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Abstract 
 
A decade had passed since tungsten was promoted to the main candidate material for plasma facing 
armour material (PFM) in fusion reactors. Exposure to high operational temperatures and neutron 
bombardment in a fusion reactor imposes the risk of undesired recrystallization. This is a 
microstructural process that reinstates brittleness in the material which should be avoided for PFMs 
undergoing thermal stress fatigue. Since the last decade, experimental work to find thermally stable 
tungsten materials has been ongoing along two major routes. One approach to solve the problem 
has been to design tungsten as a composite. For instance, a composite tungsten material could 
consist in a stacking of heavily cold rolled plates, stacked one on the other, or in the form of fibre 
reinforced tungsten composites, where drawn tungsten fibres are covered by chemically vapour 
deposited (CVD) tungsten. Alternatively, obtaining an increased understanding of how 
microstructural rearrangement phenomena such as recovery and recrystallization evolve in pure 
deformed tungsten is pursued. In this case, recrystallization is investigated depending on the 
amount of deformation put into the material and a comprehensive understanding of the dependence 
of recrystallization from the amount of work-hardening is being attempted. Understanding the 
thermal stability of tungsten in the different designs is strictly needed. In this concern this thesis 
investigated recovery and recrystallization in different tungsten designs: plates work-hardened to 
different extents and tungsten fibre reinforced CVD coated tungsten composites. Understanding 
the mechanisms fostering or preventing recrystallization in tungsten are potentially the key 
towards design with higher recrystallization resistance design, ultimately allowing commercial 
feasibility of fusion energy for carbon-free future. 
 
The annealing behavior of thin tungsten plates of four different thicknesses achieved by warm- 
and (in two cases) cold-rolling is investigated. Isothermal experiments at five different 
temperatures between 1300 °C to 1400 °C were performed. Hardness testing of annealed 
specimens allowed tracking the degradation of the mechanical properties and, indirectly, the 
microstructural evolution. Supplementary microscopical investigations of the microstructure in the 
as-received state as well as after annealing were performed to characterize the initial condition and 
to support the identification of the involved restoration processes. All four tungsten plates undergo 
microstructural restoration and a concise description of both isothermal and isochronal annealing 
treatments is achieved using well-established models for the kinetics of recovery and 
recrystallization. A systematic dependence of the recovery kinetics at different temperatures on 
the hardness loss during recovery at a particular temperature has been identified. For the 
recrystallization kinetics, an Avrami exponent of 2 is observed in general. On the other hand, the 
activation energies revealed for different characteristic times of the recrystallization process 
depend on the plate thickness (or more precisely, the defect density stored). These findings, in 
particular, an activation energy far below that of short circuit diffusion, indicate the possibility of 
persisting nucleation throughout annealing. 
 
Moreover, the thermal response of a sintered, hot isostatically pressed tungsten plate warm-rolled 
to 80% thickness reduction is assessed in the temperature range between 1150 °C and 1300 °C. 
Isothermal annealing treatments were performed at six different temperatures. With increasing 
annealing time, the macro hardness decreased and different stages corresponding to different 
stages of the microstructural evolution and the progress of recrystallization could be identified and 
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confirmed by electron backscatter diffraction. For all six annealing temperatures a stagnation 
period in the evolution of the macro hardness was observed where the degradation of mechanical 
properties halted for a significant amount of time, before it resumed. Microstructural investigations 
revealed that the stagnation occurred when tungsten was still only partially recrystallized. For the 
time to half recrystallization, an activation energy of 548 kJ/mol comparable to the activation 
energy of bulk self-diffusion is inferred. The microstructural changes due to recrystallization in 
this heavily recovered, warm-rolled, tungsten plate are investigated in the temperature range from 
1150 °C to 1200 °C by means of EBSD. The evolution of the major texture components of rolled 
bcc metals are examined together with the evolution of the stored energies, the boundary surface 
densities and relevant microstructural parameters of both the recovered and recrystallized regions. 
A homogeneous nucleation and growth of recrystallized grains is found up to a recrystallized 
fraction of about 60%. Stagnation of recrystallization is observed after achieving the stagnation 
period. Non-uniform impingement behaviour is inferred up to complete recrystallization. A 
heavily reduced stored energy density is observed in the recovered regions and it is suggested 
recrystallization stagnates due to the depleted defect content which in turn influences the 
nucleation of new grains in an ordered manner leading to non-uniform impingement. 
 
Finally, cylindrical single fibre composites with a single potassium-doped drawn tungsten wire in 
a chemically vapor deposited tungsten matrix, with or without a rare-earth oxide interlayer, were 
investigated as model systems. Individual specimens were annealed at 1400 °C up to four weeks 
and changes in their microstructure tracked by electron backscatter diffraction. In the as-processed 
condition, the tungsten matrix showed large wedge-shaped grains stretching radially from either 
the interface between matrix and wire or the oxide interlayer to the outer surface with very small 
grains in the vicinity of the interface/interlayer. Upon heating, two zones with larger grains 
compared to the as-processed condition developed: in the wire regions close to its perimeter 
primary recrystallization led to formation of new grains with orientations deviating slightly in 
alignment of their crystallographic <110> directions with the wire axis compared to the drawn 
wire. In the matrix, abnormally grown grains consumed the as-deposited microstructure in the 
vicinity of the interface/interlayer. Without an interlayer, abnormally growing grains from the 
matrix invaded the recrystallizing wire progressively consuming the wire. Both erbia and yttria 
interlayers efficiently prevented abnormally growing grains from invading the wire (except at few 
occasions where the oxide interlayer presented imperfections). In this manner, the presence of an 
interlayer becomes crucial for retaining an interface essential for the pseudo-ductility of the 
composite.
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Chapter 1. Introduction 
 

 

Tungsten is at the moment being considered as the best candidate for application within fusion 

reactors as plasma-facing material (PFM). In order to perform its job in such an environment, the 

smallest possible induced radioactivity together with resisting the enormous heat radiating from 

the plasma is demanded. Such high temperatures trigger microstructural rearrangement 

phenomena, recovery and recrystallization, deteriorating tungsten’s mechanical properties and 

ultimately leading to structural failure. 

 

Recovery and recrystallization are competing mechanisms driven by energy minimization acting 

on the microstructure of a deformed material. A metal undergoing recovery reorganizes its 

structure into an energetically more stable configuration via dislocation motion and annihilation 

resulting in a smaller average dislocation density within the material and a higher average 

misorientation across Low Angle Boundaries (LABs). Recrystallization instead, is the process of 

development of defect-free grains within the material, nucleating and then growing via migration 

of High Angle Boundary (HABs) driven by the higher energy content ahead of the migrating 

boundary, the deformed or recovered matrix. 

 

While recovery has the effect of lowering the dislocation density of tungsten which is ultimately 

responsible for tungsten’s strength properties, recrystallization instead is far more dangerous an 

lead to structural failure of tungsten when used as PFM in fusion reactors. Higher and higher 

operation temperatures in fusion reactors are sought to achieve commercial feasibility of the 

technology, yet recrystallization limits such an increase in temperatures, due to the fact the higher 

the temperature the most likely and faster the recrystallization will take place. As a result, a better 

understanding of the physics of recrystallization is of paramount importance to find a strategy to 

limit or prevent it and achieve commercial feasibility of such a technology, renewable, radioactive-

risk free energy. 
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Recovery and recrystallization have so far been studied in depth for metals such as e.g. aluminum, 

copper or iron but not for tungsten. Only in the last 10 years efforts have been put in understanding 

recrystallization behavior in refractory metals, such as molybdenum or tungsten. These are the 

circumstances driving this work on the thermal stability of tungsten. The aim of this thesis is the 

quantification and characterization of the phenomena of recovery and recrystallization in tungsten 

on the long term via mechanical and microstructural characterization. 

 

Mechanical characterization pivoted on hardness testing whose results were used to determine the 

extent of the processes and to be described by theoretical models to better understand their kinetics. 

Light optical and electron microscopy allowed a deepened look into the microstructure to verify 

(or counter) the findings from the mechanical characterization and to suggest new hypothesis or 

interpretations of the phenomena based on features such as, e.g. texture or defect densities. 

 

Examined materials consisted in warm and mixed warm-cold rolled plates, together with newly 

designed tungsten fibres-reinforced tungsten composite materials (WfW). The former afor-

mentioned design of tungsten, in the form of plates, is a commercially widespread product for 

which the production route is well known. Though the thermal stability of rolled tungsten products 

is yet to be fully understood, and calls for additional research, which is mainly the topic of this 

work. The composite design of tungsten instead, that of the WfW, is relatively modern and 

knowledge of the microstructural features of such a composite as a whole, are yet to be fully 

known. Thermally activated phenomena for this composite are even less known and in this work 

they will be assessed, at least to a preliminary level. The work reported in this thesis aims at further 

improving our understanding of the microstructure and its evolution of tungsten, in different 

designs, within a high temperature environment. 

 

The historical background in which fusion based energy was born and research ramped up in years, 

the physics of the process of fusion, the choice, production route and mechanical properties of 

tungsten in its annealed or deformed state, the state of the art knowledge and research on the 

material, a detailed description of the afore-mentioned annealing processes and their theoretical 

interpretation and modeling, an introduction on scanning electron microscopy, the technique used 

to analyze the texture and texture representation methods are described in Chapter 2. Detailed 
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information on the materials studied, the experimental practice, the instrumentation used and a 

description on the treatment of the microstructural features are outlined in Chapter 3. The results 

and the discussion of the present work of this thesis is reported in separate chapters - in the form 

of published papers and unpublished manuscripts - according to the materials studied: a study on 

4 warm-cold rolled thin plates (TPs) is reported in Chapter 4, that on a warm-rolled 80% reduced 

in thickness tungsten plate (W80) is reported in Chapter 5, that on the WfW in Chapter 6. A 

summary with the conclusions and an outlook is in Chapter 7. 
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Chapter 2. Background 

2.1 The historical background 

Realisation of energy through nuclear power is the founding core of the European Atomic Energy 

Community (Euratom) since the Rome Treaty (European Economic Community Treaty), 1957, 

the beginning of the European Union as we see it today. This inclination towards the development 

of nuclear fusion technology though, stems from wider sociological, economical and political 

circumstances. 

 
Figure 1:Cover page of TIME, the weekly news magazine, November 1952. 

Only a few years have passed since the summer of 1945, the end of the second world war. In the 

mean time, the USSR balanced its strategic capabilities to allow for a new equilibrium with the 

“West”, advances in the field of nuclear physics and technology allowed to build and deploy 

technologically finer and more powerful bombs: H-bombs (Figure 1).  Competition in improving 

those mass destruction weapons in the following years unavoidably brought together better 
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understanding and handling of nuclear power. The wake of an after-war renaissance for the entire 

world together with a new balanced order set the way for an unwinding of the relationships 

between the East and the West. It was the beginning of a new era of fruitful collaboration between 

the two blocks: "the peaceful coexistence between states with differing political and social 

systems" [1]. 

In the following years visits from each of the two blocks were arranged to easen tensions, promote 

trade and regulate nuclear energy proliferation: an agreement on the latter was of utmost 

importance. As a result, in 1958, the "Second United Nations International Conference on the 

Peaceful Uses of Atomic Energy" marked the end of maintaining research in the field of nuclear 

physics classified between the major powers of the time: UK, US and USSR [2]. As years passed, 

nuclear weapon dismantlement progressed together with research in achieving nuclear power for 

peaceful purposes. 

Research into fusion for energy started approximately at the end of the second world war. The idea 

of a reactor for fusion was first developed (and patented) by Sir George Paget Thomson and Moses 

Blackman, at the United Kingdom Atomic Energy Authority in 1946. The first fusion reactions 

were those related to weapons but, as history proves, advances in warfare bring along advances in 

science and experimental devices started to “sprout”, at first in the US. Declassified in 1958 at the 

“Atoms for Peace” Conference, the Sherwood Project was the first US programme in which several 

institutions converged this effort to promote a better understanding of fusion power; the device 

was a so-called Stellarator (as shown in Figure 2), invented by Lyman Spitzer in 1951 at Princeton 

University, one of the partners of the project. In the meanwhile, in the USSR at the Kurchatov 

Institute the First tokamak, T-1, was being built, beginning operations in 1958 [3]. 

 

 
Figure 2: Lyman Spitzer and his Model-A Stellarator at Princeton University (USA) in 1951. 
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These two fusion reactor concepts using magnetic confinement were those on which all the 

following major research devices were built upon in the following years. Throughout the years, 

several different successful experiments were conducted on newer and newer reactors, just to name 

some of the most important ones, the Joint European Torus (JET) in Culham, UK, the ASDEX at 

the Max-Planck-Institute for Plasma Physics in Garching, and Wendelstein (7-A and 7-X, 

Stellarators) at the same institute in Greifswald, Germany, the DIII-D in San Diego, US, NSTX 

(National Spherical Torus Experiment) and the Japanese JT-60.  

The tokamak, as reactor design, have been chosen over stellarators for future power devices, the 

reason being tokamaks are more promising, in terms of commercially viable energy production 

than stellarators which, albeit being capable of providing a much more constant plasma reaction, 

are far more complicated and more demanding to scale up to achieve the same energy outputs of 

tokamaks. The main purpose of stellarators is now focusing on research on specific aspects of 

fusion technology.  

There are great expectations for the future years to produce free, radioactive-free, abundant energy, 

as the achievement of commercially viable on-grid electricity from fusion becomes closer and 

closer both thanks to advances in the technology and in the science of the process. Along this 

roadmap towards the achievement of fusion energy, now is the moment of ITER. Being built in 

France, to be completed in 2025, ITER is set to become the largest experimental tokamak in the 

world aiming at providing the international community the ultimate experimental facility for 

research purposes: demonstrating feasibility of fusion on a power-plant scale with 500 MW fusion 

power. What makes a difference with the past is its size: ITER had been designed to have the same 

scale as future fusion energy plants designed for energy production and delivery of electricity. 

ITER is in fact the last experimental step ahead of DEMO (and the Chinese CFETR): the fusion 

based DEMOnstration power plant in charge of demonstrating the readiness of commercialisation 

of the technology. ITER foundations are 30 years old; the actual idea of collaborating for such a 

project was first developed at the 1985 Geneva Summit, four years ahead of the end of the Cold 

War era. The two superpowers which in the former years have scientifically competed against each 

other then gradually increased collaboration on fusion, the USSR and US, and agreed on 

establishing this collaborative international programme. The following year the agreement was 

signed: EU, Japan, US and USSR committed on pursuing the project, conceptualised in 1988 and 

finalised in 2001 (the flags of these countries formed the first ever ITER logo as in Figure 3). In 
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these years, other countries joined the project: e.g. China in 2003 and India in 2005. At this stage 

only a formality was missing, the institution of an entity in charge of coordinating the project: in 

2007 the ITER Organisation was founded (with the agreement signed in Nov. 2006 in Figure 4) 

and in 2010 construction started. Now, over 30 countries are collaborating to this project. 

 
Figure 3: ITER first ever logo: a radiating Sun surrounded by the flags of the first partners. 

 

 
Figure 4: The ITER Agreement is signed at the Elysée Palace in Paris on 21 November 2006. 

 

During the years, around a hundred of tokamaks were built and operated around the world paving 

the way to ITER. The main challenge in recent years is in the reactor power handling. Efforts are 
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converging to allow operation at energetically meaningful, progressively higher and higher 

temperatures to ensure high energy yields for times that are sufficiently long for the commercial  

feasibilities to be satisfied (in particular the reduction of the costs in exchanging the depleted PFMs 

after operation less frequently) [4]. 

 

2.2 The physics 

 

What nuclear fusion aims at is to produce energy via controlled fusion of hydrogen isotopes, 

namely deuterium and tritium. The excess energy of the process is enormous (per atom, much 

larger than that of fission of uranium to iron, as shown in Figure 5) and arises from the difference 

in mass between the products and the reactants. 

 

 𝐻ଵ
ଶ ൅ 𝐻ଵ

ଷ → 𝐻𝑒ଶ
ସ  ሺ3,517 𝑀𝑒𝑉ሻ ൅ 𝑛଴

ଵ  ሺ14,069 𝑀𝑒𝑉ሻ (1) 

 

The fundamental difference with respect to the traditional process of fission is in fuel availability. 

Fission fuels amount worldwide to 6.1 M tonnes (2018 estimate) which correspond to an 

availability of fission based nuclear energy for the next 130 years, if no commercially viable new 

technologies reducing the cost uranium production from alternative resources become available 

and consumption of uranium keeps steady, which is not the case, considering the constant annual 

increase in the nuclear reactors and energy demand worldwide [5]. 

 

 
Figure 5: The energy equivalent of the mass defect of the elements plotted as a function of their atomic mass.The energy release in 
the fusion or fission processes is equal to the difference in mass of the reactants [2]. 
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Deuterium instead, is readily available in seawater and extraction technologies are already present. 

The need of tritium, present in a much lower concentration in nature, will be accommodated by 

reactions in the reactor via a so-called tritium-breeding process: free neutrons from the plasma 

react with lithium in salts in the blanket to form helium and tritium. The schematics of the fusion 

reaction process in DT-reactors is shown in Figure 6. 

 

 𝐿𝑖ଷ
଺ ൅ 𝑛଴

ଵ → 𝐻𝑒ଶ
ସ  ൅ 𝐻ଵ

ଷ  (2) 

 𝐿𝑖ଷ
଻ ൅ 𝑛଴

ଵ → 𝐻𝑒ଶ
ସ  ൅ 𝐻ଵ

ଷ ൅ 𝑛଴
ଵ  (3) 

 

In order for the fusion reaction to take place, matter have to be in the plasma state, a condition in 

which, differently from the three other states, gaseous, liquid and solid, nuclei and electrons are 

bound to each other: nuclei and electrons are separated and coexist in the magnetically confined, 

reacting plasma mass at a temperature of the order of magnitude of millions °C. 

 

 
Figure 6: The overall fusion reaction process in fusion reactors as ITER. The basic fuels are deuterium and lithium (breeding), 
the waste product is helium [2]. 

Holding this temperature requires an enormous amount of energy. This is energy is at the start 

provided entirely by neutral beams (beams of high energy uncharged particles transferring energy 

to the plasma by collision) and high-frequency electromagnetic waves sources, and later, also by 

the fusion process itself. These two large amounts of energy, the energy put in to heat up or 

maintain the temperature of the plasma on the appropriate level and the output energy yield of the 

reaction, define a property of such a reactor, the fusion energy gain factor, Q, of such a reactor 
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which is equal to the ratio between these two. While in the past years, research aimed at reaching 

breakeven, e.g. Q = 1, larger tokamaks as ITER, depicted in Figure 7, aim at Q = 10.  

 

 
Figure 7: A cut-away of the ITER fusion reactor [2] 

 

Clearly the larger Q the higher the economic viability of the process. ITER is aiming at producing 

500 MW of power out of a maximum of 50 MW of power available to maintain the operating 

conditions and to compensate for process losses and initial heating of the plasma. 

Fission based nuclear energy requires a very complex management of radioactivity of both the fuel 

and its products after fission. In this concern, fusion based nuclear energy is considered the 

activation-free alternative to fission. Though, activation is not completely avoided but rather 

reduced to much safer levels. As an example, irradiation of the PFMs of the reactor brings along 

activation of these materials. Still, radioactivity in the PFMs and the decay times of the activated 

materials are within relatively reasonable limits. This allows easier handling and potential 

reprocessing of these materials, after time windows that are in between 1 to 2 orders of magnitude 

smaller than those needed for conventional fission fuels to radioactively decay to safe levels. 
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2.3 Technology and demands 

 

Main research activity in the field takes place using two different reactor designs: stellarators and 

tokamaks. Tokamaks have been preferred over stellarators because of the higher Q they are capable 

to achieve. A tokamak is a reactor in which the plasma is confined in a toroidal-like shape by three 

different magnetic field coils, of toroidal or poloidal kind (Figure 8). 

 

 
Figure 8: The two different designs for fusion reactors. On the left, a tokamak while on the right, a stellarator. [2] 

 

 Plasma operations require the chamber in which the plasma is confined, to be completely isolated 

and always free of impurities that can potentially alter or disrupt the fusion process. Hence, the 

entire process is run under vacuum conditions. The environment in the vacuum chamber is 

characterized by extremely harsh heat and particle bombardment condition. The walls enclosing it 

are efficiently designed to be in charge of extracting the heat of the reaction, take care of the 

particle fluxes and protecting the whole instrumentation and structure lying just behind them. 

Particles in play are of two different kind, charged and uncharged. The latter, mainly neutrons, are 

released from the plasma in every direction, therefore hitting every surface surrounding the torus. 

The charged ones are continuously kept in the torus unless they exit at the bottom (or top regions 

according to the reactor considered), - where flux lines are not closed and escape of charged 

particles from the plasma is possible – via the so-called divertor, the exhaust system of the reactor 

in charge of maintaining plasma purity [2]. 
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Figure 9: ITER vacuum vessel with the main components indicated: the divertor in the bottom and the first wall of the blanket in 
the remaining surrounding surfaces of the chamber [2]. 

 

 
Figure 10: The interior of the JET torus. In the bottom of the chamber the divertor can be seen. On the internal central side, the 
first wall [2]. 

