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helium gas flows at a rate of 2.85 kg/s. The proton beam will be more powerful than the beam used at any other 
existing spallation neutron facility. Thanks to the high beam power and innovative moderator design, ESS will 
become the brightest neutron source in the world.  

However, designing the target is challenging, as its structure should withstand loads from the high beam 
power. The high intensity proton beam will not only cause cyclic thermo-mechanical loading of the tungsten, but 
also irradiation damage in the form of displacements of atoms in the microstructure, and production of a wide 
range of radioactive isotopes such as gaseous transmutation elements, and a significant fraction of solid 
transmutation elements, which will alter the thermal and mechanical properties of tungsten. Using such a powerful 
beam requires an optimal design of the target and a good understanding of the complex physical, mechanical, and 
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Specifically, irradiation induced changes in thermal diffusivity, hardness, ductility, and ultimate tensile strength of 
tungsten irradiated by high power proton beam at Paul Scherrer Institute (PSI), were studied. The results point 
towards a severe embrittlement of irradiated tungsten. Virtually zero plasticity was found in the specimens tested 
up to 500 °C, and hardness increased by more than 50%. Thermal diffusivity decreased by 28-51%, depending 
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tungsten is expected to accumulate during the 5-year life time of the target.  

Finally, a concluding study is presented where new calculations of the temperature and maximum stress in 
the bricks were made, based on the obtained experimental data on the thermal and mechanical properties of 
irradiated tungsten. 
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Populärvetenskaplig sammanfattning 

Inom ett par år kommer det nya materialforskningscentret ESS, The 
European Spallation Source, att stå färdigbyggt. Det kommer då vara det 
mest avancerade forskningsinstitutet i sitt slag och leverera upp till 30 
gånger fler neutroner än någon annan neutronkälla i världen. En av de 
viktigaste komponenterna på ESS är det s.k. strålmålet som består av 
nästan 7000 bitar av det metalliska grundämnet volfram. Volframets 
enda, och för ESS helt avgörande uppgift, är att ge ifrån sig så många av 
sina neutroner som möjligt. Neutronerna produceras i den s.k. 
spallationsprocessen som går ut på att skjuta protoner med hög hastighet 
mot volfram för att på så sätt slå ut dess neutroner. 
 

Spallationsprocessen. Ljusa kulor är protoner, mörka är neutroner. När en 
proton skjuts med tillräckligt hög fart mot volframatomen kommer den att 
överföra en del av sin energi till partiklarna i kärnan, som då blir fria.    

Protonstrålen levererar 14 pulser i sekunden och är mycket kraftfull. 
Energin från protonerna som träffar volframet motsvarar energin som 
krävs för att stoppa en Mercedes-Benz S-klass som kör i 250 km/h – varje 
sekund. Varje puls kommer att öka temperaturen i volframet med ca 100 
°C, vilket innebär att volframet får utstå höga cykliska termiska och 
mekaniska belastningar. Volframet kommer även att få strålskador av 
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protonstålen och bli radioaktivt. Protonerna slår dels sönder 
volframatomerna, vilket omvandlar dem till en mängd andra, mer eller 
mindre stabila ämnen, dels skjuter de iväg hela atomen från sin ordinarie 
position vilket skapar vakanser i gittret. Mängden vakanser har en starkt 
negativ inverkan på materialets egenskaper.   

Förflyttningskaskad. En inkommande partikel (mörk) färdas genom gittret 
i en metall. Under sin färd har den hunnit träffa och överföra sin energi till 
tre atomer, som då skjuts iväg och orsakar fler förflyttningar. 

Hanteringen av radioaktiva volframprover är mycket komplicerad och 
begränsad till särskilda laboratorier med s.k. hotcells, där proverna 
bearbetas med hjälp av robotarmar. På grund av svårigheten att dels 
producera, dels hantera radioaktivt volfram finns det i nuläget väldigt 
begränsad kunskap om hur materialet påverkas av strålning. Det är svårt 
att förutsäga hur väl det bestrålade volframet kommer att stå emot de 
kraftiga protonpulserna.  

En stabil och tillförlitlig drift av ESS kräver en noggrann design av 
strålmålet. För att undvika att volframet oxiderar måste maxtemperaturen 
sättas på rätt nivå, detsamma gäller för den högsta tillåtna spänningen i 
materialet. Hänsyn måste även tas till att materialegenskaperna förändras 
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av bestrålning, bl.a. försämras värmeledningsförmågan vilket leder till 
ännu högre temperaturer som i sin tur leder till ännu högre spänningar. 
Dessutom blir bestrålat volfram extremt sprött, och risken för utmattning 
som följd av den cykliska belastningen ökar kraftigt.    
 

Bearbetning av volfram i en hotcell. 

I den här avhandligen presenteras studier gjorda på både bestrålat och 
obestrålat volfram. Med hjälp av olika experiment kartläggs 
materialegenskaperna med särskilt fokus på volframets roll som 
neutronproducerande strålmål. Oxidationsstudier resulterade i ett förslag 
på 500 °C som maxtemperatur. Utmattningsstudier visade att valsat 
volfram är överlägset bäst och att den högsta tillåtna spänningen borde 
sättas till 100 MPa. Mätningar av hårdhet, brottgräns och termisk 
diffusivitet av bestrålat volfram gav svar på hur strålning förändrar 
materialegenskaperna. Hårdheten ökade med mer än 50% och den 
termiska diffusiviteten minskade med 28-51%, beroende på 
testtemperaturen. Proverna blev extremt spröda och bröts utan några 
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tecken på föregående deformation. Den experimentella datan användes 
för att simulera hur temperaturen och spänningen i volframet påverkas av 
de nya materialegenskaperna. Resultatet har använts för att förbättra 
designen av strålmålet.    

Nyckelord: ESS, Volfram, Spallation, Mekaniska egenskaper, 
Utmattning, Oxidation, Strålningseffekter, Termisk diffusivitet. 
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Abstract  

The European Spallation Source (ESS), which is currently under 
construction in Lund, will use pure tungsten as the spallation neutron 
target. The tungsten will be irradiated by a 2 GeV proton beam, pulsed 
at a repetition rate of 14 Hz. Each pulse will deposit 357 kJ in the 
tungsten causing an instantaneous temperature rise of approximately 100 
°C, during the 2.86 ms pulse duration. The target is wheel-shaped, 2.6 m 
in diameter, and will be rotating at 0.39 Hz to distribute the proton beam 
loads. The tungsten target consists of nearly 7000 bricks with dimensions 
80×30×10 mm3. The bricks are separated by 2 mm wide cooling channels 
in which helium gas flows at a rate of 2.85 kg/s. The proton beam will be 
more powerful than the beam used at any other existing neutron 
spallation facility. Thanks to the high beam power and innovative 
moderator design, ESS will become the brightest neutron source in the 
world.  

However, designing the target is challenging, as its structure should 
withstand loads from the high beam power. The high intensity proton 
beam will not only cause cyclic thermo-mechanical loading of the 
tungsten, but also irradiation damage in the form of displacements of 
atoms in the microstructure, and production of a wide range of 
radioactive isotopes such as gaseous transmutation elements, and a 
significant fraction of solid transmutation elements, which will alter the 
thermal and mechanical properties of tungsten. Using such a powerful 
beam requires an optimal design of the target and a good understanding 
of the complex physical, mechanical, and thermal changes occurring in 
irradiated tungsten. It is also important to identify and mitigate potential 
issues and accidental scenarios during operation of the ESS target.  

The present work aims to characterise thermal and mechanical properties 
of high-energy proton and spallation neutron irradiated pure tungsten, 
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for the use as a spallation target material. The work includes studies on 
fatigue properties of unirradiated tungsten from various processing routes, 
to determine which type of tungsten is the most durable under cyclic 
loads. The fatigue study served as a basis for setting the maximum 
acceptable stress of 100 MPa in the tungsten bricks during operation, as 
well as choosing rolling as the most suitable manufacturing method. The 
tungsten volume will be contained in a stainless-steel target vessel, which 
confines the helium gas target-coolant. Tungsten is known to be readily 
oxidised even at moderate temperatures, which makes even impurity 
levels of oxygen and water vapour in the helium a potential issue. 
Therefore, oxidation behaviour of tungsten in mildly oxidising 
atmospheres and temperatures relevant to ESS operation, was 
characterised. The results were used to set the upper temperature limit in 
the tungsten target during normal operation, as well as the maximum 
allowable temperature during off-normal incidents. However, both 
temperature and thermo-mechanical stress in the tungsten will alter as the 
properties of the material change due irradiation.  

The available data on proton irradiated tungsten is very limited. 
Therefore, in the present work, large efforts have been made for studying 
tungsten irradiated under similar conditions as the future ESS target 
material. Specifically, irradiation induced changes in thermal diffusivity, 
hardness, ductility, and ultimate tensile strength of tungsten irradiated by 
a high power proton beam at Paul Scherrer Institute (PSI), were studied. 
The results point towards a severe embrittlement of irradiated tungsten. 
Virtually zero plasticity was found in specimens tested up to 500 °C, and 
the hardness increased by more than 50%. Thermal diffusivity decreased 
by 28-51%, depending on the test temperature (25-500 °C). All tested 
irradiated specimens had lower irradiation damages than the ESS tungsten 
is expected to accumulate during the 5-year life time of the target.  
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Finally, a concluding study is presented in which new calculations of 
temperature and the maximum stress in the bricks were made, based on 
the obtained experimental data on the thermal and mechanical properties 
of irradiated tungsten.           

Keywords: ESS, Tungsten, Spallation target, Mechanical properties, 
Fatigue, Oxidation, Irradiation effects, Thermal diffusivity.     
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Glossary 

Beam trip 
When the beam intensity drops to less than 50% of the target operational 
value, for more than one minute. The beam is then considered unavailable.  

Cross-section (in particle physics) 
Probability of a collision between two particles, followed by a certain 
reaction.  

Differential Thermal Analysis 
Temperature difference measurement between the sample and a reference 
material during heating. 

Half-life 
Time required to reduce a quantity to half of its original value by decay of a 
radioisotope. 

Helium ash 
Alpha particles (helium nuclei) produced by fusion reactions in the 
deuterium-tritium plasma.  

Sinks 
Locations to which (radiation) defects migrate and annihilate. E.g. free 
surfaces and phase boundaries. 

Spallation 
Break-up of a nucleus bombarded by an energetic proton.  

Thermogravimetry 
Measurement of mass changes during heating. 
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Introduction 
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1. Outline 

The aim of this work has been to characterise thermal and mechanical 
properties of pure tungsten under conditions of relevance to the European 
Spallation Source (ESS). The role of tungsten at ESS is to produce 
neutrons for scattering experiments. This is done via a process called 
spallation, which involves high-energy protons colliding with tungsten. 
During the spallation process, the tungsten is exposed to radiation and 
thermo-mechanical cycling, which could lead to fatigue failure. The 
radiation, in particular, is a serious concern as it severely deteriorates the 
properties of the material. The present work was carried out to get a better 
understanding of tungsten behaviour under these conditions. This was 
achieved by studies on both irradiated and unirradiated tungsten. 
Properties such as thermal diffusivity, ultimate tensile strength, fatigue 
life, oxidation resistance, and hardness, were characterised.  

The present thesis consists of two parts in which the first part serves as an 
introduction to the papers included in the second part. Objectives of the 
present work are given in the second chapter of Part I. Chapter 3, 
Background, focuses on literature studies, basic theory of radiation 
damage in materials and the spallation process, background information 
on the design of the tungsten spallation target at ESS, and different 
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methods of tungsten production and processing and their effect on the 
mechanical properties. Chapter 4, Materials and Methods, presents the 
test specimens, equipment and methods of characterisation as well as the 
data analysis method. The fifth chapter, Results and discussion, gives an 
overview of the most important findings, summarises the appended 
publications and presents implications of the results on the design and 
operation of the ESS tungsten target. Lastly, in Chapter 6, Conclusions, 
concluding remarks are given and future work is suggested. 
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2. Objectives 

Pure tungsten has been chosen as the spallation material at ESS due to its 
high atomic mass, high density, high melting temperature, and 
commercial availability in large amounts. The spallation target consist of 
6696 bricks of tungsten with dimensions 80×30×10 mm3. The 2 GeV 
pulsed proton beam, with a pulse length of 2.86 ms and a repetition rate 
of 14 Hz, will deliver 357 kJ per pulse to the tungsten bricks. During the 
5-year lifetime of the target, it will be exposed to a high flux proton and 
spallation neutron irradiation which will cause a maximum displacement 
damage of 10 dpa. In addition, the target material will be subjected to 
thermo-mechanical cycling caused by beam pulses and occasional beam 
trips. The design of the ESS facility includes unique features that have not 
been used before on such a large scale. One of them is the pulsed proton 
beam which will be several times more powerful than the beams used in 
other leading spallation sources. Another feature is the unprecedentedly 
large target, which is rotating and is cooled by a large helium flow.  

Although tungsten has many attractive properties, it is also known for its 
low ductility, low DBTT, poor high-temperature oxidation resistance, and 
severe irradiation induced embrittlement. There is no previous experience 
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of using pure, unprotected tungsten in such a demanding environment. 
Further, data on thermal and mechanical properties of high energy proton 
and spallation neutron irradiated tungsten is very limited. It is expected 
that the risk of target failure due to cyclic thermo-mechanical loading is 
increased by the displacement damage and transmutation products caused 
by irradiation. The full extent of the changes in tungsten as a spallation 
material is, however, still unknown. The objective of the present work was 
therefore to study the changes in physical, mechanical, and thermal 
properties of pure tungsten induced by high-energy, high-flux proton 
beam irradiation. The outcome of this work is not only important for 
ensuring a reliable operation of the ESS target, but also produces data 
useful for other, present and future, high power spallation sources using 
tungsten as the target material. 
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3. Background 

Chapter 3 summarises theoretical aspects and gives background 
information on the topics discussed in this work. The focus areas are 
tungsten production, the European Spallation Source, and the effect of 
radiation damage on metallic materials. This chapter is based on reviews 
of literature on tungsten and ESS.   

3.1   Tungsten  

Tungsten is a metallic transition element with nuclei containing 74 
protons and 84-116 neutrons [1]. It has a body centred cubic (BCC) 
crystal structure. The naturally occurring tungsten isotopes are 184W 
(30.67%), 186W (28.6%), 182W (26.3%), and 183W (14.3%). The most 
important tungsten minerals are wolframite (Fe, Mn) WO4, scheelite 
CaWO4, hübnerite MnWO4, and ferberite FeWO4 [2]. Table 1 
summarises some of the most important properties of tungsten, 
determined at room temperature [1, 3]. 
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Table 1 Properties of tungsten 

Properties of pure tungsten at room temperature 

Crystal structure  BCC  
Atomic number Z 74  
Young’s modulus E 390-410 GPa 
Poisson’s ratio ν 0.280-0.3  
Density  ρ 19.3 g/cm3 
Melting temperature tm 3422 °C 

  

The main characteristics of tungsten are the exceptionally high melting 
point of 3422 °C [1] and the high theoretical density of approximately 
19.3 g/cm3. In addition, it has a high Young’s modulus, high ultimate 
tensile strength, good thermal stability, low vapour pressure, and high 
creep resistance. This makes tungsten a favourable material for 
applications in areas such as nuclear and high energy physics, in 
commercial products, and for military and aeronautical use. Due to its 
high melting point, tungsten is widely used in high temperature 
applications, especially as a coating material, as filaments for electric 
lamps, and as a source of electrons in electron microscopes. It is also one 
of the main sources for X-ray targets. However, just like other refractory 
metals, tungsten is easily degraded in oxidising atmospheres, even at 
moderately low temperatures. This restricts the use of pure, unprotected 
tungsten to lower temperatures or non-oxidising high-temperature 
atmospheres [4]. The density, which is approximately 70 % higher than 
that of lead, makes it a suitable candidate for applications such as weights 
and counter-balances, as well as missiles and bullets. As an alloying 
element, tungsten is very often used in metal working tools, such as high-
speed steel tools, cutting tool bits, and drill bits.  
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3.1.1 From mineral to finished product  

Production of tungsten powder  

Tungsten is extracted from ore concentrates, which are first processed to 
get oxides which are then reduced to metal in powder form. Due to the 
high melting temperature of tungsten, it is almost exclusively shaped 
through powder metallurgy (P/M). Typically, the ore has an initial 
average concentration of 0.5 wt.% WO3. Tungsten bearing scrap is 
recycled and added to the ore as it goes through the enrichment process. 
Depending on the type of mineral, different techniques such as gravity 
methods and flotation are employed to increase the WO3 concentration 
to 60-70%. Once the ore and the tungsten rich scrap mixture has reached 
this concentration, it is treated with chemicals. Wolframite is treated with 
NaOH and Scheelite with Na2CO3, which leads to the formation of the 
water-soluble sodium tungstate Na2WO4. This is followed by a set of 
purification steps ending in APT, Ammonium Para Tungstate. APT is 
then heated to between 400 °C and 900 °C to remove water and ammonia 
via evaporation. The remaining substance after this step is tungsten oxide. 
If the process is carried out in an oxygen rich environment the oxide 
formed will be the yellow WO3. Less oxygen leads to the formation of a 
slightly reduced oxide, WO3-x, which is blue in colour. The last step of 
the powder production is the reduction of oxides to tungsten by flowing 
hydrogen gas. This proceeds according to the following reaction: 

𝑊𝑊𝑂𝑂3 + 3𝐻𝐻2  → 𝑊𝑊 + 3𝐻𝐻2𝑂𝑂    (1) 

Depending on the type of furnace used for the reduction, and by 
controlling parameters such as the temperature and oxide powder layer 
thickness in the furnace, the particle size of the metallic tungsten powder 
can be controlled. Thicker the powder layer, larger is the resistance to 
diffusion and slower is the removal of the reaction product (H2O). The 
humidity is naturally always higher at the bottom of the layer than at the 
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top. Therefore, since the local humidity determines the nucleation and 
growth of the metal particles, the height of the powder layer is directly 
proportional to the size of the particles. This also means that the powder 
layer thickness is directly affecting the distribution of the particle sizes. 
Increasing layer thickness results in a broader distribution. The final 
particle size of tungsten depends on a combination of several parameters. 
In general, small particles form at low temperatures, dry hydrogen, small 
powder layer heights, high layer porosity, and low oxide feed. Similarly, 
using the opposite parameters produces large particles.  

Tungsten powder can be produced as 0.1-100 µm sized particles. Pure 
tungsten is normally produced in the size range 2-6 µm. Larger particles 
may lead to incomplete sintering, and smaller may inhibit the evaporation 
of trace impurities due to a much higher sintering activity [1]. Not only 
the particle size can and should be controlled, the shape and 
agglomeration of the particles are important properties as well.  Good 
agglomeration of the tungsten powder leads to less porosity and better 
mechanical properties in the final product. If the reduction is performed 
at low temperatures and in dry environments, the powder will form very 
fine particles that agglomerate and transform into metal sponges. In very 
humid and high temperature conditions, individual tungsten particles can 
be formed over relatively large distances as they are aided by the chemical 
vapour transport (CVT) of the volatile species WO2(OH)2. The particles 
formed under such conditions are well-faceted, partly intergrown, and 
about 10 µm in diameter. These micron-sized facets are sometimes visible 
on fracture surfaces of some tungsten specimens. Electron microscopic 
images of these faceted gains can be found in the attached Papers II and 
V. The latter includes a discussion on the effect of the well-faceted grains 
on the fracture of the specimen.      
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Compaction and sintering of the powder 

Powder metallurgy, or P/M, is a method for forming metal parts by 
compacting the powder and heating it to a temperature much below the 
melting point. This is the standard manufacturing process for refractory 
metals due to their high melting points. Each step in the process, i.e. 
powder production, compaction, sintering, and post-sintering operations, 
has a strong influence on the quality and performance of the finished 
product. In general, lower the porosity, higher is the quality of the 
product. The particle size of the powder also has a major impact on the 
properties of the finished piece.  

Once the tungsten powder is produced, it is usually pressed and sintered 
at temperatures of 1900-2300 °C [5]. This first step should increase the 
density to about 92-98% [1]. In the sintering process, the high surface 
area of the compact is decreased by diffusional flow of atoms into the pore 
volume, driven by capillary forces. As individual particles grow together, 
the surface area decreases, and the free energy is lowered. During 
sintering, the densification process is driven by grain boundary diffusion. 
When high levels of density are reached, the process is controlled by lattice 
diffusion instead. Tungsten is always sintered in a reducing atmosphere, 
such as in dry and high-purity hydrogen. Vacuum or inert gas is not 
enough to protect the material. Even very small amounts of oxygen and 
moisture will affect the mechanical properties of tungsten, especially the 
ductility. Since sintering is performed at very high temperatures, the 
tungsten undergoes several changes. Besides grain growth, strains are 
relieved and recrystallisation occurs, i.e. new strain-free grains with low 
dislocation density are formed. When sintering is completed, the part is 
further processed by e.g. forging or rolling, to reach its final shape as a 
near fully dense product.     

 



10 

 

Densification methods and other post-sintering operations 

There are several densification methods suitable for tungsten products 
and the choice depends on factors such as cost, availability, shape, size, 
thickness, complexity of the part, requirements on surface roughness, 
properties of the material, and tolerances. Generally, processes which 
create grains elongated in the deformation direction lead to a stronger 
material (in this direction) and are preferable over annealing or 
recrystallisation. Lower working temperatures result in greater work 
hardening, although, the temperature should not be too low, as the risk 
of fracture during the process increases with decreasing temperature. 
Besides eliminating residual porosity, primary working during ingot 
breakdown improves the workability for subsequent cold forming, 
through grain size reduction. The temperature range for forming tungsten 
is limited at the lower end by its low temperature brittleness, and at the 
higher end by the recrystallisation temperature.     

Hot Isostatic Pressing (HIP) is a method in which the material is 
contained in a pressure-tight, sealed container and is subjected to a high 
isostatic gas pressure at an elevated temperature. HIPing causes plastic 
deformation of the powder which closes the pores and increases the 
density. For tungsten parts, the temperature during this process is 
approximately 1700 °C. Argon, nitrogen, and helium gases are commonly 
used, and the pressure can vary between 20 MPa and 300 MPa. HIPed 
products tend to have a fine microstructure with equiaxed grains which 
leads to isotropic physical and mechanical properties. Similarly, 
machinability is improved due to the uniform and fine grained 
microstructure. Often, the HIPing process can be preceded by sintering, 
especially for tungsten and its alloys. The combined sintering and HIP 
method starts with a partially dense, already compacted piece, which is 
sintered while pressure is applied during the HIPing phase [6].  
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Another common method for compaction of tungsten powder is forging. 
Forging involves simultaneous application of heat and pressure in a die 
that gives shape to the final product. Forging is performed on high-speed 
presses, resulting in high deformation rates and large plastic flow. This 
breaks up oxide layers on the particles and enhances bonding. The 
amount of oxygen in the part is determined by the oxidising gases in the 
environment during sintering of the preform. The presence of oxides in 
the forged specimen disturbs the bonding between particles, and affects 
the fatigue properties [7].   

Rolling of tungsten is an excellent densification method. In general rolling 
results in higher densities than forging and HIPing, which means better 
mechanical properties. However, the material becomes highly 
anisotropic. The orientation of the final tungsten part relative to the 
direction of the applied stress is very important in rolled materials. The 
grains become very elongated, and if cross-rolled, the diameter of the 
pancake shaped grain can reach the size of millimetres. If the material is 
rolled heavily, delamination of the layers can occur. This phenomenon 
was observed in both the rolled tensile and fatigue specimens, as well as 
the rolled thin foils, used in this work. This issue is discussed further in 
the attached Paper II, as well as in the result section of this thesis. Another 
issue with rolled tungsten is the variation in hardness throughout the 
thickness of the plate. Typically, the surface will be harder compared to 
the part well inside the bulk material.       

Customising properties through additions of rhenium  

As mentioned earlier, tungsten suffers from severe low-temperature 
brittleness. This is one of the main problems in using pure tungsten at 
moderate temperatures. There is a range of temperature in which this 
behaviour changes, and tungsten becomes ductile. The mean temperature 
in this region is called the ductile-to-brittle transition temperature, or 
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DBTT for short. The DBTT is an important characteristic, especially for 
tungsten, as it is several hundred degrees above room temperature. This 
limits the usefulness and fabrication possibilities for tungsten at lower 
temperatures. The brittleness of polycrystalline tungsten below the 
DBTT is believed to be caused by weakness of the grain boundaries, 
leading to crack initiation in both wrought and recrystallised samples. 
Pure single crystal tungsten is known to be ductile, even at a temperature 
of 20 K [1], which strengthens this interpretation.   

To a certain extent, the DBTT can be controlled. It can be modified by 
various mechanical, chemical, and microstructural factors. Parameters 
such as the amount and distribution of the impurities, the grain size, 
surface roughness, sample size, strain rate, and type of applied stress 
(tensile, compressive, shear), will cause a shift of the DBTT. In general, 
the DBTT is lowered by plastic deformation. Higher the degree of plastic 
deformation, lower is the DBTT. Annealing, on the other hand, increases 
it. The highest transition temperature is therefore found in recrystallised 
tungsten samples.  

