metals. The
recrystallization texture for the plate W67 was almost random. A clear preference for the
recrystallization of cube components was found for the most highly strained plate W90. It is
suggested that the initial higher strain promotes the nucleation of cube components. Therefore,
oriented nucleation was found as the cause for the development of cube components in the
recrystallized textures.
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Regarding nucleation density evolution during recrystallization, a tendency for site-saturation was
found for the plate W67, while a tendency for a constant nucleation rate was found for the plate
WO0 microstructurally. This difference was explained in terms of the smaller grain size or higher
density of original grain boundaries of the plate W67, since grain boundaries act as potential
nucleation sites. The change of nucleation regime allowed to microstructurally justify that the plate
W67 showed an Avrami exponent (n=1.1) 1 unit lower than the Avrami exponent for the plate W90
(n=2). In fact, a constant nucleation rate is expected to show an Avrami exponent higher by 1 unit
as compared to site-saturation.

Regarding nuclei growth during recrystallization, it was found that the deformed y fiber component
{111} <110> was more stable (or less consumed by the growing recrystallized nuclei) during
recrystallization for both plates. The higher stability of this specific texture component was not
previously reported in literature, and is related in this work to the much lower stored energy content
of the {111} <110 > component as compared to other main deformed texture components. The size
of the recrystallizing nuclei increased linearly with annealing time for both plates, until the
migrating grain boundaries of the recrystallizing nuclei impinged on other nuclei.

Recrystallized grain sizes were calculated using the simple linear intercept method and also using
the more elaborate Cahn-Hagel method, which accounts for a 3D interpretation of the data as well
as for grain boundary impingement during recrystallization. As expected, it was observed that
growth rates were faster for higher initial strain and higher annealing temperatures.
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CHAPTER 6

Discussion

6.1 Recovery

The use of logarithmic recovery kinetics (expression of Eq. 4.2 in chapter 4), successfully
described the decrease in hardness during the early stage of annealing. The coefficients

C/T=3.1-10" (1+8%) kgf K'mm ™ and C/T =4.2-107 (1£4%) kgf K'mm™ were obtained

from the hardness characterization of the plates W67 and W90 respectively, which are related to the
speed of the recovery kinetics. Comparison of both coefficients reveals faster recovery kinetics for
the most highly-deformed plate (W90). This is expected since a higher deformation will induce a
higher stored energy in the form of dislocations, which is the driving force for recovery.

It is also speculated that an additional reason for the faster recovery kinetics of the plate W90 could
be a change in diffusion mechanism. In reference [102], recovery was tracked in aluminum
polycrystals by measuring with electron microscopy the reduction of Trapped Lattice Dislocations
near grain boundaries, during annealing before the start of recrystallization. Fig.4 of reference [102]
shows a plot of the parameter C vs T, from which the average relationship C/T can be calculated.

The approximate values C/T = 2.8-10kgf K'mm ™ and C/T =4-10"kgf K'mm~ were deduced
for recovery of aluminum polycrystals of low and high self-diffusivity respectively, in the
temperature range 293-403K [102]. Both tungsten and aluminum are metals of high stacking fault
energy in which cross-slip is easy and significant recovery occurs. Therefore, the speed of the
recovery kinetics seems to be related to the low/high self-diffusivity in the same way for both the
tungsten plates of this work and the aluminum polycrystals of reference [102].

The coefficient C/T has a physical interpretation in terms of dislocation mobility: it is inversely
proportional to how far a dislocation can travel (i.e. activation volume V) before being trapped by
another obstacle in the material (e.g. another dislocation), as expressed by Eq. 2.4 [31]. Therefore,
the lower coefficient C/T for the plate W67 indicates that in this material dislocations can move

along a wider area because of the lower dislocation density (as compared to the plate W90).
Dislocations act as obstacles for dislocation motion.