 

The surfaces of the vacuum chamber are of two kind: the divertor - consisting in a system of panels 

arranged in three parts, the central dome and the two lateral sides, located in the bottom (towards 

the ground surface) of the reactor (in DEMO there will also be one in the top) - and the first wall, 

consisting of all the remaining surface surrounding the torus (as depicted in Figure 9 and Figure 

10). The first wall is mainly hit by neutrons and is exposed to less harsh thermomechanical 

conditions than the divertor. An important aspect of the extreme conditions on the armour is that 
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of thermal radiation: ranging from 2 to 7 MW/m2 to a maximum of 10 to 20 MW/m2, for the first 

wall and the divertor respectively [6]. Second, a reacting plasma brings along mass interaction 

with the armour. Charged particles as the 𝛼-particles (exiting the plasma in the bottom region and 

hitting the divertor) or neutral atoms exit elsewhere and impact with the armour [7]. Together with 

neutrons, these particles are discharging large amounts of kinetic energy right into the material, 

leading to erosion (sputtering) and, if bombardment is substantial, subsequent pollution of the 

reacting plasma by species belonging to the armour material. 

Nneutron bombardment lead to subsequent activation of the armour material and radiation damage. 

These extreme operating conditions imply outstanding demands. 

 

2.4 Needs: the base material, Tungsten 

 

So far, armour materials that been tested include tungsten-based, carbon-based and low atomic 

number materials such as berillium [8]. The choice for PFMs changed throughout years from SiC 

in the 1980s [9] to steel, tungsten-coated or not, to tungsten-based alloys or liquid flowing metals 

such as Li, Ga, Sn, Sn–Li [10], to bulk or particle-reinforced tungsten in the last decade [11]. 

Tungsten (W) is now the candidate base material for application both as divertor and first wall for 

future studies and implementation in DEMO, considering its capabilities, primarily due to cost 

reduction strategies [12], [13]. Tungsten is a very dense material (19.25 g/cm3), with the lowest 

vapour pressure of all metals and is chemically inert at room temperature (RT). Its outstanding 

properties are related to its thermal and mechanical behaviour: the highest melting temperature of 

all metals (3695 K), a relatively low thermal expansion coefficient (𝛼௟ ൌ 4.32 ∙ 10ି଺Kିଵ), high 

yield strength, a high Young’s modulus and a high thermal conductivity (164 W/m K at RT) even 

at high temperatures (98 W/m K at 2000 K) [14]. In a fusion reactor, its behaviour when exposed 

to neutron, hydrogen and helium bombardment must live up to the expectations of an uninterrupted 

service of at least 2 years: low erosion and retention make it a very good candidate in this concern 

[15]. Thanks to its thermal properties, tungsten has many applications: used as crucible material, 

as a high-temperature functional material as the filament in the light bulbs up until 2000, combined 

with lanthanum oxide as an ion source in scanning electron microscopes, in welding applications 
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as a non-disposable welding electrode and last but not the least, in combination with carbon as 

WC, in tooling equipment. 

 

2.4.1 Production route 

 

The extremely high melting temperature of tungsten makes it impossible to obtain any part 

manufactured via the classic route of casting. The only process through which bulk tungsten parts 

can be manufactured is that of powder metallurgy. Tungsten occurs in nature in oxidized forms 

together with iron and manganese (Wolframite - (Fe,Mn)WO4) or calcium (Scheelite – CaWO4) 

[16]. Before entering the powder metallurgy route tungsten containing species need to be reduced 

to pure W powder: from its ore, e.g. Scheelite, it is reduced to the oxide via HCl according to the 

following reaction: 

 

 CaWOସ ൅ 2HCl →  WOଷ ൅ CaClଶ ൅ HଶO (4) 

 

and then further reduced to its pure form in a hydrogen atmosphere at temperatures of 550-800 °C: 

 

 WOଷ ൅ 3Hଶ  →  W ൅ 3HଶO (5) 

 

Then it is compacted and finally sintered into ingot shapes (for further mechanical working) via 

Hot or Cold Isostatic Pressing (HIP/CIP). In such a process, pressure is applied isostatically to the 

compact the powder (approx. 200 MPa for HIP and 400 MPa for CIP). The green body formed in 

this manner is then heated up to temperatures as high as 2200 °C in a hydrogen atmosphere to 

sinter the powder [17]. The final product consist of a nearly completely dense material (usually 

approx. 98% density or more). 

Powder metallurgy, as a process, is not free of consequences in terms of chemical impurities in the 

final product. In recent years, advances in powder metallurgy technologies made it possible to 

minimise this downside which is extremely important in the case of tungsten, having an extremely 

low solubility of impurities either as substitutionals or interstitials (C, N, H as interstitials hav a 

solubility of less than 100 ng / g [16]). Excess of impurities is considered an intergranular 

destabilising agent: segregation at grain boundaries weaken the latter from which the brittle nature 



49 
 

of tungsten poly-crystals stems from [16]. As example, in Figure 11 the stress curves for tungsten 

as a poly-crystal and as a single crystal are shown, at RT and 400 °C. The fragile character of 

tungsten as a poly-crystal can be inferred by its stress curve at RT and by comparison with the 

stress curves for the single crystal, which show a region where necking takes place. Working of 

the material though increases the grain boundary area allowing for an increased surface in which 

these impurities can dissolve, reducing the effect. For tungsten bulk products, this is usually 

performed via warm rolling: the as sintered ingot undergoes progressive reductions along its 

shortest direction at a temperature high enough to allow a ductile regime. 

 

 
Figure 11: Stress/strain curves for high purity single crystal and polycrystalline annealed tungsten from [16]. 

 

2.4.2 Mechanical properties 

When heat is provided to metallic materials, as tungsten, the deformed microstructure after cold 

or warm-working reorganises itself by lowering the internal stored energy (stored in the form of 

dislocations) via the two processes of recovery and recrystallization. While recovery does not turn 

tungsten’s behaviour from ductile to brittle, recrystallization does, by reinstating fresh grain 

boundaries which get enriched with segregating impurities, acting as embrittlement agents [18]–

[21]. The build up of stresses initiates a crack along HABs which then develops according to the 

condition of the microstructure ahead, intergranularly if recrystallized or also transgranularly if 
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grains have grown reasonably large after grain growth [22]. An other mode of fracture have been 

so far identified in the transition stage between brittle and ductile. It is characterized by 

delamination (Figure 12), and occurs in the case of very elongated and pancake shaped grains such 

as in the microstructure of rolled metallic materials [23]. 

 

 
Figure 12: Results of charpy impact tests on notched samples of tungsten plates. A brittle fracture can be seen at the lowest 
temperature and brittle to delamination fractures can be seen at 400 °C and 500°C. No fracture but only delamination takes place 
at higher temperatures [23]. 

 

The mechanical properties of metals are ruled by their internal microstructure, which may on a 

first approximation be considered as made up by grains, their boundaries, all kind of defects and 

dislocations. Dislocations are responsible for plastic deformation the metal undergoes when 

worked: their motion (and creation) accommodate the change in shape. They can be in fact defined 

as “the border between the slipped and non slipped parts of the crystal” [24] undergoing 

deformation. Dislocations can be characterized by two parameters, the dislocation line vector and 

the Burgers vector, allowing to distinguish between the two types of dislocation, screw dislocations 

or edge dislocations. The dislocation line marks the actual location of the defect: the line in which 

the irregularity in the positioning of the atoms is largest. The Burgers vector is defined as the vector 

closing the closure failure of a path surrounding a dislocation. The Burgers vector of an edge 

dislocation is normal to the dislocation line while that of a screw dislocation is parallel to it. In 

general, dislocations have a mixed character, possessing a dislocation line and a Burgers vector 

neither parallel nor perpendicular, but lying at an arbitrary angle with each other. 

Dislocations can move in two ways: by glide (slip) or by climb. Glide takes place when the 

dislocation line moves on a plane parallel to the Burgers vector, the latter when it moves 

perpendicularly to such a plane. 

Deformation commonly take place via glide of dislocations, on crystal planes experiencing a 

resolved shear stress larger than a critical value. In bcc metals, such as tungsten, deformation 

preferentially occurs along ⟨111⟩ close-packed directions on mainly {110} but also {112} and 
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{123} (slip) planes. The combination of a slip direction and of a slip plane constitute a slip system 

so that e.g. tungsten deforms via glide of dislocation in the slip systems <111>{110}, <111>{112} 

and <111>{123}. 

Deformation in bcc materials is controlled by the glide of screw dislocations. Slide of a screw 

dislocation requires large amounts of applied stresses, for which the most energetically favourable 

way of moving for a dislocation is to by the kink-pair mechanism[24]. When dislocations move 

they do not do it by displacement of the entire row of atoms in ahead of the dislocation. Vacancies 

diffuse up to the dislocation line so that only a small segment of the dislocation can progress to the 

next row of atoms. This segment is connect to the dislocation line in the former row of atoms by 

two segments called jogs. The dislocation hence moves along the slip plane thanks to these jogs 

which, when are both on the same slip plane are defined kinks. Nucleation of these jogs requires 

energy since the dislocation possessing kinks has a longer length, to which a higher energy is 

associated [24]. Still, the stress required to move a kink pair is much lower than the stress required 

to move the entire dislocation at once. The energetically most favourable movement of a 

dislocation is completed via the smallest possible lattice vector, which in bcc is the ½ <111>. 

These screw dislocations of such a Burgers vector are the ones controlling deformation in bcc 

metals[24]. At low or ambient temperatures, screw dislocations in bcc metals have a peculiar core 

structure; in order to minimise their energy, they dissociate into three partials, the 1/6 <111> : such 

a split core hinders their motion, energy is required to recombine them and allow motion. At higher 

temperatures more energy is available for the partials to recombine and this is why a (range of) 

temperature(s) exists above which the bcc metals start to behave in a brittle manner: the ductile to 

brittle transition temperature (DBTT) [25]. The origin of the brittle behavior of tungsten (even 

single crystals) at low temperatures, is rooted in its specific crystalline nature, namely, in the 

behavior of dislocations. 

 

The DBTT of tungsten has been topic of renewed interest in research in the last 10 years given that 

it is one of the limiting factors for tungsten to be applied as structural material in fusion reactors. 

In a fusion reactor, the temperature at which these parts will be exposed is high enough to avoid 

brittle behaviour. On the other side, the temperature of the cooling agent might be too low for the 

material to behave in a ductile manner. Therefore either the cooling agent is kept at a temperature 

above the DBTT to prevent structural failure or a strategy to lower the DBTT shall be found. The 
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cooler the coolant, the more heat is extracted, the more efficient the process is, the more 

economically viable will the technology be and hence decreasing the DBTT have become the 

strategy pursued. Moreover, having a temperature high enough to allow the material to be in its 

ductile regime might not be sufficient enough to ensure safe operation of tungsten as a structural 

material. In fact, if the temperature is too high, microstructural phenomena are triggered, one of 

which, recrystallization, sensibly alters the microstructural configuration reinstating brittleness. 

These circumstances define the operational window for tungsten in fusion reactors. In Figure 13 

temperature ranges for tungsten-based material designs for application as PFM are reported. 

 

 

 
Figure 13: Temperature operation ranges for tungsten in different conditions: conventional polycrystalline tungsten after sintering, 
having a minimum DBTT of 600 °C circa, severely cold rolled tungsten with aminimum DBTT of  -65°Cand potassium doped 
severely cold rolled tungsten, whose DBTT have not been yet determined. For all these designs, the maximum operational 
temperature is limited by the occurrence of recrystallization, and is often referred to as the recrystallization temperature. [26]. 
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2.5 The ongoing effort on tungsten as PFM 

 

Improving the properties of tungsten in terms of extending its operational temperature range 

without incurring into recrystallization or brittleness is therefore the objective of current research 

in the field of PFM for fusion applications. Conventional ways of doing such consist in - e.g. - 

additional work-hardening of the material, grain boundary refinement (against brittleness), 

precipitation of additional phases or solid solution strengthening, and are the conventional ways 

to influence the microstructure (against recrystallization), hence allowing for more severe 

operational conditions and enduring high temperatures while keeping the desired properties. 

Pursue of solid solutions via alloying was based on the idea of altering the dislocation motion 

character, e.g. inhibiting partials formation or finding a way to let them move with a lower 

activation energy (and hence promoting the ductile behaviour at lower temperatures). Vanadium, 

molybdenum, titanium and tantalum alloys actually increased the DBTT or resulted in a rather 

brittle behaviour (see e.g. [27], [28]). Alloying demonstrated to be effective in lowering the DBTT 

and improving fracture toughness only for very few solutes (rhenium and iridium) that, 

unfortunately, are too costly to be produced in large amounts to a reasonable cost [29], [30] and 

suffer an increased radiation embrittlement [31]. When alloying tungsten with rhenium or iridium, 

an improved ductility is foreseen as the immobile property of dislocations is altered towards a 

mobile behaviour and ductility achieved at lower temperatures [32]. 

Particle reinforcement via lanthanum oxides demonstrated to be effective in increasing creep 

resistance and the recrystallization temperature, but did not turn into an effective solution: a fragile, 

brittle nature of the compound was still present [33] and the DBTT was found to be 150 K higher 

than that of pure tungsten [34].  

Particle dispersion reinforcement using TiC or yttrium oxides demonstrated to be effective at 

reducing the grain sizes following the sintering process, but resulted in poor properties for 

application in a reactor, besides preventing the material from further deformation: thermal 

diffusivity and thermal conductivity decreased. Having different thermal expansion coefficients in 

the material [35] leads to a brittle condition of the material becoming incapable to withstand 

application into the fusion reactor chamber [36]. 

Vacuum melting and subsequent cold deforming resulted in a promising route due to reduction of 

detrimental alloying elements - such as carbon and oxygen - introduced in the material during 
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processing but, again, economical unfeasibility of mass production promptly forced termination 

of research and development on this route since the normal powder metallurgy (PM) one is by far 

more convenient and potential for improvement of the materials produced in this way better sought 

[37]. Last but not the least, manufacturing composite materials has risen as an interesting 

alternative strategy to cope with tungsten’s brittleness considering neither alloying nor 

nanostructuring by particles yield ground-breaking results so far. From the 2010s increasing 

attention have focused onto various new designs including WfW [38]–[41] and laminate design 

[42], [43]. As an example, the rationale behind WfW is to increase the material’s resistance to 

failure by achieving pseudo-toughness via composite design (Figure 14) [41]. Pseudo toughness 

can be achieved by exploiting energy dissipation via controlled cracking and friction due to sliding 

of the wire itself (which is the load carrying element given its outstanding and much larger strength 

compared to bulk tungsten) with the surrounding matrix [44]. In order to have such an effect, the 

interface needs engineering: it must be strong enough to provide a congruous amount of load 

transfer and allow for dissipation, oppositely, it needs to be weak enough for debonding to take 

place [40]. To do so, a compliant coating needs to be developed. 

 

 

 
Figure 14: Fracture surface of a Wf/W based bulk sample tested in a 3-point bending test. In subfigure b) the ductile deformation 
of the tungsten reinforcement wire toughening the matrix which contrarily exhibits brittle fracture (subfigures c) and d)) [45] 
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In WfW, the wires, are immersed in a tungsten matrix (for the case of the materials studied in this 

thesis, via a chemical infiltration method developed by both the Max-Planck-Institute for Plasma 

Physics and Jülich research centre [46]) providing the final part bulk properties allowing for use 

as PFMs. During operation though, recovery and recrystallization (the latter reinstating brittleness) 

will still take place, and such a heterogeneous microstructural arrangement – a fine largely 

deformed microstructure in the wire and a relatively coarsed grained microstructure in the matrix 

- will be affected, in manners that are yet not evaluated. This calls for further scientific exploration 

of these phenomena in such a composite. As a result, e.g. studies aiming at characterizing the 

evolution and the kinetics of such recrystallization and recovery were performed showing how 

different amounts of work put into tungsten plates determins a different life expectancy of pure 

tungsten plate products as PFMs [47], [48]. 

 

In this work, further experimental campaigns are reported involving experiments on thin plates as 

part of the laminate design of tungsten material [49], [50] (Subchapters 4.1 and 4.2), warm-rolled 

plates [51], [52] (Subchapters 5.1 and 5.2) and the very first campaigns to characterize the thermal 

stability of WfW [53] (Section 6.2.1). 

 

2.6 Designing solutions: Recent developments in tungsten 

R&D against recrystallization 

 

The problem of achieving a ductile behaviour in tungsten throughout the entire application range 

required in fusion reactors can be solved via working as formerly stated, especially for 

temperatures in the lower side of the operation window. Increasing cold work put into the material 

extends the range for ductile behaviour of tungsten but impedes thermal stability. This widening 

of the temperature range in which tungsten behaves in a ductile manner is concurrent to a decrease 

in the recrystallization temperature or resistance to recrystallization in general. Still, the benefits 

of an extended application range for severely cold rolled tungsten are desirable and a strategy to 

retain thermal stability shall be found. Typical approaches for stabilising microstructures 

elucidated in the former subchapter involve, i) use of second phases as oxide or carbide particles, 

acting as impingement obstacles to dislocations and grain boundaries in general, ii) forming of a 
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solid solution with other elements or iii) as it was discovered to be working for tungsten filaments 

in lamps (Figure 15 and Figure 16), potassium doping stabilising existing boundaries and prevents 

their long range motion occuring in recrystallization [54]. 

 

 
Figure 15: The very first tungsten coated carbon bulb from 1905 [55]. 

 

 
Figure 16: Modern coated tungsten coils in filament bulbs [55]. 

 

In fact, in the beginning of the 20th century, the microstructural stability and recrystallization 

resistance due to potassium doping were first observed and then further exploited for bulb mass 

production [55]. Filaments in such bulbs are potassium doped tungsten drawn wires, basically the 

same kind used in the WfW. 
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When potassium is added to tungsten during sintering it subsequently arranges either in the form 

of bubbles or ellipsoids, the shape depending on the mechanical treatment altering the shape of the 

microstructure in its entirety. As a result, potassium acts as a pinning agent for dislocations and 

boundaries of the metallic phase [55]. In this view, attempts to exploit such a design for fusion 

applications or attempting to exploit the same properties but for plates as compared to drawn 

tungsten wires have been performed and tested recently [26]. Additionally, very recent work at 

KIT demonstrated that a DBTT temperature as low as -65 °C [56] can be achieved in tungsten via 

rolling to very large strains. Potassium particles act as a pinning agent for grain boundaries when 

moving, and therefore in an effective counter measure for grain growth: higher temperatures are 

needed to achieve comparable boundary velocities respect to an un-doped specimen. In the case 

of recrystallization, the effect achieved is that its evolution is slowed down, if not inhibited, but 

not prevented. Potassium has an active role in maintaining a smaller subgrain size during recovery 

if compared to an un-doped wire but fails to inhibit nucleation of recrystallizing grains. Locally, 

the stored energy might be enough to allow for nucleation of new grains; their motion will be 

impeeded by potassium [57]. Polygonisation of dislocations into (subgrain) boundaries in doped 

drawn wires takes place, but macroscopic movement of boundaries is prevented [58]. Yet, when 

drawn wires are used in a composite material, such as WfW, as a strategy to form a bulk material 

for use as PFM (Figure 17), tungsten is deposited on top of the wire interfaced by an oxide substrate 

protecting it by Chemical Vapour Deposition, CVD. Such a microstructural arrangement is 

different from that of a rolled product: two very different microstructures are present. One is that 

of the wire, a highly deformed grain structure with elongated grains along the wire drawing 

direction, possessing a very high content of stored energy from the wire drawing process and high 

dislocation density. The other one is that of CVD tungsten, in which only a few dislocations are 

present and the dislocation density is negligibile. The surface area density of boundaries in the 

CVD region can be very high, especially close to the interface with the wire. The main difference 

between these two microstructures is that while in the wire there is potential for nucleation of 

recrystallization, in the CVD region is impossible that recrystallization will ever take place. In the 

CVD region, no dislocation content to generate recrystallizing grain nuclei is present nor a 

deformed microstructure providing driving force for recrystallized grain boundaries to bulge out 

and grow. The only possible microstructural phenomena the CVD region might undergo is that of 

grain growth, whose driving force is the energy of the existing grain boundaries. The 
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microstructure of the CVD region is therefore rather stable, but is inherently brittle. Failure of the 

CVD region is in fact allowed by design, with the wires ensuring the structural integrity of the 

composite in its entirety. Recrystallization starts and progresses whenever a lowering of the 

internal stored energy due to the decrease of dislocation content is possible and hence, it is of 

interest to study how the microstructure of these two separate parts of the composite interact with 

each other at high temperatures. 

 

 
Figure 17: WfW composite produced by deposition of subsequent layers. In (a) a photo of the full sample is shown. (b) shows a 
light microscopy picture of the cross-section. Large pores in between the fibres are clearly visible as well as regions with high 
density. In (c) and (d) scanning electron microscopy pictures show the microstructure in detail. In (c) the star like growing grain 
structure of the matrix is shown. (d) shows a close up of the wire centre and its very fine grain structure. (Note that pictures (b-d) 
are showing details of (a) but not the same cross-sections [45]. 

 

Alternatively to potassium doping, particle reinforcement/dispersion strengthening was also 

attempted in the last 10 years as a strategy to inhibit recrystallization. The reasons for the use of 

particles in sintered products as tungsten are manifold. Aside from their interaction with defects 

and inhibition of grain growth and recrystallization processes, prevention of oxidation and 

stabilization of impurities at the grain boundaries are of tremendous relevance (since impurities 
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act as a crack promoting factor at grain boundaries) as well [59], [60]. Besides lanthanum oxides 

or TiC particles, dispersion of yttrium oxides[61] or TaC [62] was attempted. Interesting results 

were obtained in terms of increased ductility (Figure 18) and/or improved thermal resistance but 

unfortunately any other phase in the material decreased the cohesion of grain boundary in tungsten. 