Adding rhenium is a common way to increase the ductility of tungsten 
products. As rhenium has a hexagonal closed packed (HCP) crystal 
structure, rather than a body centred cubic (BCC) like tungsten, it does 
not exhibit a DBTT. Annealed rhenium is, unlike tungsten, very ductile. 
Tungsten-rhenium alloys have very good mechanical properties. Not only 
is the DBTT significantly lowered, but the high-temperature strength is 
even higher than that of pure tungsten. In fact, the tungsten-rhenium 
alloy is the only important tungsten-based solid-solution alloy today [1]. 
Rhenium additions also stabilise the grain structure and increase the 
recrystallisation temperature. The improved ductility of tungsten-
rhenium alloys is attributed to the increased solubility of elements such as 
nitrogen, carbon, oxygen, sulphur, and phosphorus, which otherwise 
would have migrated to low-energy positions such as the grain boundaries 
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and dislocations, thus weakening the material. Rhenium causes re-
distribution of the impurities as clusters within the lattice, which 
improves the grain-boundary fracture toughness.  

The effect naturally depends on the amount of rhenium added. In general, 
tungsten-rhenium alloys can be separated into three groups depending on 
their rhenium content. These are W-(3-5)Re, W-10Re, and W-(25-
26)Re. Higher the rhenium content, higher is the ductility. Peak ductility 
is reached just below the maximum solid solubility limit of rhenium in 
tungsten, which is approximately 27 wt.% Re. A rhenium content of 26 
wt.% results in an increase in hardness of around 20% [1]. Tungsten-
rhenium alloys with lower rhenium content have high creep strength, 
good workability, better welding properties, and are extremely resistant 
against thermal stresses.  

Unfortunately, none of the benefits of alloying tungsten with rhenium 
can be used utilised at ESS. The environment which the tungsten will be 
in, once the facility is up and running, will be harsh and introduces 
complex issues. The most important problem, and one which is still not 
very well understood, is the expected radiation induced change in 
tungsten alloys. There have been studies showing that tungsten-rhenium 
alloys lose their beneficial mechanical and thermal properties on 
irradiation. The attached papers IV and V contain more information on 
this topic.    

Metal forming 

Tungsten and its alloys are difficult to machine and require special 
fabrication techniques. Mechanical working should be performed below 
the recrystallisation temperature, but above the DBTT. As the solubility 
for carbon, nitrogen, oxygen, and hydrogen, is very low (<0.1 ppm) [1], 
there is a significant risk of grain boundary embrittlement if the impurity 
levels are not kept to a minimum. This is, however, very difficult to 
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achieve. Instead, it is easier to control the microstructure during 
fabrication, to ensure a reasonably low DBTT [4].  

Cutting tungsten at room temperature is difficult and the risk of fracture 
is high. A suitable method for this is electrical discharge machining 
(EDM). This method was the only one that could be used successfully on 
the extremely brittle irradiated tungsten specimens used in this work. 
Details of the sample preparation technique is discussed in Chapter 4 as 
well as in the attached Papers IV and V.  

3.1.2 Past and current research on tungsten properties  
Much of the early understanding of tungsten and its alloys comes from 
research conducted around the time of World War II. Two of the most 
important applications during the war were armour-piercing projectiles 
and high-speed tool steels made of tungsten carbide [8]. A few decades 
later, tungsten became a material of increasing interest once again. The 
National Aeronautics and Space Administration (NASA) has conducted 
many studies on tungsten during the past decades, focusing mainly on the 
high temperature behaviour of the material. Recently, much of the 
research on tungsten has been done by the fusion and neutron spallation 
community. The attached papers provide summaries of the available 
literature on tungsten and its properties, both irradiated and unirradiated. 
Other very useful sources of tungsten data are the ASM Handbooks 
(American Society for Metals), a book on tungsten and its properties 
published by Erik Lassner and Wolf-Dieter Schubert in 1999 [1], a 
comprehensive literature review published by NASA in 1969 [9], and of 
course, many journal publications by researchers in various fields.    
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3.2   European Spallation Source  

The European Spallation Source (ESS), is a European Research 
Infrastructure Consortium (ERIC), currently under construction in 
Lund, located in southern Sweden. It is one of the largest and most 
prestigious science and technology infrastructure project being built 
today. The research facility will be based on the world’s most powerful 
proton linear accelerator and brightest neutron source, which will enable 
scientific breakthroughs in various fields such as materials, life sciences, 
energy, environmental technology, cultural heritage, and fundamental 
physics. ESS is a joint European project with 15 founding members and 
38 in-kind partners, working together on designing and building the 
facility. The construction started in 2014 and full power operation is 
expected by 2025, with the first beam on target in 2021 [10].  

The ESS facility consists of a proton linear accelerator, a target station, 
many scientific instruments, and various laboratories, sample preparation 
rooms, workshops and offices. Figure 1 shows a schematic view of the 
facility, made by Henning Larsen Architects. The start of the linear 
accelerator is seen in the bottom left. The target is located approximately 
600 meters away from the ion-source and surrounded by laboratories and 
experimental halls. Also seen here is future Science Village and beyond 
that MAX IV, a synchrotron radiation facility.  

The planning of ESS started already 20 years ago, when the Organisation 
for Economic Co-operation and Development (OECD), strongly 
recommended that North America, Asia, and Europe, each should build 
a new generation of high-intensity neutron source in the MW-class [11]. 
The United states was the first to commission its neutron source. Oak 
Ridge National Laboratory (ORNL) in Tennessee, US, started its 
Spallation Neutron Source (SNS) in 2006. Japan followed in 2009 with 
the Japan Spallation Neutron Source (JSNS) at the Japan Proton 
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Accelerator Research Centre (J-PARC) in Tokai. Besides ESS, SNS, and 
JSNS, there are a few other spallation sources around the world. These 
are summarised in table 2. The following section describes the scientific 
purpose of a spallation neutron source, namely neutron scattering 
experiments. 

Figure 1. A schematic view of the ESS facility. Copyright Henning Larsen 
Architects. 

Table 2 Spallation neutron sources and their key parameters. Design values 
are shown in brackets [12]. 

Facility Beam Power 
[MW] 

Pulse energy 
[kJ] 

Target Location 

ESS (5) (357) W Sweden 
JSNS 0.5 (2) 20 (80) Hg Japan 
SNS 1.4 (2) 23 (33) Hg USA 
SINQ 1.2 - Pb Switzerland 
ISIS 0.16 3.2 W UK 
CSNS (0.1) (6) W China 
LANCE 0.1 5 W USA 
ISIS TS2 0.05 5 W UK 
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3.2.1 Neutron scattering  

Neutron scattering is a well-developed and extensively used method for 
determining the relative positions and motion of atoms in a bulk sample. 
It is a means of characterising fundamental properties of physical 
materials as well as biological matter. Neutrons have excellent 
characteristics for use in probes. As they are electrically neutral, they do 
not interact with the electrons in the matter. The distance between two 
nuclei is significantly larger than the size of a nucleus, which means 
neutrons can easily travel large distances without being scattered or 
absorbed. They penetrate matter far better than charged particles. If they 
do strike a nucleus, they will be scattered, leaving the sample distributed 
over many directions and velocities. Analysing the distribution of the 
scattered neutrons provides the desired information on the structure and 
dynamics of the atoms in the specimen. The relatively small interaction 
rate of neutrons can be compensated by using a high flux of the particles. 
The higher the flux, the brighter the image of the examined sample 
becomes. The vast number of neutrons needed for a scattering 
measurement can only be provided by large scale facilities.  

A wide range of different instruments have been developed for scientific 
purposes using neutron scattering. Each instrument focuses on resolving 
only certain details while ignoring others in order to maintain sufficient 
intensity for a meaningful measurement. The neutron scattering 
technique can be further separated into different methods according to 
the information they provide. Neutron diffraction is used to characterise 
the atomic arrangement in a material, while inelastic neutron scattering 
measures the vibration of atoms. Larger structures such as polymers, can 
be studied using small-angle neutron scattering (SANS). Reflectometry 
provides information about layered materials and interfaces, and magnetic 
properties of matter are examined using polarised neutron beams, as well 
as magnetic neutron scattering.     
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The wavelength of the incoming neutron is important, and as it is 
inversely proportional to the speed of the particle, it can be controlled. In 
scattering experiments, a wavelength of 0.1-1 nm is often used as it 
corresponds well to the interatomic distance in matter. For this reason, 
neutrons in the slow energy range are particularly useful [13]. The 
neutrons produced at ESS will initially have much higher energies than is 
suitable for neutron scattering experiments. They will, therefore, first be 
moderated, i.e. slowed down to useful speeds.  

3.2.2 The ESS design  

The main purpose of ESS is to deliver a high flux of neutrons at a high 
brightness, with energies suitable for neutron scattering experiments. The 
facility must first be able to produce a high flux of neutrons, moderate 
them to appropriate energies, and then guide them to the scientific 
instruments. Each part of the facility has been carefully designed to meet 
the goal of delivering the brightest neutron beam in the world. Compared 
to similar existing facilities, there are some features of the ESS design that 
are unique. The volume of the neutron producing target is much bigger 
than in other spallation sources. It is also rotating and cooled with helium, 
whereas most other facilities use a fixed, water cooled target. The beam 
power is also much higher at ESS, which is a necessity for producing an 
unprecedentedly large number of neutrons. Some of the most important 
design parameters of the ESS proton linear accelerator are summarised in 
table 3.  

The ESS facility can be separated into several major sections: the proton 
linear accelerator, the target building, the experimental halls, and the 
laboratories, workshops and offices. The focus of this thesis is the neutron 
producing tungsten target. Its function, design, and potential failure risks 
are discussed in the next section.    
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Table 3 Main design parameters of the ESS proton linear accelerator. 

Parameter Value 
Average beam power 5 MW 
Proton beam energy 2 GeV 
Pulse repetition rate 14 Hz 
Pulse length 2.86 ms 
Energy per pulse 357 kJ 

3.2.3 The spallation target  

The ESS spallation volume is composed of 6696 bricks of pure tungsten, 
contained within 36 segments of a horizontally positioned wheel. A made 
to scale model of one of these segments is presented in figure 2. The 
tungsten bricks are of the dimension 80×30×10 mm3, and arranged 
standing side by side, separated by 2 mm wide channels where the helium 
cooling gas flows. The spallation volume and coolant are confined within 
the wheel-shaped target vessel made of stainless steel. The diameter of the 
wheel is 2.6 m, and it will be rotating with a frequency of 0.39 Hz. 

The target is one of the most important components of the facility. The 
neutrons are produced here, in the tungsten. The process in which this 
occurs is called spallation. It requires a high-energy impinging particle and 
a target atom preferably belonging to a heavy element. At ESS, the particle 
used to initiate spallation is a proton and the element used as the target is 
a tungsten atom. As the proton strikes the tungsten atom, it will transfer 
some of its energy to several nucleons (protons and neutrons) which are 
knocked out of the nucleus and scattered. The heavier the target element, 
and the more energetic the incoming particle is, more neutrons will be 
produced. The liberated neutrons are moderated and sent to the scientific 
instruments.  
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The protons at ESS are accelerated nearly to the speed of light, in the 600 
m long linear accelerator. With a power of 5 MW, the proton beam 
delivers a kinetic energy of 357 kJ per pulse to the spallation volume. The 
entire process of spalling, moderating, and delivering neutrons at the right 
energy and in the right direction, is extremely inefficient. Each 2 GeV 
proton incident on the tungsten will liberate about 56 neutrons. Only a 
fraction of these neutrons will enter the cold and thermal moderators, and 
even a smaller fraction of these will exit the moderator in the right 
direction, towards the neutron scattering instrument. On an average, 10 
000 protons are required to create 1 useful neutron [12].    

 
  

Figure 1 Made to scale model of one of the 36 segments of the target 
h l  
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The protons are pulsed at 14 Hz, with a pulse length of 2.86 ms. In order 
to distribute the energy delivered by the proton beam in the spallation 
volume, the target is designed to rotate in synchronisation with the beam 
pulse. This way, the heat and damage caused by the beam can be 
distributed more uniformly over a larger volume. Each pulse will raise the 
temperature of tungsten instantaneously by approximately 100 °C. 
Without the rotation of the target, the temperature in the tungsten bricks 
would increase by more than 1000 °C in a second, leading to immediate 
catastrophic failure.  

The choice of tungsten as spallation material was based on several factors. 
Most importantly, tungsten provides a high neutron production yield 
thanks to its high density and high atomic mass, and it is commercially 
available. In addition, it has a high melting point and high thermal 
conductivity, which makes it a very good candidate for high power 
spallation targets. Other spallation neutron sources have targets made of 
liquid mercury, lead, or tungsten clad with tantalum. The tantalum 
cladding extends the lifetime of the target as it protects tungsten from 
catastrophic failure due to irradiation induced embrittlement, and 
corrosion by the heavy water coolant. The cladding is however not 
necessary at ESS as the coolant is gaseous. The other options, lead and 
mercury, present environmental issues. Also, targets using liquid mercury 
are known to have issues with cavitation-induced erosion of the vessel 
containing mercury [14].         

3.2.4 Target material issues 

The designed lifetime of the ESS target is 5 years. During this time, the 
tungsten bricks will have to endure dynamic thermo-mechanical loading 
due to beam pulses and occasional beam trips. The tungsten will be 
subjected to nearly 10 million cycles per year. In addition, the proton 
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beam also causes severe irradiation damage in tungsten. Irradiation with 
protons causes displacement of tungsten atoms from their lattice 
positions, creating vacancies, interstitials and other microstructural 
defects. The irradiation also produces gaseous transmutation products, 
trapped in the microstructure as bubbles, making tungsten even more 
brittle and shifting the DBTT over the target operation temperature. The 
spallation neutrons produced by the proton beam also contribute to the 
irradiation damage. Thermal and cold neutrons mainly from the 
moderators will be captured and incorporated in the nuclei of tungsten, 
creating radioactive isotopes. Together with the protons, the fast 
spallation neutrons and slow neutrons create solid and gaseous 
transmutation products. Some of these elements cause a severe 
deterioration of the thermal and mechanical properties of tungsten. There 
is also a risk of oxidation of tungsten. The maximum temperature in the 
tungsten during operation is limited to 500 °C, to avoid the formation of 
a rapidly growing oxide. It has been shown in the attached Paper III, that 
even small amounts of oxygen impurity in the inert gas is enough to 
oxidise tungsten at ESS relevant temperatures. 

Another concern, in fact the most serious one, is the risk of fatigue failure 
of the bricks due to the thermo-mechanical loading caused by the pulsed 
beam. Although tungsten is not a structural material, failure of a brick 
might lead to a partial blockage of the 2 mm wide cooling channel, 
resulting in a hot spot in the target which could jeopardise its structure. 
This could also increase the rate of diffusion driven release of radioactive 
isotopes. The stress response in a tungsten brick during a pulse is a 
function of its material properties. The fatigue life is determined by the 
magnitude of the stress as well as the mechanical properties of the brick. 
Both these factors change with irradiation. Thermal diffusivity has been 
observed to decrease significantly in irradiated tungsten in the present 
work, which results in larger thermal stresses in the target bricks, as 
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discussed in attached Papers IV and VI. Irradiation will increase the 
hardness and decrease the ductility in tungsten, which also affects the 
fatigue limit, see attached Papers I and II.  

Tungsten is currently, and has been for many years, used as spallation 
target material at a few other facilities. Despite this, the understanding of 
the combined effect of high power, pulsed proton and spallation neutron 
irradiation on tungsten is limited. One obvious reason is the difficulty of 
obtaining proton and spallation neutron irradiated tungsten specimens 
with a high damage dose. The second issue is the extreme brittleness of 
the specimens which complicates mechanical testing. And lastly, high 
residual radioactivity of the samples requires handling of the material in 
specially equipped laboratories with so called hotcells, where the 
specimens can be prepared for mechanical testing. Often the material is 
very radioactive and requires remote handling. The inside of one such 
hotcell, located in the nuclear laboratory at the Paul Scherrer Institute 
(PSI) in Switzerland, is shown in figure 3 below. The image shows a 
polishing and cutting set-up behind thick leaded glass. Most of the 
irradiated tungsten specimens used in this work were prepared and 
examined at PSI.  

Figure 3 The inside of a hotcell. 
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3.3   Radiation types 

Radiation is mainly divided into two classes, ionising and non-ionising. 
The non-ionising radiation, e.g. UV-light, microwave radiation or radio 
waves, carries enough energy to excite an electron to a higher energy state, 
but not enough to ionise atoms, i.e. completely remove the electron. The 
ionising radiation can be potentially lethal and cause great material 
damage. This class of irradiation is further divided into two categories, 
directly and indirectly ionising. Among the directly ionising are alpha and 
beta radiation, and in the indirectly ionising group are gamma and 
neutron radiation.   

Alpha radiation consists of alpha particles which are identical to a helium 
nucleus, i.e. two protons and two neutrons. These particles are highly 
ionising but with a low penetration depth, they can easily be stopped by 
a sheet of paper. A beta particle is an electron or positron moving with 
high speed and energy. These particles are produced by beta decay of 
atomic nuclei. β- represents the emission of an electron and β+ the 
emission of a positron. Beta decay usually occurs in neutron-rich fission 
by-products produced in nuclear reactors. If a nucleus is unstable due to 
an excess of neutrons it can undergo β- decay where a neutron is converted 
into a proton, an electron and antineutrino. The path for the incoming 
beta particle is very torturous as compared to the path of the much heavier 
alpha particle. Because of the low mass, the beta particle changes its 
direction very easily in a collision. In some cases, the β- particle, the 
electron, will deflect so greatly that it will turn back around and be 
emitted from the material, as in so called back scattering which is used in 
electron microscopes. More information of electron microscopes can be 
found in section 4.3.1. 
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Gamma radiation is electromagnetic radiation of high frequency and high 
energy per photon. It is most commonly produced by the decay from high 
energy states of atomic nuclei. Every photon has a probability of vanishing 
when passing through matter. The probability depends on the energy of 
the radiation and on the properties of the matter that it passes, but is 
completely independent of how far the ray has penetrated the material. 
The intensity of the gamma rays decreases exponentially with the 
absorber’s thickness, but unlike charged particles gamma rays do not have 
a definite range. No matter how thick the absorber is, some of the 
radiation, albeit a very small amount, will pass through and each of these 
particles will have the same energy as they did while entering the material.  

Neutrons are electrically neutral and as such have a very high penetration 
depth, higher than that of alpha, beta and sometimes even gamma 
radiation. The neutrons can easily enter a nucleus and if they do, there is 
a good chance that they will remain there. Neutrons are not affected by 
electrons in the matter and can only lose energy through direct collisions 
with the nuclei, although the probability for this is low. If a free neutron 
hits and reacts with a nucleus a new isotope will form, which in turn may 
produce radiation through neutron activation, e.g. the extra neutron is 
transformed into a proton under the emission of an electron. So, although 
the neutron radiation does not ionise the atoms in the same way as the 
protons or electrons, the neutron interactions are largely ionising.  

When shielding from this type of radiation, care must be taken to avoid 
using materials with nuclei which undergo fission or neutron capture that 
results in radioactive decay of the nuclei while producing gamma rays. 
Neutrons can easily pass through most material, but the interaction is 
enough to cause biological damage. Water and concrete are the most 
effective shielding materials. B4C, boron carbide, is also commonly used 
as shielding material in nuclear reactors. 
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Neutrons are usually divided into separate groups depending on their 
energy level. These are termed cold, thermal, epithermal, slow, fast, and 
high energy neutrons – with energies ranging from lowest to highest. Cold 
neutrons have energies up to about 0.025 eV. Both scattering and 
absorption can occur at these energies. Thermal neutrons have kinetic 
energies that are in equilibrium with the atoms in the surrounding matter. 
Slow neutrons have energies up to 0.5-1 MeV.  Fast neutrons have 
energies ranging from 0.5 to 20 MeV, and high energy neutrons have 
energies above 20 MeV [15]. At ESS, neutrons produced from the target 
and moderators are in the energy range from cold to GeV.     

3.4   Radiation damage in metals* 

The fundamental process that drives the radiation induced changes in 
metals is the displacement of atoms from their lattice sites. The 
consequences of irradiation include changes in shape and volume, severe 
embrittlement, reduced ductility, increased hardness, and increased 
susceptibility to environmentally induced cracking. The radiation damage 
event can be described in several steps. First, there is the interaction 
between the lattice atom and an energetic incident atom, whose kinetic 
energy is transferred to the lattice atom. This creates a primary knock-on 
atom (PKA). The PKA is displaced and while moving through the lattice, 
it produces additional knock-on atoms. The group of point defects 
created by the PKA is called a displacement cascade. The radiation 
damage event is concluded when the PKA comes to rest as an interstitial.  

Once the displacement cascade reaches its final state, agglomeration and 
diffusion of defects begin. Stable lattice defects are formed either as point 
defects or defect clusters. Some defects are mobile and escape the cascade 

                                                      
* Largely based on Fundamentals of Radiation Materials Science by G. S. Was [16] 
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region through thermally activated diffusion. This process can last 
nanoseconds or months, depending on the temperature and irradiation 
conditions. When all the mobile lattice defects have left the region, the 
final microstructure is formed. The distribution and number of the 
remaining defects make up the basis for the observable effects of 
irradiation damage.  

Depending on the type of irradiation particle, the extent and type of the 
damage varies. Proton irradiation produces small and widely spaced 
cascades, and many isolated Frenkel defects, i.e. atoms displaced from 
their original lattice positions, becoming interstitials while leaving a 
vacancy behind. Neutrons and heavy ions, on the other hand, produce 
dense cascades with substantial recombination during the radiation 
damage event. Irradiation with electrons leads to a few widely spread 
Frenkel defects with low probability of recombination. To facilitate 
comparisons between diverse types of irradiation damage, the term dpa, 
displacements per atom, was established. The dpa value gives an estimate 
of the ratio of displaced atoms in a specimen. The dpa number is often 
correlated to changes in thermal, mechanical and physical properties, but 
should be used with caution. The dpa value does not give any information 
on the chemical changes in a material. Some irradiation conditions lead 
to the production of substantial amounts of transmutation products. This 
aspect may be more important to consider than the actual dpa value. Next 
section focuses on the migration of defects and its consequences on 
material properties. 

 

 



28 

 

3.4.1 Migration and annihilation of defects        

Vacancies and interstitials tend to migrate to locations where they can 
annihilate. These positions in the microstructure are called sinks and 
include areas such as the free surface, grain and phase boundaries. The 
absorption rate depends on the diffusion coefficient of the defect and the 
difference in its concentration at the sink relative to the bulk. 

Interstitials tend to find the sinks first, followed by vacancies. A high 
recombination rate between interstitials and vacancies leads to a high 
irradiation damage recovery. However, if the sink density is high, there 
will be a competition between the annihilation of interstitials at sinks and 
the recombination of interstitials with vacancies. Temperature also plays 
a significant role. For a certain particle type and dose rate, there is a 
temperature at which the damage production and the recovery rate are 
equal. Below this temperature, the damage production rate is dominating, 
and the material can become amorphous.   

Isolated point defects can migrate to sinks and form new clusters or 
interact with the existing ones. They can also gather at grain boundaries 
which can lead to radiation-induced segregation (RIS). This is a very 
important issue, especially for structural materials irradiated at elevated 
temperatures. RIS occurs if one of the elements in the material has a 
higher diffusion rate than the others. This element is then depleted at the 
grain boundaries because the flow of vacancies to the grain boundaries is 
balanced by an equal flow of atoms in the opposite direction. RIS causes 
changes in the microstructure and gives rise to problems such as 
intergranular corrosion and stress corrosion cracking.  

Low temperature irradiation of most metals leads to formations of clusters 
of vacancies and interstitials bound by dislocations. During irradiation, 
the cluster either grows by absorption of defects of the same kind or shrink 
by absorption of defects of the opposite type. At higher temperatures, 
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clusters of vacancies may also grow into voids. Voids are normally formed 
at temperatures between 30% and 50% of the melting temperature. 
Below this temperature the vacancies are not mobile enough to reach 
voids before annihilating with migrating interstitials. In this temperature 
range, insoluble gases formed by transmutation, such as helium, have a 
strong stabilising influence on voids by turning the voids into gas filled 
bubbles. Voids and bubbles have a profound effect on material properties. 
They cause severe embrittlement and even volumetric swelling of the 
material by tens of percent. Irradiation-induced hardening is also caused 
by voids, bubbles and other defects such as defect clusters, dislocation 
lines and loops, and precipitates.  

Hardening can be separated into two contributions, source hardening and 
friction hardening. The former is the increase in stress required to start a 
dislocation movement. Once the dislocation is moving, it can be hindered 
by natural or radiation-produced obstacles, and this resistance to the 
motion of the dislocation is called friction hardening. For BCC metals, 
there exists an additional hardening mechanism referred to as radiation 
anneal hardening. Annealing post irradiation enables the migration of 
interstitials to defect clusters and thereby strengthening them in their role 
as barriers to dislocation mobility. 