Eq. 2.4 also allows the calculation of the activation volume of both plates (Vi; = 1.3610%" m® ;
Voo =110 m3) from the Boltzman constant (k = 1.38107% Nm/K) and the coefficients C/T for

each plate W67 and W90 (C/T =30400 (1+8%) N m~ K™, and C/T =41200 (1£4%) N m~ K™
respectively). This activation volume can be more conveniently represented at the atomic scale, in

terms of the Burgers vector (b =2.74-10""m ), which represents the closest distance between atoms

in the tungsten bee crystal lattice. An activation volume 665° and 49b° (times the cubic Burgers
vector) was found for the plates W67 and W90 respectively.
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The validity of logarithmic recovery kinetics was additionally proved microstructurally, where the
increase of subgrain size during recovery for grains of orientation {l11}< 110> (+ 15°) from the

plate W67 also followed the logarithmic kinetics of Eq. 4.2 with annealing time (see Fig. 45b).
Subgrain sizes found in literature on rolled tungsten before recovery annealing are comparable to
the subgrain sizes of 2 um and 0.67 um of the as-received plates W67 and W90 respectively:
moderately hot-rolled tungsten with 1.5 um as the most probable cell size [28], warm-rolled
tungsten to 75% thickness reduction with subgrain size 1.5-2 um [27], warm-rolled to 4 rolling
passes potassium doped tungsten with subgrain size 1-2 pm [19]. However, measured values of
subgrain size evolution during recovery annealing in tungsten were not found in literature. Other
literature studies (e.g. [34], [35]) showed that the decrease of electrical resistivity during recovery in
tungsten also followed logarithmic recovery kinetics. The current work additionally shows that
logarithmic recovery kinetics are also followed in tungsten as a decrease in hardness and an
increase of the subgrain size during recovery.

6.2 Recrystallization

Temperatures of 1395°C and 1345°C are required to achieve the half-recrystallized state after 1 h
annealing for the tungsten plates of this study (W67 and W90 respectively). The recrystallization
temperature is a parameter that allows an easy overview and comparison of recrystallization
kinetics. A few recrystallization temperatures similar to those observed in the current study were
found in literature (i.e. [11], [27], [120], [121], [46]) and described in more detail below:

Mathaudhu et al. [11] studied the recrystallization behavior of PM hot-deformed (extruded)
tungsten as a function of the applied strain and working temperature at 1000 °C and 1200°C.
Specimens were annealed in the temperature range 400-1600°C for 1 h and the recrystallization
process tracked via Vickers hardness indentation and SEM. The obtained recrystallization
temperature was 1400 °C (comparable to that of the plate W67) and found to be independent of
strain (number of extrusions) and working temperature. In contrast to these findings, it is well
known that the recrystallization temperature decreases with increasing strain or rolling reduction
[21].

Yuan et al. [27] report a recrystallization temperature of 1330 °C after 1 h annealing (comparable to
that of the plate W67) for a high-purity tungsten plate warm-rolled at 1200 °C and manufactured by
the same company AT&M. The fact that in [27] the furnace was heated with the samples inside at a
very slow heating rate (2 K/min), and the samples cooled down inside the furnace, can account for
the fact that this 75% plate shows slightly lower recrystallization temperature.

Stepper [120] studied recrystallization of powder metallurgy heavily-drawn undoped tungsten
wires. The exact amount of deformation and impurity content are not mentioned. The wires were
first irradiated with o particles and then isochronally annealed for 45 min. at 1400°C, 1600°C and
2200°C. The unirradiated portion had already recrystallized after 45min. annealing at 1400 °C. This
temperature is comparable to the recrystallization temperatures after 45min. for both plates of the
current study; namely 1405 °C and 1365 °C for the plates W67 and W90 respectively.
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Lavrenko et al. [59] report a recrystallization temperature of 1350 °C after 2 hours annealing for
powder metallurgy high purity tungsten deformed via compression to 40% height reduction. The
plate W67 shows a perfectly comparable recrystallization temperature of 1365 °C after 2 hours
annealing. It seems logical that tungsten similarly-deformed (moderately in both cases) shows
similar recrystallization temperature.

Xiao-Xin et al. [64] provide a temperature of 1400 °C for half-hardness loss of a rolled (to 45%
thickness reduction) pure tungsten plate after 2 h annealing. The plate W67 requires annealing at
1370 °C for 2 h to reach half-hardness loss. These two temperatures are comparable, and the fact
that this temperature is 35 K lower for the currently studied plate could be explained by its higher
reduction or higher stored energy.