Additionally, development of oxides (from the elements of the reinforcing particles and oxygen as 

an impurity), having a lower safe service temperature than tungsten, reduced the erosion resistance, 

invalidating any possibility of their use for facing a reacting plasma [63]. Use of carbon as 

deoxidizing agent instead seems to succeed at preventing oxygen-impurities based second phases 

in the tungsten matrix when at least 5-9% of WC precursor is added in the sintering stage [64]. At 

the elevated temperatures of sintering processes like FAST (ca. 1900 °C), WC turns into W2C. 

W2C  particles are located intergranularly, and provide thermal stability against grain growth [60], 

[64].  

 

 
Figure 18: SEM pictures of fracture surfaces of particle reinforced tungsten (W-2wt.%Y2O3) after 3 point bend test as a function 
of test temperature, (a) 200 °C, (b) 250 °C, (c) 400 °C and (d) 500 °C respectively. In a) and b) show brittle fracture behaviour 
while for c) and d) a ductile behaviour [61]. 

 

Pure tungsten plates have been so far the most promising solution for implementation in fusion 

reactors as far as thermal stability is concerned. Pure tungsten plates rolled to an intermediate 

reduction have so far demonstrated the highest recrystallization temperature [48] for a 

commercially feasible designed operational time of 2 years [6], [65] of continuous energy 

production in the reactor.  
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2.7 As-deformed condition: microstructure and texture 

 

Upon working of a metal, the work input by the mechanical processing in the material leads to the 

formation of defects, such as dislocations, although it only accounts for approximately 1% of the 

total work done [66]. Dislocation and boundaries are constituents of the microstructure and the 

actors of microstructural rearrangement. They are responsible for the progressive rearrangement 

and displacement of formerly perfectly crystalline volumes of the worked material, during plastic 

deformation [24]. We are used to the idea that when we desire a hardened metal we usually resort 

to working, e.g. rolling, for which the material undergoes work-hardening via dislocations. 

Increasing the dislocation content means the dislocations will find more other dislocations acting 

as obstacles against motion to achieve deformation, e.g. dislocations will not freely move to 

accommodate deformation but will be stopped by other dislocations along the way. To overcome 

these obstacles, larger forces are needed to continue deformation or new dislocations to 

accommodate the plastic deformation have to develop, increasing the dislocation content. A harder 

material has developed. The dislocations and boundaries arrange in the material in different 

manners (as in Figure 19) varying with the extent of deformation, type of deformation, 

temperature, etc. 

 
Figure 19: Microstructural defects in a deformed metal, from the smallest scale (a) to the largest (d) [66]. 

 

The grain boundaries are between regions of different orientation. When dealing orientation 

differences between grains, one considers misorientations. A misorientation is the rotation with 
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the smallest rotation angle around an axis relating the former orientation A of a crystallite to the 

orientation ”B”. If the misorientation angle, is larger than 15°, the boundaries are termed HABs, 

if smaller, LABs. 

As dislocations are generated and move, they can annihilate with each other if they possess an 

opposite nature (or sign). Dislocations rearrange within the deformed grains to form cells or 

subgrains (Figure 20a and b). The former (pre-deformed) grains have changed their shape from 

e.g. an equiaxed shape (after e.g.in tungsten, sintering) to, e.g., pancakes or needles, according to 

the geometry of the processing and the forces in play. The net result of creation of subgrains/cells 

(of a size of approximately 0.5 to 1 µm as in warm-rolled tungsten [67]) is that within each grain 

there are crystalline regions enclosed by a large amount of dislocations which are slightly rotated 

(rotated by a small angle, usually 1 degree) with respect to each other. Low angle (sub-grain) 

boundaries have formed, having a misorientation angle, usually defined to be below 15°. 

 

 

 
Figure 20: Features of a deformed microstructure: (a) Cell-structure in cold-rolled copper, (b) in detail, (c) deformation bands in 
12% compressed 70:30 brass, (d) deformation bands in Al-1%Mg, (e) shear bands in cold rolled copper and (f) shear bands in Al-
Zn-Mg cold rolled alloy [66]. 
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These subgrains within the grains, taken as a whole set, can consist in microstructural features on 

a larger scale e.g. extending through the whole grain or through different grains. In the former case 

it is possible that an entire region within the same grain had been deformed in a way that all the 

belonging subgrains possess a misorientation that, if compared to neighbouring regions within the 

same grain, is much larger than that between the cells themselves: these regions are commonly 

defined as deformation bands; between them is a transition band consisting of a higher density of 

dislocations respect to that constituting the cells. Deformation and transition bands arise when 

instability within the grain or inhomogeneous stress on the grain itself upon deformation take 

place, implying deformation is performed in each of those regions via different slip systems 

ultimately instating large misorientations between them [66]. When these bundle of subgrains  

slightly misoriented to each other swipe across different grains rather than in the single grain only, 

we are talking about shear bands. They also are the result of plastic instability during the 

deformation process but are not crystallographic in their nature [66]. 

Wire drawing and rolling are two different deformation processes. With drawing it is possible to 

achieve a higher amount of deformation to the material respect to the first. Polycrystalline tungsten 

of high purity (electron beam melted tungsten) exhibits an average dislocation density as low as 

that in the order of 106 m-2 as compared to rolled plates 1012 – 1014 m-2  and drawn wires 1014 – 

1015 m-2 [16]. 

 

Imposed deformation produces displacements and rotation of volumes within the work-hardened 

piece and development of a complicated microstructure. According to the nature of the material 

and the mode of deformation, the final worked piece will present a preferred orientation; the 

material it is said to exhibit a texture. The modes of deformation, the preferred slip systems through 

which deformation takes place will give rise to specific, more frequent orientations. The texture 

becomes stronger the higher deformation is put into the materials via reduction. A typical rolling 

texture for a bcc metal consists in preferred orientations ranging along the 𝛼-fiber (from {100} 

<001> to {111} <110>), and along the 𝛾-fiber (from {111} <110> to {111} <112>) as shown in 

Figure 21. This can be seen as having the <110> directions aligned with rolling direction (RD) and 

the <111> directions, aligned with the normal direction (ND) respectively. Upon recrystallization, 

orientations such as cube ({100} <001>) and rotated cube ({001} <110>) develop at the expense 

of the rolling texture components. 
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In the case of the wires instead, the axial symmetric configuration of the wire drawing process, 

e.g. the circular-shaped die wires are drawn through, leads to preferential orientations of the 

deformed microstructure, consisting in the <110> direction oriented along the drawing direction 

[68]. This specific kind of texture is referred as fiber texture [69]–[71]. 

 

 
Figure 21: Orientation space (𝜑ଶ=45°) section showing the relevant preferred orientation features of rolled bcc materials: the 𝛾-
fiber in blue, the 𝛼-fiber in green and the 𝜃-fiber in red together with other relevant single orientations such as e.g. rotated cube, 
cube or rotated Goss. 

 

2.8 Microstructure and annealing phenomena 

 

Any material, when worked, undergoes changes both macroscopically (shape changes) and 

microscopically (microstructural changes). The effect of deformation in a metal is to obtain the 

desired shape, designed for its foreseen application. Secondly but not least importantly, the 

microstructure changes, according to the processing, the forces and conditions in play. As a result 

the newly deformed material will possess a higher internal energy due to the stored dislocation 

content and possess a texture to which specific physical properties will be related. Application of 

a deformed product where heat is provided triggers rearrangements in the microstructure aiming 

at minimising the internal stored energy [66]. Those changes involve all the microstructural 

features introduced by processing, mainly, dislocations and grain boundaries [24]. In the following 
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section an introduction on such microstructure will be given to best interpret the microstructural 

rearrangement phenomena of recovery, recrystallization and grain growth. 

 

2.8.1 Recovery 

 

Recovery is one of the thermally activated phenomena taking place in a material under the 

influence of temperature. Activation of such a process arises from provided heat, e.g. while the 

material is operating at high temperatures (even RT might be enough for recovery to take place, if 

annihilation of dislocations is considered to be part of it [72]) or when annealing. Recovery lowers 

the material’s stored energy via dislocation annihilation and rearrangement to form subgrain 

structures such as the cells as compared to recrystallization, instead, in which the stored energy is 

lowered by depletion of the deformed structure (to which a certain energy is ascribed) within the 

deformed grains, to finally produce a defect-free grain microstructure [66]. The difference between 

the two is that while recovery starts as soon as the material is thermally activated; recrystallization 

needs nucleation of a new defect-free grain to take place and then spread throughout the deformed 

matrix, which is undergoing recovery. They are competing processes since at any time they both 

aim at lowering the internal stored energy of the material. 

Since recovery takes place without any nucleation within a material, it is often referred to as an 

homogeneous and continuous phenomena, while in the case of recrystallization, the necessity of 

nucleation causes a discontinuous character. In recovery, dislocation annihilation takes place by 

the recombination of two dislocations of opposite sign of the Burgers vector via glide, climb (edge 

dislocations) or cross-slip (screw dislocations) [73]. Recovery usually does not remove all 

dislocations accumulated into the material: some dislocations may not annihilate finding their 

counterpart and re-arrange into LABs [74]. Dislocations in LABs possess a lower stored energy 

per dislocation line length, and rearrangement within recovery is referred to as polygonization. 

Recovery starts right after deformation and has no well defined finishing point. 

 

Recovery can be framed into several consequent different stages (Figure 22): at first dislocations 

annihilate, via glide, climb or cross-slip, allowing them to rearrange and form cells, next comes 

dislocation annihilation within those cells and the cell walls, leading to the formation of sharp 
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subgrain boundaries. Finally the subgrains grow as recovery proceeds. When recovery persists 

through time and recrystallization does not set in, subgrains continue growing; in this case, 

recovery is commonly termed extended recovery. 

 

 
Figure 22: Different consecutive stages of recovery (b-e) starting from the deformed condition (a) [66]. 

 

When rolling a slab into a plate, for example, where several passes are needed in order to reduce 

the material to the desired thickness, dynamic recovery onsets in the first pass but continues also 

throughout the next rolling steps, with additional deformation put into the material. In each pass 

new dislocations are generated and the microstructure will rearrange continuously. The 

distribution of dislocations within the plat eis heterogeneous, meaning that different amounts of 

dislocations may be generated in different volumes of the processed material. This means that 

there will always be dislocation recovery taking place in the material. 

So far the description of these re-arrangement processes did not consider the presence of solutes 

in the material, which is always the case, though to different extents. A dislocation is a linear defect 

consisting in a fault (discontinuity) in the arrangement of atoms. Such a defect create a surrounding 

stress and strain fields and solute atoms may find it energetically very favourable to sit on the 
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dislocation line. Such a configuration interferes with the dislocation by hindering its motion. 

Solutes can hence potentially retard recovery favouring recrystallization all over the thermally 

activated volume in the competition lowering the internal stored energy content. 

 

Work-hardening increases defect content which in turn determines a change in the mechanical 

properties of the material: increases its strength due to a higher concentration of dislocations. In 

this sense, recovery can be seen as the opposite: the decrease in defect content alters the readily 

obtained mechanical properties after work-hardening by softening the material. One can therefore 

track its evolution by measuring such changes via hardness testing although other methods are also 

possible, available and have been used before such as measuring changes in electrical resistivity 

or by calorimetry. In this work, it is assumed recovery is controlled by thermally activated glide 

and cross-slip of dislocations and its evolution modelled based on the assumption that the 

activation energy decreases with increasing dislocation content and increasing time spent at any 

temperature, as in the work from Kuhlmann [75], later confirmed by Cottrell and Aytekin [73] and 

Michalak and Paxton [76]. 

 

2.8.2 Modelling of recovery: Kuhlmann kinetics 

 

Kuhlmann was the first to devise recovery as a phenomenon ruled by thermal activation 

rearrangement of dislocations aiming at lowering the dislocation density within the material when 

heat is provided. Specifically, dislocations thanks to thermal activation manage to move away from 

an obstacle initially locking them and swipe through a certain area before becoming trapped again 

and annihilate [75]. Since flow stress is directly related to the dislocation content [77]–[79], and 

recovery aims at reducing the stored energy content by lowering the amount of dislocations in the 

material,  Kuhlmann described the evolution of flow stress 𝜎 within the material with time as 

follows: 

 𝑑𝜎
𝑑𝑡

ൌ െ𝑐 expቆെ൬
𝑄 െ 𝜎∆𝑉

𝑅𝑇
൰ቇ (6) 

 

where ∆𝑉 is the activation volume ∆𝑉 ൌ  𝑏 ∙ ∆𝐴 describing the area ∆𝐴 swept by a dislocation of 

Burgers vector 𝑏, when released from the obstacle by thermal activation, 𝑄 the activation energy 
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needed for the dislocation to overcome the obstacle in the absence of any stress, 𝑅 the universal 

gas constant, 𝑇 the absolute temperature and 𝑐 a rate constant. 

The modelling above can be used with hardness, a much more readily obtainable property related 

to the dislocation content and related to the true stress since it relates to the flow stress[77] as: 

 

 𝐻𝑉 ൌ 3 ∙ 𝜎 (7) 

 

Integration in time of Eqn. 6 using hardness as the time dependent variable will yield: 

 

 
𝐻𝑉 ൌ 𝐻𝑉଴ െ

3𝑅𝑇
∆𝑉
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𝑡
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൰ (8) 

 

which for times that are not too short can be written as: 

 

 
𝐻𝑉 ൌ 𝐻𝑉଴

∗ െ
3𝑅𝑇
∆𝑉

ln 𝑡 (9) 

 

For isochronal experiments the annealing time 𝑡௜௦௢௖௛, is constant and the evolution in hardness 

describes a linear decrease with increasing annealing temperature: 

 

 𝐻𝑉 ൎ 𝐻𝑉଴
∗ െ 𝐴𝑇 (10) 

 

with a slope: 

 

 
𝐴 ൌ

3𝑅
∆𝑉

ln 𝑡௜௦௢௖௛ (11) 

 

ultimately providing physical meaning via the microstructural parameters defining the activation 

volume. It shall be noted anyway that 𝐻𝑉଴
∗ is slightly temperature dependent due to the integration 

constant being: 
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2.8.3 Recrystallization 

 

Contrarily to recovery, recrystallization is characterised by an heterogeneous nature. 

Recrystallization is a microstructural re-arrangement by which a deformed/recovered 

microstructure is replaced by defect-free grains, ultimately releasing all the energy stored in the 

form of dislocations. While recovery takes place homogeneously in the entire volume of the 

material, recrystallization is a process marked by the necessary development of an initial nucleus 

and its following growth throughout the deformed/recovered matrix (Figure 23). In this sense it 

has a discontinuous nature as it needs the development of a nucleus. Recovery and recrystallization 

take place simultaneously in the material. Recovery reduces the stored energy content in the form 

of dislocations, but does not remove all of them completely whilst recrystallization does. 

Recrystallization is a phenomenon, as well as recovery, pivoting on the amount of energy stored 

in the deformed material and its readiness to take place depends on both how the material 

rearranges with recovery to form nuclei for recrystallization but also on the stored energy ahead 

of the boundaries of the nucleus able to move. A recrystallizing grain will be more prone to move 

into regions possessing a higher stored energy content rather into those having a lower: 

dislocations and other defects are the driving force of a recrystallizing grains bulging out and leave 

crystallized region behind with no defects, e.g. stored energy. 

Recrystallization is often referred to as primary recrystallization, to differentiate it from other 

microstructural phenomena carrying the same name, such as secondary recrystallization or 

continuous or dynamic recrystallization. When large strains are imposed on the worked material, 

the final microstructure may be characterized by a vast amount of HABs. Upon additional 

deformation or upon subsequent annealing, long range motion of boundaries may not be achieved 

and the microstructure may result of HABs surrounding very small crystalline regions. Since no 

nucleation and growth of recrystallizing grains is seen, this kind of recrystallization is often 

referred to as continuous recrystallization. When working materials at high temperatures, such as 

when hot rolling, this mechanism may take place as well and in this case is commonly referred to 

as dynamic recrystallization. 
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Figure 23: Development of recrystallization within deformed copper with increasing time of annealing. Distinct uniformly shaded 
regions can be seen in the image which are the recrystallizing grains nucleating and growing [66]. 

 

In materials science, nucleation is usually discerned for the process of solidification of a material 

from the liquid to a solid phase. In the case of recrystallization this is not the case. Taking as a 

reference a material that has partially recrystallized, there we have two volumes which have the 

same physical state, that of a solid. These two volumes though are completely different in terms 

of, e.g., stored energy in the form of dislocations in the deformed/recovered matrix (compared to 

the defect-free recrystallized grains), their microstructure is different. To explain the concept of 

nucleation the following example of phase transformation, which is different from recrystallization 

but needs nucleation as well, can be considered. Upon cooling of iron, ferrite nucleates and grows 

at the expense of austenite. The two phases are both solid but differ in crystal structure. There, the 

driving force instead of being the amount of dislocations in the material, consists in the difference 

between higher stored energy of the recrystallizing phase, austenite, and the lower stored energy 

of the product phase, ferrite, which at the lower temperatures achieved when cooling, becomes the 

stable crystal structure. Although this is not recrystallization,  
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In the case of recrystallization of a material whose recrystallized phase is the same as that of the 

deformed, nucleation and growth of a grain means that a crystallite of very low internal energy 

nucleates and grows into a deformed or recovered material from which it is separated by a 

HAB[66]. 

HABs are in fact the only boundaries possessing a sufficient mobility for advancing 

recrystallization. Hence, while there is a depletion of energy by the creation of a defect free volume 

by the recrystallizing nuclei, there is an increase in energy due to the development of an HAB. The 

balance between these two determine the minimum size, 𝑅, of a nuclei. The size of a critical 

nucleus depends on the surface energy of the boundary 𝛾௕ and the curvature pressure 𝑃௕ (which 

can be related to the stored energy to be removed ahead of the boundary ∆𝑢 by creation of such a 

defect-free zone) by the Gibbs-Thomson relationship as follows: 

 

 
𝑅 ൌ   

2𝛾௕
𝑃௕

 (13) 

 

Therefore, considering the regions with highest dislocation content to possess the highest possible 

stored energy, it comes straightforward that these should be the preferential sites for 

recrystallization nucleation: the size that the nucleus in such regions will have to reach before 

growing, and hence becoming a proper recrystallizing grain, is smaller compared to one in a region 

of lower stored energy. Since the energy of a nucleus increases with its free surface size, it will be 

easier for recrystallized grains to nucleate at grain boundaries or, e.g., triple junctions, shear or 

transition bands [66]. 

 

As the nuclei formed, its boundaries start to migrate under the balance of two pressures, that of the 

curvature of the surface, 𝑃௕, of the boundary dragging the recrystallizing grain backwards as in 

Eqn. 13 and that of the stored energy content ahead of the boundary, the driving force for 

recrystallization, 𝑃ௗ, (determined by the dislocation density 𝜌, the Burgers vector 𝑏 and the shear 

modulus 𝑆 of the material) pushing the boundary towards the deformed region (Figure 24) [66]: 

 

 𝑃ௗ ൌ  𝛼𝜌𝑆𝑏ଶ (14) 
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This pressure difference influences the motion of such a boundary, and hence its velocity being 

the growth rate 𝐺ሶ  equal to [66]: 

 

 
𝑣 ൌ  𝐺ሶ ൌ 𝑀𝑃 ൌ 𝑀ሺ𝑃ௗ െ 𝑃௖ሻ ൌ 𝑀 ൬𝛼𝜌𝑆𝑏ଶ െ

2𝛾௕
𝑅
൰ (15) 

 

where 𝑀 is the mobility of such a boundary. 

 

 
Figure 24: Schematics of the Bailey-Hirsch mechanism  [66]. 

 

As it was formerly mentioned, recovery influences recrystallization; while recovery is needed for 

the nucleation of recrystallizing grains, it can be seen in Eqn. 15 that a lower dislocation content, 

as recovery progresses, corresponds to a lower driving force slowing down recrystallizing 

boundaries motion, retarding (if not inhibiting, if extensive recovery took place) recrystallization. 

It should be noted that the mobility 𝑀 of a boundary depends on many factors, the most blatant in 

a pure metal, being the misorientation, i.e. the orientation difference with the deformed regions 

ahead of the recrystallizing boundary and should not be considered a constant. Although the reason 

for boundary migration is the difference between the two formerly mentioned pressures, grains 

might grow much faster and larger than others, due to favourable misorientations between them 

and the deformed matrix. 

Mehl (1948), Burke and Turnbull (1952) after reviewing consistent experimental data, framed 

recrystallization as a thermally activated process generally obeying the following set of rules: 

 

1. A certain amount of deformation is needed to trigger recrystallization 

2. Increasing deformation in the material triggers recrystallization at lower temperatures 
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3. As the time spent at a specific temperature increases the temperature at which the material 

starts recrystallizing decreases 

4. The recrystallized grain size in the fully recrystallized material decreases with increasing 

deformation (more nucleation sites) 

5. Taken a specific amount of deformation put into the material the recrystallization 

temperature increases with increasing grain size (less favourable nucleation sites per 

volume) or increasing deformation temperature (dynamic recovery taking place in the 

material while being worked) 

 

A larger amount of deformation in the material increases the rate and lowers the temperature at 

which recrystallization onsets, given that increasing deformation means a higher density of loci 

where nuclei could develop into recrystallizing grains. For strains below 0.03, recrystallization of 

single phase materials have never been seen to take place while for strains above 2 - 4 the rate of 

recrystallization does not increase any longer [66]. The deformation mode has also an influence; 

as an example, cross rolling was seen to promote recrystallization more than unidirectional rolling 

in both iron and copper [80], [81], as well as different strains path followed upon deformation 

promote recrystallization with respect to others [82]–[84]. 