3.5   Irradiation of tungsten  

This section summarises issues relevant to tungsten irradiation studies and 
its applications. The section is divided into two parts, the first covering 
tungsten from a fusion point of view, i.e. under neutron irradiation and 
plasma exposure, and the second discussing tungsten from a spallation 
aspect, where the tungsten is irradiated with high energy protons and 
spallation neutrons.  
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3.5.1 Tungsten as plasma-facing material for fusion 
applications 
A clear majority of the most recent papers about irradiated tungsten have 
been written as a part of the research behind the ITER project. ITER, the 
International Thermonuclear Experimental Reactor, is a nuclear fusion 
project aiming to make the transition from experimental studies of plasma 
physics to full-scale electricity producing fusion power plants. The ITER 
divertor, one of the main components, will extract heat, helium ash, and 
other impurities from the plasma, and protect other components from 
thermal and neutronic loads. It consists of two main parts, a supporting 
stainless-steel structure and the plasma-facing component made of 
tungsten.  

The thermal requirements on a plasma-facing material are very high, it 
needs to withstand heat loads of up to 20 MW/m2 [17]. With advantages 
such as a high melting point, high thermal conductivity, high sputtering 
threshold, low sputter yield (which minimises impurity generation), and 
low tritium retention, tungsten is considered the most plausible material 
for the divertor [18-20]. However, there are some issues associated with 
the use of tungsten in this environment. Plasma-facing materials in fusion 
reactors suffer mainly two types of damage; surface damage including 
erosion, fuzz formation, cracking, sputtering and blistering caused by 
bombardment of deuterium, tritium, helium, and other impurities in the 
plasma, and displacement damage caused by 14 MeV neutron irradiation. 
During the past few decades, the effects of plasma exposure of tungsten 
have been studied quite extensively, as well as the effect of neutron 
irradiation on the mechanical and thermal properties of tungsten [21-23].  

Depending on the irradiation conditions, different changes in the 
microstructure can occur. One of the key issues is the formation of helium 
bubbles, which are sometimes believed to cause other microstructural 
changes as well. Helium in metals has a fast thermal migration through 
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the lattice and a very strong attractive interaction with defects such as 
vacancies, vacancy clusters, impurity atoms, and other helium atoms. The 
helium recombines at defect locations or along grain boundaries, and 
form bubbles. The helium bubbles induce significant hardening and 
reduction of thermal conductivity, which enhances erosion under high 
heat loads [24]. In a study where computer simulations were used to 
investigate the synergistic effects of helium plasma exposure on 
microstructural evolution induced by neutron irradiation, it was shown 
that vacancies formed by neutron irradiation trap helium in helium-
vacancy clusters, which then suppress the helium diffusion deeper into 
the material. These helium-vacancy clusters accumulate within a few 
microns of the irradiated surface. The formation of clusters changes the 
neutron irradiation effects and lead to blistering, void swelling, and 
irradiation hardening [25]. The blister formation is, however, dependent 
on the manufacturing process of tungsten. It has been suggested that the 
layered structure formed in cold-rolled tungsten facilitates blistering [26].          

3.5.2 Proton and spallation neutron irradiation  

There is far less data on the irradiation effects of high-energy protons on 
tungsten. To this date, only a few studies have been published. One of 
the reasons for this is the difficulty to obtain irradiated samples and even 
more so, to handle the highly radioactive specimens. Tungsten, once 
irradiated, becomes activated due to the decay of the many transmutation 
products formed. Several of these radioisotopes have very long half-lives, 
for example, Ti-44 with a half-life of 59 years [27]. The proton irradiated 
tungsten specimens which were studied in the present work, were 
irradiated in a spallation target at PSI, nearly a decade ago. Recent gamma 
spectrum measurements performed on these specimens showed the 
presence of Tm-172, Hf-182, Os-182, and Co-58, among others. The 
radioisotopes with the highest activity were Hf-172 and Lu-172, with 
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half-lives of 1.87 years and 6.70 days, respectively. The relatively short 
half-lives of these nuclides, found in the tungsten many years after the 
irradiation campaign was concluded, point towards a long and complex 
chain of radioactive decay taking place in the irradiated tungsten [28].   

Depending on the particle type and its energy, the effect on the 
microstructure of the irradiated material varies. That is why fully relevant 
information cannot be obtained by using e.g. ion or neutron irradiation 
to foresee the effects of proton irradiation, even if the displacement 
damage is comparable. The cross-section for displacement of a certain 
atom, i.e. the probability that the incident particle will displace this atom, 
depends on the incident particle energy. It has been shown that above a 
particle energy of about 20 MeV, the displacement cross-sections of 
neutrons and protons are virtually the same [29]. The energy of the 
incident particle does not only determine the displacement, but also the 
character of the affected zone. Low particle energy irradiation, i.e. less 
than 100 eV, will cause mostly single Frenkel defects. Higher energies 
tend to create cascades, where a cluster of vacancies are surrounded by 
interstitials. The size of the cascade increases with increasing energy, until 
reaching a certain threshold energy, where the cascade starts to split and 
form sub-cascades. The threshold energy for sub-cascade formation 
depends on the mass of the target atoms, which for tungsten is 160 keV 
[30].  

Spallation targets are exposed to a mixture of high-energy protons and 
spallation neutrons created by the protons. It is also exposed to 
thermalized neutrons from water coolants and moderators. The neutrons 
contribute to the irradiation damage as well. Radioisotopes, and both 
solid and gaseous transmutation products are formed. The transmutation 
elements with the highest production cross-sections are hydrogen and 
helium. Other common transmutation products in proton and neutron 
irradiated tungsten are various isotopes of tungsten, rhenium, osmium, 
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hafnium, lutetium, tantalum, and thulium. These elements are all located 
near tungsten in the periodic table. Rhenium and osmium have higher 
atomic numbers than tungsten, whereas the rest of the elements 
mentioned have lower ones. Due to the relatively high atomic mass of 
tungsten (and the existence of impurity elements), many radioisotopes are 
formed during irradiation. These isotopes continue to decay and 
transform into other elements, even after the irradiation is discontinued. 
The matter of understanding the full chain of reactions is complicated by 
the different reactions that can occur both during and after the irradiation 
itself. The long-term residual decay heat of the target material is, however, 
primarily due to thermal neutron capture. Since neutrons have no electric 
charge, they can enter a nucleus easily. The main solid transmutation 
product in the ESS spallation material is expected to be rhenium, which 
is produced in tungsten by thermal neutron capture (n, γ) followed by 
beta decay (β-). In this process, the neutron collides with the nucleus of 
the target atom, becomes absorbed and forms the next higher isotope. The 
new isotope, now being in an excited state, de-excites by emitting a 
gamma ray. Then, the previously absorbed neutron transforms into a 
proton by emission of an electron and an electron antineutrino, and the 
atom becomes the next higher element. The probability of neutron 
capture is termed neutron absorption cross-section and is highly 
dependent on the energy of the incident neutron. In the low energy range, 
corresponding to thermal neutrons, the neutrons are slower and have 
more time to interact with the target nuclei. In this region, the neutron 
absorption cross-section is inversely proportional to the incident neutron 
energy. At higher energies, i.e. in the fast neutron region, the cross-section 
is much lower and decreases with increasing incident energy [31].   
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4. Materials and Methods 

This chapter describes the materials and methods used in the present 
work. The overall research plan is presented first, followed by several 
subsections, each focusing on research methods for studying specific 
tungsten properties and behaviour. After this, the test specimens and the 
type of tungsten used for these studies are presented. This part is divided 
into two sub-sections, irradiated and unirradiated tungsten.    

4.1 Research plan   

The plan was to study tungsten systematically under conditions of 
relevance to ESS. The aim was to characterise thermal and mechanical 
properties of tungsten which were still not fully covered by existing 
literature. There was a lack of fatigue data on pure tungsten, and scarce 
information on the behaviour of tungsten in low-oxygen gaseous 
atmospheres. Both topics were studied during the initial stages of the 
work, where the focus was on the unirradiated tungsten material. The 
results were published in three papers; two on fatigue behaviour (Paper I 
and II), and one on oxidation (Paper III). The later stages of the work 
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focused on the properties of irradiated tungsten. Tungsten, irradiated in 
a spallation source at PSI, Switzerland, provided invaluable data which 
elucidated the potential irradiation induced changes occurring in 
tungsten due to high energy proton irradiation. Thermal diffusivity was 
also studied, as it is an important property determining the temperature 
evolution in the material after each beam pulse. The findings were 
published in Paper IV. The ultimate tensile strength, the DBTT, and 
hardness were also determined. These results are summarised in Paper V. 
Lastly, a study was taken up in which some of the observed (pulsed) 
irradiation induced effects were combined to present an estimated 
increase in the maximum thermal stress of an ESS tungsten brick. Paper 
VI presents the results.  

4.1.1 Fatigue studies 
In the early stages of the project, the focus was on characterisation of 
properties of unirradiated tungsten. A review of the existing literature on 
the fatigue properties of pure tungsten revealed that there are very few 
studies on this topic. Many publications deal with the mechanical 
properties of tungsten [32-35], on the causes of the DBTT shift [36-38], 
and on the effects of various alloying elements [39-40]. To the best of the 
author’s knowledge, prior to the present work, there existed only one 
publication on the fatigue properties of unalloyed tungsten. It was 
published in 1981 by Schmunk and Korth [41], who studied the tensile 
and low-cycle fatigue properties of cross-rolled tungsten, both as-received 
and recrystallised. Their experiments were performed at room 
temperature and at 815 °C. The room temperature tests could not be 
carried out under strain control as they were too brittle.  

Due to the risk of fatigue failure of the ESS target, there was a critical 
need to understand the fatigue behaviour of various types of tungsten 
under cyclic loading. Setting design parameters such as maximum allowed 
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stress in the ESS tungsten target required a systematic gathering of 
experimental data which could serve as a basis for the decision. The 
objective of the fatigue study was to answer questions such as: how large 
is the difference in quality between the manufacturers; which processing 
route produces the best suited tungsten for spallation target applications; 
what is the impact of the choice of surface finishing technique; how is the 
fatigue life affected by temperatures similar to the ESS target operating 
temperature; and most importantly, to set the maximum allowed stress in 
the ESS target material. Several types of tungsten specimens, from 
different manufacturers, were obtained for studying the fatigue 
behaviour. The specimens varied in size, surface roughness, and 
manufacturing techniques.  

Fatigue can be explained as a localised damage process occurring in 
materials subjected to cyclic loading. This typically leads to failure at 
nominal stresses below the yield stress of the material. During the process, 
cracks form at high stress concentration sites and their lengths increase 
with the number of load cycles, until the material fails. In the present 
work, stress-controlled fatigue testing was chosen. Strain-controlled tests 
require a certain amount of ductility, which tungsten specimens tested at 
room temperature did not have. It was decided to perform the fatigue 
testing in the most conservative way possible, i.e. in full tension, as 
explained by figure 4. Generally, cracks propagate during tension, not 
compression of the material. The minimum stress for the tungsten 
specimens was set to +5 MPa (0.1 kN), so that compressive stresses would 
be avoided. Accordingly, the mean stress was approximately the same as 
the stress amplitude. The initial stress level was set based on results from 
tensile testing of the specimen; it was set to 60% of the experimentally 
determined ultimate tensile strength (UTS). These tensile tests were 
performed according to ASTM E8/E8M standards [42], with 
displacement rates in the range 0.6-2 mm/s. The load reversal frequency 
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was in the interval 25-30 Hz, and the runout limit was set to 2×106 cycles 
without failure. Typically, a runout limit of 107 cycles is more commonly 
used, but it could not be employed here due to time constraints. Nearly 
five days would be required for a specimen to reach 107 cycles at 25 Hz, 
instead of the 22h to reach 2×106 cycles. Similarly, a slightly higher 
frequency than the 14 Hz used at ESS, was chosen to shorten the 
experimental time.     

The fatigue limit was determined using the so-called staircase method, 
also known as the up-and-down method [43-44]. If the specimen fails at 
a certain stress level, the next specimen will be tested at a stress level one 
step below. If the specimen is a runout then the next test will be done at 
one step higher stress level. The step size should be constant and is chosen 
based on the number of available specimens and the desired accuracy of 
the fatigue limit. Or it can be set as 0.5-2 times the standard deviation 
[44], but this of course requires either previous experience of testing the 
same material, or a very good guess. The staircase data is evaluated using 
the maximum likelihood method [45-46].       

Figure 4 A Schematic representation of the max, min, and mean stress. 
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4.1.2 Oxidation studies 

The initial stages of this research project also included studies of oxidation 
behaviour of unirradiated tungsten at low oxygen partial pressures. As the 
5 MW proton beam at ESS delivers 357 kJ/pulse to the target, the 
temperature in the tungsten brick will rise instantaneously by 100 °C. 
Pure, unprotected tungsten is known to oxidise readily at elevated 
temperatures, and there are many publications on this topic. However, 
most of these publications deal with the oxidation of tungsten at very high 
temperatures and in steam / oxygen-rich atmospheres. These conditions 
do not apply to the target environment at ESS.  

The tungsten target at ESS is confined in a helium gas environment. 
Helium gas flows into the target at the rate of 2.85 kg/s and a pressure of 
1.0 MPa [12].  It enters the target at a temperature of 40 °C and leaves it 
at around 240 °C. Helium is contained in a loop where it is filtered, 
purified and recirculated. However, there is a risk that even very low levels 
of oxygen and water vapour may lead to oxidation.    

The temperature rise in the tungsten bricks depends on the size of the 
beam footprint. Before the beam hits the target, it is expanded by fast-
switching magnets, rastering the beam within a certain area. The size of 
this area, the so-called beam footprint, is a compromise between the 
maximum tolerable temperature rise in the tungsten, and the neutron 
production yield. The maximum tolerable temperature in the tungsten is 
set according to two important criteria; the thermo-mechanical cyclic 
stress should be much below the fatigue limit, and the maximum 
temperature should not cause significant oxidation.  

Aiming at completely avoiding the oxidation of tungsten is unrealistic. 
Instead, a temperature should be chosen where the rate of oxide formation 
and its growth is low, and the oxide formed is protective and adhesive. 
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The objectives of this oxidation study were to characterise the oxidation 
behaviour of tungsten at low oxygen partial pressures and temperatures of 
relevance to ESS, identifying the temperature at which the oxide scale 
loses its protective nature, and comparing the oxidation rates at different 
oxygen partial pressures. The work focused on acquiring oxidation data 
in the temperature range 400-900 °C, in inert gas mixtures with additions 
of small amounts of oxygen or water vapour. Several oxygen and water 
vapour levels were used in the inert gas atmosphere, these ranged from 
pO2 of 0.5 Pa to 5.1 kPa, and pH2O of 100 Pa to 790 Pa. Even though 
commercially pure helium gas is considered inert, it may still contain 
small amounts of oxygen and moisture. The lower oxygen partial pressure 
used in this study simulates the effect of an impurity level of oxygen. The 
higher partial pressure was used to study off-normal operation conditions, 
such as a leak in the helium loop or target vessel. The temperature range 
of 400-900 °C was chosen to cover various scenarios during target 
operations, as well as to characterise the behaviour of the oxides at higher 
temperatures, especially above the volatilisation temperature of tungsten 
oxide. The onset temperature of volatilisation depends on the amount of 
water vapour in the environment, the oxygen content of the gas, the gas 
flow rate, and the thickness of the oxide scale [47-50]. The lowest 
reported onset temperature is between 700 °C and 800 °C [49].  

The oxidation of tungsten is rather complex. Two stoichiometric oxides, 
WO3 and WO2, and a wide range of non-stoichiometric oxides 
corresponding to the formula WO3-x where 0< x <1, can be found in the 
W-O system [51]. The most common oxides are WO2, WO2.72 (W18O49), 
WO2.9 (W20O58), and WO3 [52-53], with colours ranging from violet for 
the lowest oxide, to dark blue, black, green, and yellow, as the oxygen 
content increases.  
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Tungsten begins to oxidise at relatively low temperatures [54]. Around 
600 °C, the rate becomes significant [55], and volatilisation starts at 
temperatures above 700 °C. The oxidation of tungsten proceeds through 
several steps, each governed by different mechanisms. The very first step 
is phase boundary controlled, i.e. there are no diffusional effects yet. The 
growth rate for this initial oxide layer follows the logarithmic law until it 
becomes a few nanometres thick [56].  At temperatures above 400 °C and 
slightly thicker layers, the oxide begins to grow according to the parabolic 
law. At this stage, the oxide is still very thin, adhesive and protective. The 
growth rate here is limited by the diffusion of O2- ions through the oxide 
scale.  

The next stage takes place at temperatures between 500 °C and 700 °C. 
This stage includes the growth of the dark, protective layer, as well as the 
formation and growth of a bright-yellow, porous layer consisting of WO3, 
which is found in the outermost layer of the oxide scale where the oxygen 
content is the highest. The last stage begins when the protective oxide 
layer is fully covered by the WO3. There is a significant volume change in 
the oxide scale as WO3 forms. This type of oxide has a Pilling-Bedworth 
ratio of 3.6 [57], which creates high stresses in the scale leading to crack 
formation. As the cracks expose fresh surfaces to the oxidising 
atmosphere, the protective nature of the oxide scale is lost, and oxidation 
proceeds according to a linear growth rate.      

Keeping in mind the harsh environment in the ESS target, it is important 
to retain the normal operation temperature in the tungsten bricks below 
the onset temperature for rapid growth of the porous, poorly adhesive 
WO3. More importantly, the absolute maximum temperature in the 
tungsten must be designed to never reach the onset temperature of 
volatilisation of the oxide. As tungsten will be highly radioactive after 
irradiation, it is imperative to avoid erosion of the oxide scale as well as 
the formation of highly volatile radioactive tungsten hydroxides, which 
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can potentially be released to the surrounding environment under 
accidental conditions.  

The oxidation studies in the present work were carried out in different 
setups. Most of the experiments were conducted using a thermo-
gravimetric analysis (TGA) unit, in which the specimens were oxidised 
under isothermal conditions for a duration of 2h per experiment. The 
specimens were suspended from the bottom hook of a Shimadzu 
AUW120D microbalance, with an accuracy of ±0.01 mg, into a Carbolite 
STF 15/75/450 vertical furnace. The compositions of the oxidising gas 
mixtures were the following: He-5%O2, He-0.5%O2, He (max. 5 ppm 
O2) and He-Ar-H2O (pH2O 790 Pa). The last-named gas mixture was 
created by passing pure argon gas with a flow of 50 ml/min, through 
distilled water at room temperature, and mixing with dry helium flowing 
at 150 ml/min. The rest of the gas mixtures were supplied by AGA gas 
company, Stockholm. Some of the tests were carried out in a Netzsch 
STA 449 F3 Jupiter Simultaneous Thermal Analysis (STA) unit, in which 
data from differential scanning calorimetry (DSC) and thermogravimetry 
could be collected simultaneously. The gas flow rate here was 70 ml/min.  

In addition, some experiments were carried out in a hot stage mounted 
inside an environmental scanning electron microscope (ESEM). The 
specimen was heated in a low pressure environment of water vapour at a 
pressure of 100 Pa. After the oxidation studies, the specimen surfaces were 
examined using SEM and light optical microscopy. The oxides were 
characterised using X-ray diffraction (XRD), Energy-dispersive X-ray 
spectroscopy (EDS), and Auger Electron Spectroscopy (AES). The results 
from this study served as a basis for determining the highest operation 
temperature of the tungsten material in the ESS target.    
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4.1.3 Thermal diffusivity of irradiated tungsten 
The temperature and equivalent stress in the target material during 
operation were previously calculated using thermo-mechanical data of 
unirradiated tungsten. The calculated maximum temperature is 445 °C, 
and the largest equivalent stress 110 MPa [58]. Using correct thermal 
conductivity data is critical as it determines the development of the 
temperature and secondary thermal stresses in the tungsten bricks. 
However, sufficient data on irradiation induced degradation of thermal 
properties of tungsten in spallation target environment, is not available. 

The tungsten at ESS will mainly be irradiated by high-energy protons and 
fast neutrons produced in the spallation process. Some of these neutrons 
will be thermalized by the surrounding hydrogen-rich moderators and 
water coolants, and therefore contribute to the formation of rhenium as a 
transmutation product. In addition, there will be a displacement damage 
of maximum 2 dpa per year in the tungsten. Based on data from 
experiments in neutron reactors, it is assumed that thermal diffusivity of 
tungsten irradiated at ESS will follow a similar trend of irradiation 
induced decrease in thermal properties. The extent is, however, not fully 
understood.  

Data from reviewed neutron irradiation studies point towards a decrease 
of thermal diffusivity in the range 15-50%, with a clear dependence on 
the amount of rhenium present [21,59]. Even without irradiation, a 
rhenium addition of only 5% causes the thermal diffusivity to drop by 
nearly 50% at room temperature [22]. Hasegawa et al. [21] irradiated 
tungsten specimens to 1 dpa, in a fast reactor (JOYO) and in a mixed 
spectrum reactor (HFIR), which resulted in specimens with different 
amount of rhenium as the transmutation product, but the same amount 
of displacement damage. The high flux of thermal neutrons at HFIR led 
to higher rhenium production rates. The composition of the specimens 
was expected to change to W-5Re-0.5Os, whereas the specimens 
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irradiated at JOYO were expected to produce less than 0.03% rhenium. 
Before and after the irradiation, electrical resistivity measurements were 
made. The results showed a difference in the increase of electrical 
resistivity between the different specimens, of nearly 50%. The increase 
of electrical resistivity can partly be related to the decrease of thermal 
conductivity via Wiedemann-Franz law. The law applies to metals and 
states that the ratio of the electronic contribution of the thermal 
conductivity λ, to the electrical conductivity σ, is proportional to the 
temperature T through the proportionality constant L, also known as the 
Lorenz number.  

𝜆𝜆 𝜎𝜎⁄ = 𝐿𝐿𝐿𝐿   (2) 

Results from thermal diffusivity measurements of neutron irradiated 
tungsten and tungsten alloys, by Fujitsuka et al. [22], showed that the 
addition of 5-25% rhenium significantly lowers the thermal diffusivity of 
all the alloys compared to that of pure tungsten, also after irradiation.  

The measurements in the present study were made on two tungsten 
specimens, irradiated by protons and spallation neutrons to different 
doses. Using a commercial Netzsch LFA 467 Light Flash apparatus, with 
a xenon lamp and an InSb IR-detector, their thermal diffusivities could 
be determined in the temperature range 25 °C to 500 °C.      

4.1.4 Mechanical properties of irradiated tungsten 
Despite being used in spallation targets for many years, data on 
mechanical properties of proton and spallation neutron irradiated 
tungsten is very limited, owing mainly to the difficulties of both obtaining 
and handling irradiated tungsten, as well as to the brittle nature of the 
material which makes mechanical testing difficult. The present study was 
taken up to obtain data on the effect of high-energy proton irradiation on 
the mechanical properties and fracture behaviour of tungsten. The data is 
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of great value in the design of the ESS target, where the tungsten is 
expected to experience temperature and stress variations of maximum 100 
°C and 70 MPa, respectively. Although tungsten is not a structural 
material, it is important to maintain the mechanical integrity of the bricks 
to keep the 2 mm wide helium cooling channels free and retain the 
radioactive transmutation elements.  

Pure tungsten, from the same irradiation campaign as the specimens in 
the thermal diffusivity study, was tested in 3-point bending at 
temperatures of 25 °C to 500 °C.  3-point bend testing is an attractive 
method of determining the mechanical properties of irradiated specimens, 
as it does not require large material volumes. The flexure strength 
(maximum stress prior to fracture) can be determined using the following 
relationships where σ is the fracture stress (MPa), F is the maximum load 
(N) prior to fracture, L is the support span (mm), b is the specimen width 
(mm), d is the specimen thickness (mm), D is the deflection (mm), and 
ε is the strain.  

𝜎𝜎 =  3𝐹𝐹𝐹𝐹
2𝑏𝑏𝑑𝑑2

    (3) 

ε =  6𝐷𝐷𝑑𝑑
𝐹𝐹2

    (4) 

The specimen preparation is described in section 4.2.1. In short, the 
irradiated tungsten material was cut into bend bars using electro-discharge 
machining, and polished. The specimen size was 1×2×8 mm3. Some 
specimens were smaller, 1×2×4 mm3. These were prepared from the 
fractured pieces of the larger specimens, to collect more data over a wider 
temperature range. The doses and test temperatures of the larger test 
pieces were: 1.8 dpa (350 °C), 2.1 dpa (400 °C), and 1.4 dpa (450 °C). 
The corresponding values for the smaller pieces were: 1.3, 2.1, and 3.5 
dpa (25 °C), 1.8 dpa (350 °C), 2.1 dpa (400 °C), 1.4 dpa (450 °C), and 
2.6 dpa (500 °C).  
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Hardness of the specimens was determined prior to the 3-point bend test. 
A Vickers hardness tester with a load of 0.5 kg and 15 seconds dwell time 
was used. The 3-point bend tests were done on a Zwick universal testing 
machine with a load capacity of 10 kN. The crosshead travel speed during 
the tests was 0.1 mm/min. After the 3-point bending tests, the fracture 
surfaces were observed using scanning electron microscopy. 