However, most literature studies on tungsten provide different recrystallization temperatures (e.g.
[14], [55], [122], [123] ...). As an example, the previously mentioned studies provide less
comparable recrystallization temperatures of 1300 °C [14], 1200 °C [55], 1250 °C and 1190 °C (for
67% and 90% thickness reduction respectively [122]) and 1550-1600 °C [123] after 1h annealing.
The main reason for these different values is that recrystallization kinetics are not easily comparable
due to different starting sintered tungsten conditions, working conditions and purity. Unfortunately,
these conditions are rarely reported in literature.

Comparison of the parameters f,,,,. Ix_gs, ;. and b for the plates W67 and W90 (obtained in

Chapter 4 on hardness characterization) shows considerably faster recrystallization kinetics for the
plate W90, as observed by the higher values of these parameters for the plate W90 (as compared to
W67; see Fig. 111).

In fact, a much faster increase of the recrystallized fraction X,, (estimated from Vickers hardness

measurements) is observed at all temperatures for the plate W90, as compared to the plate W67
(compare Fig. 33 and Fig. 27). The same trend is observed microstructurally, as can be observed

from the good fit of the recrystallized fraction estimated with Vickers hardness (X, )and

microstructurally via EBSD (X ;) shown in Fig. 109 and Fig. 110 for the plates W67 and W90

respectively. The physical explanation for this faster recrystallization kinetics for the plate W90 (as
compared to the plate W67) is the higher stored energy of the as-received deformed matrix of the
plate W90 (AUyp=2018 kJ/m3) as compared to the plate W67 (4Us;=611 kJ/m3), as it corresponds
to higher deformations.
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6.2.1 Nucleation

The fitted JMAK recrystallization kinetics show Avrami exponents n with only minor deviations
from a common average value of 1.1 for the plate W67 and 2 for the plate W90. The lower
exponent n obtained for the plate W67 (as compared to that of the plate W90) was explained by
microstructural considerations in subchapter 5.5.1 during nucleation: site-saturated nucleation is
observed for the plate W67, whereas a constant nucleation rate regime is found for the plate W90.
Indeed, constant nucleation for the plate W90 is expected to lead to an Avrami exponent n higher by
1 unit as compared to site-saturation occurring in the plate W67 [21]. Nucleation occurs mostly at
favorable nucleation sites (i.e. grain boundaries and triple junctions), as was observed in Fig. 98 of
subchapter 5.5.3 for an early recrystallization stage.

Assuming nucleation at grain boundaries, which are potential nucleation sites, a reason for site-
saturation occurring for the plate W67 could be its higher grain boundary area, given the smaller
grain size of the plate W67 as compared to the plate W90. HABs are sites of localized high stored
energy and misorientation gradients, and therefore HABs and especially triple junctions (sites
where 3 HABs meet) are preferable nucleation sites; much more than the local misorientation
gradients found at grain interiors (e.g. at less favourable nucleation sites like subgrains and other
highly misoriented regions like transition bands and shear bands [39]). The higher presence of
HABs for the plate W67 can be observed in subchapter 5.1.1 for the as-received microstructure of
both plates observed in the rolling plane (Fig. 37). From Fig. 37, the values for the specific surface

density of High Angle Boundaries were calculated as S, ,,, =0.055 um™and S, ,,,, =0.037um"

for the plates W67 and W90 respectively (see Table 11). The plate W67, with a higher surface
density of HABs, will present more potential nucleation sites which require a lower thermal
activation energy for nucleation. Therefore, nucleation at earlier stages of recrystallization is more
likely for the plate W67 as compared to the plate W90. This is in good agreement with the site-
saturation behavior found for the plate W67.

6.2.2 Growth

Regarding growth, the stored energy of the recovered matrices is the driving force for growth, and
grains are expected to grow faster through recovered matrices of higher average stored energy. The
average growth rate was found microstructurally to be 23 times faster for the plate W90 as
compared to the plate W67 (for annealing at 1200 °C and calculated via the linear intercept method;
see Table 19). Growth could also be studied from hardness measurements indirectly, from the
Avrami coefficient b which represents the speed of recrystallization kinetics (which includes both
nucleation and growth) without the dependence of the Avrami exponent n. Higher values for the
coefficient »~' were found for the plate W90 as compared to the plate W67 (compare Fig. 36 to Fig.