Solutes also might influence recrystallization if in relative large quantities. Available literature 

indicate they have a role in limiting grain boundary motion and hence, can influence the growth 

rate of recrystallizing grains [66]. Since the microstructure and the stored energy of a deformed 

grain depend on the active slip systems upon deformation, the orientation of the grain before 

deformation will have an influence on the amount of stored energy. In turn, in a polycrystalline 

material, the existence of a specific preferred texture instead of, say, an other, will have an 

influence on recrystallization, e.g. in the distribution of nucleation sites [85], [86]. 

After nucleation and during growth, the misorientation across the recrystallizing grain boundary, 

with respect to the deformed region influences the motion of such a recrystallizing grain front. At 

a microscopical level, it shall be noted that, if a recrystallizing grain suddenly encounters a 

deformed region possessing a similar orientation, the misorientation across the boundary decreases 

eventually rendering the boundary a low angle one, reducing its mobility significantly. In other 

words, the surrounding of a recrystallizing grain plays an influence on its growth: it might 

advantage or disadvantage its growth. 
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In order to characterize quantitavely recrystallization some reference parameters are needed. One 

of the most important ones is the time it takes the material to recrystallize a volume fraction, 𝑋௩, 

of 50%, the time to half recrystallization, 𝑡௑ೡୀ଴.ହ. If the rate of recrystallization is characterised by 

this time to half recrystallization, an Arrhenius type relationship should be considered: 

 

 1
𝑡௑ೡୀ଴.ହ

ൌ  𝐾 exp ൬
െ𝑄
𝑅𝑇

൰ (16) 

 

where 𝑄 is the activation energy for both nucleation and growth processes for the time to half 

recrystallization in the material, 𝑅 the universal gas constant and 𝑇 the absolute temperature. 

This activation energy must reflect the underlying physics of the phenomenon and hence both 

nucleation and growth rates in recrystallization shall be formulated as: 

  

 
𝐺ሶ ൌ  𝐾ଵ exp ൬

െ𝑄ீ
𝑅𝑇

൰ (17) 

 

 
𝑁ሶ ൌ  𝐾ଶ exp ൬

െ𝑄ே
𝑅𝑇

൰ (18) 

 

two parameters of handful use in the description of recrystallization. Though, constant nucleation 

rates are not supposed to be found for recrystallization, considering the heterogeneous distribution 

of the energy content in the microstructure. Hence, an alternative approach to include this deviation 

from constant nucleation rates must be sought. Throughout the latest century, scientists and groups 

of researchers have developed models to better describe the evolution of recrystallization coping 

with a discontinuous nucleation rate, which will be reported and analysed in the following section. 

 

2.8.3.1 JMAK kinetics 

 

Around the middle of the twentieth century, nearly at the same time, but independently, four 

scientists developed a theoretical approach describing nucleation and growth phenomena that have 

been successfully applied to recrystallization [87]–[89]. 
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It provides a sound description of the process in the light of the underlying evolving microstructure 

and the nature of recrystallization as a thermally activated phenomena. Those scientists were, in a 

time ordered fashion, Kolmogorov (1937), Avrami (1939), Johnson and Mehl (1939), whose 

initials became the acronym for the well known homogeneous nucleation model describing 

recrystallization kinetics: the JMAK model. 

Onwards, we are assuming the nucleation and growth rates are constant in the recrystallizing 

material despite being unnecessary from a theoretical point of view. The nucleation rate of 

recrystallization, 𝑁ሶ , consists in the amount of nuclei (nuclei density 𝑑𝑁ᇱ) developing during 

recrystallization in a given interval of time 𝑑𝑡: 

 

 
𝑁ሶ ൌ

𝑑𝑁ᇱ

𝑑𝑡
 (19) 

 

It is considered that nucleation takes place homogeneously everywhere in the material and that the 

hypothetical density of nuclei 𝑑𝑁ᇱ appearing in the material in a time interval 𝑑𝑡 during 

recrystallization, consists of the density of nuclei forming only in the recovered volumes, 𝑑𝑁, and 

the density of nuclei which would nucleate in volumes which already have a recrystallized, 𝑑𝑁ᇱᇱ ൌ

 𝑁ሶ 𝑋௏𝑑𝑡, although they are actually not in reality, so that: 

 

 𝑑𝑁ᇱ ൌ 𝑑𝑁 ൅ 𝑁ሶ 𝑋௏𝑑𝑡 (20) 

 

These recrystallizing nuclei can be visualised as the physically meaningful volume recrystallizing 

combined with a phantom one. At a specific time 𝑡 during recrystallization, these volumes 

combined would occupy an extended recrystallized volume fraction: 

 

 
𝑋௏ா௑ ൌ  න 𝑉

௧ೡ೐ೣ

଴
𝑑𝑁ᇱ (21) 

 

where 𝑉 is the volume of each recrystallizing grain. 
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The fraction of unrecrystallized material is ሺ1 െ 𝑋௩ሻ and since every 𝑑𝑡 the recrystallized fraction 

increases by 𝑑𝑋௏ா௑, it follows that: 

 

 𝑑𝑋௏ ൌ ሺ1 െ 𝑋௏ሻ𝑑𝑋௏ா௑ (22) 

 

so that upon integration, the extended volume fraction recrystallized is found to be equal to: 

 

 
𝑋௏ா௑ ൌ න 𝑑𝑋௏ா௑

௑ೇ

଴
ൌ න

𝑑𝑋௏
ሺ1 െ 𝑋௏ሻ

௑ೇ

଴
ൌ ln

1
1 െ 𝑋௏

 (23) 

 

leading to: 

 

 𝑋௏ ൌ 1 െ expሺെ𝑋௏ா௑ሻ (24) 

 

If the incubation time of recrystallization, 𝑡௜௡௖, is much shorter than the time to reach half 

recrystallization 𝑡௑ೡୀ଴.ହ, and if growth of spherical grains is assumed, then the recrystallizing grain 

possesses a volume equal to: 

 

 𝑉 ൌ 𝑓𝐺ሶ ଷ𝑡ଷ (25) 

 

where 𝑓 is a shape factor determined by the shape of the recrystallizing grain which, for a sphere, 

is equal to 4𝜋 3⁄ . 

If the nucleation rate is constant, upon integration the extended recrystallizing volume will be 

equal to: 

 

 
𝑋௏ா௑ ൌ 𝑓𝐺ሶ ଷ න 𝑁ሶ 𝑡ଷ𝑑𝑡

௧

଴
ൌ
𝑓𝑁଴𝐺ሶ ଷ𝑡ସ

4
 (26) 

 

and finally: 

 
𝑋௏ ൌ 1 െ expሺെ𝑋௏ா௑ሻ ൌ 1 െ expቆെ

𝑓𝑁଴𝐺ሶ ଷ𝑡ସ

4
ቇ ൌ 1 െ expሺെ𝐵𝑡௡ሻ (27) 
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From the assumptions, the exponent of time is supposed to be equal to 4 but this is actually never 

found in experimental practice: the exponent is nearly always lower. This is because the boundaries 

of a grain do not grow homogeneously in all directions and hence, the assumptions on the the 

spherical shape will not be valid any longer [90]. Authors have shown the Avrami exponent to 

drop from 4 to 1 at the end of recrystallization due to impingement, in the case of random 

nucleation at grain boundaries [91]. It is worth mentioning Kolmogorov did not require a constant 

nucleation rate. Avrami also considered a decreasing nucleation with time in his formulation, 

leading to an exponent lower than 4 but still in the range from 3 to 4. Two limiting case situation 

are useful to further understand the Avrami exponent. One is that of constant nucleation throughout 

the process for which, if grains grow as spheres, an Avrami exponent of 4 shall be expected, and 

an other one in which all nuclei develop at the beginning of nucleation implying the rate of 

nucleation immediately drops to zero: site saturated nucleation, to which corresponds an exponent 

of 3 since the fraction of extended recrystallized volume is equal to 𝑓𝑁଴𝐺ሶ ଷ𝑡ଷ. The different 

dimensionality of growth can be taken into account for both extreme cases in a way that if the 

growth of recrystallizing grains undertakes an 𝑛-dimensional growth, then the exponent will be 

equal to 𝑛 ൅ 1 for constant nucleation rates and 𝑛 for site saturated nucleation. Consequently in 

smaller exponents result, as a lower dimensionality comes in play as reported in Table 1.  

 

Table 1: Different Avrami exponents according to growth dimensionality and nucleation behavior. 

Growth Dimensionality Avrami Exponent 

 Constant Nucleation Rate Site Saturated Nucleation 

3-D 4 3 

2-D 3 2 

1-D 2 1 

 

 

Equation 28 can alternatively be modified to include an incubation time for recrystallization and 

written as: 

 

 𝑋௏ ൌ 1 െ expሾെ𝑏௡ሺ𝑡 െ 𝑡௜௡௖ሻ௡ሿ (28) 
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the coefficient 𝑏 and the Avrami exponent 𝑛 reflect the physics of both nucleation and growth of 

recrystallization. Rearrangement of Eqn. 28 into: 

 

 lnሾെ lnሺ1 െ 𝑋௏ሻሿ ൌ 𝑛 ln 𝑏 ൅ lnሺ𝑡 െ 𝑡௜௡௖ሻ (29) 

 

allows the determination of both by linear regression (such lines are usually plotted in so-called 

Avrami plots, as shown in Figure 25). 

 
Figure 25: a) Evolution of the fraction recrystallized with time for two different starting grain sizes. A faster kinetics is found for 
a smaller starting grain size. b) JMAK plots to deduce the Avrami exponents for the process [66]. 

 

2.8.3.2 Microstructural Path Methodology 

 

Fourty years later, Vandeermeer and Rath improved the JMAK recrystallization model by 

introducing the Microstructural Path (MP) approach/model with respect to recrystallization [92]–

[94]. DeHoff first laid the foundations of such an approach [95] in 1985 by use of an analogy with 
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thermodynamics: "The path of microstructural change is the sequence of states through which the 

system passes during a process. The microstructural state of a system may be thought of as a point 

in a space which has a number of dimensions equal to the number of variables quantified in 

identifying the state. The path is then the one dimensional curve in that space which connects the 

points in the sequence of states that characterize the process". 

For a nucleation and growth process such as recrystallization, the nucleation and growth rates are 

assumed to be represented by power law functions as: 

 

 𝑁ሶሺ௧ሻ ൌ 𝑁଴ሶ 𝑡ఋିଵ (30) 

 𝐺ሺ௧ሻ ൌ 𝑟𝑃𝑡௥ିଵ (31) 

 

where 𝛿, 𝑁଴ሶ , 𝑃 and 𝑟 are coefficients. 

The grains are assumed to grow in all three directions and their volume, 𝑉ሺ௧ିఛሻ, and interfacial area 

density, 𝑆ሺ௧ିఛሻ, are given by: 

  

 𝑉ሺ௧ିఛሻ ൌ 𝐾௏ ∙ 𝑎ଷሺ௧ିఛሻ (32) 

 𝑆ሺ௧ିఛሻ ൌ 𝐾ௌ ∙ 𝑎ଶሺ௧ିఛሻ (33) 

 

where 𝐾௏ and 𝐾ௌ are shape factors depending on the shape of the recrystallizing grains which is 

tracked throughout the evolution of the process, by its semi-major axis 𝑎ሺ௧ିఛሻ, which is given by: 

 

 
𝑎ሺ௧ିఛሻ ൌ න 𝐺ሺ𝑡ሻ 𝑑𝑡

௧

ఛ
 (34) 

 

To account for impingement, the extended volume and surface idealised by JMAK are used, which, 

in terms of the afore-introduced variables, can be written as: 

 

 
𝑋௏ா௑ ൌ න 𝑉ሺ௧ିఛሻ𝑁ሶ ሺ𝑡ሻ𝑑𝑡

௧

଴
 (35) 
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𝑆௏ா௑ ൌ න 𝑆ሺ௧ିఛሻ𝑁ሶ ሺ𝑡ሻ𝑑𝑡

௧

଴
 

(36) 

 

where 𝑉ሺ௧ିఛሻ and 𝑆ሺ௧ିఛሻ are the volume and the surface of a recrystallizing grain at a time 𝑡 

nucleated at a time 𝜏, and 𝑁ሶ ሺ𝑡ሻ is the nucleation rate of nuclei density at the time 𝑡.  

In the hypothesis of random spatial distribution of nuclei, the extended space properties are 

assumed to be related to the real ones via Eqn. 27 and: 

 

 
𝑆௏ா௑ ൌ

𝑆௏
1 െ 𝑋௏

 (37) 

 

The time dependence of the extended properties can be determined by substitution, integration by 

Laplace transformations and are: 

 

 𝑋௏ா௑ ൌ 𝑈ሺ𝐾௏ ,𝑁଴ሶ ,𝑃ଷሻ 𝑡ଷ௥ାఋ (38) 

 𝑆௏ா௑ ൌ 𝑉ሺ𝐾ௌ,𝑁଴ሶ ,𝑃ଶሻ 𝑡ଶ௥ାఋ (39) 

 

indicating the path will depend on the value of the parameters 𝑟, 𝛿, 𝐾௏, 𝐾ௌ, 𝑃 and 𝑁଴ሶ . 

The value of 𝛿 provides insights on the nucleation type; while values of 𝛿 ൏ 0 are not possible 

since it would invalidate the use of Laplace transformations, 𝛿 ൌ 0 would indicate site saturated 

nucleation, 𝛿 ൌ 1 a constant nucleation rate. Values of 0 ൏ 𝛿 ൏ 1  or 𝛿 ൐ 1 indicate a nucleation 

rate decreasing or increasing in time respectively. 

The value of 𝑟 instead discloses information on the growth: 𝑟 ൏ 0 is not possible since the grains 

would shrink instead of grow, 𝑟 ൌ 1 indicate a constant growth rate whether 0 ൏ 𝑟 ൏ 1  a non 

constant growth as, e.g. the parabolic growth for  𝑟 ൌ 1/2. 

By application of eqns. 38 and 39, the microstructural partial path function for the extended 

parameter 𝑆௏ா௑ was determined to be of the type: 

 

 𝑆௏ா௑ ൌ 𝐶 𝑋௏ா௑
௤ (40) 
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where 𝑞 ൌ 2𝑟 ൅ 𝛿 3𝑟 ൅ 𝛿⁄ . Use of Eqns. 27 and 37 in Eqn. 40 allows for the determination of the 

path function based on the measurable parameters 𝑆௏ and 𝑋௏: 

 

 𝑆ሺ௧ିఛሻሺ𝑡ሻ ൌ 𝑓ௌሺ೟షഓሻሺ𝑋௏ሻ ൌ 𝑆௏ ൌ  𝐶଴ሺ1 െ 𝑋௩ሻሺെ lnሺ1 െ 𝑋௏ሻሻ௤ (41) 

 

Such an equation, when conveniently plotted, allows for the determination of 𝑞 which can be 

further used to infer the nucleation and growth characteristics in the material upon 

recrystallization. The exponent 𝑞 is supposed to vary in time in a transition region, as shown in 

Figure 26.  

 

 
Figure 26: The dependence of the microstructural path parameter, q, on time and impingement behaviour (uniform, linear or 

planar) as from [96]. 

 

In three dimensions, an exponent 𝑞 equal to or larger than 2/3 indicates uniform impingement, 

lower values indicate linear impingement and when 𝑞~0 impingement is planar [96]. As shown 

above, introduction of additional microstructural parameters and use of more complex geometric 

models allow a more detailed and precise description of recrystallization in terms of nucleation 

and growth from experimental results, compared to the JMAK model. Although the assumption of 

spatially random nucleation still holds, an improvement in recrystallization description had been 

achieved. 
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2.8.3.3 Additional Microstructural Descriptors 

 

Additional work from Vandermeer in 2005 integrated the MP model by adding other 

microstructural parameters such as the contiguity ratio, 𝐶ఈఈ, the fraction of the total grain boundary 

area of recrystallizing grains shared with other recrystallizing grains or the mean chord length of 

recrystallizing grains 〈𝜆௥௫〉. The mean chord length of a subset of grains is a measure of the grain 

size and is related to their interfacial area density, 𝑆௏, as: 

 

 
〈𝜆〉 ൌ

1
𝑃௅
ൌ

2
𝑆௏

 (42) 

 

where 𝑃௅ is the number of intersection points between the boundaries of the grains for which the 

chord length is to be measured and test lines, per unit length. 

So a new path function for describing the evolution of recrystallization is rationalised, made up by 

the two of the afore mentioned microstructural descriptors, 𝑋௏ and 𝑆௏, the semi-axis variable, 

substituted by the mean chord length, and the contiguity ratio, yielding a four dimensional time 

dependent function: 

 

 𝐹 ቄ𝑋௏ , 𝑆௏ , 〈𝜆௥௫〉ሺ௧ିఛሻሺ𝑡ሻ,𝐶ఈఈሺ௧ିఛሻሺ𝑡ሻቅ ൌ 0 (43) 

 

from which partial path functions, can be used to interpret results: 

 

 𝑆ሺ௧ିఛሻሺ𝑡ሻ ൌ 𝑓ௌሺ೟షഓሻሺ𝑋௩ሻ (44) 

 〈𝜆௥௫〉ሺ௧ିఛሻሺ𝑡ሻ ൌ 𝑓〈ఒೝೣ〉ሺ೟షഓሻሺ𝑋௩ሻ (45) 

 𝐶ఈఈሺ௧ିఛሻሺ𝑡ሻ ൌ 𝑓஼ഀഀሺ೟షഓሻሺ𝑋௩ሻ (46) 

 

The partial path function for the boundary surface density was introduced above and corresponds 

[94] to Eqn. 41. As for the boundary surface density, a partial path equation for the mean chord 

length of recrystallizing grains shall be determined. 
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By use of the afore introduced relationships relating the extended and the actual recrystallized 

volume, together with those relating the extended and actual mean chord lengths to the actual and 

extended density of nuclei [97], and the Fullman relationship between the sphere radius and the 

mean chord length [98], the following partial path function for the mean chord length in the case 

of uniform impingement can be found: 

 

 
〈𝜆௥௫〉ሺ௧ିఛሻሺ𝑡ሻ ൌ 𝑓〈ఒೝೣ〉ሺ೟షഓሻሺ𝑋௩ሻ ൌ 〈𝜆௥௫〉 ൌ

1
𝛼
൬

16
9𝜋𝑁଴

൰
ଵ/ଷ

𝑋௏
ଵ/ଷ (47) 

 

where 𝛼 is a shape factor usually close to be equal to 1 and 𝑁଴, the nuclei density at zero time. In 

case of linear or planar impingement of grains the above equation needs alteration respectively 

into: 

 

 
〈𝜆௥௫〉 ൌ

1
𝛼
൬

16
9𝜋𝐿

൰
ଵ/ଷ

ሾെ lnሺ1 െ 𝑋௏ሻሿଵ/଺𝑋௏
ଵ/ଷ (48) 

 
〈𝜆௥௫〉 ൌ

1
𝛼
൬

2
3𝑆
൰
ଵ/ଷ

ሾെ lnሺ1 െ 𝑋௏ሻሿଶ/ଷ𝑋௏
ଵ/ଷ 

(49) 

 

These above are specific cases from which a general form of such a partial path function can be 

inferred as: 

 

 〈𝜆௥௫〉 ൌ 𝐾ఒ𝑋௏
ଵ/ଷሾെ lnሺ1 െ 𝑋௏ሻሿ௣ (50) 

 

where 𝐾ఒ and 𝑝 are constants depending on nucleation and impingement. As for the partial path 

function for the interfacial area density, plotting of Eqn. 50 - normalised by cubic root of the 

fraction recrystallized - against the extended recrystallized volume, as in Figure 27, allows 

evaluation of the parameter 𝑝. When 𝑝 ൌ 0, Eqn. 50 translates into Eqn. 47 and a uniform 

impingement is inferred. Likewise, for linear and planar impingement, 𝑝 will result equal to 1/6 

and 2/3 respectively. 
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Figure 27: Comparison of approximate MP model behavior of the partial path function 𝑓〈ఒೝೣ〉ሺ೟షഓሻሺ𝑋௩ሻ for recrystallization of cold 
and hot deformed aluminum as from [96]. 