4.1.5 Cyclic loading by pulsed heavy ion irradiation  

In this study, specimens were irradiated with a pulsed heavy ion beam, 
with the purpose of studying changes in thermal and dynamic response 
properties of tungsten, as a function of progressive irradiation damage, as 
well as the adhesion of a tungsten oxide scale under a pulsed beam. 
Irradiation with heavy ions does not create the same type of damage as 
high-energy protons would, however, the advantage of using heavy ions 
is that the irradiated material does not become activated and can be 
manually handled already within a day. The chosen ion beam energy is 
below the Coulomb barrier and does not induce any nuclear reactions in 
the tungsten atoms. It may be noted that the tungsten material irradiated 
at PSI required a cooldown period of nearly a decade before the specimens 
irradiated to the lowest doses could be examined. The low energy ion 
irradiation campaign was useful in making a focused study on the atomic 
displacement damage effect on the properties of tungsten. In addition, 
the 4.8 MeV/nucleon pulsed beam caused stresses and temperatures in 
the tungsten comparable to those expected in the ESS bricks. The 
dynamic mechanical response was analysed using a transient mechanical 
and thermal simulation software.    

Irradiation with heavy ions was carried out at GSI Helmholtz Centre for 
Heavy Ion Research, in Darmstadt, Germany. The specimens, 20 mm 
wide disks with thicknesses 3 mm or 26 µm, were mounted on aluminium 
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sample holders and fixed with copper spring washers. The holder is shown 
in figure 5. The black line on the specimens is graphite paint used for the 
online infrared (IR) temperature measurements. The small piece of 
reflective tape visible on the back of the specimens was used for 
measurements of beam pulse induced dynamic vibrations, using a laser 
doppler vibrometer (LDV). The insert in the image shows a luminescence 
target with a 1×1 cm2 beam spot.         

The experimental setup is shown in figure 6. The specimen is placed in 
the middle of the chamber, with two mirrors on each side. The mirrors 
are positioned at an angle such that the infrared camera can read the 
temperature on both sides of the specimen simultaneously. The LDV is 
directed towards the back of the specimen, relative to the beam upstream 
side, and measures the vibration of the specimen during the pulsed 
irradiation.   

Figure 5 Sample holder. A) Frontside with copper spring washers, B) 
backside with reflective tape, C) luminescence target showing the beam 
spot. 
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The dynamic response of tungsten was studied using a pulsed uranium 
beam with a kinetic energy of 4.8 MeV/nucleon, repetition rate of 1 Hz, 
and pulse length of 150 µs. The intensity of each pulse was 7.5×109 
ions/cm2/pulse. Some specimens were irradiated with gold ions instead. 
The kinetic energy of the gold ion beam was 4.8 MeV/nucleon as well, 
and the time averaged ion flux was 5×109 ions/cm2/s. A summary of the 
irradiated specimens, beam conditions, in-situ monitoring (ISM), and 
post irradiation examinations (PIE) is presented in table 4. The specimen 
IDs with the name “thick” are of 3 mm thickness, while the “thin” 
specimens are of 26 µm thickness. Specimen ID Thick_Ox_U referrers 
to the pre-oxidised specimen used for tungsten oxide adhesion studies.  

Prior to the experiment, the quasi-static thermal and mechanical loads in 
the thicker tungsten specimen, induced by the pulsed uranium ion beam, 
were calculated using ANSYS [60]. The particle transport code FLUKA 
[61-62], was used to calculate the heat deposition in the specimen. A 
beam spot of 1×1 cm2 with a uniform distribution of the beam current 
was assumed in the simulated model. Figure 7 presents the resulting 
temporal development of the maximum temperature of the uranium 

Figure 6 Experimental setup at GSI for irradiation with pulsed heavy ion 
 



49 

 

irradiated tungsten specimen, at a flux of 7.5×109 ions/cm2/pulse. The 
resulting maximum von Mises stress in the same model was 122 MPa at 
the peak of the 20th pulse. The maximum temperature difference is 54 
°C. These values are comparable to the maximum operational stress and 
temperature range per each pulse in the ESS tungsten, at 5 MW full power 
operation. The temperature and stress differences in a tungsten brick in 
the ESS target are in the range of 74 °C and 56 MPa. respectively. This 
suggests that the pulsed beam at GSI simulates the dynamic loads on 
tungsten at 5 MW beam operation at ESS reasonably well. 
 

Table 4 Beam conditions, in-situ monitoring (ISM), and post irradiation 
examination (PIE). 

Specimen ID Ion type 
Fluence 
[ions/cm2] 

ISM PIE 

Thick_U Uranium 7.5×1013 IR/LDV AES/Hardness/SEM 
Thick_Ox_U Uranium 5×1012 IR/LDV AES/SEM 
Thin_U Uranium 7.5×1013 IR/LDV SEM 
Thin_Au_1 Gold 1×1011 - LFA 
Thin_Au_2 Gold 1×1012 - LFA 
Thin_Au_3 Gold 5×1012 - LFA 
Thin_Au_4 Gold 2×1013 - LFA 

The expected displacement damage in the tungsten irradiated at GSI was 
calculated using FLUKA. The calculation shows that the damage caused 
by the 4.8 MeV/nucleon beam is confined within a depth of 20 µm from 
the irradiated surface. The maximum displacement damage in the thicker 
specimen, irradiated by uranium, is 0.06 dpa. The corresponding values 
for the thin specimen, irradiated by gold ions to the highest fluence, is 
0.04 dpa. Figure 8 shows the one-dimensional configurations of the dpa 
values per single ion, for the uranium and gold ions beam cases.   
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Figure 8 One-dimensional configurations of the dpa values per single ion. 

  

Figure 7 Temporal development of maximum temperature of the uranium 
irradiated 3 mm thick tungsten specimen. 
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4.2 Specimens  

Tungsten used in this work came from several different suppliers, in 
various shapes and sizes, from diverse processing routes, and with varying 
surface treatments. Some specimens were tested as-received, other had 
been irradiated to a range of different doses by either two different heavy 
ions, or by high energy protons and spallation neutrons.     

4.2.1 Irradiated tungsten 
The irradiated material can be divided into two groups: high energy 
proton and spallation neutron irradiated, and heavy ion irradiated. The 
effects of the two types of irradiation are very different and gives an 
opportunity to study various materials related issues.   

Irradiation by high energy protons and spallation neutrons  

All the examined specimens irradiated by protons and spallation neutrons 
originate from the same piece of irradiated tungsten. This was a 
commercially pure (99.9%), cross-rolled plate with the average grain size 
25, 20 and 17 µm, in its three directions. The original dimensions of the 
plate were 1×10×60 mm3. The plate was irradiated in the Swiss Spallation 
Neutron Source (SINQ), at the Paul Scherrer Institute (PSI). The 
irradiation was part of the fifth campaign of the SINQ Target Irradiation 
Program (STIP-V) which lasted two years, 2007-2008. In the STIP 
irradiation campaigns, some of the spallation material in the SINQ target 
were replaced by specimens for research purpose. The Swiss spallation 
target is about 50 cm long and made up of an array of lead rods, enclosed 
in zircaloy tubes [63]. The Gaussian shaped proton beam hits the target 
from below, which means the that rods in the target will be exposed to 
varying energies and fluxes of the protons and spallation neutrons, 
depending on the position of the rod relative to the beam centre. This 
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also leads to position specific irradiation temperatures and transmutation 
product production rates, even within the same rod.  

Figure 9 illustrates the fluence of protons and fast neutrons according to 
the distance of the tungsten plate from the beam centre. The tungsten 
plate is positioned in the right half of the rod. The centre of the Gaussian 
shaped beam coincides with the left end of the plate. This part of the 
tungsten material received a total dose of 28 dpa with 1300 appm He and 
7200 appm H, at an average irradiation temperature of 550 °C. The 
corresponding values for the right end of the plate are 1.3 dpa, 37 appm 
He, 310 appm H and 75 °C. The irradiation doses for STIP specimens 
were calculated using MCNPX codes, and the irradiation temperatures 
simulated with ANSYS [64-65].  

Immediately after the irradiation, the radioactivity of the tungsten was 
very high. The rod was opened inside a hotcell and the tungsten plate 
extracted. During this procedure the plate broke into several smaller 
pieces. Figure 10 shows a photograph taken by the PSI hotcell operator 
during the unpacking of the plate. With careful planning, a total of 31 
specimens could be obtained from the tungsten pieces, using electro-
discharge machining (EDM) inside the hotcell. The specimens include 
several miniature bend bars, tensile specimens, and five 6 mm disks. The 
irradiation doses were ranging from 1.3 to 28 dpa.  

Unfortunately, nearly ten years after the irradiation, most of the tungsten 
specimens are still too radioactive for manual handling and testing. So far, 
only a few of the lowest dose specimens could be studied. These include 
two 6 mm disks, and six bend bars with the dimension 1×2×8 mm3.  All 
the specimens were prepared and tested in the nuclear laboratory (Hotlab) 
of PSI. They were mechanically polished in a lead-shielded fume hood, 
specially equipped for active samples. The specimens were polished on 
both sides in several steps, finishing with standard colloidal silica 
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suspension. Prior to any testing, the entire procedure is simulated with 
inactive reference tungsten. Because the irradiated tungsten is so precious, 
and the mechanical testing destructive, there is only one chance to make 
a successful measurement. Therefore, EDM cutting, polishing and 
mechanical testing was carefully planned and practised. As the sample 
preparation is performed outside the hotcell, great care must be taken to 
do the work safely, carefully, and quickly. This tungsten material was used 
for 3-point bending tests, measurements of thermal diffusivity and 
hardness, and microscopy. 

Figure 9 Fluence of protons and fast spallation neutrons as a function of 
distance to the Gaussian shaped beam centre. 
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The rhenium content in the PSI irradiated tungsten was estimated as it 
known that even a small amount of this transmutation product changes 
the properties of tungsten. Rhenium is produced in tungsten by thermal 
neutron capture (n, γ) followed by beta decay (β-). The two most 
common stable tungsten isotopes are W184 (30.7%) and W186 (28.6%). 
Thermal neutrons with a typical kinetic energy of 0.025 eV, have a (n, γ) 
cross-section of 1.62 barn for W184, and 37.9 barn for W186. With a 
calculated maximum thermal neutron flux of 1.5×1013 n/cm2/s/mA in the 
SINQ target [66], and an accumulated beam charge of 9.83 Ah, the 
rhenium fraction in the PSI irradiated tungsten material is approximated 
to 2%.         

Figure 10 Photograph taken after the extraction of irradiated tungsten, and 
a drawing of the disk and bend bar specimens cut from the larger pieces. 



55 

 

Irradiation by pulsed heavy ion beam 

Two types of tungsten specimens were irradiated with heavy ions at the 
M3-beamline of the UNILAC facility at GSI Helmholtz Centre for 
Heavy Ion Research. The purpose was to study the behaviour of tungsten 
under dynamic beam loads comparable to those at ESS, as well as the 
irradiation induced degradation of thermal diffusivity. The material was 
pure tungsten in the shape of a disk with a 20 mm diameter. One type 
was 3 mm thick and the other was a foil of 26 µm thickness, both types 
were rolled tungsten. The thick disk was fabricated by Beijing Tian-Long 
Tungsten & Molybdenum Co, Ltd., China*, and the thin foil by Plansee 
Metall GmbH, Austria.  

The irradiation was done using pulsed gold and uranium ion beams with 
a kinetic energy of 4.8 MeV/nucleon. The repetition rate of the uranium 
beam was 1 Hz, the pulse length 150 ms, and the ion intensity 7.5×109 
ions/cm2/pulse. The uranium beam was used to study the dynamic 
response of tungsten while the gold beam, with the time averaged ion flux 
5×109 ions/cm2/s, was used to study the effect on thermal diffusivity as a 
function of increasing fluence. The displacement damage in the 
specimens, calculated by FLUKA, was 0.06 dpa for a thick disk irradiated 
with uranium, and 0.04 dpa for a foil irradiated with gold. After the 
irradiation the specimens were hardness tested and studied using various 
microscopy techniques, such as SEM, AES, and EBSD.      

 

 

                                                      
* Beijing Tian-Long Tungsten & Molybdenum Co. will hereafter be referred to as Tian-Long for 

short.    
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4.2.2 Unirradiated tungsten  
There are two categories of the unirradiated tungsten used in this work: 
reference specimens for the irradiation damage studies, and specimens 
used for fatigue and oxidation experiments. The reference material was 
prepared in the same way as the irradiated one and will not be covered 
here. The remaining unirradiated tungsten material can be further 
classified according to the type of study it was used in.  

Oxidation behaviour  

Mainly disk shaped rolled tungsten with a minimum purity of 99.97%, 
was used for the oxidation studies. The specimens were 20 mm in 
diameter and 3 mm thick, electro-polished, and manufactured by Tian-
Long, China. In addition, experiments with four different tungsten alloys 
were conducted for comparison purposes. The alloys had the following 
alloying elements: D176 –5% Ni, 1% Fe; D185 – 2% Ni,1% Fe; IT170 
– 7% Ni, 2.5% Cu; and IT180 – 3.5% Ni, 1.5% Cu. Some experiments 
were carried out with the rolled, 26 µm thick tungsten foil from Plansee. 
These specimens were 5.5 mm in diameter.  

Fatigue properties  

One of the objectives of the fatigue studies was to investigate the 
difference in fatigue properties of tungsten from different processing 
routes. In Paper I, all specimens were tested as-received and were made of 
unalloyed, commercially pure tungsten, by Tian-Long. This paper 
focused on fatigue testing of rolled and forged tungsten at temperatures 
25 °C, 280 °C, and 480 °C. The specimens were either electro-polished 
or unpolished, and the rolled specimens were oriented either along the 
rolling direction or in the transverse direction. Totally six types of 
tungsten specimens were tested. The dimensions of the high temperature 
specimens were designed to fit the special high temperature grips. Figure 
11 shows both the room and high temperature specimen geometries.  
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The rolled room temperature specimens were manufactured from sheets 
rolled five times at a temperature of 1450-1650 °C. The bigger high 
temperature specimens were prepared from a 20 mm thick sheet, rolled 
four times with a 20-25% reduction in each step. The rolling temperature 
was 1500-1650 °C. The forged specimens were machined from a plate 
reduced in three forging steps, from 150 mm thickness to 90 mm, at a 
temperature range of 1550-1700 °C. The porosities of the rolled and 
forged specimens were determined to be 0.1 and 1.92%, respectively. In 
Paper II, fatigue properties of rolled & annealed, and sintered & HIPed 
specimens were compared. The specimens were made of commercially 
pure tungsten manufactured by Plansee Metall GmbH and tested in the 
as-received condition. The dimensions were like those of the room 
temperature specimens in Paper I. The rolled specimens were oriented in 
the rolling direction. The surface roughness in the gauge section was 
maximum 1.6 µm, according to the supplier. The porosity of the sintered 
& HIPed tungsten was approximately 4.28%, while that of the rolled 
tungsten was about 0.48%. 

Figure 11 Geometries of (a) room temperature and (b) high temperature 
tensile and fatigue test specimens. All dimensions are in mm. 
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4.3 Characterisation techniques 

The most important techniques and equipment used for characterisation 
of the specimens are presented in the following subsections. Light optical 
and electron microscopes are covered briefly and their use in this work is 
described. This is followed by an introduction to the various equipment 
used for thermal analysis, including a short section on the basic function 
of a light flash apparatus (LFA). Techniques used for hardness 
measurements are presented, and lastly, a short description of the X-ray 
powder diffraction technique (XRD) is given.         

4.3.1 Microscopy  

Microscopic techniques have been used extensively in this project. They 
offer a powerful method for characterising the microstructure of the 
specimens. In addition, various types of microscopes have been used to 
gather different kinds of information on the structural, chemical, and 
physical attributes of the observed material. Light optical microscopy 
(LOM) was used to characterise the grain size distribution in the different 
types of tungsten used in e.g. the fatigue study. By etching with 
Murakami’s reagent, the grain boundaries became observable in the 
LOM. Murakami’s reagent works quite well on tungsten, it consists of 
one-part K3Fe(CN)6, one-part KOH and ten-parts H2O. In some cases, 
LOM was also used to estimate the porosity of the material, in particular, 
the forged and HIPed type. The LOM most frequently used in this work 
is a LEICA DMRME optical microscope with Qwin application software. 
A LOM provides only a two-dimensional image of relatively low 
resolution, but over a comparably large area.  
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For images of higher resolution, a scanning electron microscope (SEM) 
was used. The SEM most frequently used in this work is an environmental 
scanning electron microscope (ESEM), of the model Philips XL-30. It is 
based on a LaB6 electron source and has an ultimate resolution of 3.5 nm. 
The specimen chamber can be used either in high vacuum or in the 
environmental mode in which the specimens can be examined in an 
atmosphere of up to 1333 Pa of water vapour, oxygen, or any other non-
corrosive gas. The ESEM mode was used in the oxidation study, where 
tungsten was oxidised in a hot stage, in situ, in an atmosphere of water 
vapour at low pressure.  

The main components of an SEM are the electron source, the apertures 
and lenses, the specimen chamber, and the detector. The electron source 
is heated and produces electrons which are guided through the lenses, 
focused and directed towards the specimen in the chamber. The electron 
beam is highly focused and scanned across the surface of the specimen. As 
the electrons interact with the material, a signal is generated by the 
detector which subsequently translates into an image of the specimen. 
Different types of signals can be used to gather information about the 
specimen. Backscattered electrons (BSE) are especially useful when the 
specimen is made of elements with significant differences in atomic 
number. The contrast will be very good as elements with high atomic 
numbers give rise to more backscattered electrons compared to elements 
of low atomic numbers. In addition, the intensity of the backscattered 
electrons is sensitive to the orientation of the grains, and topology of the 
specimen. Secondary electrons (SE) are detected when the electrons from 
the beam collide with the electrons in the observed material. These are 
then ejected from their orbits, scattered, and detected. Majority of the 
images acquired using electron microscopy in this work, were taken in the 
SE-SEM mode.  
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Transmission electron microscopy (TEM) can provide even higher 
resolutions than SEM, as well as both image and diffraction information. 
And, as opposed to SEM, TEM gives information not only on the surface 
of the specimen. However, the specimen preparation is significantly more 
challenging. As the electrons must be able to penetrate the specimen, it 
must be transparent. For tungsten specimens, this translates into a typical 
thickness of a few hundred nanometres. The specimen preparation is even 
more challenging when the material is radioactive; thinning of the 
radioactive tungsten at the laboratories of PSI, Switzerland, was only 
possible using focused ion beam (FIB) milling. Chemical thinning could 
not be utilised due to issues of disposing radioactive chemical waste. TEM 
specimens of irradiated tungsten were first cut out in sizes of a few 
microns, using the FIB, then milled down to the desired shape and 
thickness, which was about 200 nm, and lastly electropolished to TEM 
transparency. This preparation method was perfected by Dr. Barbara 
Horvath during her research on irradiated tungsten, conducted at PSI 
[67]. In the present work, the TEM technique was used to study the 
specimens irradiated by heavy ions.       

Electron microscopy is also an extremely useful tool for gathering 
information on the observed material. High energy electrons cause 
emission of characteristic X-rays as they interact with electrons in the 
specimen. The X-rays can be characterised by an energy dispersive 
spectrometer (EDS), which provides quantitative data of the composition 
in the observed area. This technique was used extensively in the present 
work; it was used on the oxide scales of the oxidised specimens, and on 
the specimens irradiated by heavy ions – both in an SEM and TEM. The 
method in which the energy of the emitted electrons is measured is called 
Auger electron spectroscopy (AES). Auger electrons are normally emitted 
from a surface layer of several atoms thickness, which is why this method 
is used for studying the chemical composition of thin layers or surfaces of 
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solids. Combined with an argon ion gun which removes thin layers of 
material, AES can be used for depth profiling. This technique was utilised 
in the oxidation study of this work, where the depth profile gave an 
estimation of the oxide scale thickness. The equipment was a PHI 700 
Scanning Auger Nanoprobe with 4 kV Ar+ ion sputtering. Typically, a 
sputter rate of 55 nm/min was used. The rate was calibrated using a Ta2O5 
reference standard, under the same sputtering conditions.           

An SEM can also make use of the electron backscatter diffraction (EBSD) 
attachment, which provides information about the microstructure and 
crystallographic texture of the specimen. EBSD maps are produced by 
scanning the electron beam across a well-polished specimen surface. The 
backscattered electrons are detected by scintillator screens which are 
positioned close to the specimen, and tilted at an angle of 60-70° relative 
to the SEM incident beam. The specimen is also tilted. It is normally 
positioned at an angle of 60-80° relative to the detector. Careful specimen 
preparation is vital. The EBSD pattern is formed from surface layers of 
tens of nanometres thickness, therefore, the surface must have a mirror-
like finish. In the present work, EBSD was used to examine various types 
of specimens; this method gave a good indication of the grain size and 
orientation, and it was useful in discovering substructures in some of the 
specimens.      

4.3.2 Thermal analysis 

Thermal analysis refers to the measurement of certain predetermined 
properties of a specimen, as a function of temperature. In this work, two 
types of thermal analyses were used, namely thermogravimetric analysis 
(TGA) and differential scanning calorimetry (DSC). Both techniques 
were used to study the oxidation behaviour of tungsten in a wide range of 
temperatures and atmospheres. The TGA setup comprised of a large 
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vertical furnace positioned below a microbalance from which the 
specimen was hung. The mass change was recorded continuously during 
the experiment. Some of the oxidation experiments were conducted in the 
DSC instead. The machine that was used for these experiments was in 
fact a simultaneous thermal analyser (STA) of model Netzsch STA 449 
F3 Jupiter. STA refers to the simultaneous application of 
thermogravimetry and differential scanning calorimetry. The basic 
principle of DSC is based on keeping two specimen crucibles at the exact 
same temperature during the entire experiment. One of the crucibles is 
always empty, the other contains the material to be studied. The 
difference in heating rates between the crucibles will reveal potential phase 
transformations of the specimen and show heat effects during the 
oxidation of tungsten. As the machine is equipped with a highly sensitive 
balance, it can also measure mass changes of the specimen during the 
heating or cooling cycle.     

Another type of characterisation equipment used in this work, is the light 
(or laser) flash apparatus (LFA). A Netzsch LFA 467 Light Flash apparatus 
was used for determining thermal diffusivities of irradiated tungsten 
specimens. The principle of the machine is to send out a short duration, 
high intensity energy pulse towards a specimen, and measure the 
subsequent temperature raise on the rear surface of the specimen. The 
flash source is a Xenon lamp, and InSb is the detector. The thermal 
diffusivity of the specimen is obtained from the specimen thickness L and 
t0.5, which is the time required for the rear surface to reach half of the 
maximum temperature. For adiabatic conditions, thermal diffusivity α 
(m2/s) can be expressed using the following relationship [68]:     

𝛼𝛼 =  0.138785 𝐹𝐹2

𝑡𝑡0.5
     (5) 
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The relationship above has been modified since it was first presented in 
1961, to consider heat losses, porosity of the material, transparency and 
radiative heat transfer within the specimen. Different models can be 
chosen in the accompanying Netzsch software Proteus [69] and used to 
automatically fit the thermograms describing the heat propagation 
through the specimen. The quality of the results is highly dependent on 
the specimen surface preparation. During the thermal diffusivity study, it 
was noticed that the specimens should be coated with graphite only very 
lightly. The graphite coating is necessary to increase the absorption of the 
flash energy, homogenise the surfaces of the test specimen and the 
reference specimen, and to improve the emission of infrared radiation to 
the detector. Applying the graphite coating too generously led to 
completely wrong thermal diffusivity values. The same issue was noticed 
by Akiyoshi et al. [70] who used a graphene nanoplatelets containing 
agent instead. They emphasise the importance of a very thin, sparsely 
coated surface, especially when the specimen is thinner than 
recommended.       

4.3.3 Hardness measurements 

Hardness measurements were performed on nearly all types of tungsten 
studied in this work. Large fatigue and tensile specimens were 
microhardness tested with a Knoop diamond indenter mounted on a 
Leica light optical microscope, and with a Sematic Durometer which 
measured the HRC Rockwell macrohardness. Hardness of the proton and 
spallation neutron irradiated tungsten was measured with a Vickers 
microindenter using loads of 0.5 kg and a dwell time of 15 s. Specimens 
irradiated with heavy ions were only damaged on the surface as the 
penetration depth of the ions was approximately 20 µm. The hardness of 
these specimens was measured using two methods; microhardness from 
the top straight onto the irradiated surface, and nanohardness on the 
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cross-section which gave the irradiation damage dependent hardness. 
Nanohardness was determined using a Berkovich indenter and a load of 
50 mN, resulting in an average displacement of 500 nm into the material.  