30). The values of 5" for the plate W67 are close to the other parameters #,,,,, fy_gs, 1, (see Fig.

30). However, for the plate W90 the values of b~ are considerably higher than the other parameters
tairvyr» Tx=oss 1 (S€€ Fig. 36). It was suggested that this difference in the exponent b~ was due to

the faster growth rate of the plate W90. The faster growth rate for the plate W90 is discussed in
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terms of its higher stored energy due to the higher deformation. Therefore, it is concluded that the
coefficient b showed considerably faster growth kinetics for the plate W90 as compared to the plate
W67 (see Fig. 111c). No considerable orientation growth preference was found microstructurally
for any texture component. In fact, the predominance of the recrystallized cube orientation
(especially for the plate W90) could be explained by oriented nucleation alone. For this reason,
growth rates were treated as an average for all orientations.

6.3 Activation energies

As estimated from Vickers hardness measurements, the activation energy 352 kJ/mol for half
recrystallization of the plate W90 is significantly lower than the value 579 kJ/mol obtained for half
recrystallization of the plate W67 (see Fig. 111).
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Fig. 111. Arrhenius plot in dependence on the annealing temperature for both plates W67 and W90 of: a)
time to reach half-hardness, b) time to reach half-recrystallization (as calculated using JMAK
recrystallization kinetics), ¢) incubation time, d) parameter bl
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The times to reach half-hardness and half-recrystallization are very similar, and show faster
recrystallization kinetics for the plate W90 due to its higher deformation (as compared to W67).
From the slopes of the linear fits, the activation energies for half-hardness loss were calculated as

(Eypnv, =568 KkJ/mol) and ( Ey,yy, =357 kl/mol) for the plates W67 and W90 respectively. The

activation energies for half hardness loss were very similar to those for half-recrystallization:
namely (E;,_,s =579 kJ/mol) and ( E,,,_,s =352 kJ/mol) respectively.

The activation energy for nucleation in the plate W90 (E,,, =369 kJ/mol) is considerably

01,

lllll

activation energy for the plate W90 (as compared to W67; see Fig.110b) can be explained by the
higher stored energy and higher orientation gradients present in the plate W90, which lead to the
presence of potential nucleation sites which require a lower activation energy for nucleation (as
compared to W67).

The parameter b represents recrystallization kinetics in terms of nucleation and growth. The

activation energy for nucleation and growth in the plate W90 ( E,,, =328 kJ/mol) is considerably
lower than that of the plate W67 (E;, =599.5 kJ/mol). The higher difference between these two

activation energies (as compared to the difference between the activation energies for nucleation of
the last paragraph) is speculated to be due to the contribution of growth.

All these activation energies are within the range of the activation energy for grain boundary
diffusion in tungsten E,  =377-460kJ/mol for the plate W90 and the activation energy for bulk

diffusion in tungsten Eg, , =586-628 kl/mol for the plate W67 [15]. Apparently, there is a change in

atomic jump mechanism (a local effect at the HABs of the recrystallizing nuclei) from one with
activation energy close to that of bulk diffusion to one with activation energy close to that of grain
boundary diffusion. It is speculated by the author that another possibility is that the diffusion
mechanism itself could change: bulk diffusion could dominate during recrystallization of the plate
W67, while grain boundary diffusion (with a lower activation energy) could dominate during
recrystallization of the plate W90. An important factor contributing to the faster recrystallization
kinetics of the plate W90 could be the change to a grain boundary diffusion mechanism during
recrystallization for the plate W90. However, there is no experimental evidence to prove a change
in diffusion mechanism.