 

The contiguity ratio instead, characterizes the spatial distribution of recrystallized nuclei[96] and 

can be expressed by the following equation: 

 

 
𝐶ఈఈ ൌ

2𝑆௏ఈఈ
2𝑆௏ఈఈ ൅ 𝑆௏ఈఉ

 (51) 

 

where 𝑆௏ఈఈ is the grain boundary area density between recrystallized volumes of the material and 

𝑆௏ఈఉ that in between recrystallized and recovered volumes. The contiguity ratio increases 

monotonically from 0 at the beginning of recrystallization to 1 for a fully recrystallized sample. If 

nucleation of recrystallizing grains takes place homogeneously, 𝐶ఈఈ~𝑋௏ for all 𝑋௏ according to 

the form derived analytically in Ref. [99]. Deviations from homogeneous distribution of nuclei in 

space lead to positive or negative deviations due to either clustering or ordering respectively. 
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2.9 Scanning Electron Microscopy 

 

The scanning electron microscope (SEM) is by far the most used electron microscope due to the 

wealth of microstructural information that can be obtained considering its reduced costs when 

compared to Transmission Electron Microscopes (TEMs). SEMs can provide very insightful 

information of the specimens analysed without narrowing too much on the smallest possible scale 

of features present in the microstructure, as TEMs do (and hence losing the overall macroscopic 

character of the insight). The scale of the features from which the information provided comes is 

not as small as what TEMs can achieve (potentially sub-Angstrom scale for the TEMs when 

looking at dislocation cores or vacancies) but an SEM is still capable of picturing subgrains for 

example, or can be used to approximately determine dislocation density. Information can be 

obtained from comparably large areas: data can be collected in regions up to hundredths of 

micrometers in size, disclosing information on the chemical composition, the topology of the 

material studied and, via electron backscatter diffraction, EBSD, their crystalline lattice and 

orientation. Another main advantage of SEMs is its outstandingly large depth of field, when 

imaging, as compared to light optical microscopes (LOMs) (tens of micrometers at a 1000x 

magnification for an SEM as compared to 3-5 µm on a 5-10x magnification lens in a light optical 

microscope). For this reason, when an SEM is available and the information to be obtained 

economically viable, it is often preferred to a LOM. An SEM is able to provide a magnification 

from the same order of magnitude of a LOM down to 25000/50000 times. All of the above is 

thanks to the nature of the probe used, electrons, whose wave nature can be used to make them as 

fine probes (sub-Å for a 30kV beam vs 550 nm of light waves) allowing a resolving power much 

larger than LOMs (although it is not the minimum possible probe size limiting the resolution of a 

microscope but the machine itself and the specimen studied, since the interaction volume with the 

specimen will not allow such a resolution in the obtained maps). 

An SEM consists of an electron gun (LaB6 (lower brightness) or W Field Emission Gun (higher 

brightness)) and a series of electromagnetic lenses and apertures below the gun as in Figure 28. 

Acceleration voltages in SEMs are one order of magnitude smaller than those of a TEM (30 kV 

vs. 300 kV). The lenses in an SEM only serve to form and direct the probe, not to form the image. 

In imaging, TEM images are instantaneous, coming from the incident beam itself at all points of 

the exposed area (and then re-focused to form an image), while in an SEM, the beam is scanned 
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all over the area of interest and hence, its name: scanning electron microscope. Such a scanning is 

performed by a set of lenses called the scan coils. The interaction of the beam with the material 

will result in a signal that will be collected from a detector, which varies depending on the kind of 

information required to the study. 

 

 
Figure 28: Structure of a scanning electron microscope (SEM) after [100]. 

 

The response signal can be of many different kinds, and could consist of the same electrons which 

have interacted elastically or inelastically with the material, electrons or x-rays stemming from the 

probed material. Each signal is detected by a different detector located in the vacuum chamber 

(Figure 29). To image the topography of the material studied (as in Figure 30), secondary electrons, 

SE, (inelastic electrons) are used, whose yield depends by the shape of the probed volume (electron 

number effect) and the orientation of the probed surface with respect to the detector (trajectory 

effect), as shown in Figure 31 and Figure 32. The larger the volume of the specimen probed close 

to free surfaces, the higher the chance all those inelastic electrons can escape, the higher the amount 

of them detected, the brighter this region of the map is. 
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Figure 29: FEI NOVA NanoSem 600 vacuum chamber. The cone in the top center of the figure is the bottom of the column from 
which the electron beam exits. On the right, the SE detector identifiable by its outer acceleration grid. The specimen sits on top of 
a pre-tilted sample holder screwed into the stage of the microscope (bottom left). Picture from the author. 

 

 
Figure 30: Comparison between (left) a secondary electron (SE) image providing topographical information on the sample and 
(right) backscattered electron image providing compositional information [100]. 

 
Figure 31: Generation of topographic contrast in an image obtain by SE in an SEM due to trajectory effects [100]. 
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This is why secondary electron topography imaging in SEMs is often referred to a pseudo-3D 

technique, since this feature of the response of the material to the beam provides an image that 

gives the impression of the 3-dimensionality of the specimen analysed. 

The signal collected after interaction with the specimen can also be of an elastic nature, e.g. from 

the elastic interaction of electrons of the beam with the atoms of the material, and provides Z-

contrast (contrast based on the atomic number of the species interacting with the beam) or the 

orientation of the crystallites. Those electrons are called backscattered electrons, BSE. For the 

purpose of collecting the backscattered electrons to image the compositional contrast in the 

specimen, the signal is collected by a detector which is placed just around the slit through which 

the incident beam passes, at the bottom of the acceleration column. The yield of backscattered 

electrons on the BSE detector depends on the ease with which those can elastically escape the 

material which in turn depends on the chemical species interacting with the beam. The higher the 

atomic number Z of the species from which they are diffracted back, the higher the interaction 

cross-section between the electron and the atom, the lower the yield; contrast arises: Z-contrast or 

compositional contrast. Interaction of the beam with the specimen can also yield lower energy 

electrons originating from the outer shells of the atoms involved, whose energy depends on the 

atomic species interacting. These electrons are called Auger electrons and provide chemical 

composition information on the material studied. Last but not least importantly, BSEs can also 

provide information on the crystallographic nature of the sampled region for which another 

detector in the chamber is in charge of collection, the EBSD detector (Figure 33). This kind of 

detector is used to acquire diffraction patterns originating from the back scattered diffraction of 

beam electrons with the specimen, from which orientation data can be obtained. Such information 

consists in the orientation of the crystalline domains with respect to the specimen coordinates. 

 

 
Figure 32: Generation of topographic contrast due to electron-number effects. More secondary electrons can escape features such 
as edges as compared to a flat surface [100]. 
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Figure 33: Details of the vacuum chamber showing, on the left, the EBSD detector in its retracted condition. On the right, the 
bottom of the column where the electron beam is focused to create the desired probe with, on its right, the Everhart-Thornley 
detector in charge of collecting secondary electrons for imaging purposes. Picture from the author. 

The existence of crystallographic planes in polycrystalline materials makes it such that, for a 

specific family of planes (here to be intended as groups of parallel planes) being hit, a constructive 

interference of scattered electrons in specific directions will develop: crystallographic planes are 

diffracting electrons into specific directions at angles according the Bragg’s Law: 

 

 𝑛𝜆 ൌ 2𝑑 sin𝜃 (52) 

 

where 𝑛 is the diffraction order, 𝜆 is the wavelength of the electron and 𝑑  is the interplanar distance 

between the parallel crystallographic planes. The diffracted signal on a detector consists of 

multiple, different bands of higher intensity of electrons (Kikuchi Bands as in Figure 34), each of 

which originating from a different family of parallel planes, and form a pattern. Microscope 

softwares take care of the automatic identification of such patterns revealing the orientation of the 

crystal structure of sampled volume with respect to the specimen reference system. Upon scanning 

of an area which is representative of the sample studied, the microstructure and the texture of the 

material studied can be determined. 

 

 
Figure 34: EBSD pattern from copper consisting of Kikuchi bands. On the right the same pattern is indexed and zone axis poles 
specified by Miller indices [101] . 
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2.10 Tools, the texture 

 

2.10.1 Crystallography 

 

Solid state materials are present in the universe in different shapes or forms, but all can be 

considered to possess a specific internal structure. They are termed to possess a crystalline or 

amorphous structure, depending on whether or not the atoms they are made of are arranged in an 

ordered manner, meaning atoms are organised in a regular, long range, periodic arrangement. Such 

a 3D arrangement can be summarized and reduced to single units constructing it. The unit cells 

are the elemental units the entire long range ordered arrangements of atoms considered can be 

entirely re-built from. Unit cells are described by use of three vectors, indicating the directions 

within them and distance from a chosen origin, the translation vectors, together with the three 

angles. If there is not a cell of smaller volume that can be used to rebuild the entire arrangement, 

the cell is termed primitive (unit cell). All the end points of translation vectors in space constitute 

the lattice of a specific crystalline structure and such a regularity denotes the so-called translation 

symmetry of the crystal structure. The material can consist of single atomic species, e.g. iron 

atoms, or could also be formed by several different ones, e.g. Cu and Zn atoms in brass. In each 

crystalline material, there will be a specific primitive unit cell and a specific translation lattice. The 

choice of which atom sits at each of those lattice points is represented by the motif. In this way a 

crystalline structure (Figure 35) is defined: 

 

 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 ൌ 𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛 𝑙𝑎𝑡𝑡𝑖𝑐𝑒 ൅ 𝑚𝑜𝑡𝑖𝑓 (53) 

 
Figure 35: 2D crystal structure with translation vectors represented in the form of arrows connecting what can be seen as the basis 
or the points of the translation lattice [25]. 
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Crystal structures are characterized by their symmetry or to a better statement, by all the symmetry 

operations, translational and rotational after which the original lattice remains unchanged. 

In nature, every three dimensional crystal can be framed to belong to a specific crystal system. A 

crystal system is a group of crystalline structures that upon symmetry and translation operations 

retains their original structure, e.g. the operations leave the crystal structure unchanged. If one 

considers the translation vectors to be 𝑎, 𝑏 and 𝑐, and angles in between them, 𝛼, 𝛽 and 𝛾, the 

crystal systems found in nature can be characterized into seven different kinds as follows: 

 

1. Cubic 𝑎 ൌ 𝑏 ൌ 𝑐 and 𝛼 ൌ  𝛽 ൌ 𝛾 ൌ 90° 

2. Tetragonal 𝑎 ൌ 𝑏 ് 𝑐 and 𝛼 ൌ  𝛽 ൌ 𝛾 ൌ 90° 

3. Orthorombic 𝑎 ് 𝑏 ് 𝑐 and 𝛼 ൌ  𝛽 ൌ 𝛾 ൌ 90° 

4. Hexagonal 𝑎 ൌ 𝑏 ് 𝑐  and 𝛾 ൌ 120°, 𝛼 ൌ  𝛽 ൌ 90° 

5. Trigonal 𝑎 ൌ 𝑏 ൌ 𝑐 and 𝛼 ൌ  𝛽 ൌ 𝛾 

6. Monoclinic 𝑎 ് 𝑏 ് 𝑐 and 𝛼 ൌ  𝛾 ൌ 90° 

7. Triclinic 𝑎 ് 𝑏 ് 𝑐 and 𝛼 ്  𝛽 ് 𝛾 

A more common and pragmatic categorization of those is that of the Bravais Lattices, describing 

the translational symmetry of crystal structures only. In total, there are 14 different Bravais lattices: 

7 are those whose requirements on the translation lattice and angles coincide with those formerly 

defined for the crystal structures and other seven stem from four of these just mentioned seven, 

with the difference that special additional constrains for the parameters of the primitive cell must 

be taken into consideration. As an example, if one takes the rhombohedral primitive cell and adds 

the constrain of 𝛼 ൌ  𝛽 ൌ 𝛾 ൌ 60°, this new cell can also be described (e.g. the crystal structure 

can be defined with a different set of constrains) by a non-primitive cubic cell having 

constrains 𝑎 ൌ 𝑏 ൌ 𝑐 and 𝛼 ൌ  𝛽 ൌ 𝛾 ൌ 90°: the so called face centred cubic (fcc) lattice. 

Similarly, the body centred cubic (bcc) non primitive cell can be described by a rhombohedral 

primitive cell having the 𝛼 ൌ  𝛽 ൌ 𝛾 ൌ 109.5° constrain. Below in Figure 36 a description of the 

possible 14 Bravais lattices is shown. 
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Figure 36: Description of all the possible 14 Bravais lattices [25]. 

 

In order to usefully address the directions or planes for each lattice, the Miller (or Miller-Bravais 

for hexagonal crystals) indices have been developed. Briefly, a direction in the lattice can be 

provided by a linear combination of components along the axes defined by the translation vectors 

𝑎, 𝑏 and 𝑐, in a way that the total translation vector from the origin can be described as: 

 

 𝑟 ൌ 𝑢𝒂 ൅ 𝑣𝒃 ൅ 𝑤𝒄 (54) 

 

where 𝑢, 𝑣 and 𝑤 are integers and indicate the magnitude of the translation in the direction 

specified by the axes and indicate the lattice direction(s) (they indicate crystallographically 

equivalent families of directions as well as there are infinite parallel lattice direction to a one 𝑢𝑣𝑤). 

Each direction is indicated in Miller notation as ሾ𝑢𝑣𝑤ሿ while families of directions as ൏ 𝑢𝑣𝑤 ൐. 

Similarly, any set of points on the 𝑎, 𝑏 and 𝑐 axes in the form 𝑎/ℎ, 𝑏/𝑘 and 𝑐/𝑙 can define a plane 

and hence any 𝑛𝑎/ℎ, 𝑚𝑏/𝑘 and 𝑡𝑐/𝑙 with an integer 𝑛,𝑚, 𝑡 defines a family of crystallographically 

equivalent planes. When one or two integers are equal to 0, it means the plane will never cross the 

axis to which the null integers belong, identifying planes parallel to that axis. To identify a plane, 

one has first to determine the points of intersection with the three axes then take their reciprocal 

value and finally multiply or divide them by the common factor rendering that set as one with the 

smallest integer numbers. In such a way the plane (or family of planes) is determined and identified 

by three integers as Miller indices and is written as ሺℎ𝑘𝑙ሻ, while families of planes with curly 

brackets as ሼℎ𝑘𝑙ሽ. 
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The symmetry proper of the lattice can be such that some planes designated by the different 

integers, actually correspond to the same family of planes: a ሼ111ሽ family is equivalent to the 

ሼ1ത11ሽ. For cubic crystals for example, for every ℎ𝑘𝑙 combination, equivalent families are obtained 

for whatever arbitrary permutation of ℎ, 𝑘 and 𝑙 but also for any change of those into their negative 

equivalent. This in turn means that, for cubic symmetries, a maximum of 48 equivalent planes 

families can be obtained although for some sets, part of the families are “degenerated”, in a sense 

that only less than 48 are actually existing: e.g. 8 for the ሼ111ሽ family and only 6 for the ሼ110ሽ 

family. 

 

2.10.2 Representation of orientations and texture 

 

In order for an orientation to be specified, two orthogonal reference systems need to be defined, 

one proper to the specimen out of which the orientation is to be determined, the specimen 

coordinate system, and one related to the crystal structure, the crystal coordinate system. While 

the former is usually set to have some sort of reference to the relevant direction proper of the 

specimen, e.g. for the case of rolled products, the rolling, transverse and normal directions 

(respectively RD, TD and ND as in Figure 37), the latter is determined by the nature of the crystal 

(albeit the choice being completely arbitrary), e.g. the main directions proper of the crystal 

symmetry in play, e.g. for cubic crystals, the axes subtended by the ሾ100ሿ, ሾ010ሿ and ሾ001ሿ 

directions. Both systems are Cartesian. 

 

 
Figure 37: Illustration of the preferred orientation desired in power transformer technology related products, the Goss orientation, 
having the normal of the (110) planes parallel to the normal direction of the specimen (ND) and the [100] direction parallel to the 
rolling direction (RD) [102]. 
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2.10.2.1 Rotation Matrix 

 

Either of the two reference systems afore mentioned can be taken to coincide with the other, by 

means of a rotation that can be described by a rotation, or orientation matrix, 𝑔 [102], [103] as 

follows: 

 

 
𝐶௖ ൌ ൭

𝑥௖
𝑦௖
𝑧௖
൱ ൌ 𝑔𝐶௦ ൌ 𝑔൭

𝑥௦
𝑦௦
𝑧௦
൱ (55) 

 

where 𝐶௖ and 𝐶௦ are the coordinates with respect to the crystal and specimen reference coordinate 

systems respectively.  The rotation matrix describes therefore a coordinate transformation between 

two different reference systems. All matrices are 3x3 matrices and 𝑔 is obtained via the so called 

direction cosines of the angles in between the two different reference systems. Specifically, the 

first row of the orientation matrix is obtained by the cosines of the angles (𝛼ଵ,𝛽ଵ and 𝛾ଵ) in between 

one crystal axis, the ሾ100ሿ and each of the three specimen coordinate system axis, X,Y and Z. The 

same holds for the remaining two axes (angles 𝛼ଶ,𝛽ଶ and 𝛾ଶ and 𝛼ଷ,𝛽ଷ and 𝛾ଷ for the axes [010] 

and [001]): 

 
𝑔 ൌ ൭

𝑐𝑜𝑠𝛼ଵ 𝑐𝑜𝑠𝛽ଵ 𝑐𝑜𝑠𝛾ଵ
𝑐𝑜𝑠𝛼ଶ 𝑐𝑜𝑠𝛽ଶ 𝑐𝑜𝑠𝛾ଶ
𝑐𝑜𝑠𝛼ଷ 𝑐𝑜𝑠𝛽ଷ 𝑐𝑜𝑠𝛾ଷ

൱ ൌ ൭
𝑔ଵଵ 𝑔ଵଶ 𝑔ଵଷ
𝑔ଵଶ 𝑔ଶଶ 𝑔ଶଷ
𝑔ଵଷ 𝑔ଶଷ 𝑔ଷଷ

൱ (56) 

 

It is critical to note that both rows and columns of the orientation matrix are vectors. The matrix is 

orthonormal, making the inverse of the matrix equal to its transpose. 

Depending on the symmetry of the crystal system (and the specimen symmetry), there can be more 

than a single solution for a rotation operation. In the case of cubic symmetry there can be 24 

different orientations that can suffice for the operation to be correct, hence, there are 24 possible 

solutions which are often termed, crystallographically related/equivalent. The cubic symmetry is 

the highest symmetry in between all crystal systems: e.g. hexagonal and orthorhombic crystals 

have 12 and 4 possible solutions respectively. Each of this 24 solutions is an orientation matrix  

valid for the operation performed and each can be considered the correct description of the 

orientation of each of the two systems with respect to the other. 



94 
 

2.10.2.2 Ideal Orientation (Miller or Miller-Bravais Indeces)  

 

A very practical description of orientations, especially for laminated products as rolled plates, is 

that via Miller indices [102]. This is done by multiplying by a factor (𝑁ଵ, 𝑁ଶ or 𝑁ଷ for the 𝑋, 𝑌 

and 𝑍 directions respectively) the direction cosines of the first and last columns, respectively the 

X and Z directions of the specimen expresses in crystal coordinates, making all indices integer, and 

then dividing them by their lowest common denominator. In its final form, this orientation 

specification will be written in the form ሺ𝑢𝑣𝑤ሻሾℎ𝑘𝑙ሿ, where 𝑢𝑣𝑤, ℎ𝑘𝑙, but also 𝑞𝑟𝑠 factors (Miller 

indices) are specified in their orientation matrix 𝑔 as follows: 

 

 

𝑔 ൌ

⎝

⎜
⎜
⎜
⎛

𝑢
𝑁ଵ

𝑞
𝑁ଶ

ℎ
𝑁ଷ

𝑣
𝑁ଵ

𝑟
𝑁ଶ

𝑘
𝑁ଷ

𝑤
𝑁ଵ

𝑠
𝑁ଶ

𝑙
𝑁ଷ⎠

⎟
⎟
⎟
⎞

 (57) 

 

Use of only two directions is sufficient given the properties of such a matrix, as formerly 

mentioned, for which the 𝑌 direction can be determined by cross product between the other two: 

ሾ𝑞𝑟𝑠ሿ ൌ ሺℎ𝑘𝑙ሻ ൈ ሾ𝑢𝑣𝑤ሿ. The advantage of this kind of description is that specific orientation can 

be related to relevant specimen directions, a particularly handy method to denote textures of 

particular interest as in the case of the desired preferred orientation in power transformers as 

depicted in Figure 37. One should be careful though, since some orientations that might look 

identical (due to the presumed crystal symmetry) are actually not. As an example, for a cubic 

crystal, the ሺ123ሻሾ634തሿ orientation is not equal (is not the an other solution of the orientation 

matrix) to ሺ123ሻሾ6ത3ത4ሿ. 

 

2.10.2.3 Pole and Inverse Pole Figures 

 

An alternative description of the orientation of any direction considered in the crystal can be 

expressed by the locus, the pole, where this vector hits a sphere surrounding the specimen. If this 

sphere is a specific reference system, the specimen system for example, then, it is possible to 
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describe the single orientation with respect the reference frame of the sphere and hence determine 

the orientation matrix [104]. In order to visualize such a representation of orientations, the 3D 

sphere needs to be translated into a 2D figure and this is usually done using either the stereographic 

projection or the equal area projection. 

 

The angle 𝛼 describes the angle in between the pole and the azimuth, the north pole of the reference 

sphere (as in Figure 38) while 𝛽 is the angle describing the rotation of the pole around the polar 

axis. It useful to set the sphere reference system parallel to the relevant specimen directions, which 

in the case of a rolled plate are the RD, TD and ND; with the north pole of the sphere, 

conventionally, taken as ND. In such a way the two reference systems are set and definition of the 

orientation(s) possible. 

 

 
Figure 38: Orientation of the basal plane of an hexagonal crystal where the position of the (0001) pole is defined by the two 
angles α and β, although an additional pole is required for a univocal definition of the orientation, considered the remaining 
degree of freedom due to the rotational symmetry around the (0001) pole [78]. 