The Knoop indenter is a rhombic-shaped indenter with a 7:1 axial ratio, 
suitable for testing brittle or anisotropic materials, and for coatings or thin 
films which require a shallow depth of impression. In general, the 
pyramid-shaped Vickers indenter is the most frequently used. It is suitable 
for materials of a wide range of hardness and requires no complicated 
calculations as the hardness is independent of the size of the indenter.           

4.3.4 X-ray diffraction – XRD 

The X-ray powder diffraction technique is the most widely-used 
characterisation method for phase analysis and the determination of 
crystal structures. The method usually employs monochromatic radiation 
(for example, Cu-Kα) to characterise the sample. An important feature of 
the X-ray powder diffraction method is to provide qualitative and 
quantitative information regarding crystalline phases present in an 
unknown sample. The identification of phases is based on a comparison 
of the diffractogram obtained, with the standard powder diffraction files 
in crystallographic databases.  

In the present study, X-ray powder diffraction has been used to 
characterise the tungsten oxides. This was done using a vertical Stoe Stadi 
X-ray apparatus with a germanium monochromator and a detector set in 
the reflection mode.  
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5. Results and Discussion 

Main results from each study are presented in the following sections. The 
findings are grouped according the topics outlined in Chapter 4. More 
details can be found in the attached papers. Conclusions are summarised 
in Chapter 6.   

5.1 Fatigue studies  

Papers I and II 

The fatigue behaviour of unalloyed unirradiated tungsten was studied 
using tungsten specimens from several different manufacturers with 
diverse production methods. Being a powder metallurgy product, the 
material properties of tungsten specimens from different production 
routes can vary widely. The fatigue studies discussed in the present work 
aim at creating a better understanding of the correlation between the 
microstructure and the endurance of the material.  

 



66 

 

The work was done in two parts. In the first part, rolled and forged 
specimens from Tian-Long were tested at temperatures ranging from 25 
°C to 480 °C. In the second part, rolled and HIPed specimens from 
Plansee were tested. The experimental setup and the runout limit were 
the same in both studies. The results are presented and discussed 
according the outlines in the attached Papers I and II.  

5.1.1 Forged vs. rolled  

The specimens in this study were tested at 25 °C, 280 °C, and 480 °C, 
and were either rolled or forged, and polished or unpolished. The rolled 
specimens were oriented either across or along the rolling direction. To 
distinguish between the specimens, the following abbreviations were used: 
F – forged, R – rolled, L – longitudinal, along the rolling direction, T – 
transverse, across the rolling direction, P – polished, U – unpolished, and 
H – high temperature adapted specimen geometry.  

Hardness of the specimens was determined on both macro and micro 
scale. The average macrohardness was just above 40 HRC for all types of 
specimens, except for the FP (forged, unpolished) ones, which was on 
average 35.8 HRC. The FP type had the largest scatter, the lowest 
minimum value, and lowest average macrohardness, which indicates that 
the surface was relatively rough. Microhardness values for all types of 
specimens were in the range 460-583 KHN. Microscopic examination of 
the specimens prior to testing revealed cracks, pores, and machining 
marks in all the specimens. The electropolished surfaces were relatively 
smoother, but the variation in quality of the polishing was large. Figure 
12 shows four examples of surfaces in the gauge section. The micrographs 
show electro-polished specimens, one forged (a) and three rolled (b, c, d). 
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Tensile testing  

Stress-strain data from the tensile tests are plotted in figure 13. A 
summary of the UTS values is presented in table 5. The results are 
grouped according to the testing temperature and type of specimen.  

Table 5 Summary of UTS values 

Mean Ultimate Tensile Strength [MPa] 

 
 

25°C 280°C 480°C 
U P U P U P 

R 
L 

503 
(397-571) 

673 
(640-705) 

588 
(495-681) 

593 
(571-615) 447 450 

T - 458 
(456-459) 

633 522 475 481 

F 
519 

(498-540) 
500 

(493-507) 
507 

(472-542) 
540 

(537-542) 550 
525 

(363-537) 

Figure 12 Micrographs of polished forged and rolled specimens: (a) HFP, 
(b) RLP, (c) RTP, (d) HLP. 
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Figure 13 shows the tensile data for the rolled and forged specimens tested 
at 25 °C. They were, as expected, very brittle. There is little difference in 
the UTS between the forged specimens due to the rough surface of the 
polished specimen. Examination of the surfaces showed no significant 
difference in roughness between the polished and unpolished forged 
tungsten. Mean values of UTS and Young’s modulus for the forged 
specimens tested at 25 °C, were determined to be 510 MPa and 340 GPa, 
respectively. The rolled specimens showed a significant difference in 
tensile strength depending on specimen orientation relative to the rolling 
direction. Polished rolled specimens oriented in the longitudinal direction 
showed the highest UTS values of all specimens. The longitudinally 
oriented specimens reached a mean UTS value of 673 MPa, whereas the 
corresponding value of the transversely oriented specimens was 458 MPa. 
Therefore, only the longitudinally oriented rolled specimens were fatigue 
tested in the next step of the study.  

Figure 14 shows a comparison of the stress-strain curves between polished 
forged and polished rolled tungsten at the three temperatures. The rolled 
specimens are oriented in the rolling direction. It is evident that the 
specimens are still relatively brittle at 280 °C. The DBTT seems to be 
between 280 °C and 480 °C.   

Figure 13 Tensile data for rolled and forged specimens at 25 °C 
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Figure 14 Tensile data for polished rolled and forged specimens at different 
temperatures. 

As this study was conducted before determining the mechanical 
properties of the irradiated tungsten, there was uncertainty regarding the 
ductility of the ESS tungsten during operation. It was decided to test the 
specimens at three different temperatures. The room temperature test 
results represent the fatigue behaviour of brittle tungsten. Tests were also 
conducted at 480 °C as it is close to the maximum operation temperature 
of the ESS target. Since then, it has been shown that tungsten will have 
virtually zero ductility when it is irradiated by the proton beam, see Paper 
V. For this reason, the high temperature tensile test results presented in 
Paper I will not be discussed in detail here.  

Stress-controlled fatigue testing  

The number of specimens of each type varied. In total 12 sets of stress-
controlled experiments were conducted, one for each type of specimen. 
In some of the sets the number of specimens was not enough to ensure 
statistical reliability, therefore only data from sets with more than six 
specimens were used. The minimum number of specimens required for 
various types of tests is specified in ASTM E739-10 [71]. Table 6 shows 
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the replication rates for the specimens used in the stress-controlled fatigue 
experiments.      

Table 6 Replication rates (%) and number of specimens used in each set  

 25°C 280°C 480°C 
  RLU RLP FU FP RTP RTU RLP RLU FP FU RLU FP 

Stress levels 13 7 5 5 3 3 6 2 7 11 6 6 
Specimens 22 16 12 12 3 3 9 2 9 12 6 9 
Replication  41 56 58 58 0 0 33 0 22 8 0 33 

Table 7 gives a summary of the endurance limits and the maximum stress 
amplitudes at a runout, i.e. completion of 2×106 cycles without specimen 
failure. 

Table 7 Endurance limits and maximum stress amplitudes at runout 

Stress amplitude [MPa] 

Sample 
Endurance 

limit No. of tests Highest runout 

25°C 
R 

T 
U 150.0 3 150.0 

P 137.5 3 137.0 

L 
U 150.0 22 337.5 

P 237.5 16 300.0 

F 
U 175.0 9 200.0 

P 125.6 12 170.6 

280°C 
R L 

U 300.0 2 300.0 

P 252.5 12 290.0 

F 
U 242.5 12 300.0 

P 212.5 9 250.0 

480°C 
R L U 150.0 6 150.0 

F P 175.0 9 187.5 

The RLU specimens tested at 25 °C show large scatter in the data. This 
type had the highest runout stress amplitude (337.5 MPa) as well as one 
of the lowest endurance limits (150 MPa). The polished counterpart, 
RLP, had less scatter and much higher endurance limit, in fact about half 
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of the tested specimens failed at stress amplitudes between 237.5 MPa 
and 312.5 MPa. Again, the FP specimens did not perform well, the 
endurance limit of 125.6 MPa is the lowest of all, even lower than that of 
the FU specimens. The FU specimens showed relatively less scatter. The 
polishing of the forged specimens seems to have been performed less 
carefully then that of the rolled specimens; the difference in endurance 
limit between RLP and RLU is almost 90 MPa, whereas the polishing of 
the forged specimens seems to have damaged them rather than improved 
them. The fatigue behaviour is difficult to predict in such a sensitive 
material as tungsten. Some of the tested specimens would result in both 
runout and instantaneous failure, at the same stress amplitude, while 
originating from the same set of specimens. This highlights the 
importance of careful surface treatment and good quality control. To 
some extent, defects in the specimen surface are inevitable, but this must 
be kept to a minimum by choosing the optimal manufacturing and 
surface finishing methods. A visualisation of the scatter at 25 °C is 
presented in a Wöhler diagram in figure 15. For high temperature stress-
controlled data as well as results from strain-controlled fatigue 
experiments, the reader is referred to the attached Paper I.  

Figure 15 Wöhler diagram for rolled and forged specimens tested at 25 °C. 
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Fractography 

Eighteen specimens were chosen for SEM observations after fatigue 
testing. Fracture surfaces of different types of specimens, tested at various 
loads and temperatures, were studied. Figure 16 shows fractographs of a 
few rolled specimens: (a) RLP, tested at 25 °C and a stress amplitude of 
175 MPa, failed at cycle 120841; (b) RTP, tested at 25 °C and a stress 
amplitude of 163 MPa, failed at cycle 136219; (c) RLU, tested at 25 °C 
and a stress amplitude of 200 MPa, failed at cycle 448951; and (d) RLP, 
tested at 280 °C and a stress amplitude of 302.5 MPa, failed at cycle 25.  

Images (a)-(c) show brittle failures with the characteristic chevron pattern 
and ridges. The transversely oriented specimen (b) seems to have fractured 
in an even more brittle manner compared to the longitudinally oriented 
one (a), crack propagation should have occurred easier in this specimen. 
The RLU specimen (c) is associated with more ductility and some 

Figure 16 SEM images of fatigue fracture surfaces. (a) RLP 25 °C, (b) RTP 
25 °C, (c), RLU 25 °C, (d) RLP 280 °C. 
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contribution from intergranular fracture. Also shown in the fractograph 
is a faceted structure, which could possibly be subgrains. At 280 °C, there 
seems to be some ductility in the specimen (d), although, the fracture 
surface is dominated by transgranular cleavage.   

Two fracture surfaces of forged and unpolished specimens are shown in 
figure 17. The SEM images reveal porous microstructures and brittle 
failures in both specimens, but also very different fracture modes. The FU 
specimen tested at 280 °C (b) does not resemble any other observed 
fracture surface. The grains seem to be smaller (∼30 µm) compared to the 
FU tested at 25 °C (a) and poorly attached. Some grains look like loose 
gravel, which suggests that problems occurred during sintering or the 
subsequent forging. This specimen failed soon after loading and did not 
show any signs of fatigue.  

Figure 18 shows a few different types of fracture surfaces. All the 
specimens, except the FP (a), were tested at higher temperatures and 
display some ductility. The FP (a) specimen failed in a mixed inter- and 
transgranular fracture, as did the FP (b) specimen tested at 280 °C but 
this surface is characterised by smoother grains and some plastic 
deformation. Images (c) and (d) compare the fracture surfaces of an FP 
and an RLU specimen tested at 480 °C. Both areas show relatively large 

Figure 17 SEM images of fracture surfaces of forged specimens. (a) FU 25 
°C, (b) FU 280 °C. 
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amounts of plasticity. The rolled specimen (d) has clearly visible elongated 
grains with large amounts of delamination. The surface of the forged 
specimen (c) is dominated by transgranular fracture.        

5.1.2 Rolled vs. HIPed      

The second fatigue study focused on the behaviour of rolled and annealed 
versus sintered and HIPed tungsten. With experience from the first study 
the experiments performed in the second could be improved. One of the 
most important points was to not only chose polished specimens, but also 
specify the maximum tolerable surface roughness. This time, no 
unpolished specimens and no rolled specimens oriented in the transverse 
direction were tested. The specimens were provided by Plansee, and only 
one type of specimen dimension was used. All the tests in this work were 
performed at room temperature.  

Figure 18 Fracture surfaces of (a) FP 25 °C, (b) FP 280 °C, (c) FP 480 °C, 
(d) RLU 480 °C. 
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According to specifications from Plansee, the surface roughness in the 
gauge section was maximum 1.6 µm. The surfaces were observed to be of 
reasonably good quality, with only few visible surface defects. The HIPed 
specimens (SH) were typically more porous than the rolled ones (RA), 
which resulted in a rougher surface. Figure 19 shows a comparison of two 
typical gauge sections.  

The porosity of the SH material was estimated to about 4.3%, with 
uniformly distributed pores in the microstructure, which corresponds well 
to the reported 4% porosity of HIPed tungsten [72]. The average porosity 
of the RA specimen was 0.5%. The grain size of the SH material was in 
the range 10-85 µm, with an average around 30 µm. The RA specimen 
had very large, thin and interlocking grains. Some grains were as long as 
1 mm, and clearly visible to the naked eye once the surface was polished 
and etched. Micrographs of an SH and RA are shown in figure 20. The 
surface of the RA specimen, etched with Murakami’s reagent, displays 
details within the larger grains which could indicate presence of a subgrain 
structure.  

 

 

Figure 19 Gauge sections of SH and RA specimens. 
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The effect of rolling is visible in figure 21 which presents a triplanar 
micrograph. The top view of the micrograph represents the rolling plane. 
A difference in hardness was observed between the two types of 
specimens; the average Vickers microhardness for RA was 508 HVN, and 
389 HVN for SH, using a load of 0.4 kg.    

 

Figure 21 Triplanar micrograph of a rolled specimen. 

Figure 20 Microscopic images of etched SH and RA specimens. 
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Tensile testing 

As the number of specimens was limited, only one RA and two SH 
specimens were used for the tensile tests. Engineering stress-strain 
diagrams based on the monotonic tensile response of the specimens are 
shown in figure 22. As in the previous study, specimens tested at room 
temperature display negligible plastic deformation. The average UTS of 
the SH material is much below that of the RA. In addition, there is a 
difference in Young’s modulus, which can be explained by the difference 
in porosity between the two types of specimen [73].  

Figure 22 Monotonic tensile test results of SH and RA specimens. 

Stress-controlled fatigue testing 

As in the first fatigue study, all stress-controlled tests were performed in 
the tensile regime with a minimum stress of 5 MPa, i.e. in a fluctuating 
stress mode. The results are plotted in a Wöhler diagram with the stress 
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amplitude Sa plotted against number of cycles to failure, N. The runout 
limit is set at 2×106. Figure 23 presents fatigue data. 

The first RA and SH specimens were used to quickly find the appropriate 
starting stress amplitude. The SH specimen was initially tested at an 
amplitude of 180 MPa, which resulted in a runout. The same specimen 
was then reused at progressively increasing stress amplitudes until it failed 
at 250 MPa. This way the number of specimens used for determining the 
endurance limit could be minimised. A similar approach was used for the 
RA specimens. The initial stress amplitudes where chosen based on the 
results from the first fatigue study.  

For reused runout specimens, only the very first test results were included 
in the staircase data. Some of the RA runout specimens were also retested 
at higher stress amplitudes. This was done in order to get an idea of the 
fatigue behaviour at higher stresses. These data were not used for 

Figure 23 Wöhler diagram for SH and RA tungsten. 
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determining the endurance limit. Due to negligible plasticity and large 
scatter, a regression analysis of the fatigue data for the RA specimens could 
not be performed. For analysis of the SH data, the reader is referred to 
the attached Paper II. Nevertheless, a one-sided confidence band could be 
calculated for the fatigue limit of both types. The mean fatigue limit and 
standard deviation for the SH specimens were 185 MPa and 26.4, 
respectively. The corresponding data for the RA specimens were 371 MPa 
and 13.3, respectively. In accordance with guidelines by ASTM [74], the 
replication rate of fatigue data is 62.50% for the SH type and 55.55% for 
RA, which means SH is in the range for allowable data for design, while 
RA is in the research and development stage.  

During testing there were problems associated with mounting of the RA 
specimens. Many of the specimens were very brittle and would fail already 
while being mounted in the grips of the testing device. Images of typical 
cracking in a specimen are presented in figure 24. 

It was found that choosing the right orientation of the specimen could 
reduce the risk of failure in the grip section. When gripped in the plane 
perpendicular to the rolling direction, the indentation from the wedge 
grips would initiate cracks which propagated along the grain boundaries 

Figure 24 a) Crack propagation in the RA specimen, b) and c) show large 
cracks and delamination, the arrows point in the rolling direction, and d) 
illustration of the serrated wedge grips. 
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of the specimen, and in the worst case, cause delamination throughout 
the entire grip area. Mounting the specimens so that the grips were 
attached in the same plane as the rolling direction resulted in fewer 
immediate failures. All RA specimens were sensitive to the grips and 
showed damage to varying extents. No such issue was found with the SH 
specimens. A summary of the staircase test data with the stress amplitudes 
and number of cycles to failure for each tested specimen can be found in 
the attached Paper II.   

Strain-controlled fatigue testing 

The SH specimen showed rapid hardening during the first 20 cycles of 
fully reversed straining at ±0.15% and a strain rate of 10-3/s. After a short 
period of saturation, the specimen continued to harden gradually until 
failure at cycle 90. Figure 25 compares the stress response during the first 
cycle with the stress response of a cycle at saturation. It should be noted 
that the strength in tension (400 MPa) during the first cycle is 
significantly lower than in compression (490 MPa).  

Figure 25 Stress-strain relationship during the initial and later stages of 
strain-controlled cyclic testing. 
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Strain-controlled testing of the RA specimen did not result in any changes 
of the stress response. The specimens were too brittle. Testing resulted in 
purely elastic response where the 1st and 50th cycle behave essentially the 
same. The elastic response of an RA specimen is shown in figure 26. 

Fractography 

The SH specimens fractured in a predominantly intergranular mode, 
where larger grains were cleaved and smaller left intact. The large fraction 
of pores likely contributed to fatigue failures. Catastrophic failure has 
been shown to occur because of coalescence and growth of microcracks, 
which tend to initiate at pores and inclusions [75]. The RA specimens 
were typically very brittle with a pronounced anisotropic behaviour. 
Typical fracture surfaces of both types of specimens are shown in figure 
27. All RA specimens failed in transgranular fracture mode during fatigue 
as well as tensile testing. Intergranular fracture is unlikely due to the long 
grains (∼ 1 mm) of the RA material. The fracture surfaces of RA specimen 
showed no signs of local deformation.        

Figure 26 Strain-controlled testing of an RA specimen showing completely 
elastic response. 
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Figure 27 Fractographs of an SH and an RA fatigue tested specimen. 

5.2 Oxidation study 

Paper III 

The surfaces of the oxidised specimens were examined with several 
different techniques. The results are presented in sub-sections based on 
the experimental setup and the oxide characterisation method. First, 
results from TGA, DSC-STA, and in situ ESEM studies will be discussed, 
followed by the XRD, AES, and EDS observations, and lastly, results 
from the tungsten alloy study will be presented. 

5.2.1 TGA studies of the larger specimens  

Pure unirradiated cross rolled tungsten specimens of 3 mm thickness and 
20 mm diameter, where oxidised isothermally for 2h in two different gas 
mixtures. The mass of the specimen was monitored continuously during 
the experiment. The mass change as a function of temperature for the 
specimens oxidised in a He-0.5%O2 gas mixture is shown in figure 28.  

 



83 

 

Below 500 °C, the mass change is marginal, but the oxidation rate 
increases drastically with temperature. At 907 °C the increase is nearly 18 
mg/cm2 after 2h. The mass change of the specimen oxidised at 811 °C 
shows signs of suddenly increased growth rate after approximately 50 min, 
indicating cracking of the oxide scale which leads to easier access for 
oxygen to the bare tungsten.    

Images of the specimens after the 2h oxidation in He-0.5%O2 are shown 
in figure 29. The oxide layer formed at the lowest temperature is very 
thin, appearing more like a thin coat of metallic paint. The next specimen 
shows a thin black oxide layer with full coverage. The oxide is very ad-
herent. At 618 °C, the oxide scale looks similar with the addition of a very 
thin layer of the porous type of oxide. There is a significant change in the 
appearance of the oxide scale as the temperatures reaches 716 °C, which 
can be correlated to the increased oxidation rate as seen in the previous 

Figure 28 Oxidation of tungsten in a He-0.5%O2 gas mixture. 
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figure. The oxide scale is significantly thicker, owing mainly to the growth 
of the green porous oxide type. The specimens oxidised at the two highest 
temperatures display a thick layer of the green oxide, which is believed to 
consist of mainly WO3. The WO3 is bright yellow in its pure form, but 
changes colour even at the slightest oxygen deficiencies, e.g. WO2.98 is 
blue although the crystal structure is the same. Other lower tungsten 
oxides tend to shift in colours of red, violet, and blue [76].     

Results from the oxidation experiments carried out in a He-Ar-H2O gas 
mixture are presented in figure 30. The mass change is relatively less 
pronounced, yet still significant. The partial pressure of the water vapour 
was 790 Pa, which seems to be enough to oxidise tungsten. This is an 
important observation as it shows the necessity of keeping the helium 
cooling gas at ESS as free from moisture as possible. The appearance of 
the specimens at different temperatures were similar to those presented 
above, but with slightly thinner oxide scales.     

Figure 29 Specimens after oxidation for 2h in a He-0.5%O2 gas mixture. 
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5.2.2 DSC-STA studies of the smaller foil specimens  

Specimens of 26 µm thickness and 5.5 mm diameter were oxidised in 
pure and dry argon which contained oxygen as an impurity. The oxygen 
partial pressure was less than 5 ppm. The oxidation was carried out at 
atmospheric pressure for up to 48 h. Figure 31 presents images of the 
specimens after oxidation. It appears as if there is an oxide layer on all 
specimens, even the one oxidised at 500 °C in commercially pure argon 
gas. The results show that over a long period of time, there is a possibility 
of oxide formation on tungsten even at relatively low temperatures and 
impurity levels of oxygen. The specimens were further examined using 
XRD and these results are presented in section 5.2.4. 

Figure 30 Oxidation of tungsten in He-Ar-H2O gas mixture, with a pH2O of 
790 Pa. 
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5.2.3 In situ ESEM studies of the smaller foil specimens  

The specimens were placed in an ESEM at a water vapour partial pressure 
of 100 Pa, then slowly heated while simultaneously observing the changes 
on the surface. Below 600 °C, no significant changes were observed. As 
the temperature is increased, the oxide begins to form. At 800 °C, the 
surface appears to be nearly covered by the oxide. The images from this 
experiment are presented in figure 32. 

Figure 31 Surface images of tungsten foils oxidised in argon gas 
(max. 5 ppm O2). 
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5.2.4 XRD observations 

XRD was used to identify the oxides formed on the tungsten foils oxidised 
in commercially pure argon (pO2  ≤ 5 ppm) at 600 °C and 700 °C, as well 
as on thicker disk specimens oxidised at 500 °C and 600 °C in air. The 
diffractograms are shown in figures 33 and 34. Oxides were detected in 
all the specimens. Both foils and the disk specimen oxidised at the lower 
temperature were covered by mainly W18O49. The surface of the disk 
specimen oxidised at 600 °C showed the presence of WO3.   

Figure 32 SEM images of tungsten at various temperatures during in situ 
oxidation in a hot stage, at a pH2O of 100 Pa. 
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Figure 34 XRD of tungsten disks oxidised in air for 24 h.  

Figure 33 XRD of tungsten foils oxidised in pure argon (max. 5 ppm 
O2). 
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5.2.5 AES observations 

Some of the oxidised 3 mm disk specimens were further characterised 
using Auger electron spectroscopy. The thickness of the oxides could be 
measured and a depth profile with elemental analysis was acquired.  As 
AES is a technique used mainly for studying thin layers, only the 
specimens with the smallest mass gain could be studied, i.e. specimens 
oxidised for 2h at 400 °C, 500 °C, and 600 °C. Data from the AES 
observations are presented in figure 35. The 700 °C specimen had to be 
discontinued due to its very thick oxide layer. Only one of the specimens 
oxidised in He-0.5%O2 was observed with the AES as the oxide layers of 
the remaining specimens were too thick.   

The average oxide thickness of the specimen oxidised at 415 °C in He-
Ar-H2O is 35 nm, while that of the He-0.5%O2 oxidised at a similar 
temperature is 60 nm. The oxide scales of the 500 °C and 600 °C He-Ar-
H2O specimens are approximately 0.5 µm and 5 µm, respectively. SEM 
images of the sputtered surfaces and the depth profiles acquired by AES 
can be seen in the attached Paper III.  