One reason for the change from the high activation energy of bulk diffusion to the lower
activation energy of grain boundary diffusion for the highly-deformed material might be the
presence of an abundance of LABs for the plate W90. As can be seen from the EBSD grain
boundary map of Fig. 41, the spacing between low angle boundaries in the as-rolled plate W90 is
only 0.67 um, whereas in the as-rolled plate W67 LABs are still 2.0 um apart. It is suggested that
the presence of a higher fraction of LABs and a lower spacing between LABs for the plate W90
could aid the motion of tungsten atoms through the HAB interfaces between the recrystallizing
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nuclei and the recovered matrix that is required during recrystallization, therefore requiring a lower
activation energy for tungsten diffusion during recrystallization. The decrease of the activation
energy of recrystallization with increasing deformation could be the reason why the high purity
(99.99%) W wires of 50 pm and 250 um diameter of [53] present activation energies of 280 kJ/mol
and 544 kJ/mol respectively. Notice that the wires with lower and higher diameter (possibly worked
to a higher and lower strain respectively) show recrystallization activation energies which are
comparable to grain boundary diffusion and bulk diffusion respectively, and in good agreement
with the findings of this work. However, [53] does not specify if the lower diameter is due to a
higher deformation strain, nor whether the starting material and processing conditions of both wires
were the same. In fact, the activation energies of [53] are simply reported and never related to the
deformation strain of the starting wires.

With the obtained values for the activation energies for the plate W67, the long-term annealing
kinetics observed at temperatures of 1150 °C can be extrapolated to even lower temperatures. In
this case, the Arrhenius fit of Fig. 30 was extrapolated to lower temperatures. Such an attempt
allows prediction of characteristic time spans at various temperatures. Both the maximum operation
temperature at which these plasma facing components would show a lifespan of at least 2 years, as
well as the lifespan at a feasible operation temperature of 800 °C, have been extrapolated. For the
plate W67, at 1075 °C and 800 °C (possible temperatures at the divertor in a fusion reactor [124])
half recrystallization would be achieved after 2.3 (1+ 40%) years and not before 1 million years
respectively, providing a sufficient lifespan for a potential application of this tungsten plate material
in fusion reactors. Analogously, the annealing kinetics for the plate W90 were also extrapolated to
lower temperatures using the activation energy obtained from the Arrhenius fit of Fig. 36.
Accordingly, at 900 °C and 800 °C (expected normal operation temperatures at the divertor in
fusion reactors [124]) half recrystallization for the plate W90 would not be achieved before 2.4 (1+
24%) years or 71 (1+£ 35%) years, respectively.

This means that the expected life time of 2 years for tungsten divertors can be guaranteed at
operation temperatures of 1075 °C and 900 °C for the plates W67 and W90 respectively. It is
concluded that the moderately warm-rolled plate W67 shows sufficient thermal stability for
application as plasma facing component material, while the plate W90 shows a much worse thermal
stability. Therefore, tungsten parts shall not be deformed to high strains for application in PFCs, as
high rolling reductions considerably degrade the thermal stability of these tungsten parts.

171



172



CHAPTER 7
Conclusions and outlook

The goal of this study was to characterize the thermal stability of two plates warm-rolled to
moderate (W67) and high (W90) strains at reasonably low temperatures which allowed estimating
the behavior at possible operation temperatures of tungsten plasma facing components in fusion
reactors. The chosen annealing temperature ranges were 1150-1350 °C and 1100-1250 °C for the
plates W67 and W90 respectively, since long-term annealing kinetics could be characterized at
these temperature ranges. The recovery and recrystallization kinetics were fully characterized both
mechanically (via Vickers hardness) as well as microstructurally (via EBSD) for a wide range of
annealing times. The hardness characterization also allowed determination of activation energies for
recrystallization, which in turn allowed to extrapolate lifespans of these tungsten plasma facing
components at expected lower operation temperatures in fusion reactors. The microstructural study
done by EBSD allowed to characterize in more detail nucleation and growth during
recrystallization. The conclusions of this work are presented below.

Recovery and recrystallization of both plates W67 and W90 were characterized from the
reduction in hardness, where two characteristic annealing stages are identified. Further analysis of
the kinetics in terms of classical models showed that the hardness loss during recovery can be
nicely fit by the logarithmic time dependence rationalized by Kuhlmann. Faster recovery kinetics
were observed for the plate W90, given its higher deformation. A proper description of the
recrystallization behavior was obtained by using Johnson-Mehl-Avrami-Kolmogorov kinetics with
an incubation time for the beginning of recrystallization. Faster recrystallization kinetics were also
found for the plate W90, due to its higher deformation. This work provides a complete
characterization of recovery and recrystallization kinetics at low temperatures and for long
annealing times, similar to the conditions that tungsten components will find under fusion reactor
conditions, very important to quantify the degradation of tungsten components during operation in
future fusion reactors. No such long-term characterization at reasonably low temperatures is
available in literature. The more complete characterization of this work allows a more accurate
calculation of recrystallization activation energies as well as the extrapolation of lifespans of
tungsten plasma facing components at normal operation temperatures.