 

Parametrisation of the orientation using such a method can be set as follows: again we have a set 

of three axes per coordinate system (orthonormality conditions apply), 𝐶௦ ൌ 𝐶௦ሺ𝑠ଵ, 𝑠ଶ, 𝑠ଷሻ and 

𝐶௖ ൌ 𝐶௖ሺ𝑐ଵ, 𝑐ଶ, 𝑐ଷሻ. Any pole of interest can be defined as: 

 

 
𝑅 ൌ 𝑠ଵ sinሺ𝛼ሻ cosሺ𝛽ሻ ൅ 𝑠ଶ sinሺ𝛼ሻ sinሺ𝛽ሻ ൅ 𝑠ଷ cosሺ𝛼ሻ ൌ

1
𝑁
ሺ𝑐ଵ𝑋 ൅ 𝑐ଶ𝑌 ൅ 𝑐ଷ𝑍ሻ (58) 
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where 𝑠ଵ, 𝑠ଶ, 𝑠ଷ are the unit vectors of the specimen reference system, 𝑐ଵ, 𝑐ଶ, 𝑐ଷ are the unit vectors 

of the crystal reference system, 𝑋,𝑌,𝑍 are the coordinates of the pole in crystal reference frame 

and 𝑁 ൌ √𝑋ଶ ൅ 𝑌ଶ ൅ 𝑍ଶ is the normalizing constant to turn 𝑅 into unity. The above formulated 

definition formulated into matrices is as follows: 

 

 
ቌ

sinሺ𝛼ሻ cosሺ𝛽ሻ
sinሺ𝛼ሻ sinሺ𝛽ሻ

cosሺ𝛼ሻ
ቍ ൌ

1
𝑁
൭
𝑔ଵଵ 𝑔ଵଶ 𝑔ଵଷ
𝑔ଵଶ 𝑔ଶଶ 𝑔ଶଷ
𝑔ଵଷ 𝑔ଶଷ 𝑔ଷଷ

൱൭
𝑋
𝑌
𝑍
൱ (59) 

 

One pole only is not sufficient to exactly define an orientation, considering the remaining degree 

of freedom due to the possible rotation around the pole axis and a second pole is therefore required. 

Usually, visualization of the orientation of a sample by pole figures is carried out by using three 

pole figures, most frequently using the ሾ100ሿ, ሾ110ሿ and ሾ111ሿ directions, such as in Figure 39, 

unless a specific direction of interest is preferred over one of the others. 

 

 
Figure 39: Different crystal poles ([100] left, [110] centre and [111] right) of a diffracting volume within a material. More than 
one point is visible for each pole figure since each family of planes have more than one plane present in the crystalline system. 

 

Using pole figures to represent orientations means replying to the question: where are crystal 

directions pointing at? Conversely, one could ask the following: which crystal direction points (or 

to better say, is parallel) to a specific specimen direction? While in the first case, one would deal 

with the afore-mentioned visualization of orientations by pole figures, in the latter one, one uses 

inverse pole figures. Specifically, while in the case of pole figures the orientation of the crystal 

coordinate system is represented with respect to the specimen coordinate system, in inverse pole 

figures, it is the opposite: the orientations of the specimen system are projected onto the crystal 

reference system. Similar to pole figures, we define two angles 𝜀 and 𝜗 to track the positioning of 
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a specimen axis with respect to the coordinate system of the crystal so that any vector 𝑠 parallel to 

a specific specimen axis can be defined as: 

 

 𝑠 ൌ 𝑐ଵ sinሺ𝜀ሻ cosሺ𝜗ሻ ൅ 𝑐ଶ sinሺ𝜀ሻ sinሺ𝜗ሻ ൅ 𝑐ଷ cosሺ𝜗ሻ (60) 

 

with scalar multiplication leading to: 

 

 
൭
𝑋௖
𝑌௖
𝑍௖
൱ ൌ ቌ

𝑐ଵ sinሺ𝜀ሻ cosሺ𝜗ሻ
𝑐ଶ sinሺ𝜀ሻ sinሺ𝜗ሻ

𝑐ଷ cosሺ𝜗ሻ
ቍ ൌ ൭

𝑔ଵଵ 𝑔ଵଶ 𝑔ଵଷ
𝑔ଵଶ 𝑔ଶଶ 𝑔ଶଷ
𝑔ଵଷ 𝑔ଶଷ 𝑔ଷଷ

൱ ∙ ൭
𝑋௦
𝑌௦
𝑍௦
൱ (61) 

 

with 𝑋௦, 𝑌௦ and 𝑍௦ being the unit vectors in the specimen reference frame. Such a representation is 

particularly useful in specimens possessing specific symmetries, like axial symmetric products as 

drawn wires, ans rolled products. Thanks to the symmetry some crystal systems have, it is 

sometimes not needed to display the entire inverse pole figure. For the case of cubic crystals for 

example, specifically the 𝑚3ത𝑚 space group, just the so-called unit triangle whose vertices are 

indicating the <100>, <110> and <111> families of directions will suffice to represent all the 

orientations (Figure 40). 

 

 
Figure 40: Inverse pole figures displaying the crystal directions within the specimen parallel to each of the specimen reference 
system axes, X, Y and Z. Colors describe the intensity in multiples of random density, from the highest occurring (red) to the lowest 
occurring (white) as illustrated in the color bar on the side. In the bottom image, blue points indicate each single measured direction 
for each of the specimen directions , x=RD, y=ND and z=TD. 
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2.10.2.4 Euler angles and Euler space 

Given that three variables only are needed to define an orientation (together with the two systems 

of reference) a method using these three only was devised and rapidly became the most commonly 

used in microtexture practice: that of the Euler Angles [105]. The most common convention used 

to express these three angles is that formulated by Bunge [106] with the three angles being 𝜑ଵ,Φ 

and 𝜑ଶ defined as the angle describing the rotation(s) of the crystal reference frame with respect 

to the specimen reference frame, making use of new provisional specimen reference frames 

(rotated) at each rotation, to describe the consecutive. If one takes two coincident reference systems 

of axes X, Y, Z and X’, Y’ and Z’, one can describe the Euler angles as follows: the first rotation 

(by 𝜑ଵ) is performed around the Z’ axis, having now the X and X’ or Y and Y’ axes not parallel any 

longer (Figure 41b), a second subsequent rotation (Φ) is that about the X’ axis, changing the 

direction of the Y’ and Z’ axes (respect to the XYZ based coordinate system) again (Figure 41c), 

and then a third last rotation (𝜑ଶ) again about the Z’(Figure 41d). 

 
Figure 41: Description of the three rotations defining the Euler Angles [104]. 

These three rotations can be described as follows: 

 

 
𝑔ఝభ ൌ ൭

cosሺ𝜑ଵሻ sinሺ𝜑ଵሻ 0
െsinሺ𝜑ଵሻ cosሺ𝜑ଵሻ 0

0 0 1
൱ (62) 
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𝑔஍ ൌ ൭

1 0 0
0 cosሺΦሻ sinሺΦሻ
0 െsinሺΦሻ cosሺΦሻ

൱ (63) 

 
𝑔ఝమ ൌ ൭

cosሺ𝜑ଶሻ sinሺ𝜑ଶሻ 0
െsinሺ𝜑ଶሻ cosሺ𝜑ଶሻ 0

0 0 1
൱ (64) 

 

and thanks to their properties, the overall rotation can be expressed as the product of the three 

matrices: 𝑔 ൌ 𝑔ఝభ𝑔஍𝑔ఝమ so that the overall orientation matrix using Euler angles is: 

 

 𝑔 ൌ ൭
𝑔ଵଵ 𝑔ଵଶ 𝑔ଵଷ
𝑔ଵଶ 𝑔ଶଶ 𝑔ଶଷ
𝑔ଵଷ 𝑔ଶଷ 𝑔ଷଷ

൱

ൌ ቌ
cosሺ𝜑ଵሻ cosሺ𝜑ଶሻ െ sinሺ𝜑ଵሻ sinሺ𝜑ଶሻ cosሺΦሻ െcosሺ𝜑ଵሻ sinሺ𝜑ଶሻ െ sinሺ𝜑ଵሻ cosሺ𝜑ଶሻ cosሺΦሻ sinሺ𝜑ଵሻ sinሺΦሻ
sinሺ𝜑ଵሻ cosሺ𝜑ଶሻ ൅ cosሺ𝜑ଵሻ sinሺ𝜑ଶሻ cosሺΦሻ െsinሺ𝜑ଵሻ sinሺ𝜑ଶሻ ൅ cosሺ𝜑ଵሻ cosሺ𝜑ଶሻ cosሺΦሻ െ cosሺ𝜑ଵሻ sinሺΦሻ

sinሺ𝜑ଶሻ sinሺΦሻ cosሺ𝜑ଶሻ sinሺΦሻ cosሺΦሻ
ቍ 

(65) 

 

 

As an example, the ideal Goss orientation can be expressed by the three Euler angles 𝜑ଵ ൌ 0°,Φ ൌ

45° and 𝜑ଶ ൌ 0°. Other relevant ideal orientations are listed in Table 2. 

 

Table 2: Common relevant ideal orientations for cubic-orthorombic symmetries also expressed in Euler Angles. Only one set of 
Euler angles is given. The complete list of equivalent Euler angles defining each single ideal orientation amounts to 96 possibilities 
(24 x 4 = 96). After [104]. 

Component Miller Indices Euler Angles (𝝋𝟏,𝚽,𝝋𝟐) in degrees (°) 
cube ሼ001ሽ ൏ 100 ൐ (0°, 0°, 0°) 

Brass ሼ011ሽ ൏ 21ത1 ൐ (35.264°, 45°, 0°) 

Copper ሼ112ሽ ൏ 1ത1ത1 ൐ (90°, 35.264°, 45°) 

S ሼ213ሽ ൏ 3ത6ത4 ൐ (58.98°, 36.699°, 63.435°) 

Goss ሼ011ሽ ൏ 100 ൐ (0°, 45°, 0°) 

Rotated cube ሼ001ሽ ൏ 11ത0 ൐ (0°, 0°, 45°) 

Dillamore ሼ4 4 11ሽ ൏ 11 11തതതത 8 ൐ 

ሼ111ሽ ൏ 1ത1ത2 ൐ 

ሼ112ሽ ൏ 11ത0 ൐ 

ሼ113ሽ ൏ 11ത0 ൐ 

(90°, 27.215°, 45°) 

(90°, 54.736°, 45°) 

(0°, 35.264°, 45°) 

(0°, 25.239°, 45°) 
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Representation of an orientation defined by these three angles requires a 3D space, whose axes are 

orthogonal (Cartesian) and describe the magnitude of 𝜑ଵ,Φ and 𝜑ଶ. Hence, any orientation can 

find its specific place in this space, as if it was a point in space given X, Y and Z coordinates. The 

difference is that this space is clearly limited by the maximum possible value of a rotation due to 

the periodicity, 360°, but also by the symmetry of the crystal system. The lowest the symmetry, 

the maximum the size of the Euler space: e.g. for the triclinic symmetry 0° ൑ 𝜑ଵ,Φ,𝜑ଶ ൑ 360° 

(constituting the so-called asymmetric Euler space unit) while for a bcc crystal symmetry, 0° ൑

𝜑ଵ,Φ,𝜑ଶ ൑ 90°, a region only is sufficient (the asymmetric Euler space unit is subdivided into 4 

x 4 x 4 = 64 equivalent subspaces for which there are 24 different possibilities to describe one and 

the same orientation, given an orthorhombic specimen symmetry). Misorientations can also be 

represented using the Euler space. In this case though, the crystal symmetry comes in play and 

further reduces the Euler space by 24 times. Additionally, since a misorientation is equal to its 

inverse (inverse misorientation) the Euler space is further reduced by 2. As a matter of fact, for 

cubic crystal symmetries there are 24x24x2=1152 possible ways of defining a misorientation, e.g. 

the asymmetric Euler space unit can be subdivided into 1152 equivalent subspaces. 

 

2.10.2.5 Orientation Distribution Function (ODF) 

 

The orientation distribution (OD) is a pivoting concept in texture analysis: such a distribution is 

used to describe the probability (normalized to have units of multiples of a random density) of 

finding a given orientation for a specific set of parameters defining the orientation itself [104]. 

Distribution functions can be defined in any continuous, periodic space describing rotations, for 

which three variables are needed and hence, for orientations, they can be defined via e.g. axis/angle 

pairs, Rodrigues vectors, unit quaternions or, Euler angles. Each point in the orientation 

distribution represents a single specific orientation. An orientation distribution can be described 

by a function, the orientation distribution function (ODF), sometimes also called orientation 

density function, which is a function in the orientation space that associates to each orientation g 

the volume percentage of crystals in a polycrystalline specimen that are in this specific orientation. 

The ODF has been historically associated to the series expansion method used to fit pole figure 

data to the generalized spherical harmonic functions – an OD based on this functions is of a 
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continuous form of a kind, albeit a description of the OD can also be described in a discrete form. 

Harmonics functions and their coefficients constitute a mathematical entity to describe texture. If 

one aims at describing the orientation of each crystal region of a polycrystalline material, a function 

representing the orientation for each point in space (located at x,y,z coordinates) must be specified 

as: 

 

 𝑔 ൌ 𝑔ሺ𝑥, 𝑦, 𝑧ሻ (66) 

 

which written in Euler angles is: 

 

 𝜑ଵ ൌ 𝜑ଵሺ𝑥,𝑦, 𝑧ሻ (67) 

 Φ ൌ Φሺ𝑥,𝑦, 𝑧ሻ (68) 

  𝜑ଶ ൌ 𝜑ଶሺ𝑥,𝑦, 𝑧ሻ. (69) 

 

This means three functions are required, which are discontinuous, since grain boundaries divide 

crystalline regions from which orientation shall be described. This way of representing orientation 

can be mathematically quite complex and often impracticable so a simpler solution is preferred, 

which is to describe the orientation data of a sample neglecting the spatial coordinates so to avoid 

the discontinuity problem of those functions. If one denotes with 𝑑𝑉 all the regions of a sample 

possessing an orientation 𝑔 with an elemental orientation 𝑑𝑔 and by 𝑉 the total volume of the 

sample, then formally an orientation distribution function for that volume can be defined as: 

 

 
𝑓ሺ𝑔ሻ ൌ

𝑑𝑉
𝑉 𝑑𝑔

 (70) 

 

Likewise, orientation differences of adjacent (sub)grains can be defined by a similar function if 

one takes the misorientations, instead of the orientations, and the boundaries between these 

different orientation regions 𝑑F, as the variable to be described: 

 

 
𝑓ሺΔ𝑔ሻ ൌ

𝑑𝐹
𝐹 𝑑ሺΔ𝑔ሻ

 (71) 
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where 𝑑F denotes the surface across which there is a misorientation (orientation difference) Δg, 

within the misorientation element 𝑑Δg. As formerly mentioned, ODFs have been historically 

developed by using series of generalized spherical harmonics so that a function 𝑓ሺ𝑔ሻ can be 

described using Euler angles as follows: 

 

 
𝑓ሺ𝜑ଵ,𝜙,𝜑ଶሻ ൌ෍ ෍ ෍ 𝐶௟

௠௡𝑒௜௠ఝమ𝑃௟
௠௡ሺΦሻ𝑒௜௡ఝభ

ା௟

௡ୀି௟

ା௟

௠ୀି௟

ஶ

௟ୀ଴

 (72) 

 

Without getting into the mathematics of this description, such a function can represent orientation 

data and for its determination, fitting to data is necessary (determination of the coefficients in the 

spherical harmonics function). This can be done by exploiting the pole figures since they are 

projections of the orientation distribution. Data is available in a discrete form as e.g. EBSD. If one 

defines a cell on the surface of the sphere, where one can find poles sitting in, to be used to describe 

poles belonging to a specific orientation, then upon the summation of all intensities from all the 

cells and normalization, one can obtain the ODF (in bold) as: 

 

 
1 ൌ

1
8𝜋ଶ
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Δ𝜑ଵΔ𝜑ଶ ቆ𝑐𝑜𝑠 ൬𝜙௜ െ
Δ𝜙
2
൰ െ 𝑐𝑜𝑠 ൬𝜙௜ ൅

Δ𝜙
2
൰ቇ (73) 

 

Such a function is very useful when one wants to determine the volume fraction of orientations 

𝑉௙ሺ𝑔ሻ from the analyzed texture: 

 

 
𝑉௙ሺ𝑔ሻ ൌ

Δ𝑉ሺ𝑔ሻ
𝑉

ൌ
׬ 𝑓ሺ𝑔ሻ𝑑𝑔ௗஐ

׬ 𝑓ሺ𝑔ሻ𝑑𝑔ஐ

 (74) 

 

where Ω indicates the entire orientation space and dΩ the region (volume) around the texture 

component of interest. Representation of such a function is conventionally done in the Euler space, 

via sections of such a space as in Figure 42: these planes indicate the variation of the OD intensity 

(as contour maps), having a third angle value fixed (defining the plane). The Euler space is shown 

on paper or screens by cuts of the Euler space either along the 𝜑ଵor 𝜑ଶ direction (e.g. 𝜑ଶ ൌ
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5°/10°/15° etc.). For specific cases, along those cuts, features belonging to the texture of materials 

possessing specific crystal systems and processed in a specific way (e.g. rolling of bcc materials) 

can be seen (Figure 43): e.g. the 𝛼-fiber and 𝛾-fiber. 

 

 

 

Figure 42: The entire Euler space (in sections) where the OD of a pure bcc transition metal is displayed. In the 𝜑2 = 45° section, 
the 𝛼-and 𝛾-fibers can be seen 

 

 
Figure 43: Section of the euler space indicating the lowest Miller indeces ideal orientations and fibers [104]. 
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Chapter 3. Materials, Methods and tools 
 

3.1 Materials 

 

The materials studied in this project were of two different kinds. Tungsten was studied in the form 

of plates, rolled to different reductions and in the form of WfW consisting in drawn wires, 

surrounded by a CVD matrix of pure tungsten. 

The different plates analysed consisted in two different batches. The first one was a batch of four 

rolled thin plates (TPs) of technical purity (higher than 99.97% wt.%), warm- and subsequently 

cold-rolled, rolled to different thickness reductions, manufactured at Plansee SE in Reutte, Austria. 

Their thicknesses is of 2 mm (TP2), 1 mm (TP1), 0.5 mm (TP0.5) and 0.2 mm (TP0.2). The RD 

and TD dimensions of all plates were 250 mm and 100 mm respectively for each TP but the TP2, 

which had the opposite (e.g. 100 mm RD and 250 mm TD) The two thicker ones were warm rolled 

only, while the two thinner ones, underwent additional final processing stages of cold-rolling. Each 

of the TPs was cut into smaller samples of dimensions equal to 5 mm x 4 mm x thickness of the 

plate respectively, with the longest direction belonging to the longest direction of each plate which, 

for the TP2, was TD while for all the remaining plates RD.  

 

The second batch of plates consisted of a single plate, warm rolled to a reduction of 80 % (W80). 

The thickness of this plate (W80) was 8.3 mm with sizes along RD and TD of 200.8 mm and 100.3 

mm respectively. The W80 (higher than 99.95% wt. % pure W) was produced at Advanced 

Technology & Materials (AT&M) Co. Ltd. in Beijing, China as follows: tungsten powder was 

cold-isostatically pressed and sintered under a hydrogen atmosphere at 2300 °C for 6 h. The ingot 

was subsequently pre-annealed at 1100 °C for 15 minutes prior to rolling to relieve stresses. After 

that, the ingot was warm-rolled by reverse rolling from a starting temperature of 1550 °C to a final 

temperature of 1100 °C in 10 passes, for a reduction of 80 %. The W80 plate was cut into smaller 

samples of dimensions 6 mm x 5 mm x 4 mm, along the RD, TD and ND respectively (Figure 44). 
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Figure 44: Cutting plan for the W80 plate. 

 

WfW examined in this thesis consists of three different kinds, differing by the kind of interface 

between the drawn wire and the CVD tungsten region. The wires belonging to the WfW were 

produced by OSRAM Gmbh and are of commercial purity, doped with 60 ppm of potassium and 

possess a diameter of 150 µm. Only one kind did not have any rare earth oxide surrounding the 

wire as is thereafter termed as non-interlayered (Wf/W). Surrounding the wire, for the case of the 

case of interlayered WfW, an interface of 1 µm of either yttria (Wf/Y2O3/W) or erbia (Wf/Er2O3/W) 

was magnetron sputtered according to the procedure as in Ref. [107]. Pure tungsten is further 

deposited by chemical vapor deposition (CVD) directly on the wire or the interface surrounding it 

at temperatures between 580 °C and 620 °C through the chemical reaction 

 

 WF଺ ൅ 3 Hଶ → W ൅ 6 HF (75) 

 

to a final width of the WfW of 3.0±0.1 mm for the Wf/W, 1.5±0.1 mm for the Wf/Er2O3/W and 

2.1±0.1 mm for the Wf/Y2O3/W. After cutting, each sample of the afore-mentioned three different 

kinds possessed a thickness (height) of 1.35±0.05 mm. The dimensions of all as-received materials 

and specimens cut for annealing campaigns object of study are reported in Table 3. 