Figure 35 Tungsten oxide scale thickness measured by AES. 
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5.2.6 EDS observations   
Energy-dispersive X-ray spectroscopy was used to analyse the specimen 
surface oxidised at 714 °C in the He-Ar-H2O gas mixture. Several 
positions in the thick oxide scale were chosen for observation. Figure 35 
shows SEM images of the positions marked 1-6. The orange box marks 
the area of the measurement for position number 6. Measurements 1-5 
were made within this box. The second SEM image shows the same area 
at a higher magnification. Data from the EDS measurements are 
presented in table 8. It confirms that the oxide scale of tungsten consists 
of a range of oxide stoichiometries, from WO2 to WO3.  

 

Table 8 EDS analysis of positions 1-6 on the oxide scale 

Position at.% O* 
at.% 
W** O/W 

1 73.06 26.94 2.71 

2 67.23 32.77 2.05 

3 75.36 24.64 3.06 

4 70.24 29.76 2.36 

5 71.75 28.25 2.54 

6 71.96 28.04 2.57 

*K-lines, **M-lines 
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Figure 36 EDS analysis at different positions on the oxide scale. 
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5.2.7 Tungsten alloys  

For purposes of comparison, oxidation behaviour of four different 
tungsten alloys was studied at slightly higher oxygen partial pressures. The 
oxidising gas mixture was He-0.5%O2 and the duration of the test 2h. 
The results acquired with the TGA setup are shown in figure 37. The 
graph compares the mass change during 2h between unalloyed tungsten 
and the alloy D176, at 800 °C, 900 °C and 1000 °C. The alloy is much 
more prone to oxidation at all temperatures, which can be attributed to 
the presence of 5% nickel and 2.5% iron in the alloy. The comparison 
between the remaining three alloys can be seen in the attached Paper III. 
The results show that the alloy with the lowest fraction of alloying 
elements (D185) oxidised the least.   

 

 

Figure 37 Oxidation of pure and alloyed tungsten. 
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5.3 Thermal diffusivity studies  

Paper IV  

Results from thermal diffusivity measurements of unirradiated tungsten 
specimen were compared to reference data reported by Touloukian et al. 
[77]. This reference is also used by Netzsch in the Proteus software, used 
with the LFA. Experimental thermal diffusivity values correspond very 
well to the reference data, as can be seen in figure 38. The results are 
plotted as a function of the testing temperature.  

Data for thermal diffusivity of unirradiated tungsten in the range 25-500 
°C, can be expressed using the polynomial fit given below, where thermal 
diffusivity (αref) is expressed in mm2/s. and the temperature (T) in °C. 
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Figure 38 Thermal diffusivity of unirradiated tungsten. 
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𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟 = 72.625− 9.3617 × 10−2𝐿𝐿 + 1.0392 × 10−4𝐿𝐿2 − 3.8694 × 10−8𝐿𝐿3    (6) 

A molybdenum specimen was tested simultaneously and showed very 
good agreement with reported standard thermal diffusivity values. This 
confirms that the preparation of the specimens, the measurement, and the 
data analysis were performed correctly.  

Data for the two irradiated specimens are presented in figure 39. The 
irradiation at SINQ significantly reduced thermal diffusivity of both 
specimens. There is little difference in thermal diffusivity between the 
specimens, despite their different irradiation doses. The average thermal 
diffusivity at room temperature is approximately 35 mm2/s for both 
specimens, which is only half the value of the unirradiated tungsten. At 
500 °C, thermal diffusivity of the unirradiated specimen decreases to 47 
mm2/s, while those of the irradiated specimens remain at approximately 
35 mm2/s.  

Figure 39 Thermal diffusivity of irradiated tungsten. 
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This type of temperature independent thermal diffusivity has also been 
reported by Tanabe et al. [59], but for unirradiated tungsten-rhenium 
alloys. Thermal diffusivity of a W-9.8%Re alloy, measured in the 
temperature range 27-500 °C, was nearly constant at around 25 mm2/s. 
The corresponding values for a W-5.3%Re alloy was in the range 30-34 
mm2/s. Relative to the pure tungsten specimen tested at room 
temperature, these values are 48-62% lower. 

As mentioned in the introduction, irradiation induced degradation of 
thermal diffusivity of tungsten is attributed to both displacement damage 
and compositional changes in the form of transmutation products. It has 
been shown that already 5% of rhenium in tungsten lowers thermal 
diffusivity at room temperature by 50%, even without irradiation [21]. 
Other studies show that the thermal diffusivity of a W-1%Re alloy is 10-
20% lower in the temperature range 25-200 °C. The corresponding 
values for a 2% rhenium addition are 20-30% lower compared to pure 
tungsten in the same temperature interval [78].  

To get a better understanding of the separate contributions to the decrease 
of thermal diffusivity, the irradiated 3.9 dpa specimen was annealed and 
remeasured. The annealing was done at 1000 °C, for 1 h, in a vacuum of 
1 Pa. Tantalum foil wrapping was used as additional protection against 
oxidation. The second measurement was made together with the 
molybdenum standard specimen and the unirradiated reference specimen 
which had also been annealed. The test temperatures were 25 °C, 300 °C, 
and 500 °C. The results are presented in figure 40.  

 

 

 



96 

 

Both unirradiated specimens showed values consistent with the first 
measurement. The thermal diffusivity of the irradiated and annealed 
specimen showed partial recovery. At 25 °C thermal diffusivity had 
increased to 47 mm2/s, and at 500 °C to 41 mm2/s, which is an increase 
of 37% and 19%, respectively.   

In a study by Horvath et al. [67], specimens from the same piece of 
irradiated tungsten as was used in the present work, were examined with 
transmission electron microscopy (TEM). The effect of post-irradiation 
annealing at different temperatures, on the microstructure of the 
specimens was presented. The microstructure of unirradiated tungsten 
was characterised by dislocations up to tens of microns in length, and a 
dislocation density of approximately 1.6×1013 m-2. The irradiated 
specimens, with doses 1.4 and 3.5 dpa, contained mainly defect clusters 
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Figure 40 Thermal diffusivity of irradiated and annealed tungsten. 
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and dislocation loops of a few nanometres. Annealing the irradiated 
specimens at 900 °C for 1 h, resulted in a reduction of the number of 
defect clusters and dislocation lines by factors of 6 and 2, respectively. The 
average size of the defect clusters increased from 2 nm to 5 nm. In 
addition, 1-2 nm sized cavities appeared after annealing. The cavities are 
believed to have grown from invisible helium-vacancy clusters, which 
together with the small defect clusters are thought to be responsible for 
the reduction in thermal diffusivity of irradiated tungsten. Annealing can 
largely recover this part of the reduction.           

The obtained thermal diffusivity data were used to calculate thermal 
conductivity λ (Wm-1K-1) of irradiated tungsten. The following 
relationship was used, where α (m2/s) is the measured thermal diffusivity, 
ρ (kg/m3) the mass density, and Cp (Jkg-1K-1) the specific heat. 

𝜆𝜆 =  𝛼𝛼 × 𝜌𝜌 × 𝐶𝐶𝑝𝑝   (7) 

Unfortunately, as experimental data on the density and specific heat 
capacity of irradiated tungsten is not available, thermal conductivity was 
calculated assuming that neither property is significantly changed by 
irradiation. The assumption regarding the density is partly justified by the 
TEM study made by Horvath et al. [67], which showed no signs of 
irradiation induced swelling. In addition, neutron irradiation induced 
swelling in tungsten has been reported to reach less than 0.22 vol% at a 
temperature of 430 °C [79]. Using unirradiated tungsten density data to 
calculate the thermal conductivity of the irradiated tungsten is therefore 
not expected to cause any significant errors. Specific heat capacity of 
tungsten irradiated by neutrons to doses of 0.2 and 0.6 dpa, was measured 
by Roedig et al. [80] using a differential scanning calorimeter. The 
publication mentions a change in the specific heat capacity with 
irradiation, but does not present the data nor specify the magnitude of 
this change. It is however mentioned that the decrease of thermal 
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diffusivity is relatively more distinct and has a larger contribution to the 
total irradiation induced degradation of thermal conductivity.    

Density data of unirradiated tungsten were taken from Hurd et al. [81] 
and adjusted to the 1% porosity of the specimens. The specific heat 
capacity data were taken from Lee at al [82]. These and other reference 
data are presented in table 9.  

Table 9 Reference data for unirradiated tungsten 

Temp.  
(°C) 

Density  
[81] (g/cm3)   

Spec. heat 
capacity  

[82] (J⋅kg-1⋅K-1) 

Ther. 
diffusivity 

[77] (mm2/s) 

Ther. 
conductivity 

[82] (W⋅m-1⋅K-1) 
25 19.297 129.13 69.8 172.29 

100 19.279 131.56 64.3 164.75 
200 19.254 134.74 57.9 155.53 
300 19.229 137.85 52.8 147.21 
400 19.204 140.89 49.4 139.76 
500 19.178 143.86 46.7 133.11 

The calculated thermal conductivity of the irradiated tungsten based on 
reference data for density and specific heat capacity of pure unirradiated 
tungsten is summarised in table 10. 

Table 10 Thermal conductivity of irradiated tungsten 

Thermal conductivity (Wm-1K-1) 

Temp. (°C) Unirr. 3.9 dpa 5.8 dpa 3.9 dpa - Annealed 

25 173 84 86 115 
100 162 87 88 - 
200 148 90 88 - 
300 138 90 91 113 
400 133 91 94 - 
500 128 93 95 111 
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5.4 Mechanical properties of irradiated tungsten 

Paper V 

This section presents results obtained in the study of the mechanical 
properties of irradiated tungsten. The work is based on 3-point bend tests 
and microhardness measurements of unalloyed tungsten material 
irradiated in a target of SINQ at PSI. Data obtained from the 3-point 
bend tests were converted into engineering stresses and strains and plotted 
in the diagram shown in figure 41. The results are grouped according to 
the testing temperature, where the distance of each section on the x-axis 
corresponds to a total strain of 5%. Results from the unirradiated 
reference specimens are plotted in black, while the coloured curves 
represent specimens irradiated to different doses.       

The strain and fracture stress of the unirradiated tungsten increased with 
increasing temperature. At 25 °C, the specimen fractured already at 570 
MPa in the elastic regime. The fracture stress for the specimen tested at 

Figure 41 Results from 3-point bend tests. 
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450 °C was 1171 MPa, which is more than double in comparison. The 
strain at this temperature was approximately 15%. The DBTT is around 
350 °C.  

The irradiated specimens on the other hand, do not show any ductility, 
regardless of testing temperature and irradiation dose. All irradiated 
specimens fractured in the elastic regime. Three irradiated specimens were 
tested at 25 °C, resulting in an average fracture stress of 304 MPa. The 
fracture behaviour among the three specimens does not seem to be 
significantly influenced by the difference in irradiation dose, which 
ranged from 1.3 to 3.5 dpa. Instead, the fracture stress increases with 
increasing temperature. At 500 °C, the 548 MPa fracture stress of a 2.6 
dpa specimen, has nearly reached the fracture stress of unirradiated 
tungsten tested at room temperature. This implies that the tungsten used 
in the target of ESS, operated at maximum 500 °C, is most likely to have 
even less ductility and lower fracture stress than unirradiated pure 
tungsten at room temperature.              

Specimens irradiated to doses of 1.3, 1.4, 2.1, and 3.5 dpa were used for 
hardness measurements. The results are compared to the 400 HV 
hardness of the unirradiated reference tungsten, and to similar data 
presented by Maloy et al. [83]. The comparison can be viewed in figure 
42. The work done by Maloy et al. includes microhardness tests of pure 
tungsten irradiated by 800 MeV protons in the temperature range 50-160 
°C, with a helium production of 50-320 appm. Their hardness is slightly 
lower in comparison.  
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After the 3-point bend test, some of the fracture surfaces of the specimens 
were observed in an SEM. Figure 43 compares fractographs of two 
unirradiated specimens, tested at 25° and 450 °C, respectively. As 
expected, the specimen tested at the lower temperature (Fig. 43 a, c, e) 
does not show any sign of plasticity. The specimen tested at the higher 
temperature (Fig. 43 b, d, f), above the DBTT, displays a significant 
amount of plastic deformation. Numerous cracks and slip bands are seen 
in the side view (Fig. 43 d). This specimen fractured mainly in an 
intergranular mode (Fig. 43 f), while the 25 °C specimen fractured in a 
mixed trans- and intergranular mode (Fig. 43 e).  

0 1 2 3 4
Displacement damage [dpa]

300

400

500

600

700

800

H
ar

dn
es

s 
[H

V0
.5

]
This study
Maloy et al.

Figure 42 Microhardness of irradiated tungsten. 
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Fractographs of irradiated specimens are presented in figure 44. The 
figure shows two specimens with irradiation doses 1.3 and 3.5 dpa, tested 
at 25 °C. The fracture surface of the 1.3 dpa specimen (Fig. 44 a, c) is 
similar to that of the unirradiated specimen tested at the same 
temperature. It failed in a mixed fracture mode dominated by 
transgranular cleavage. The fracture surface is relatively smooth, 
compared to the surface of the high dose specimen (Fig.44 b, d), which 
has many small facets. The latter specimen also failed in a mixed trans- 
and intergranular fracture mode.    

Figure 43 SEM images of fracture surfaces of unirradiated tungsten, tested 
at 25 °C (a, c, e) and at 450 °C (b, d, f). 
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Figure 44 Fractographs of specimens irradiated to 1.3 dpa (a, c) and 3.5 dpa 
(b, d), tested at 25 °C. 

Figure 45 shows fractographs of irradiated specimens tested at elevated 
temperatures. Fig. 45 (a, c) presents the fracture surface of the 1.4 dpa 
specimen tested at 450 °C, and Fig. 45 (b, d) presents the 2.6 dpa 
specimen tested at 500 °C. Both surfaces look similar to the surface of the 
irradiated specimen tested at 25 °C. The fracture mode is mixed and there 
is no sign of ductility. There are however some differences. The 1.4 dpa 
specimen (a, c) exhibits numerous slip bands on the grains, and the 2.6 
dpa specimen shows many tiny facets on the larger grains (d).  The lower 
magnification SEM image of the 2.6 dpa specimen (b) gives the 
impression that the rather flat fracture surface is a result of a high degree 
of transgranular fracture mode. However, the higher magnification image 
(d) reveals an intergranular mode with many very small facets, as shown 
in the insert in the image. These are believed to be subgrains. 
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5.5 Pulsed heavy ion irradiation  

Paper VI 

In this study, pulsed heavy ion irradiation was used to observe the 
behaviour of tungsten under dynamic beam conditions. The specimens 
were irradiated at the M3-beamline of the UNILAC facility at GSI 
Helmholtz Centre for Heavy Ion Research, using gold and uranium ions. 
The effect of irradiation on the hardness and thermal diffusivity was 
determined and used as input data to simulate the changes of operational 
temperature and mechanical stress in the ESS target material.   

Figure 45 Fractographs of specimens irradiated to 1.4 dpa and tested at 450 
°C (a, c), and 3.5 dpa and tested at 500 °C (b, d). 
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5.5.1 Hardness measurements  

Hardness was measured on the uranium irradiated 3 mm thick specimen 
using two different methods. First, microhardness was measured on the 
top surface, in- and outside the irradiated area. Auger electron 
spectroscopy was used to sputter away material in three areas. The depths 
of the three spots were 6, 9, and 12 µm. Microhardness was subsequently 
measured in the spots with a Micro Combi Tester using a load of 500 g. 
The results are shown in figure 46, where the hardness is presented as 
horizontal bars according to the penetration depth of the indenter. Ten 
measurements were made at each depth.  

After the microhardness tests, the specimen was sectioned and polished at 
an angle. A schematic illustration of the sectioning can be viewed in figure 
47. The irradiation damaged zone was only around 20 µm deep, which 
complicated the indenting along the cross-section. By polishing the 
specimen at an angle more data could be collected. This way, 

Figure 46 Microhardness of uranium ion irradiated tungsten. Horizontal 
bars show the indentation, vertical bars represent the standard deviation. 
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nanohardness measurements could be made on the extended cross-
section, giving the hardness as a function of depth and therefore, also as a 
function of irradiation damage.  

Hardness was measured with a Berkovich nanoindenter, at depths 3.5 to 
51.5 µm, using a load of 50 mN which resulted in a displacement of 
around 500 nm into the material. Eight rows of indentations were made, 
each containing ten measurements. The rows were placed at least 15 µm 
apart. The resulting hardness as a function of depth, can be seen in figure 
48.  

Both methods indicate irradiation induced hardening resulting from the 
uranium ion beam. It is also seen in both hardness graphs that the surface 
hardness is slightly higher compared to the hardness a few microns deeper 
into the material. This could perhaps be explained by the rolling 
procedure used during specimen manufacture. The deformation and thus 
also hardness, is greater in the outermost layers of the specimens. There 
could also be residual stresses in this top layer. Microhardness data also 
show a difference between the irradiated and non-irradiated top surface. 

Figure 47 Illustration showing the side view of the irradiated specimen. The 
yellow layer represents the irradiated area. Hardness measurements were 
performed on the plane marked with a black line. 
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The microhardness on the surface increased from an average of 550 to 
approximately 580 HV0.5 due to irradiation. The nanoindentation 
measurements show a similar tendency of increasing hardness with 
increasing depth. The maximum nanohardness is at a depth which 
corresponds well to the calculated depth of the maximum ion irradiation 
damage. Data from the hardness measurements were used to estimate the 
stiffness of the material [84] in the irradiated zone. The irradiation 
induced stiffness increase was estimated to approximately 15%.  
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Figure 48 Nanohardness over the cross-section of an irradiated specimen. 
The dotted line represents the average hardness at depths beyond the reach 
of the heavy ions. 
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5.5.2 Dynamic response and fatigue 

Irradiation of the 26 µm thin specimen with the pulsed uranium beam 
induced vibrations in the specimen. An attempt was made to model these 
vibrations in ANSYS. Due to limitations of computational power the 
specimen was modelled as a quarter of a symmetric disk, therefore, no 
non-symmetric vibration modes were resolved. The time step of the 
dynamic simulation was set to 5 µs, which suppressed vibration modes 
with frequencies higher than 200 kHz. Figure 49 shows the calculated 
maximum and minimum principal stresses at the centre of the specimen, 
resulting from a 150 µs long beam pulse with a uranium ion intensity of 
7.5×109 ions/cm2/pulse. Figure 50 displays a snapshot of the von Mises 
stress in the specimen 2.245 ms after the start of the beam pulse.     

Figure 49 Calculated stress at the centre of the irradiated specimen after a 
150 µs long beam pulse with the intensity 7.5×109 ions/cm2/pulse.  
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The initial plan was to compare the experimental results obtained during 
the irradiation using a laser doppler vibrometer (LDV), to the results 
obtained from the simulation. Unfortunately, due to the relatively rough 
surface of the specimen and an insufficient data collection frequency, the 
experimental data could not be used for comparison with the simulated 
data. Still, the LDV measurement gave useful information of the time 
scale of the stress wave damping after each pulse. In the beginning of the 
irradiation, at a fluence level of 5×1011 uranium ions/cm2, the velocity 
amplitude of the vibration was damped after 5 ms. After some time, at 
the higher fluence of 4×1013 uranium ions/cm2, there was no damping 
observed. A possible explanation for this behaviour is the gradual 
loosening of the specimen holder with progressive irradiation. In the 
beginning of the irradiation experiment, the specimen holder is still 
tightly fixed, and the stress wave induced by the beam pulse is damped by 
the surrounding structure. As the irradiation continues and fluence is 
accumulated, the vibrations from the beam pulse are assumed to loosen 

Figure 50 Snapshot of the specimen at 2.245 ms after the start of a 150 µs 
long beam pulse. Shown here is the maximum and minimum von Mises 
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the specimen holder which caused the stress wave to propagate solely 
within the specimen geometry, with its edge providing a virtual free 
vibration condition.    

The vibration mode with a frequency of approximately 7 kHz provided 
the largest stress variation according to the simulation. Assuming an 
average stress wave damping time scale of 15 ms and a 7 kHz vibration 
frequency, the centre of the irradiated specimen experiences about 100 
cycles per pulse with a stress variance of 100 MPa, as shown by the 
simulation. The irradiated specimen received a total of 10,000 pulses, 
which corresponds to 1×106 fatigue cycles with a stress amplitude of 50 
MPa. The specimen was observed in the SEM after the irradiation 
experiment and was found to be intact, which agrees with the fatigue data 
presented in this work.            

5.5.3 Radiation damage and thermal diffusivity  

Four tungsten specimens of 26 µm thickness were irradiated with gold 
ions to fluences 1×1011, 1×1012, 5×1012, and 2×1013 ions/cm2, 
respectively. Thermal diffusivities of the specimens were measured at 
room temperature using a laser flash apparatus (LFA) and an in-plane 
specimen holder. A thin layer of graphite was applied on the surface of 
the specimens to increase and homogenise the amount of absorbed 
energy. The obtained results were compared to the thermal diffusivity of 
the unirradiated reference specimen. The data is plotted in figure 51. Up 
to a fluence of 1×1011 ions/cm2, no change is seen in thermal diffusivity. 
As the fluence increases, the relative thermal diffusivity decreases. The 
highest fluence resulted in a lowering of thermal diffusivity by 
approximately 12%, relative to the unirradiated tungsten.   
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5.5.4 Oxide layer and the pulsed beam 

A pre-oxidised tungsten specimen was irradiated to study the tungsten 
oxide adhesion under a pulsed beam. An image of this specimen after 
irradiation is seen in figure 52. The specimen was oxidised at 500 °C in 
air prior to the experiment, leading to the formation of tungsten oxides 
with varying stoichiometries, ranging from WO2 at the metal-oxide 
interface to WO3 at the surface. The former oxide is thin, adherent, and 
dark, while the latter is porous, thick, and yellow. After the irradiation 
with the pulsed ion beam, there is a clear mark in the centre of the 
specimen, corresponding to the shape and size of the beam spot. The 
colour shift indicates a removal of the outermost oxide layer, exposing the 
more adherent oxide underneath.     

Figure 51 Relative change in thermal diffusivity of tungsten as a function 
of fluence. 
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Before the irradiation, the surface of the oxidised specimen was examined 
using SEM. The entire area in the centre of the specimen was observed. 
After the irradiation, images in the same positions were taken for 
comparison. They revealed a very damaged oxide layer, as seen in figure 
53, containing before and after images. The images show large flakes of 
oxide which appear to have been blown off due to the pulsed beam.   

The specimen was further studied with AES. Argon ion sputtering was 
used to characterise the remaining oxide scale in the irradiated area. The 
thickness of the scale was estimated by depth profiling. The depth of the 
oxide in the unirradiated area of the specimen was estimated to 2.4 µm, 
while the oxide thickness in the centre of the beam spot was 
approximately 1.3 µm. This indicates that more than 1 µm of the oxide 
scale was removed by the pulsed beam. Results from the elemental analysis 
and the depth profile can be found in the attached Paper VI.     

 

Figure 52 Oxidised tungsten. The darker area appeared after irradiation and 
corresponds to the shape and size of the beam spot.  
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5.5.5 Implications of the results on the ESS target 

Heat deposition calculations using FLUKA were made together with 
coupled flow, thermal and structural simulations using ANSYS 
Workbench. The results were used to assess the impact of the observed 
radiation induced material hardening and thermal diffusivity degradation 
on the operational conditions of the ESS target. The heat deposition 
calculations were made using a full model. These data were used as an 
input in the ANSYS simulations, which were made on a smaller scale 
model representing only a quarter radial fraction of a middle section of 
one segment of the target. The ANSYS model is shown in figure 54, 
together with the beam profile on target, which was used for the heat 
deposition calculations.   

Figure 53 SEM images of the oxidised specimen before and after irradiation. 
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The mass flux of the helium coolant is adjusted correspondingly. The flux 
for this model becomes 19.79 g/s, with an inlet temperature of 400 K. 
The heat exchange between the tungsten and the helium is calculated 
using a shear stress transport model and a fine boundary layer mesh 
resolution. A steady state simulation is solved first, and subsequently used 
as the initial condition for the transient simulation of eight beam pulses. 
Several scenarios with varying conditions were simulated. These include 
a tungsten brick at the start of irradiation, i.e. data for unirradiated 
tungsten were used, an irradiated tungsten brick with a 20% reduction in 
thermal conductivity, and an irradiated tungsten brick with a 20% 
increase in stiffness as well as a 20% decrease in thermal conductivity. The 
increase stiffness is based on the hardness measurements performed on the 
ion irradiated 3 mm thick specimen. The estimated increase in stiffness 
was 15%, but a higher value of 20% was used in the simulations to obtain 
more conservative results.  

Figure 55 shows the maximum temperature for one the bricks in the 
model, using material data for unirradiated tungsten and material data 
which was adjusted to account for an estimated 20% decrease in thermal 
conductivity. The 12% decrease in thermal diffusivity of the ion 

Figure 54 Model representing the middle section of an ESS target segment 
(left) and the beam profile used for heat deposition calculations (right). 
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irradiated tungsten in this work was measured in a specimen irradiated to 
0.06 dpa, which is much lower than what is expected at ESS. Therefore, 
a more realistic value for ESS of 20% was used instead.  