The obtained activation energies were comparable to the activation energy of self-diffusion in
tungsten for the plate W67 and to the activation energy of grain boundary diffusion in tungsten for
the plate W90. Apparently, a different jump mechanism (with a different activation energy) occurs
at the nuclei-recovered matrix interfaces during recrystallization for each plate. The reason for that
change in jump mechanism could be related to the considerably higher content of low angle
boundaries in the grain interiors of the plate W90, as compared to the plate W67. It is suggested that
these LABs could aid the motion of tungsten atoms at the interfaces of the recrystallizing nuclei
with the recovered matrix being consumed. Additionally, it is speculated in this work that the
diffusion mechanism during recrystallization could also be different for the two plates. The
diffusion mechanism could have changed from bulk diffusion for the plate W67 to grain boundary
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diffusion for the plate W90. However, no diffusivity measurements were done in this work to
confirm the change in diffusion mechanism.

The activation energies allowed to calculate and compare the thermal stability of the plates W67
and W90. A much longer lifetime was obtained at 800 °C for the plate W67 (at least 1 million
years) as compared to the plate W90 (71 years). This clearly demonstrates the accelerating effect
that the higher stored energy and possible change of dominating diffusion mechanism have on the
recrystallization kinetics of this highly-deformed plate (W90), and therefore on the degradation of
the material. As a conclusion, the plate warm-rolled to a moderate strain (W67) shows a much
better thermal stability, which seems to indicate that high strains have a detrimental effect on the
thermal stability of tungsten, and shall be avoided. This extremely important sensitivity of the
thermal stability on the prior degree of deformation has not been reported in literature. However, it
must be said that the study of this thesis accounted for thermal stability alone, and the degrading
effects caused by radiation were not considered.

Microstructurally, the good description of recovery provided by the logarithmic relationship of
Kuhlmann was verified for the plate W67 from the increase of subgrain size with annealing time.
Moreover, a good microstructural correspondence was found for the recrystallization kinetics
elucidated with hardness measurements for both plates. It was found that the initial coarse and
elongated deformed microstructure becomes replaced by a coarser and equiaxed recrystallized
microstructure for both plates. The as-received textures of the plates were found to be typical rolling
textures of bcc metals. The recrystallization textures were almost random for both plates, although a
slight preference for the recrystallization of cube components was found, especially for the most
highly strained plate W90. It is suggested that the initial higher strain promotes the nucleation of
cube components, although the resulting recrystallized textures for both plates are weak. Therefore,
oriented nucleation was found as the cause for the development of a slight preference of a cube
texture in the almost-random recrystallized textures of the plates W67 and W90. There was no
particular misorientation relationship between the recrystallized cube nuclei and the surrounding
recovered matrix.

Regarding nucleation, a tendency for site-saturation was found for the plate W67, while a
tendency for a constant nucleation rate was found for the plate W90 microstructurally. This
difference was explained in terms of the smaller grain size or higher density of original grain
boundaries of the plate W67, since grain boundaries act as potential nucleation sites. The change of
nucleation regime allowed to microstructurally justify that the plate W67 showed an Avrami
exponent (n=1.1) 1 unit lower than the Avrami exponent for the plate W90 (n=2). In fact, a
constant nucleation rate is expected to show an Avrami exponent higher by 1 unit as compared to
site-saturation [21].

Regarding nuclei growth during recrystallization, it was found that the deformed y fiber
component {111} < 110> was more stable (or less consumed by the growing recrystallized nuclei)

during recrystallization for both plates. The higher stability of this specific texture component was
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not previously reported in literature, and is related in this work to the much lower stored energy
content of the {111} < 110 >component as compared to other main deformed texture components.

No growth preference of any particular recrystallized texture component was observed. The size of
the recrystallizing nuclei increased linearly with annealing time for both plates, until the migrating
grain boundaries of the recrystallizing nuclei impinged on other nuclei. As expected, it was
observed that growth rates were faster for higher initial strain and higher annealing temperatures.