106 
 

Table 3: As-received materials sizes 

Material Original Size Specimen Sizes 

Plates (RD x TD x ND) (RD x TD x ND) 

TP2 100 mm x 200 mm x 2 mm (±0.05 mm) 4 mm x 5 mm x 2.0 mm 

(±0.05 mm) 

TP1 200 mm x 100 mm x 1 mm (±0.05 mm) 5 mm x 4 mm x 1.0 mm 

(±0.05 mm) 

TP0.5 200 mm x 100 mm x 0.5 mm (±0.05 mm) 5 mm x 4 mm x 0.5 mm 

(±0.05 mm) 

TP0.2 200 mm x 100 mm x 0.2 mm (±0.05 mm) 5 mm x 4 mm x 0.2 mm 

(±0.05 mm) 

W80 200.8 mm x 100.3 mm x 8.3 mm  (±0.05 mm) 6 mm x 5 mm x 4.1 mm 

(±0.05 mm) 

Composites (Longitudinal length x diameter) (Diameter x thickness) 

Wf/W 350 mm x 3.0 mm (±0.1 mm) 3.0±0.05 mm x 1.35±0.05 mm 

Wf/Er2O3/W 350 mm x 1.5 mm (±0.1 mm) 1.5±0.05 mm x 1.35±0.05 mm 

Wf/Y2O3/W 350 mm x 2.1 mm (±0.1 mm) 2.1±0.05 mm x 1.35±0.05 mm 

 

 

3.2 Oxidation 

 

For protection of the specimens against oxidation and formation of volatile WO3 during annealing 

treatments, specimens were encapsulated in quartz glass ampoules (either individually, as for the 

W80 (Figure 45), or together, as in the case of Wf/W, with other specimens having different 

interlayers and in the case of the TPs, with 4 different thicknesses all in the same ampoule). The 

procedure consists of evacuating the ampoules, flushing them with Argon (with purity higher than 

99.99%), evacuating again and finally sealing them with a blowtorch. 
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Figure 45: Encapsulated specimen ahead of ampoule enclosure. 

 

3.3 Methods  

 

3.3.1 Metallographic Preparation 

 

Metallographic preparation of the surfaces to be inspected depended on the purpose. For hardness 

testing solely, only two steps of mechanical grinding were performed: grinding with 2000 and 

4000 grit size. Each grinding step lasted 3 minutes and the force applied never exceeded 20 N. 

Considering the vast amount of specimens to be analysed via EBSD, the author decided not to 

embed any specimen into resin. Instead, all the metallographic preparation steps - besides 

electropolishing - were performed by conveniently and optimally enclosing each sample in a 

custom made support that have allowed plane parallel preparation of the surface of interest, 

preventing subsequent un-embedding and eventual unwanted spoiling of the prepared surfaces. 

For electron backscatter diffraction, the surfaces need to be free of any leftover deformation from 

the preparation and additional steps are required. A 3 µm size diamond paste was used for 

mechanical polishing solely (10 minutes long), followed by electropolishing at a voltage of 12 V, 

a current of 2 A and different times according to the geometry and amount of deformation expected 

in the specimens. Electropolishing was performed in an aqueous solution of NaOH wt. 3 %, for 
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times ranging from 40 to 100 s for W80, from 20 s to 40 s for TPs, and from 3 to 15 s for Wf/W. 

In preparation for LOM, etching was performed by use of Murakami reagent, consisting in an 

aqueous solution of 10 g of K3Fe(CN)6  and 10 g of NaOH as recommended from [108]. 

 

3.3.2 Annealing 

 

In order to assess the thermal stability of the studied materials, isochronal as well as isothermal 

experiments were performed on the different batches. Isochronal experiments were performed for 

twofold reasons: to assess the evolution of the kinetics of recovery and to determine the optimal 

temperature range for performing isothermal experiments. The reason for the latter was time 

efficiency: if the temperature is too high, recrystallization might take place so quickly that 

thorough analysis is inhibited (e.g. the heating time of the specimen in the furnace could be 

comparable to the incubation time for recrystallization or the time to half or full recrystallization 

itself). Conversely, a too low temperature would result in a kinetics that is too slow for reasonable 

experimental campaign times to be arranged within the time span of a doctorate or the time span 

allowed for completion of the task given by the funding agency. Such an isochronal experiment 

allows inferring of an effective temperature range for 4 or 5 isothermal experiments to fully 

characterise the thermal stability of the material with respect to recovery and recrystallization. 

Isochronal experiments were performed for the plates solely (TPs and W80) and consisted of 2 h 

long heat treatments in a range of temperatures going from 900 °C to 1500 °C. Isothermal 

experiments for all studied materials are summarised in Table 4. 

 

 

Table 4: Annealing times for the different isothermal experiments performed on each of the studied materials 

Material Temperature / °C Annealing Time 

TPs 1325 / 1375 / 1400 1 h to 48 h 

W80 1150 / 1175 / 1200 / 1225 / 1250 / 1300 / 1350 / 

1400 

1 h to 1872 h 

WfW 1350 / 1375 / 1400 6 h to 28 d 
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3.3.3 Vickers Hardness Testing 

 

Hardness testing is a very efficient method of relatively low invasiveness to determine the 

mechanical properties of a metallic sample. The materials’ resistance to deformation in 

compression is related to the defect content stored in the material and can be determined by the 

size of each indentation (the quantity measured when hardness testing) left on the indented surface 

[78]. For vickers hardness testing pyramidal diamond indents were used. The pyramidal groove 

which the surface presents at the end of the indentation time period (10 s) is characterized by the 

size of the diagonals of the square (base of the pyramidal void) left on the surface after indenting. 

The two diagonals are averaged and the hardness is determined according to the following formula: 

 

 
𝐻𝑉 ൌ 2𝑃 sin ൬

136°
2

൰ ∙
1
𝐿ଶ
ൌ 1.854

𝑃
𝐿ଶ
൤
𝑘𝑔𝑓
𝑚𝑚ଶ൨ (76) 

 

where 𝐿 is the average of the two diagonals and 𝑃 is the applied load (in kgf). Loads from 10 kgf 

(W80) to 0.2 kgf (TPs) were used. 

 

3.3.4 Electron BackScatter Diffraction (EBSD) 

 

To record the orientation of crystallites and determine the evolution of texture alongside that of 

recrystallization via the parameters ,as in Section 2.8.3, in this work, EBSD was used. Orientations 

are determined by the automatic indexing of diffraction patterns on a CCD detector by the 

microscope software (BRUKER Esprit 2). For this work, all EBSD data was recorded using an 

FEI NOVA NanoSem 600 SEM (Figure 46) with applied voltages of 20 kV, apertures from 40 to 

60 µm and currents ranging from 1.1 to 6.3 nA. The microscope was equipped with a Bruker e–

FlashHD EBSD detector. Step sizes ranged from 2 µm for the large maps of W80 to 100 nm for 

the highest resolution maps of both the Wf/W and W80. 
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Figure 46: The FEI - NOVA NanoSem 600 used to record all orientation data for this project. 

In this work, instead of analysing data via the microscope software, orientation data in the form of 

text files was exported and analysed in MATLAB with the MTEX Toolbox. 

 

3.3.4.1 EBSD Data Analysis - MTEX Toolbox 

 

The MTEX Toolbox for MATLAB© provides the possibility to visualise, analyse and interpret 

orientation data based on integral – pole figures – or discrete (EBSD) measurement [109]. After 

importing of such datasets, the texture of specimens can be visualised and analysed, orientation 

densities functions in terms of model functions can be calculated and scripts to evaluate other 

relevant microstructural information can be written. As an example, in depth analysis of all grain 

boundaries can be performed (misorientation distributions, curvatures, CSLs), visualisation of 

orientation data can be performed via more than one method (e.g. Axis/Angle, RF-space, ODFs in 

the Euler space), Schmid and Taylor factors evaluated, triple junction analysed, dislocations 

arrangement and their charachter analysed. A detailed description of the functioning of such a 

toolbox can be found at [109]. The tools available in such a toolbox have been key for the author 

to develop a customised procedure allowing a fine and comprehensive analysis of the grain 

boundaries separating the recovered from the recrystallized regions (Figure 47). A detailed 

explanation of all the microstructural features studied, their parametrisation into the coding of 
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MTEX and their use is reported in the manuscript titled “Microstructural path investigation into 

stagnation of recrystallization in warm-rolled tungsten” in Subchapter 5.2. 

 

 
Figure 47: Detail of an orientation map of a partially recrystallized sample (W80) showing, colored in dark red, the recrystallized 
grains, the recovered regions (rcloc regions) ahead of the recrystallized grains colored depending on their orientation - via the 
inverse pole figure in the inset - according to the ND of the plate, the boundaries between the recrystllized grains (rxrx boundaries) 
in light brown and all the boundaries (misorientation > 2°) belonging to the rcloc region, in black. 

 

3.3.5 Recrystallized Fraction Evaluation 

 

The recrystallized fraction of each sample studied in this work has been evaluated in two ways: 

via Vickers hardness measures and via analysis of orientation maps obtained by EBSD. 

In hardness testing, the size of the indentation left into the material is representative of the average 

flow stress needed to induce strain from deformation [77]. Both recovery and recrystallization 

cause a decrease in the amount of defects which can be traced by a decrease in hardness. If the 

hardness of a fully recrystallized sample (𝐻𝑉௥௘௫) is measured, together with that of a heavily 

recovered specimen (𝐻𝑉௥௘௖) - which is about to initiate recrystallization – those two values can be 

used as the extremes in between which the hardness changes during recrystallization. In the case 

of W80, given the absence of good recovery data the author used the hardness of the as-received 

condition as 𝐻𝑉௥௘௖, considering the plate underwent consistent restoration. The actual hardness, 

during recrystallization evolution, as a function of the fraction recrystallized 𝑋௏ can be described 

by the rule of mixtures as follows: 

 

 𝐻𝑉 ൌ 𝑋௏ 𝐻𝑉௥௘௫ ൅ ሺ1 െ 𝑋௏ሻ 𝐻𝑉௥௘௖ (77) 
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and hence, by rearrangement of Eqn. 77, the fraction recrystallized can be determined via the 

hardness 𝐻𝑉 of the tested specimen as: 

 

 
𝑋௏ ൌ

𝐻𝑉௥௘௖ െ 𝐻𝑉
𝐻𝑉௥௘௖ െ  𝐻𝑉௥௘௫

 (78) 

 

Evaluation of the recrystallized fraction from the EBSD datasets is not as immediate. It requires 

the identification of recrystallized grains, evaluation of their area and their fraction in the map, 

under the assumption such a fraction is representative of the whole sample. One cannot evaluate 

such a fraction visually unless merely aiming at approximately estimating it. An automatic analysis 

of the data was hence performed using MATLAB and MTEX to determine these fractions whose 

procedure is reported in the manuscript titled “Microstructural path investigation into stagnation 

of recrystallization in warm-rolled tungsten” in Subchapter 5.2. 

 

3.3.6 Calculation of Stored Energies 

 

In the present work, stored energies are calculated from the defects and boundaries present in each 

orientation mapping. The microstructure in fact, consists of grain and subgrains separated by low 

or high angle boundaries as well boundaries within the deformed regions. The stored energy 

depends on the amount of such defects and on the boundaries as well, which ultimately depends 

on the misorientation across them. The surface energy of boundaries depends on the misorientation 

angle 𝜃, across them according to the Read Shockley equation [110]: 

 

 
𝛾ሺ𝜃ሻ ൌ ൜

𝛾௕ሺ𝜃/𝜃௠ሻሾ1 െ lnሺ𝜃/𝜃௠ሻሿ 𝑖𝑓 𝜃 ൏ 𝜃௠
𝛾௕                                            𝑖𝑓 𝜃 ൒ 𝜃௠

 (79) 

 

where 𝛾௕ ൌ 0.869 𝐽 𝑚ଶ⁄  is the surface boundary energy of HABs in tungsten [111] and 𝜃௠ is the 

misorientation angle above which the surface boundary energy is independent from the 

misorientation angle, and is equal to 15°. The stored energies densities for LABs (𝑢௅஺஻) and HABs 

(𝑢ு஺஻) are evaluated as follows: 
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𝑢 ൌ 𝑆௏𝛾௕ ൌ ቐ ෍ 𝛾ሺ𝜃ሻ

௔௟௟ ௦௘௚௠௘௡௧௦

ቑ
∆𝑥
𝐴

 (80) 

 

where 𝑆௏ is the boundary surface densitiy, ∆𝑥 the step size of the orientation mapping and 𝐴 the 

area of the region considered. 
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Chapter 4. Thin Plates 

4.1 Isothermal annealing of this rolled tungsten plates in the 

temperature range from 1300 °C to 1400 °C 

 

This work was performed on the TPs. The first one [49] concerned the analysis of the as-

received condition and the qualitative evolution of recovery and recrystallization. The second 

published work [50] concerned the analysis of kinetics of both processes, recovery and 

recrystallization, in terms of Kuhlmann’s recovery model [75] and the JMAK model [87]–[89] 

respectively. In [49] it is demonstrated how the different recovery and recrystallization behaviour 

of different plates depend on the defect content within the microstructure accumulated during 

working. In [50] fitting of the afore-mentioned models demonstrated can accurately describe the 

kinetics of both recovery and recrystallization. Also, a linear decrease of the recovery coefficient 

A with the hardness loss during recovery was proved for all plates getting them in a systematic 

order not by their thickness achievable. An Avrami exponent n, of 2 fitted the evolution of 

recrystallization but systematic correlations between both the hardness loss due to recovery and 

the recovery coefficient A with the nucleation/growth coefficient for recrystallization b, were 

found indicating the paramount role of the microstructure and the therein defect content in ruling 

the annealing. In general, the higher the work-hardening of the tungsten plates, the lower the 

thermal stability, as it was inferred by the time to half recrystallization.
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4.2 Recovery and recrystallization kinetics of differently 

rolled, thin tungsten plates in the temperature range 

from 1325 °C to 1400 °C
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Chapter 5. W80 Plate 

5.1 Stagnant recrystallization in warm-rolled tungsten in the 

temperature range 1150 °C to 1300 °C 
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5.2 Microstructural path investigation into stagnation of 

recrystallization in warm-rolled tungsten 
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Chapter 6. Tungsten fiber-reinforced 

tungsten composite (WfW) 
 

In order to determine the microstructural evolution of the tungsten fiber-reinforced composite 

tungsten materials, thorough inspection of the as-received condition was conducted. The as-

received condition was characterized topographically by SE images and crystallographically by 

EBSD. 

 

6.1 As-received condition 

 

6.1.1 Topography 

 

Secondary electrons contrast ensured a fine, magnified image of the topography of Wf/W. In 

Figure 48, a cross section of the as-received condition of the Wf/W is shown. Two separate regions, 

the wire and the CVD tungsten surrounding matrix, can be clearly seen. The shape of the cross-

section of the wire is not completely circular, some inward deviations from a perfect circular shape 

can be seen. This is most likely due to the dies imposing grooves on the drawn wire, which on a 

cross-section of the drawn wire, result as inward grooves. The wire region is characterized by a 

very fine arrangement of needle-like grains. Visually, these grains can be recognized by their very 

small circular cross-sections. These cross-sections are hard to be recognized in the center but can 

be seen better in the outer regions of the wire. 

 

The CVD region is characterized by grains growing radially outwards. In Figure 48 it can be seen 

the thickness of these grains in the vicinity of the wire is extremely small, particularly in the very 

first 10 µm from the interface. In Figure 49 very long radial grains spanning several hundredths of 

µms are visible, departing from the smaller grain size region in the vicinity of the interface. They 

possess a very large aspect ratio, and are characterized by an increasing thickness with increasing 

distance from the wire interface, i.e. they are wedges. Other features can be seen within these 
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wedge-like grains, at distances larger than a hundred µms from the wire. Smaller grains develop, 

most frequently, at grain boundaries. These could be most likely wedge-like grains at other 

positions in the matrix, the section of which is smaller in the surface inspected. Also, they might 

be newly formed grains at the extending grain boundaries along the deposition process. Also, 

bundles of knife-like or triangular grains can be seen all over on the surface (e.g. in the red circle 

of Figure 49) within these radial grains, most frequently elongating perpendicularly to the radial 

direction. A magnified secondary electron image in Figure 50 shows these triangular grains 

bulging inside the radially growing grains. The growth of the radially growing grains becomes 

interrupted by deposition faults and a subsequent growth of such triangular grains takes place. 

These topographical characteristics of the as-received condition were found in all three different 

types of WfW. 

 

 

 
Figure 48: Cross section of Wf/W: Secondary electron image of the wire region and the CVD region in its immediate vicinity 
possessing a fine microstructure. The artificial colors are created by the Argus technique that can be found in the BRUKER Esprit 
2.1 software. 
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Figure 49: Cross section of Wf/W: lower magnification secondary electron image of the wire region and the CVD region in its 
immediate vicinity, showing the radially growing grains whose thickness increases with increasing distance from the interface with 
the wire. In the red circle, knife-like grains (later referred to as triangular grains) interrupting the growth of these radially growing 
grains. The artificial colors are created by the Argus technique that can be found in the BRUKER Esprit 2.1 software. 

 
Figure 50: Secondary electron image showing in detail of the triangular grains within radially growing grains. 
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6.1.2 Cyclic <100> ring fiber texture in CVD tungsten 

The crystallographic orientations within the WfW composites prior and after annealing were 

characterized by EBSD as explained in Section 3.3. The Wf/W samples will be taken as reference 

since the orientations of the as-received condition for both the wire and the CVD matrix are 

identical to all. The orientation maps of the Wf/W as in Figure 51 are showing the crystallographic 

orientations along the (a) the x-direction, (b) the y-direction and (c) the z-direction colored 

according to the inset of Figure 51b; the z-direction is normal to the surface mapped, the x- and y-

direction correspond to the horizontal and vertical direction in the map; boundaries are shown in 

black. The shape of the indexed points of the orientation map, reveals the specimen and its shape, 

a cylinder. A central white circular disk circle corresponds to the cross-section of the wire for 

which no orientation could be revealed since the acquisition conditions for this large map were not 

sufficient to resolve them. The orientations within these maps belong nearly completely to the 

CVD region of the composite. From Figure 51a and b, a preferential orientation of the [100] 

directions can be determined. Also, in Figure 51c, shows colors, red to yellow to green, 

corresponding to the directions comprised in between the line connecting the [100] and [110] 

orientations. 

Observation of the pole figures in Figure 52 of such orientations reveals for both the [100] and 

[110] directions a maxima at the azimuth, the z-direction. Also a circle of high densities can be 

discerned at the equator in the [100] pole figure. For the [110] pole figure, also a circle of higher 

density can be seen at angles of approximately 36° from the azimuth. Such an indication might 

indicate a fiber texture but the ring of higher densities at approximately 45° in the [111] pole figure 

indicates this is not the case since that ring should be located at 54° from the azimuth. 

As it will be further described in the following manuscript, upon choice of an appropriate reference 

system exploiting the geometry of such specimens - a cylindrical coordinate system with the radial 

r-direction pointing radially outwards from the wire center and an azimuthal φ-direction pointing 

perpendicularly to the radial and axial direction – the orientation of the CVD region with respect 

to the radial direction can be characterized. The resulting orientation map colored according to the 

radial direction is depicted in Figure 53. In Figure 53 the color indicates the crystallographic 

direction pointing towards the radial direction: the map is completely red, indicating the complete 

predominance of the [100] directions pointing radially. 
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a) b)  

c)  

Figure 51: Orientation maps of the Wf/W as in Figure 51 are showing the crystallographic directions along the (a) the x-direction, 
(b) the y-direction and (c) the z-direction colored according to the inset of Figure 51b; the z-direction is normal to the surface 
mapped, the x- and y-direction correspond to the horizontal and vertical direction in the map 

 

 
Figure 52: 100, 110 and 111 pole figures of the CVD region of the as-received condition in Figure 51, with the horizontal direction 
indicated by x the vertical direction by y and the transverse direction lying at the center of the pole figure. The pole densities are 
given in multiples of random distribution 
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Figure 53: Orientation map of the Wf/W showing the crystallographic directions along the radial direction colored according to 
the inset. A complete predominance of the [100] directions is visible together with small areas characterized by a light blue to blue 
color. 

 

Taking into account such an adapted specimen reference coordinate system, the pole figures can 

be adapted used to show the orientations according to these two new specimen directions, the radial 

and the azimuthal one. The pole figures according to this new specimen reference coordinate 

system are depicted in Figure 54.  

 

 
Figure 54: 100, 110 and 111 pole figures of the CVD region the Wf/W as-received condition in  Figure 51, using the alternative 
cylindrical reference coordinate system with the radial direction indicated by r and the azimuthal direction indicated by φ. The 
pole densities are given in multiples of random distribution. 
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The 100 pole figure of Figure 54 shows a much higher pole density along the r-direction. In a 

cubic crystal, the <110> directions lie at an angle of 45° from the <100> and the <111> at an 

inclination of 54°. Since these are the angles at which the 110 and 111 higher densities are found 

with respect to the radial direction in the 110 and 111 pole figures, the radial preference of 100 

directions is corroborated. Observation of the 100 pole figure in Figure 54 reveals another 

interesting detail, a stripe resembling a circle in the plane given by the axial and azimuthal 

direction. This is actually even more evident in the 110 and 111 pole figures. Together they show 

that the other crystallographic <100> directions of the lattice are actually pointing uniformly in all 

directions allowed by the rotation of the crystallographic lattice around the fixed 100 direction 

pointing radially.  This combination of a preferential orientation of the <100> directions towards 

the radial direction, with the perpendicular continuous distribution of the remaining <100> 

directions, perpendicular to the radial direction qualifies this texture as a cyclic <100> ring fiber 

texture [68], [112]. Such a texture was found for all types of WfW, as shown for the case of 

Wf/Er2O3/W, in the more extensive explanation and analysis of the crystallographic nature of such 

a CVD matrix in the manuscript attached after this section. 
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6.1.3 Cyclic ring fiber texture in single tungsten fiber-reinforced 

tungsten composite
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6.1.4 Twin boundaries in CVD tungsten 

 

A closer analysis of Figure 53 reveals a smaller yet visible amount of orientations of a different 

kind, shown in the map by light blue/blue color. Interestingly, these orientations seem to be the 

only ones besides the radial [100] preferred orientations. Closer analysis of the orientation of these 

alternatively oriented grains - which correspond the triangular grains in Figure 50 - was performed 

with the help of the recorded electron backscatter patterns (EBSPs). From a more detailed, 

magnified map showing such triangular grains, few are selected and indicated in Figure 55 by the 

numbers 1,2 7/9 and 8; and the EBSPs of points in those grains across in the vicinity of boundaries, 

inspected.  