Figure 55 Calculated maximum temperatures in a brick. Comparison 
between unirradiated and irradiated tungsten with 20% lower thermal 
conductivity. 

The combined effects of radiation induced degradation of thermal and 
mechanical properties, as observed in this study, were simulated in quasi-
static structural analyses. Cases were set up around the time just before 
(pre-pulse) and immediately after (post-pulse) the eighth pulse. Material 
data for the unirradiated tungsten brick was collected from the ESS 
Materials Handbook [82]. Materials data for the irradiated tungsten brick 
was adjusted with a 20% increase in stiffness and a 20% decrease in 
thermal conductivity. The results of the simulation are summarised in 
table 11. 
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According to the simulation, the irradiation induced increase in 
temperature is about 8 °C. The increase in maximum stress is however 
more significant. The combination of higher stiffness and lower thermal 
conductivity could cause an increase of maximum thermal stress of more 
than 20%, which could be an issue since the tungsten is expected to 
remain completely brittle due to the irradiation. A study on irradiated 
tungsten showed that the tensile stress of a 2 dpa specimen was 150 MPa 
[85], which is close, but still above the expected thermal stress in the 
irradiated ESS tungsten. Nevertheless, brittle tungsten is known to show 
largely scattered statistics, and with nearly 7000 bricks of tungsten in the 
ESS target, there is a risk of failure for at least some of these bricks. 
 

Table 11 Radiation damage effect on operational temperature and 
maximum von Mises stress in an ESS tungsten brick.   

 Time Max. temp [°C] Max. stress [MPa] 

Unirradiated 
Pre-pulse 321.3 26.6 
Post-pulse 395.4 82.7 
Difference 74.1 56.1 

Irradiated 
Pre-pulse 329.3 40.7 
Post-pulse 403.2 107.9 
Difference 73.9 67.2 
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6. Conclusions 

Summaries and main conclusions from the different studies are presented 
in this chapter. The sections are arranged as in previous chapters with 
conclusions from studies performed on unirradiated tungsten first, i.e. the 
fatigue and oxidation projects, followed by conclusions from studies on 
irradiated tungsten, i.e. the thermal diffusivity, mechanical properties, 
and heavy ion irradiation works. Lastly, recommendations for future work 
are given.    

6.1 Fatigue 

Various types of unalloyed unirradiated tungsten specimens were used in 
the fatigue and tensile property studies. These included forged, rolled, and 
HIPed specimens, polished and unpolished surfaces, stress- and strain-
controlled testing, and testing in ambient and elevated temperatures. For 
nearly all types of tungsten specimens, the resulting data showed wide 
scatter. This is in part attributed to the brittle nature of tungsten, but even 
more so the differences in surface condition, volume fraction porosity, 
grain orientation, and specimen production technique.  
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All specimens failed in a brittle manner when tested at room temperature. 
Majority of the specimens did not show any sign of plastic deformation 
on the fracture surfaces. The fatigue properties were slightly improved at 
280 °C and most of the specimens were observed to be in the ductile 
regime. At 480 °C, the specimens behaved even more ductile. In general, 
the rolled specimens showed higher endurance limits, higher density, and 
higher average hardness compared to the forged specimens. The rolled 
specimens were however, highly anisotropic. Specimens oriented across 
the rolling direction were of significantly lower quality. RLP specimens, 
i.e. rolled, oriented in the rolling direction and polished, showed the best 
fatigue properties. The endurance limits were 237.5 MPa at 25 °C and 
252.5 MPa at 280 °C. The lowest endurance limit, 125.6 MPa, belonged 
to the polished forged specimen type.        

The UTS values of the rolled and forged specimens from Tian-Long were 
in the range 397-705 MPa, at room temperature. These values are 
relatively low compared to UTS values of tungsten reported in other 
studies, but it could be explained by the differences in size and quality of 
the specimens. As a brittle powder metallurgy product, tungsten is 
extremely notch sensitive. When it comes to tungsten in general, the 
smaller the test specimen, the lower is the probability of failure. For 
comparison, Foster and Stein [86] reported UTS values of 793-1630 
MPa, using specimens of 0.5 mm thickness with a gauge less than 10 mm 
wide. In the present work, room temperature elongation of the specimens 
oriented in the rolling direct was in the range 0.11-0.21%, while a value 
of 1.5% was reported in a study of ultrafine-grained tungsten. The 
specimen size was however not mentioned [87].  

The scarcity of fatigue data on pure tungsten makes it difficult to compare 
the obtained results to those of other studies. The most relevant study to 
date, was published by Schmunk et al. [39] in 1981. In their work, tensile 
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and low-cycle fatigue tests were performed on cross-rolled tungsten at 
room temperature and at 815 °C. The room temperature fatigue 
experiments were run under fully reversed load control at 1 Hz. Two tests 
were terminated after 500 000 cycles without failure, in the stress ranges 
± 206.8 MPa and ± 275.7 MPa, respectively. In comparison, the tests in 
the present work were terminated after 2 million cycles and loaded only 
in tension.        

The second fatigue study in the present work, benefited from experience 
gained during the first. The surfaces of the specimens had relatively fewer 
visible defects, and the study could focus on testing only the best type of 
rolled specimens. In the second fatigue study, fatigue and tensile response 
of rolled and annealed (RA) tungsten was compared to sintered and 
HIPed (SH). The tests were performed at room temperature and the 
specimens were manufactured by Plansee.  

Once again, rolled tungsten proved to have superior fatigue properties 
while simultaneously displaying a highly brittle behaviour and strong 
anisotropy. The RA tungsten used in the second fatigue study was 
characterised by very large, elongated and interlocking grains of 1 mm 
length with an approximate width to length ratio of 1:10. The ultimate 
tensile strength was nearly 1000 MPa, and the mean fatigue strength 371 
MPa. The grains of the SH specimens were on average 30 µm. The 
material was characterised by a relatively large fraction of porosity (4.3%) 
and slightly higher ductility as compared to the RA specimens. The 
average ultimate tensile strength was 567 MPa, and the mean fatigue 
strength 185 MPa. Further, SH specimens were softer (389 VHN) than 
the RA specimens (508 VHN) and displayed cyclic hardening in the 
strain-controlled tests.  

To summarise, rolled tungsten shows far better fatigue properties, 
surviving much higher stress amplitudes than both the forged and the 
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HIPed tungsten. It is extremely important to make sure that the surface 
is of high quality with a minimum of defects and machining marks. 
Rolled tungsten has nearly zero room temperature ductility and is highly 
anisotropic, which means that the orientation of the ESS bricks with 
respect to the proton beam need to be carefully considered. The 
recommendation to ESS is to use cross rolled tungsten with a maximum 
surface roughness of 10 µm. The post-pulse maximum stress should be 
below 100 MPa, and the post-pulse peak stress amplitude should be lower 
than 50 MPa, which is one third of the fatigue stress amplitude for the 
Tian-Long rolled tungsten at room temperature.   

6.2 Oxidation  

This study focused on the oxidation behaviour of unirradiated tungsten 
in inert gas atmospheres with small amounts of oxygen and water vapour. 
The temperature range of 400-900 °C was chosen to reflect both normal 
operation of the ESS target as well as potential off-normal situations such 
as e.g. overheating caused by an over-focused proton beam. The gas 
mixtures were chosen with the same intention. The commercially pure 
inert gases contained oxygen impurities of maximum 5 ppm, which 
turned out to be enough to oxidise tungsten at temperatures similar to the 
normal operation temperature of the target. Some of the tests were 
performed with slightly higher oxygen partial pressures. 5% oxygen was 
added to the helium gas, which could represent an incident of a leakage 
in the helium loop or air ingress into the target vessel.  

The oxidation experiments were monitored using TGA and STA-DSC. 
The experiments where only pure inert gas was used were performed in 
the latter setup, using small tungsten foil specimens. In argon gas with 
max. 5 ppm oxygen, a very thin and adherent oxide layer was observed 
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already at 500 °C. XRD analysis of the surface confirmed the presence of 
W18O49. Analysis of specimens oxidised in air suggest that a transition 
from the W18O49 oxide to WO3 occurred between 500° and 600 °C. EDS 
studies on one of the thicker oxide scales (He-Ar-H2O, 700 °C) showed 
the presence of a range of oxides, varying in stoichiometry between WO2 
to WO3. The non-isothermal in situ experiments performed in a hot stage 
inside an ESEM at a water vapour pressure of 100 Pa, showed that 
oxidation becomes noticeable above 600 °C. Isothermal TGA 
experiments with two different gas atmospheres, He-0.5%O2 and Ar-He-
H2O, showed that the oxidation rate is relatively low below 600 °C, but 
increases rapidly above this temperature. AES was used to measure the 
oxide scale thickness of some He-Ar-H2O specimens. Between 415 °C 
and 619 °C, the thickness increased approximately by a factor of ten with 
each 100 °C increase in temperature.    

The implication of these results is that the temperature of the tungsten in 
the ESS target is recommended to be kept below 500 °C under normal 
operation conditions. It is not feasible to aim at completely avoiding 
oxidation, but it is important to note that tungsten does oxidise at this 
temperature even in an environment of inert gas. It is very important to 
monitor the impurity levels of oxygen and water vapour during operation, 
as well as designing a top-quality purification system for the helium loop. 
If the temperature in the tungsten can be kept below 500 °C there is a 
possibility that the oxide formed will consist of mainly the thin and 
adherent oxide type. Temperatures and environments where the tungsten 
oxide transforms into the porous type must be avoided. The risk of 
erosion of the oxide scale, caused by the helium gas flowing at 2.85 kg/s 
at 1 MPa, will increase significantly if the oxide type changes from the 
protective to the porous one. There is also a concern that the beam pulse 
and beam trip induced thermal cycling will lead to spalling of the oxide 



122 

 

layer. To minimise such risks, it is important to design the target so that 
the temperature in the tungsten is kept as low as reasonably possible.  

6.3 Thermal diffusivity  

Thermal diffusivity of proton and spallation neutron irradiated tungsten 
was measured in the temperature range 25-500 °C. The specimens were 
irradiated at PSI in the SINQ facility, to displacement damage doses of 
3.9 and 5.8 dpa. Thermal diffusivity of both irradiated specimens was 
approximately 35 mm2/s, independent of irradiation dose and test 
temperature. This value is 51% lower than the thermal diffusivity of the 
unirradiated reference specimen tested at 25 °C, and 28% lower 
compared to the value at 500 °C.  

The irradiation induced decrease in thermal diffusivity is attributed to a 
combination of displacement damage and compositional changes due to 
transmutations. Both specimens showed similar thermal diffusivity values 
despite being irradiated to two different doses. This implies that the 
rhenium content, which is expected to be similar in both specimens, is 
responsible for the main contribution of the degradation. This theory is 
strengthened by studies on thermal diffusivity of unirradiated tungsten-
rhenium alloys in which even minor rhenium additions causes a 
significant decrease of thermal diffusivity.  

To investigate this further, the irradiated tungsten was annealed at 1000 
°C for 1h and remeasured. The heat treatment should have caused partial 
recovery of the irradiation induced displacement damage. The test results 
showed that the thermal diffusivity did increase after the annealing. At 25 
°C it was 47 mm2/s, and at 500 °C it was 41 mm2/s, which is an increase 
by 37% and 19%, respectively.      
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6.4 Mechanical properties 

Cross rolled, commercially pure tungsten was irradiated in SINQ Target 
7 at PSI, Switzerland, during the period 2007-2008. The irradiation was 
part of STIP-V (SINQ Target Irradiation Program), where specimens are 
placed in the spallation target for irradiation experiments. The tungsten 
material was exposed to high-energy protons and spallation neutrons 
causing a displacement damage in the range of 1.3-28 dpa, and a 
production of helium as transmutation product in the range of 37-1300 
appm. Nearly a decade later many of the high dose specimens were still 
too radioactive for manual handling, therefore only a few of the lowest 
dose specimens have been tested so far. In this study, specimen with 
irradiation doses of 1.3-3.5 dpa were examined. The fracture behaviour 
of the irradiated specimens was investigated with 3-point bend tests at 
temperatures 25-500 °C. In addition, irradiation induced hardness was 
studied, and the fracture surfaces of the tested specimens were observed 
with an SEM. The results showed that all irradiated specimens, regardless 
of irradiation dose and test temperature, fail in the elastic regime. The 
tungsten has virtually zero ductility and fails at stress levels much below 
those of the unirradiated reference specimens. The hardness 
measurements demonstrate a strong irradiation induced hardening effect 
in all specimens.  

Unirradiated and low dose specimens (1.3-1.4 dpa) fail in a mixed trans- 
and intergranular mode. The intergranular fracture mode becomes more 
dominant at higher temperatures. At 450 °C, both the unirradiated 
specimen and the 1.4 dpa specimen display a fracture surface with slip 
bands visible on the grain surfaces, which indicated some amount of 
plastic deformation taking place inside the grain. Specimens irradiated to 
higher doses, 2.6 and 3.5 dpa, exhibit a rather flat fracture surface, which 
indicates a very brittle cleavage fracture, with the crack propagating in a 
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transgranular mode. However, fractographs of higher magnification 
revealed tiny facets in the grains, which were determined to be a 
substructure with small grains. Similar facets were found in other tungsten 
specimens, and EBSD analysis of their fracture surfaces demonstrated that 
this structure consists of 0.5-2 µm sized grains with grain boundaries 
angels of more than 10°. This implies that the fracture of the 2.6 and 3.5 
dpa specimens was caused by crack propagation along the subgrain 
boundaries, i.e. through the intergranular fracture mode.  

The results from this study also show that high-energy proton and 
spallation neutron irradiated specimens, tested at temperatures similar to 
the operating temperature of the ESS target, fail at fracture stresses above 
200 MPa. This is higher than the expected stress of 44-110 MPa in the 
ESS tungsten, but as tungsten is known to be brittle, with highly scattered 
fatigue data, there is still a risk of failure of some of the 7000 bricks in the 
ESS target. 

6.5 Modelling the thermal stress  

Pure tungsten specimens of diameter 20 mm and thicknesses 3 mm or 26 
µm, were irradiated with a pulsed beam of gold or uranium ions with 
energies of 4.8 MeV/nucleon. The beam pulse induced stress in the 
specimen reached 122 MPa in the thick one and 270 MPa in the thin 
one. The values are comparable to the expected maximum stress of 83 
MPa in the ESS target material. The thin specimen was fatigue tested 
using the pulsed beam. The specimen was tested up to approximately 10 
000 pulses, which corresponds to roughly 1×106 cycles with a stress 
amplitude of about 50 MPa. The specimen did not show any signs of 
fatigue.   
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Irradiation induced increase in hardness and decease in thermal diffusivity 
was confirmed by micro- and nanohardness measurements as well as 
thermal diffusivity tests using an LFA. The data were used in coupled 
flow, thermal and mechanical simulations of the maximum temperature 
and stress in the ESS tungsten brick after irradiation. The calculated 
results for an irradiated tungsten brick show an increase of more than 20% 
of the maximum thermal stress, which is above the maximum stress design 
value of 100 MPa. In fact, the simulated maximum stress of 108 MPa is 
close to the reported UTS of irradiated tungsten [85].  

Lastly, this work involved studies on the oxide adhesion under a pulsed 
beam. SEM imaging and AES characterisation of the oxide scale 
confirmed loss of more than 1 µm thickness in the irradiated region. The 
scale was considerably damaged. The implication is that the oxide scale 
formed during the operation of the target will eventually be released into 
the helium cooling loop. Therefore, the design of the target cooling loop 
purification system at ESS assumes the complete loss of oxide layer on the 
tungsten bricks during operation [81].      

6.6 Future work 

The mechanism behind irradiation induced degradation of thermal 
diffusivity in tungsten is still not fully understood. There is a need for 
further testing of tungsten specimens with a wider range of transmutation 
production rates and displacement damages. Characterisation of the 
changes in microstructure, before and after irradiation and subsequent 
annealing studies would lead to a better understanding of the 
phenomenon. Another important factor is the effect of temperature and 
it would be valuable to collect data at higher temperatures as well and 
identify the contributions to thermal conductivity from electron and 
phonon transport. It would be interesting to study the formation, 
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transformation, and decay of the many radionuclides formed as 
transmutation products. As even small amounts of rhenium affect the 
properties of tungsten significantly, there is a need to determine the 
fraction of rhenium in the irradiated tungsten used in the present work, 
more precisely. An attempt was made to study the role of transmutation 
elements rhenium, osmium, and tantalum in the PSI proton irradiated 
tungsten, by using extended X-ray absorption fine structure (EXAFS) 
spectroscopy in combination with microprobe analysis. The experiment 
was performed at the MicroXAS beamline of the Swiss Light Source (SLS 
at PSI) and its purpose was to determine the clustering behaviour and 
local structure of the transmutation elements in irradiated tungsten. The 
analysis of the work is still ongoing, and the results are therefore not 
included in this thesis.   
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a b s t r a c t

Pure tungsten has been chosen as the target material at the European Spallation Source facility in Lund.
Calculations show that the target temperature can reach 500 �C momentarily during the spallation
process, leading to thermal fatigue. Target life estimations require fatigue data at different temperatures
and this work focuses on generating such data for pure, unirradiated, rolled and forged tungsten in the
range 25�e480 �C.

For specimens oriented in the rolling direction, tensile tests at room temperature indicated Young's
modulus values in the range 320e390 GPa, low levels of plasticity (<0.23%) and UTS values in the range
397 MPa (unpolished) and 705 MPa (Polished). UTS for forged specimens were around 500 MPa.

Stress-controlled fatigue tests were conducted in the tensile regime, with a runout limit of 2 � 106

cycles. At 25 �C, unpolished specimens had fatigue limits of 150 MPa (rolling and transverse direction),
and 175 MPa (forged). For polished specimens in the rolling direction, fatigue limits were higher at
237.5 MPa (25 �C) and 252.5 MPa (280 �C). The forged specimens showed slightly better fatigue prop-
erties and marginal cyclic hardening at 480 �C.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Neutron scattering methods offer a powerful tool for charac-
terizing materials and their behavior under controlled conditions.
In this context, the need for a large scale neutron facility has led to
the European Spallation Source which is currently under con-
struction in Lund. In this facility [1], the neutrons are produced
through a spallation process in tungsten which has a high neutron
production density due to its high atomic number and density. The
proton beam driving the spallation process is associated with en-
ergy and power levels of 2 GeV and 5 MW, respectively. The proton
beam is pulsed at 14 Hz with a pulse duration of 2.86 ms and each
beam pulse carries 357 kJ to the spallation volume. Beam pulses
and beam trips during the operation introduce thermal fluctuations
in the target, with temperatures reaching 775 K momentarily.
Thermal fatigue is thus a distinct possibility and may cause target
failure. In addition, the target is also subjected to high beam power
as well as radiation damage. The life of the target is thus affected by
a combination of these factors. In order to estimate the target life, it

is essential to have reliable data on the mechanical properties of
tungsten, both in the unirradiated and irradiated conditions. The
following section presents a review of the studies on unirradiated
tungsten.

1.1. Review of literature

Studies on tungsten have been mainly concerned with charac-
terizing and improving its strength, ductility and fracture behavior
at different temperatures. Tungsten is known to be brittle at
ambient temperatures and exhibits ductility above the ductile to
brittle transition temperature (DBTT). However, processing condi-
tions affect DBTT and irradiation is also known to push it to higher
temperatures.

Schmidt and Ogden [2] compiled data on the ultimate tensile
strength (UTS), ductility, DBTT and other engineering properties of
pure tungsten and its alloys, as a function of temperature. Foster
and Stein [3] studied fully dense tungsten sheet specimens (0.5 mm
thick) in bending at room temperature and reported a fatigue limit
of 772 MPa under conditions of complete stress reversal and UTS
values in the range 793e1630 MPa.

Beardmore and Hull [4] tested single crystals of tungsten in
tension and observed ductility at low temperatures (�196� to
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22 �C), indicating that tungsten is extremely notch-sensitive and
not necessarily inherently brittle. Discontinuous yielding was
observed along [110], which may be attributed to the lower rate of
dislocation multiplication in the vicinity of this direction [5].

Wronski and Chilton [6] did not observe any significant change
in the tensile and compressive properties of polycrystalline cast
tungsten due to pressurization at 1400 MPa. At 420 �C, they noted
an elongation of 20% for tungsten, which became negligible at
lower temperatures.

Braun and Sedlatschek [7] studied the effect of small alloying
additions on the sintering, working and mechanical properties of
tungsten. An addition of 0.01% thorium led to a 32% higher ductility,
while chromium and vanadium additions showed the opposite
effect. Raffo [8] studied the mechanical properties of vacuum arc-
melted tungsten and tungstenerhenium alloys in the tempera-
ture interval �196� to 537 �C. Even at low concentrations (1 at%),
Rheniumwas effective in lowering the DBTT of tungsten, attributed
to increased dislocation mobility.

Farrell et al. [9] observed that the DBTT in bending for tungsten
sheets (wrought and powder metallurgical products) were the
lowest at 70 �C. This increased to 225 �C after primary recrystalli-
zation at 1150 �C. DBTT after secondary recrystallization was in the
range 235�e280 �C. Intergranular fracture was observed in speci-
mens after primary recrystallization, which changed to trans-
granular cleavage after secondary recrystallization. In a following
study [9], yield point inflections were noted during bending tests of
sheet specimens above DBTT and the temperature dependence of
yield and tensile strengths were similar. They observed a deviation
from the classical HallePetch relationship and attributed it to the
annealing treatment.

Forster and Gilbert [10] conducted 3-point bend tests on 99.9%
pure tungsten wire specimens recrystallized at different tempera-
tures to produce a range of grain structures. They found that fine-
grained specimens had a lower DBTT (257e307 �C) relative to the
coarse-grained specimens (297e657 �C). However, coarse grained
materials withstand greater pre-yield strain before the initiation of
fracture in the brittle regime.

Schmunk and Korth [11] studied tensile and low cycle fatigue
properties of cross-rolled tungsten (DBTT~300 �C) at room tem-
perature as well as at 815 �C. At both temperatures, a smaller strain
interval was observed for recrystallized tungsten specimens
compared to the as received material. Predictions from the uni-
versal slopes equation [12] were in agreement with fatigue data on
the as received material at room temperature. At 815 �C, the
average yield strength and UTS were 415 and 426 MPa respectively
for the as received material, 115 and 240 MPa for recrystallized
tungsten.

The dynamic recrystallization of potassium-doped tungsten
during the rolling process was studied by Briant and Hall [13]. They
observed high angle grain boundaries at low levels of deformation,
with many dislocation-free grains and low angle grain boundaries
at higher levels of deformation. Annealing the rolled material in the
temperature range 1275�e1950 �C showed abnormal grain growth,
which emphasizes the need for close grain size control during the
production of the target material.

Giannattasio and Roberts [14] investigated the strain-rate
dependence of the brittle to ductile transition in single crystal
and polycrystalline tungsten specimens. They found an Arrhenius
relationship over a large strain rate interval, with an activation
energy of 1.05 eV. As this value suggests double-kink formation on
screw dislocations, the authors concluded that dislocation motion
controls the transition.

Using micro hardness measurements, Zhang et al. [15] studied
commercially pure ultrafine-grained tungsten and observed the
DBTT to decrease from 483� to 350 �C as the grain size decreased

from 10 to 0.9 mm.
Rupp and Weygand [16] studied the fracture toughness of

polycrystalline rolled tungsten in the brittle and semi-brittle
regime, considering the crack orientation with respect to the roll-
ing direction. With increase in temperature (�150� to 350 �C), the
fracture toughness improved for all types of specimens, with un-
derstandably better properties in the longitudinal direction. Frac-
tographic studies showed that the longitudinal specimens were
associated with transcrystalline cleavage at room temperature and
intercrystalline failure at elevated temperatures. The authors have
also developed a model which predicts the transition between the
two fracture modes [17].

Using Auger electron spectroscopy and scanning electron mi-
croscopy, Gludovatz et al. [18] found that grain boundary impurities
like phosphorus and oxygen did not affect the fracture behavior of
tungsten materials. They concluded that factors such as size and
shape of the grains, the extent of deformation and dislocation
density have a greater impact on fracture.

Reiser et al. [19] carried out tensile tests on specimens made
from commercially produced tungsten plates, rolled to 1 mm
thickness. At room temperature, specimens oriented in the rolling
direction and at 45� had high yield strengths (1350e1380 MPa) and
surprisingly good ductility (1.5% strain in the rolling direction and
1% at 45�), while the transverse specimens showed no ductility. The
authors also reported isotropic behavior of the tungsten specimens
at 600 �C and a tensile strength of about 700 MPa.

Yan et al. [20] investigated the effect of hot working and found
that swaged and rolled tungsten had the highest relative density
(99.1%) and a bending strength of 2180 MPa. They also noted that
the properties could be improved by the addition of 1% La2O3.

Gaganidze et al. [21] studied the influence of anisotropic
microstructure on the fracture behavior of polycrystalline tungsten
up to 1000 �C. Intergranular fracture dominated in longitudinally
oriented specimens up to 600 �C and transgranular cleavage in
others at low temperatures.