For future work, it is suggested that the possible change of diffusion mechanism for the two
plates should be confirmed by diffusivity measurements (e.g. diffusion of radioactive isotopes in the
tungsten material). Additionally, it is proposed that a study of the influence of radiation on the
degradation of these tungsten plates is made.
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APPENDICES

Appendix I:

In this appendix, the hardness distributions on the outer and inner RD/TD surface, as well as the in-
depth hardness distributions along the RD/ND surface, are presented for the plates W67 (Table 21)

and W90 (Table 22).

It is shown that a good correspondence is found between the Vickers hardness of the internal
RD/TD surface (bmm inside the plate, away from the contact surface with the rolls) and the Vickers
hardness of the RD/ND surface for the plate W67. The outer RD/TD surface in direct contact with
the rolls showed higher hardness values not used in this work, since these values were considered

not representative of the sample.

Table 21. Through-thickness hardness values obtained for the as-received plate W67 (12 mm thick)

Average

Hardness
As-received W67 HVyo (X)
Omm (outer RD/TD surface) 454,449,446,446,446,446,446,444,444,441 446

6mm in-depth

(inner RD/TD surface) 432,428,426,426,423,421,421,418,418,416 423
1mm in-depth (RD/ND surface) 432,430,430,427,427,427,422,422,422,422 426
2mm in-depth (RD/ND surface) 432,430,429,427,427,427,427,422,420,420 426
3mm in-depth (RD/ND surface) 428,428,425,425,423,423,420,418,418,413 422
4mm in-depth (RD/ND surface) 430,430,428,425,425,420,420,418,418,418 423
5mm in-depth (RD/ND surface) 432,428,427,427,425,423,423,420,420,418 424
6mm in-depth (RD/ND surface) 432,428,427,425,423,420,420,420,418,418 423

Table 22. Through-thickness hardness values obtained for the as-received plate W67 (4 mm thick)

433,433,431,431,429,429,426,426,424,424

Average
Hardness
As-received W90 HV1o (X)
Omm in-depth 454,447,447,445,444,443,440,438,436,435 444
(outer RD/TD surface) 455,455,451,449,446,446,443,438,437,435
1mm in-depth (RD/ND surface) | 439,439,436,434,434,434,434,434,422,420 433
441,439,437,436,436,432,430,428,426,424
2mm in-depth (RD/ND surface) | 438,438,438,438,436,436,433,433,433,433, 432
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Appendix II:

Additionally to the calculated growth rates for the plate W90 annealed at 1200 °C (Table 19), the
growth rates for the plate W67 after annealing at 1150 °C and 1200 °C are also presented below
(Table 23 and Table 24 respectively).

Table 23. Calculated growth rates at all annealing times for the plate W67 annealed at 1150 °C

Table 24. Calculated growth rates at all annealing times for the plate W67 annealed at 1200 °C

Plate W67. G G
Annealing S, dx / dt (um/s) | (um/h)
time at Xessp (1/um)
1150°C
t (h)
750 0.03 0.0032 0 0 0
950 0.15 0.0118 2.9910% [2.5310%| 0.091
1213 0.41 0.0148 2.4810% |1.6810%| 0.061
1373 0.44 0.0166 | 2.0710% |1.2510%| 0.045
1582 0.69 0.0141 1.5910% |1.13110%| 0.041
1900 0.86 0.0890 1.0310% |1.1510%| 0.041
2200 0.99 0.0051 | 6.6410% |1.3010%| 0.047
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Plate W67. G G
Annealing Sv dX / dt (um/s) (um/h)
time at Xessp (1/um)
1200°C
t(h)
240 0.05 0.0065 1.7110% | 2.62:10%| 0.942
300 0.32 0.0135 1.3510% | 1.0010™| 0.360
320 0.49 0.0157 | 1.1810% [7.5110%| 0.270
359 0.58 0.0159 | 8.8510% [5.5510%| 0.200
480 0.77 0.0101 | 3.2710% [3.0610%| 0.117
600 0.97 0.0032 1.1210% |3.7510%| 0.126
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