 

a)  

b)  

Figure 55: Magnified region of the orientation map in Figure 53 showing a region filled with many light blue colored grains 
consisting in grains separated from the preferential [100] radially growing grains by twin boundaries shown in blue in b) boundary 
map of the same region of Figure 55a with points shown as numbers indicating the points of origin of the diffraction patterns in 
Figure 56. In black, any other boundary in the map. The colors indicate the crystallographic direction along the radial direction 
colored according to the inset. 
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In Figure 56 the EBSPs for each point are shown. If one operates a horizontal mirroring of the 

pattern from point 1, it will results in the pattern from point 2, if one allows for a small mismatch 

of the bands of the other pattern. 

This final result is best seen for the second subset of grains: point 7/9 and point 8. Point 7/9 has 

two numbers indicating it since two positions within that same grain are considered, so to create a 

path starting at position 7, passing through 8 and ending at 9, for which the boundary is crossed 

twice and three EBSPs can be acquired and analyzed. The actual patterns for the points 7, 8 and 9 

are shown in the upper line of Figure 56b and pattern 7 can be seen to be identical to pattern 9. 

The red lines are the indexed Kikuchi lines for the pattern and serve as a reference in the following 

mirroring procedure. Mirroring of pattern 8 turns it into basically the same of patterns 7 and 9, as 

shown in the bottom line of Figure 56b. 

Horizontal mirroring by 180° of the pattern from each point (2 and) just across the boundary returns 

the same pattern from the adjacent region 1 and 7/9. This is a proof of the twin character of the 

boundary, e.g. a Σ3 boundary. Such a mirroring operation corresponds to a 60° rotation around the 

[111] direction which defines a twin boundary. Hence, the analysis of the EBSPs indicates these 

alternatively oriented grains to be related to the wedge like grains by a twin boundary. These twin 

boundaries have been found for all the different types of WfW material. 
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a  

b  

Figure 56: EBSD patterns from the points indicated in Figure 55 as a) 1, 2, and b) 7, 8 and  9. The identical pattern found upon 
mirroring of the patterns implies a twin boundary is dividing the triangular grains from the [100] preferential direction radially 
growing grains.. 
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6.1.5 Cyclic <110> fiber texture in tungsten wires 

The same method used to analyze the orientations and infer the cyclic ring fiber texture in 

the CVD region revealed an interesting novel detail about the texture of the wire. In Figure 57, the 

orientation map only from the wire cross-section as from Figure 48 is shown, colored according 

to the z direction, which is the wire drawing direction, to indicate the orientation along that axis 

according to the conventional inverse pole figure scheme as in the insert of Figure 51. The 

predominance of the green color is clear which is also what is expected for the texture of bcc drawn 

products [68]. The pole figures for this region as in Figure 58 confirm this texture: the needle-like 

grains within the wire are preferentially oriented with their [110] direction parallel to wire drawing 

direction, this texture is commonly referred to as <110> fiber texture [68]. If the pole figures are 

plotted to account for lower densities in the range 3.5 to 1 mrd, a ring at the equator becomes 

visible in the 110 pole figure; a deeper analysis is needed and performed using the cylindrical 

reference coordinate system as for the CVD matrix. 

 

 
Figure 57: Orientation map of the Wf/W region of the wire only as from Figure 48, colored according to the z-direction, using the 
color scheme as in the inset. 
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Figure 58:100, 110 and 111 pole figures from the orientations of the wire region only (from the orientation map in Figure 57) onto 
the specimen reference coordinate system having the horizontal direction indicated by x and the vertical direction direction 
indicated by y. The pole densities are given in multiples of random distribution. 

 

 
Figure 59: 100, 110 and 111 pole figures from the orientations in the wire region only (from the orientation map in Figure 57) 
onto the specimen reference coordinate system having the horizontal direction indicated by x and the vertical direction direction 
indicated by y. The pole densities are given in multiples of random distribution. The pole densities below 3.5 are highlighted 

 

In Figure 60 the orientation map of the wire region only of Figure 48 is shown, colored according 

to the radial direction as for Figure 53, using the color scheme as in the inset. In this map, the 

region of the wire can be distinguished from that of the CVD matrix surrounding it by the very 

small grain size of grains in the circular area in the center of the image. These small grains are 

actually the cross-sections of the very long, needle shaped grains typical of drawn wires. The CVD 

region is characterized by the afore-mentioned radially growing grains of increasing thickness with 

increasing distance from the interface of the two regions. A distinction is needed with respect to 

the former analysis of the CVD region. 
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Figure 60: Orientation map of the Wf/W region of the wire and the closest regions of the CVD matrix surrounding the wire as from 
Figure 48, colored according to the radial direction as in Figure 53, using the color scheme as in the inset. 

 

In this higher magnification mapping, the grains closest to the interface possess a much smaller 

aspect ratio compared to those at larger distances from the interface in this map. They are rather 

short in radial length and it was suggested growth selection favouring [100] radially oriented grain 

to take place in this acicular zone, in the immediate vicinity of the interface. Grains possessing an 

orientation with a [100] direction pointing radially grow preferentially outwards to form wedge 

grains. Concerning the orientations, the abundance of red color in the CVD region confirms once 

again the [100] radially preferred direction of grains. In the wire, a relatively large amount of 

orientations can be distinguished possessing a light blue / green coloring. The orientation of the 

grains within the wire only, according to their radial and azimuthal directions can be further 

analysed by the pole figures of Figure 61. The pole figures of Figure 58 seem replicated but a 

higher pole density in the 110 pole figure along the radial direction is visible. The weak ring found 

in the xy plane in the 110 pole figure of Figure 59 now merged to a higher pole density (1.8) along 

the radial direction as shown in Figure 62. In Figure 62, white and red stars are located at spots in 

the pole figures at which maximum intensities should arise in the case the wire would possess an 

ideal {110}<110> orientation. At these locations a higher pole density is found (in Figure 62) 

respect to one expected for a normal <110> fiber texture. These results indicate an additional 

preferential orientation of the grains is present, that of the [110] direction along the radial direction; 



210 
 

This result holds for every type of the WfW analysed as they have the same wires. Such a finding 

implies tungsten drawn wires exhibit a texture that can not be defined by a fiber texture solely. It 

is finally inferred the texture of the wires is a cyclic {110}<110> fiber texture, where on top of an 

alignment of <110> directions along the wire axis, a second alignment of <110> directions with 

the radial direction occurs.  

 

 

 
Figure 61: Pole figures for the wire region only in orientation map in Figure 60 using the alternative cylindrical reference 
coordinate system with the radial direction indicated by r and the azimuthal direction indicated by φ. 

` 

 

 
Figure 62: Pole figures for the wire region only in orientation map in Figure 60 using the cylindrical reference coordinate system 
with the radial direction indicated by r and the azimuthal direction indicated by φ, highlighting densities between 1 and 3.5 random. 
The stars indicate the points in the pole figures where the higher pole densities for an ideal {110}<110> orientation  should be.



211 
 

6.2 Annealed Condition 
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6.2.1 Microstructural evolution in single tungsten fiber-reinforced 

tungsten composites during annealing: recrystallization and 

abnormal grain growth
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6.2.2 Further analysis 

Upon annealing of all WfW, a ring of coarse, almost equiaxed grains around the drawn wire 

formed. The presence of these coarse grains indicates the occurrence of restoration processes 

during annealing; they have replaced the small, slightly elongated grains of almost random 

orientation observed in the acicular zone just outside the perimeter of the wire in the as-received 

state (Figure 60 and Figure 63). Comparison of the different annealed conditions reveals that in 

general the longer the annealing time, the wider the coarse grain region becomes. A detailed 

analysis of the annealed condition at 1400 °C, as compared to the as-received one for the Wf/W 

and Wf/Er2O3/W type is described in Ref. [53] (see Section 6.2.1). The ring of nearly-equiaxed 

grains developed upon annealing was termed Large Grain Zone (LGZ) and its evolution tracked 

with respect to annealing time. In Figure 63 the orientation map in the vicinity of the drawn wire 

of the single Wf/W without any interlayer after annealing at 1400 °C for seven days is shown. 

Three circles are present, delimiting two different zones, the inner LGZ (between the cyan and the 

blue rings) and the outer LGZ (between the cyan and the pink circles). These circles were 

determined by analysis of both the HABs and LABs boundary spacings in dependence of the radius 

from the center of the fiber (red mark). Within individual rings of rather small width 

(corresponding to the step size of 500 nm) around the fiber center (shown as red mark in Figure 

63), the boundary spacing between all types of boundaries (i.e. high angle boundaries (HABs) with 

disorientation angles above 15° as well as low angle boundaries (LABs) with disorientation angles 

between 2° and 15°) was evaluated [113]. The boundary spacing as a function of the distance from 

the centre of the wire is shown in Figure 64 and a sharp increase – to 8 µm – followed by a decrease 

in the boundary spacing can be seen and corresponds to the LGZ. The dashed lines represent fits 

in the different ranges used to determine the borders of the LGZs, e.g. between 65 µm and 85 µm. 

The intersection of the blue and the cyan dashed line determines the outer border of the outer LGZ 

(pink ring) whether the intersection between the blue and the red the inner border of the outer LGZ 

(cyan ring). At smaller distances from the center a positive deviation from the constant boundary 

spacing (green dashed line) of the first 45 µm can be seen. The whole range of this deviation up to 

the crossing point between the green and the red lines (the inner radius of the outer LGZ) is 

considered the inner LGZ. In this manner, an objective definition of the position of all borders of 
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the large grain zones is achieved and its evolution with annealing time evaluated and shown in 

Figure 65. 

 

 
Figure 63: Orientation map in the vicinity of the drawn wire of the single Wf/W without any interlayer after annealing at 1400 °C 
for seven days. The blue circle highlights the inner, inner LGZ radius, in cyan the outer, inner LGZ radius and in pink the outer, 
outer LGZ radius. The colors are showing the crystallographic directions along the z-direction colored according to the inset. 

 
Figure 64: Dependence of the boundary spacing on the radius to determine the ranges of the inner and outer LGZs. 
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a)  

b)  
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c)  

d)  

Figure 65: Positions and widths of the large grain zones for the single Wf/W upon annealing at 1400 °C from 6 hours to 28 days. 
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Figure 65 reports the findings for the positions and the widths of the large grain zones for the single 

Wf/W. In Figure 65a, as the annealing time increases, the inner border of the inner LGZ moves 

further and further towards the center of the wire. The deformation structure is altered most likely 

by recrystallizing grains that are larger compared to the one in the deformed core, but still relatively 

small compared to the grains in the outer LGZ. From Figure 65a is clear that the progress of the 

primary recrystallization front without any interlayer towards the inside is much faster, than in the 

presence of either an yttria or an erbia interlayer; both oxide interlayers apparently retard the 

recrystallization process in a similar manner. 

The outer large grain zone forms dominantly in the CVD matrix where there is neither any 

deformation structure as in the drawn wire, nor any driving force for primary recrystallization. 

Consequently, formation of exceptionally large grains in that zone must occur by abnormal grain 

growth. The abnormal growth of the grains in this zone is associated with the growth of the zone 

itself. Without an interlayer, a continued outward growth of the outer LGZ is observed (in Figure 

65b), whereas in the presence of an oxide interlayer no pronounced growth occurs after the initial 

formation of large grains. As seen in Figure 65c and Figure 65d, the outer LGZs are established 

already after short-term annealing and their outer border at about 85 µm does not move much 

further with further annealing. The border between the inner and the outer large grain zones does 

not move at all due to the presence of the oxide interlayer. This is significantly different from the 

composite without an interlayer as seen from Figure 65b. In the latter case, the border between the 

outer and inner large grain zone is constantly moving towards the center of the wire, replacing the 

relatively small grains after recrystallization by much larger, abnormally grown grains from the 

outer large grain zone. 

 

For the moment being such a preliminary work proves WfW to be very promising for application 

as PFM in fusion reactors. Work is still along the way to fully characterize the behavior of these 

composites in hot environments, given that higher temperatures are to be expected in fusion 

reactors, besides short plasma instabilities. At the time of writing this thesis, it is actually planned 

further isothermal experiments shall be performed at even higher temperatures to further 

characterize the material at the interface, but also to characterize the kinetics of grain growth in 

the acicular zone.
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Chapter 7. Conclusions and Outlook 
 

The investigation of the thermal stability of different tungsten plates and WfW was the aim of this 

work, in order to assess their behavior at operational temperatures in fusion reactors as PFMs. 

Isochronal and isothermal annealing experiments at different temperatures were performed up to 

complete primary recrystallization. The microstructural evolution during annealing was tracked 

by both Vickers hardness testing and electron backscatter diffraction. Well-established kinetic 

models for recovery and recrystallization allowed a concise description of the observed hardness 

evolution for the TPs. The stagnation in the evolution of recrystallization which prevented an 

analysis via the JMAK model, called for a deeper study to understand the reasons for such a halting 

since inhibition or delaying of recrystallization is craved for PFMs. The microstructural path 

method demonstrated to be useful in providing insights about the microstructural evolution during 

annealing of the W80 plate, against a hardness evolution showing stagnation. Tracking of the 

boundary spacing at the interface between the tungsten fibres and the CVD tungsten matrix in 

WfW allowed the understanding of the coupled recrystallization and grain growth therein. 

 

The obtained kinetic parameters for the different phenomena in the TPs are consistent with 

the expectations from the amount of plastic deformation from processing, with exception of one 

plate, the TP1, deviating from these expectations for which a mistakengly lowered amount of 

deformation was suggested. Description of recovery using Kuhlmann's model showed a linear 

dependence of the recovery coefficient A on the hardness loss during recovery. Analysis of the 

kinetics of recrystallization via the JMAK model yielded Avrami exponents equal to 2, a 

nucleation and growth coefficient b and incubation time, dependent on the work-hardening 

experienced by the plates as expressed by the as-received hardness and resulted in a lower 

activation energy for recrystallization for the two plates which underwent larger work-hardening. 

Correlations between the hardness loss due to recovery and the recovery coefficient A or the 

nucleation and growth coefficient b indicate the paramount role of the microstructure and the 

stored energy in determining the character of the annealing behavior rather than the thickness of 

the plate. The obtained activation energies were comparable to the activation energy of self-

diffusion in tungsten for the TP 2 and TP 1, and to the activation energy of grain boundary diffusion 
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in tungsten for the TP 0.5 and TP 0.2. Such an analysis of the kinetics allowed the extrapolation 

of service temperatures for a desired time of 2 and 5 years as plasma-facing components in service 

as divertor and first wall respectively. The TPs are expected to sustain temperatures in the range 

1000 °C – 1100 °C for a 2 years operation time before half of the volume undergoes 

recrystallization, ignoring neutral particle bombardment. Such a range is sufficient for application 

of the TPs as first wall material but is too low for use as divertor material. An analysis of the 

thermal stability of pure thin tungsten plates in terms of the kinetics of the restoration processes 

via JMAK and Kuhlmann’s models was unprecedented in literature. Deepened understanding of 

the microstructural restauration phenomena in such tungsten materials is of utmost importance for 

the fusion materials community: the findings in this work will serve as additional information to 

further improve solutions aiming at more thermally stable rolled products. 

 

The annealing behavior of a tungsten plate warm-rolled to 80 % thickness reduction (W80) 

as characterized by hardness evolution showed intervals of stagnation at a recrystallized volume 

fraction of 60 %. During long periods of time, no hardness changes, nor progress of 

recrystallization were observed. Such a halt deems the W80 plate more suitable for application as 

armor material than the inferred activation energy of 548 kJ/mol as extrapolated from the times to 

half-recrystallization suggests. The microstructure of partially recrystallized samples was 

investigated in terms of their texture, boundary character, boundary surface densities and stored 

energy content, to elucidate the underlying microstructural reasons for such a halt. The 

microstructural path methodology was adopted to describe the evolution of recrystallization from 

a stereological standpoint. The texture of the plate did not show major changes with the evolution 

of recrystallization while the misorientation distributions for the boundaries in between the 

recrystallized and recovered regions did not suggest any particular feature motivating the halt. 

Analysis of the partial path functions of the stereological parameters from the microstructure 

indicated non-uniform impingement above a fraction recrystallized of 60%. A slow motion of high 

angle boundaries constituting the recrystallization front due to the continuously decreasing stored 

energy in the recovered matrix, combined with reduced nucleation (retarded by concurrent 

recovery) and a non-uniform impingement can motivate stagnation of recrystallization. Though, a 

comprehensive description of the halting mechanism and how to achieve it by purpose have not 

yet been found. 
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Nevertheless tungsten plates, especially W80, need further examination as a material 

design for tungsten as PFM, since a halt in recrystallization such as that of W80 is key, if 

understood, for operation in fusion reactors. Use of the MP methodology was never attempted 

before on warm-rolled tungsten plates and this work shows how such useful this approach can be 

to obtain further understanding of the restoration processes that are of paramount importance for 

PFMs. From this work, it can be questioned if tungsten plates that undergo conventionally 

undesired extensive restoration processes during work-hardening could actually provide a solution 

to the problem of thermal stability. The two most thermally stable plates analysed here or reported 

from previous work are the W67 and the W80. A rolling processing, performed at temperatures 

high enough to allow for extensive restoration processes to take place in the first passes, as it might 

have happened to the W80, and to lower temperatures in the last passes, providing the dislocation 

density necessary for ductile behaviour is envisioned. Alternatively, intermediate annealings to 

achieve recrystallization in between passes are suggested. Experimental campaigns could be 

performed aiming at: 1) testing the ductility of the material at different temperatures to ensure the 

same safe structural use over the entire operational range in fusion reactors as for warm-rolled 

plates 2) verify the replicability of the thermal stability of W80 in these newly designed plates and 

3) have a larger wealth of material that can be studied to understand the actual reason behind such 

an unexpected improved thermal stability as found in the W80. 

 

Single tungsten fiber composites, with or without an erbia or yttria interlayer, containing a single 

drawn potassium-doped tungsten wire in a CVD tungsten matrix were investigated in terms of 

their thermal stability. Upon annealing at 1400 °C for up to 28 d, two different zones develop 

possessing much larger grains than in the as-processed condition. Small but notable orientation 

changes indicate new defect-free grains (larger than in the as-received condition) forming in the 

wire, indicating primary recrystallization. These newly formed grains seem not to grow more than 

a certain size and orientation pinning or Zener pinning by potassium bubbles still persisting in the 

wire seems to take place. Some of the very thin grains in the proximity of the interlayer in the 

CVD region grow abnormally at the expense of others to form a final microstructure (corona) of 

almost equiaxed grains. The interlayers, acting as barriers, constitute an efficient solution in 
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separating the microstructural annealing phenomena occurring in the different regions: primary 

recrystallization in the wire and secondary recrystallization in the matrix. 

The inward motion of grain boundaries from the CVD region is blocked by the interlayer as long 

as it remains intact or no pathways between the two different regions exist. Without the interlayer 

the grains in the CVD region possess a size advantage with respect to those in the wire and start to 

grow into the recrystallized outer layer of the wire. The presence of an interlayer between the two 

regions is paramount for the thermal stability of such a designed tungsten material. Successful 

implementation of these WfW as plasma facing material requires the wires to be shielded by an 

interlayer so that internal growth of grains from the CVD matrix do not deplete the microstructure 

of the wire which is ultimately responsible for the desired extrinsic ductility of the composite. The 

present work suggests that the structural design of WfW will not be influenced by microstructural 

restoration damage if an interface between the wire and the CVD matrix is present. Such a finding 

is paramount for the safe application of WfW as PFMs and provides an additional proof of 

suitability of this novel design for implementation in fusion reactors. Further research shall be 

directed at better understanding the kinetics of grain growth in the acicular zone of the composite, 

as well as at characterizing the behavior at the interfacial zone at higher temperatures; which are 

foreseen in a fusion reactor. 

 

Analysis of the as-received condition of the WfW resulted in interesting novel findings on the 

microstructure of both the wire and the CVD tungsten surrounding the wire. For the wire, an 

additional preferred orientation in the as-deformed microstructure was found on top of that 

defining the well-known fiber texture. As a consequence, the texture of tungsten drawn wires can 

be now re-defined as cyclic {110}<110> fiber texture. Concerning the CVD matrix of WfW, the 

texture found represent to the knowledge of the author the very first reported example of a 

texture that was so far only theoretically defined, that of a cyclic <100> ring fiber texture. These 

two finding represent a solid contribution to the knowledge of texture in materials and have 

potential to influence or suggest future works aiming at exploiting these characteristics. 
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