Krsjak et al. [22] studied the fracture properties of rolled and hot
isostatically pressed (HIP) tungsten and found that the DBTT for
both materials were similar and in the range 180�e230 �C, while
the flexural strength at room temperature was much higher for
rolled tungsten (1050 MPa) than for the HIPed material (440 MPa).

Zhang et al. [23] determined the texture evolution during the
rolling of tungsten. After annealing at 1800 �C for 2 h, full recrys-
tallization was observed in 60% and 90% rolled tungsten. Goss and
q-fiber textures were predominant in 80% rolled tungsten which
was considered to have the best irradiation resistance.

Wurster et al. [24] reviewed the progress in the development of
tungsten alloys for divertor structural and plasma facing materials.
They have considered several approaches to increase ductility and
fracture toughness as well as to decrease the DBTT by alloying
additions and the use of fine-grained materials. The main challenge
is in extending the excellent ductile properties of thin foils to bulk
materials and to ensure optimal irradiation resistance in the
material.

1.2. Present work

Most of the studies on the mechanical properties of tungsten
reviewed in the previous section used nearly fully dense, miniature
sized or thin specimens. As tungsten has been found to be
extremely notch sensitive, it is important to note the production
method and specimen size while characterizing its mechanical
properties. Further, fatigue data are very important in applications
such as the design of the spallation target at ESS. However, pub-
lished data on the fatigue behavior of pure bulk tungsten are
limited to a few studies based on bend tests [3] and a low cycle
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fatigue study on cross-rolled tungsten subjected to fully reversible
stresses [11]. Hence, the present study was taken up to obtain fa-
tigue and tensile data for unirradiated, polycrystalline, bulk tung-
sten specimens obtained from powder metallurgical processing.
Keeping in mind the temperatures relevant to the ESS project,
tensile and fatigue tests on tungsten were carried out at 25�, 280�

and 480 �C.

2. Materials and methods

Table 1 presents the impurity content of rolled and forged
tungsten specimens used in this work. Most of the rolled specimens
were oriented along the rolling direction, with a few oriented in the
transverse direction. In order to determine the variation in fatigue
strength due to surface quality, both unpolished and electro-
polished tungsten were tested. The specimen geometries used for
room and high temperature tests are shown in Fig. 1. All the
specimens were supplied by Beijing Tian-Long Tungsten & Mo-
lybdenum Co. and tested in the as received condition. The rolled
high temperature samples were manufactured from a 20 mm thick
sheet which had been rolled four times in the temperature interval
1500�e1650 �C, with a 20e25% reduction in each step. The smaller
room temperature samples were machined from sheets rolled 5
times at a temperature of 1450�e1650 �C. The forged fatigue and
tensile specimens were prepared from a tungsten plate hot forged
in the temperature interval 1550�e1700 �C. This enabled a reduc-
tion in thickness from 150 mm to 90 mm achieved in a 3-step
forging operation, during which the tungsten block was held in
position on its sides under slight pressure.

In order to get an idea about the porosities in the samples, the
densities were determined using the Archimedes principle. Me-
chanical testing was carried out using an MTS machine equipped
with a Digital Electronic system supplied by Instron. For the high
temperature tests, a furnace was installed and the grips were
changed. The reported temperatures were measured at the surface
of the specimen using a chromel-alumel (type K) thermocouple.

The tensile testing followed the standards set in ASTM E8/E8M
[25], and the displacement rates were in the range of
0.6e2mm,s�1. The stress-controlled fatigue testingwas performed
according to ASTM E739 [26] and only in the tensile regime. The
minimum load was 0.1 kN and the load reversal frequency was in
the interval 20e30 Hz. The up and down method [27,28] was used
to determine the fatigue limits, with the runout condition set at
2 � 106 cycles. Stress amplitudes employed in the fatigue testing
were 100e350 MPa.

Strain controlled fatigue testing [29] was also performed to
obtain the cyclic stressestrain curves and determine the degree of
hardening of the materials. The tests were done using the Multiple
Step Test method (MST) [30,31] with fully reversed strain cycles. At
280 �C the strain amplitudewas initially set to 0.1% and increased in
steps of 0.1% when saturation was observed. For the test at 480 �C,
an amplitude sequence of 0.42, 0.58 and 0.75% was used. In both

cases the strain rate was 2 mm s�1.

3. Physical properties

Six types of specimens were tested at three temperatures and
each specimenwas assigned an identification number based on the
test temperature, the manufacturing method (F: Forged; R: Rolled),
specimen orientation (L: Longitudinale along the rolling direction;
T: Transverse), and surface quality (P: Electropolished; U:
Unpolished).

The results from the tensile and the fatigue tests, and metallo-
graphic examination are presented in the following sections.

3.1. Density

Densities of powder metallurgical products can vary signifi-
cantly depending on the method of production and the densifica-
tion treatments used. For pure tungsten at 20 �C, based on
pycnometric measurements, the density has been reported as
19.25 ± 0.004 Mg m�3 [32]. This value is in excellent agreement
with the theoretical density value calculated for the body-centered
cubic form of tungsten using a lattice parameter value of
0.31652 nm reported in Ref. [33].

In this work, density measurements were carried out using a
Mettler Toledo Precision Balance equipped with a Density Kit. For
the rolled and forged specimens used in this study, the density
values were determined to be 19.2303 and 18.8802 Mg m�3

respectively. These values represent the average of three mea-
surements with different samples at 23.1 �C. The corresponding
porosities were estimated to be 0.1 and 1.92% respectively.

3.2. Hardness

Hardness measurements, both macro and micro, were carried
out on room temperature specimens. Macrohardness tests were
performed using a Sematic Durometer, and micro hardness tests
using a Knoop diamond indenter mounted on a Leica DMRME light
optical microscope. The averagemacrohardness was observed to be
slightly above 40 HRC for all samples except for the forged unpo-
lished ones (35.8 HRC). These have the lowest minimum value, the
lowest average and the largest scatter, which could indicate rela-
tively rough surfaces. The rolled, unpolished specimens oriented in
the transverse direction were marginally harder than the rest.
Micro hardness values for all the samples were in the range
460e583 KHN.

3.3. Surface examination

The surfaces of all the test pieces were examined in an optical
microscope prior to testing. All of the surfaces were characterized
by cracks, machining stripes and pores. The electropolished sur-
faces were slightly smoother, although there was a large variation
in the quality of polishing. The room temperature forged, unpo-
lished specimens were associated with very rough surfaces with
deep stripes and relatively large holes (>100 mm in diameter). The
high temperature forged and polished pieces (HFP) had a relatively
more even surface, but still contained plenty of pores (Fig. 2). The
room temperature polished tungsten oriented in the rolling di-
rection (RLP) proved to have the best surface finish. The grains were
visible in these specimens, as shown in Fig. 2b. These elongated
grains were approximately 400 mm� 100 mm. The surfaces of a high
temperature rolled and polished oriented in the rolling direction
(HLP) and a room temperature polished specimen oriented in the
transverse direction (RTP) are also displayed in the figure. The latter
showed relatively more longitudinal cracks.

Table 1
Impurity elements in tungsten.

Element Max. content (in ppm)

O 50
Mo 30
Fe, C 10
Ca 8
As 7
Ni, Mg, Cr, Al 5
V, Sb, Ti, Mn, S, Co 4
Sn, Cu, Bi, Cd, Pb 1
Si 0.56
K 0.13
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4. Results and discussion

4.1. Tensile testing

Stressestrain curves from the tests performed in tension are
shown in Figs. 3e5,7. Mean values of the Ultimate Tensile Strength
(UTS) for rolled and forged tungsten are summarized in Table 2.

As expected, the data from room temperature tests (Fig. 3) show
the brittle nature of pure tungsten, with almost no ductility
observed before failure. Rolled (7) and forged (4) specimens were
tested at this temperature. The difference in tensile strength be-
tween forged specimens with polished and unpolished surfaces
was not observed to be significant. A close examination of the
sample surfaces showed that the specimens had roughly the same
amount of pores, scratches and cracks, suggesting that the polish-
ing was not performed satisfactorily. Mean values of UTS and
Young's modulus for the forged material were found to be 510 MPa
and 340 GPa respectively.

For the rolled specimens, specimen orientation appeared to be
more important than the surface condition. However, polished

specimens showed significantly better tensile behavior relative to
the unpolished specimens. The mean UTS values were determined
to be 673MPa and 458MPa in the rolling and transverse directions,
respectively. The total strain at 25 �C was observed to be in the
range of 0.11e0.21%. In view of the large difference in UTS values for
different orientations, rolled specimens with longitudinal orienta-
tionwere chosen for fatigue testing. As the irradiated specimens are
known to be very brittle, it was thought that testing of unirradiated
specimens at room temperature would give some idea about the
fatigue behavior of brittle tungsten with extremely low ductility.

At 280 �C (Fig. 4), a decrease in tensile strength and an increase
in ductility were noted relative to those observed at room tem-
perature. The total strain for the rolled specimens was in the range
of 0.15e0.30%, as compared to 0.35e1.77% for the forged specimens
which also showed a slight decrease in the UTS. The variation could
be due to the testing temperature being close to the DBTT for
tungsten.

A substantial increase in ductility was observed at 480 �C
(Fig. 5). One of the forged and polished specimens showed a total
strain of over 25%. However, a second specimen of the same sort

Fig. 1. (a) Room and (b) High temperature test specimens (dimensions in mm).

Fig. 2. Microscopic examination of the polished forged and rolled specimens before testing (a) HFP (b)RLP (c) RTP (d) HLP.
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tested under the same conditions exhibited less ductility, indicating
a variation in the quality of the specimens used. Fractographic
studies (Fig. 6) showed cleavage fracture to a larger extent in the
specimen with lower ductility.

Fig. 7 shows a comparison of the stressestrain curves for the
polished specimens oriented in the rolling direction and the pol-
ished forged specimens, at three temperatures. At room tempera-
ture, the rolled specimen has a higher UTS value, but it is the other
way around at 280 �C. However, the most noticeable difference is

the total strain associated with forged tungsten.
The scatter in the results may be explained by the uneven sur-

face for both the polished and unpolished specimens. A rough
surface has a lot of stress concentration points where cracks can be
initiated. Density variations in forged specimens could also
contribute to the scatter in experimental data. For the rolled as well
as forged material, Young's modulus data obtained from tensile
tests were in the range 316e401 GPa. The effect of temperaturewas
not significant in the range 25�e480 �C, but the forgedmaterial was

Fig. 3. Tensile data for rolled and forged specimens at 25 �C.

Fig. 4. Tensile data for rolled and forged tungsten at 280 �C.

Fig. 5. Tensile data for rolled and forged tungsten at 480 �C.
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generally associated with a relatively lower stiffness. The UTS
values obtained at different temperatures are shown in Table 2.

4.2. Stress-controlled fatigue experiments

In the present study, fatigue data were obtained from a total of
12 different sets of stress-controlled experiments. More than 20
specimens were tested in some of the sets, while only a few were
tested in others. While the minimum number of specimens
required for different types of tests are specified by ASTM E739-10
[36], the number of specimens used in this work and the replication

rates for the different sets of experiments are given in Table 3.
The results for sets with less than six specimens are considered

to be not statistically reliable and are not discussed further. The
percent replication rate is good for most of the other sets except for
FU at 280 �C, as well as RLU at 480 �C. However, the results give a
good indication of fatigue behavior under these conditions. Table 4
presents a summary of the endurance limits obtained in this study.
W€ohler diagrams corresponding to data obtained at the ambient
and elevated temperatures are presented in Figs. 8 and 9.

At room temperature, there is a large variation in fatigue data for
RLU. These specimens were associated with the highest runout

Fig. 6. Fracture surfaces of forged and polished tungsten specimens which failed at 480 �C. (a) & (b) correspond to FP1 and FP2 in Fig. 5.

Fig. 7. Tensile data for polished rolled and forged tungsten at 25� , 280� , and 480 �C.

Table 2
Summary of UTS values obtained at different temperatures.

Mean ultimate tensile strength [MPa]

25 �C 280 �C 480 �C

U P U P U P

R L 503 (397e571) 673 (640e705) 588 (495e681) 593 (571e615) 447 450
T 458 (456e459) 633 522 475 481

F 519 (498e540) 500 (493e507) 507 (472e542) 540 (537e542) 550 525 (363e537)

Table 3
Minimum number of specimens and replication rates in this study.

25 �C 280 �C 480 �C

RLU RLP FU FP RTP RTU RLP RLU FP FU RLU FP

No. of different stress levels 13 7 5 5 3 3 6 2 7 11 6 6
No. of tested specimens 22 16 12 12 3 3 9 2 9 12 6 9
Replication rate [%] 41 56 58 58 0 0 33 0 22 8 0 33
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stress (337.5 MPa), as well as one of the lowest endurance limits
(150 MPa). The scatter for the polished counterpart was relatively
less and about half of the tested specimens failed at stress ampli-
tudes between 237.5 and 312.5 MPa. Data for FU were lower rela-
tive to the RLP specimens, but more consistent. The 50% failure
range for these specimens was within 25 MPa, as compared to
75 MPa for the RLP specimens. Somewhat unexpectedly, the
endurance limit for FP (125.6 MPa) was the lowest, even lower than
that of FU (175 MPa). This could be due to the fact that some of the
FP test pieces fractured in the shoulder region having a radius of
curvature, suggesting the presence of weak spots which originated

probably during machining or electropolishing of the specimens.
At 280 �C the behavior of RLP and FU specimens were quite

similar and the endurance limits were determined to be 252.5 and
242.5 MPa respectively. At this temperature, the specimens
generally performed the best and the experimental data showed
limited scatter. At 480 �C, the endurance limit for FP (175 MPa) was
observed to be 50 MPa higher than at room temperature.

It is quite difficult to predict the fatigue behavior of a material, if
tests at a given stress amplitude can result in both immediate
failure and runout. For example, such datawere obtained for the FU
specimens at 300 MPa and is typical even for the other types of test

Table 4
Endurance limits and maximum stress amplitudes at runout for rolled and forged tungsten specimens at different temperatures.

Stress amplitudes [MPa]

Sample Endurance limit No. of tests Highest runouta

25 �C R T U 150.0 3 150.0
P 137.5 3 137.0

L U 150.0 22 337.5
P 237.5 16 300.0

F U 175.0 9 200.0
P 125.6 12 170.6

280 �C R L U 300.0 2 300.0
P 252.5 12 290.0

F U 242.5 12 300.0
P 212.5 9 250.0

480 �C R L U 150.0 6 150.0
F P 175.0 9 187.5

a Corresponds to 2 � 106 cycles.

Fig. 8. W€ohler diagram for rolled and forged tungsten at 25 �C.

Fig. 9. W€ohler diagram for rolled and forged tungsten at 280� and 480 �C.
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pieces. Instantaneous failures can be due to defective specimens
with cracks on the surface or inside. This highlights the importance
of proper surface treatment and good quality control. With brittle
materials like tungsten, a certain amount of defects and scatter is
inevitable. However, this should be kept to a minimum with the
right manufacturing methods. A good example of the effect of
polishing is seen in the case of rolled specimens at room temper-
ature. The difference in the endurance limit between the polished
and unpolished specimens is almost 90 MPa.

4.3. Strain-controlled fatigue experiments

Strain-controlled fatigue tests were performed in order to un-
derstand the cyclic hardening behavior of pure tungsten. Assuming
RambergeOsgood material behavior [34], the cyclic stressestrain
curve is expressed as:

εa ¼ ðsa=EÞ þ ðsa=K 0Þ1=n0

where εa is the strain amplitude, K 0 is the cyclic strength coefficient
and n0 is the cyclic strain hardening exponent. Themethod has been
described in the introduction section.

Both rolled and forged tungsten exhibited virtually no plasticity
at room temperature and it was not possible to evaluate the cyclic
behavior from the data obtained. The specimen used at 280 �C was
of RLU type. The initial strain level was set to 0.1% and increased in
step of 0.1% when saturation was reached. Failure occurred after 22
cycles at the 4th level. From the stabilized hysteresis loop, the cyclic
strength coefficient and the strain hardening exponent were
determined as 1297 MPa and 0.108, respectively. A comparison
between a monotonic tensile test of the same type of specimen and
the stress levels of the hysteresis loop shows that the material
undergoes marginal cyclic hardening. A forged and polished
tungsten specimen showed a similar behavior at 480 �C. The strain
levels used in this experiment were 0.42%, 0.58% and 0.75%. At the
last level, the specimen only survived 9 cycles. The strength coef-
ficient and the strain hardening exponent for this sample were
calculated to be 771 MPa and 0.09 respectively. Fig. 10 shows a
comparison of hysteresis data from the strain-controlled fatigue
test and a monotonic tensile test at 480 �C.

4.4. Fractography

Fracture surfaces of 18 rolled as well as forged tungsten speci-
mens in the polished as well as unpolished condition were studied
in the scanning electron microscope after fatigue testing at various

loads and temperatures. Fig. 11 presents fractographs for the rolled
specimens. All these specimens failed in a brittle manner, more so
at room temperature and show the characteristic chevron pattern
with beach mark ridges.

The difference in fracture behavior between specimens oriented
in the rolling and transverse directions is shown in Fig. 11(a) and
(b). The test specimen oriented in the transverse direction shows a
more brittle fracture with virtually no plasticity. Crack propagation
is relatively easier in this specimen where cleavage fracture dom-
inates. From Fig. 11(c), it is seen that the RLU specimen is associated
with more ductility and some contribution from intergranular
fracture. Fig. 11(d) shows that transgranular fracture dominates
even at 280 �C, but displays some ductile areas and intergranular
fracture. A feather pattern on a grain of tungsten is also clearly seen
in this image.

The fracture surfaces of forged (unpolished) tungsten specimens
which failed at 25� and 280 �C are shown in Fig. 12. Both the test
pieces showed a number of pores, but exhibited different modes of
brittle fracture. The grain sizes in the two specimens were observed
to be dissimilar, with the high temperature specimen having
smaller grains (~30 mm in diameter). It is interesting to see that
some of the grains are completely detached, resembling loose
gravel. This indicates a problem during sintering and the specimen
failed soon after loading and did not show any sign of fatigue.

Fig. 13(a) and (b) show a comparison of the fracture surfaces of
forged, unpolished samples at 25� and 480 �C. Both transgranular
and intergranular fracture are observed in both cases, the former
dominates at 25 �C. At the higher temperature, the fracture surface
is characterized by a relatively smoother surface and deformation
of the grains.

Fig. 13(c) and (d) compare the fracture surfaces of forged and
rolled samples at 480 �C. The elongated grains are clearly seen in
the rolled specimen and the fracture surface is showing a lot of
deformation. Transgranular fracture can be clearly seen on the
forged specimen surface, while delamination is observed in the
rolled specimen. However, areas showing ductility and cleavage
fracture can be seen in the case of the forged material.

5. Conclusions

Fatigue and tensile properties of forged and rolled tungsten have
been studied at ambient and elevated temperatures. There is awide
scatter in data primarily due to the brittle nature of tungsten, but is
also affected by the surface condition, volume fraction porosity,
grain orientation, manufacturing method and specimen

Fig. 10. Comparison between a strain controlled fatigue test and a monotonic tensile test of forged polished tungsten at 480 �C.
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Fig. 11. Fracture surfaces of rolled specimens which failed after fatigue testing at different stress amplitudes and temperatures (a) RLP (25 �C, 175 MPa, 120841 cycles), (b) RTP
(25 �C, 163 MPa, 136219 cycles), (c) RLU (25 �C, 200 MPa, 448951 cycles), (d) RLP (280 �C, 302.5 MPa, 25 cycles).

Fig. 12. Fracture surfaces of forged specimens after fatigue testing (a) FU 25 �C, 200 MPa, 473984 cycles; (b) FU 280 �C, 312.5 MPa, 545 cycles.

Fig. 13. Fracture surfaces of forged specimens at different temperatures and a rolled specimen which failed at 480 �C. (a) FP 25 �C, 156 MPa, 286335 cycles; (b) FP 280 �C, 220 MPa,
226 cycles; (c) FP 480 �C, 187.5 MPa, 1675 cycles; (d)RLU 480 �C, 250 MPa, 22392 cycles.
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preparation. All the specimens showed brittle behavior at room
temperature, with very little or no ductility. At 280 �C, most of the
specimens were observed to be in the ductile regime, with
improved fatigue properties. The rolled specimens showed rela-
tively higher fatigue limits (237.5 MPa at 25 �C and 252.5 MPa at
280 �C for RLP specimens), higher density and slightly higher
average hardness compared to the forged samples. In general, the
specimens showed more ductility at 480 �C, with the strain
controlled tests showing a marginal cyclic hardening effect.

In this work, UTS values obtained at room temperature varied
from 397 to 705 MPa. Much higher UTS values of 793e1630 MPa
have been reported by Foster and Stein [3]. In the same study, a
fatigue limit of 772MPawas determined from bending tests of very
small samples (0.5 mm thick) at complete stress reversal. A 20%
elongation was reported by Wronski and Chilton [6] for poly-
crystalline cast tungsten at 420 �C while Zhang et al. [15] reported a
value of 1.5% at room temperature for specimens oriented in the
rolling direction, as compared to values of 0.11e0.21% from this
work.

In the present study, strain levels determined at 480 �C were in
the range 1e17.6% for rolled specimens and 0.2e25% for the forged
ones. These results are not easily compared with previous data due
to differences in specimen size, sample preparation, production
routes, and testing methods. The scarcity of fatigue data on pure
tungsten is another issue. In the most relevant study to date,
Schmunk et al. [11] conducted tensile and low-cycle fatigue tests on
cross-rolled tungsten at room temperature and 815 �C. The fatigue
experiments at the elevated temperature were run in fully reversed
strain control. The room temperature specimens were run in load
control at 1 Hz due to their brittleness. Two tests were terminated
after 500.000 cycles without failure, corresponding to the stress
ranges ±206.8 and ± 275.7 MPa respectively. It may be noted that
fatigue loading in the present study was in the tensile regime and
the tests were terminated without failure only after 2 � 106 cycles.

Even low levels of radiation damage can increase the DBTT for
tungsten to >400 �C [35]. At 0.1 dpa, failure of tungsten in the
brittle regime has been reported at 500 �C [36]. Data on the brittle
behavior of unirradiated tungsten at low temperatures obtained in
this study is therefore useful to the design of the ESS target wheel.
However, muchmorework needs to be done in order to understand
the behavior of tungsten during the operation of the target. Testing
of irradiated samples is essential in this regard. In addition, at-
tempts should be made to improve the quality of tungsten speci-
mens and the test procedures to minimize the spread in
experimental data.
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a b s t r a c t

Fatigue failure is a distinct possibility in spallation targets like tungsten, subjected to cyclic thermo-
mechanical loading caused by beam trips and beam pulses. In this study, the tensile and fatigue prop-
erties of pure tungsten from two different processing routes have been determined at room temperature.
The specimens tested were sintered, rolled and annealed (RA), as well as sintered and HIPed tungsten
(SH).

Tensile tests showed low total strain (~0.25%) and negligible plastic strain for both specimens. How-
ever, the UTS for rolled specimens (~1 GPa) was much higher relative to the HIPed material (567 MPa).

As tungsten is very brittle, fatigue testing was done primarily under stress-control, using the staircase
method and a near zero stress ratio. For the rolled and HIPed materials, fatigue limits (no specimen
failure up to 2,106 load cycles) were determined to be 350 MPa and 180 MPa, respectively. In addition,
results from strain-controlled multiple-step testing (strain ratio ~0) indicated a slight relaxation in stress
for the HIPed material while the rolled specimens showed a purely elastic response.

The implication of fatigue test results for spallation target design is discussed.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The European Spallation Source (ESS) facility is currently under
construction in Lund and scheduled to deliver its first neutrons by
2019. The neutrons are produced through a spallation process
where the target material is subjected to a high energy and high
power, pulsed proton beam. The pulse frequency is 14 Hz with a
duration of 2.86 ms. The energy and power levels are 2 GeV and
5 MW, respectively, and each pulse deposits 357 kJ in the target.
The target is designed as a 36-sector wheel, rotating in sync with
the beam pulse. Each sector consists of 8� 3� 1 cm3 sized blocks of
tungsten, separated by helium cooling channels.

The choice of pure tungsten as the spallation material offers a
large total neutron yield due to its high atomic weight and density.
Other attractive properties of tungsten are the high melting point
(~3400 �C) and good thermal conductivity. However, the brittle
nature of tungsten and a ductile-to-brittle transition temperature
(DBTT) that is well above room temperature puts the structural

integrity of the target at risk.
Cyclic thermo-mechanical loading caused by beam trips and

beam pulses can drive the temperatures in the tungsten blocks
momentarily up to a maximum of 500 �C. Stresses due to beam
pulse induced temperature changes are calculated to be in the
range of 44e110 MPa, giving a maximum stress amplitude of
33 MPa [1]. The loss of structural integrity due to thermal cycling
may lead to a non-optimal cooling flow configuration, which would
create a hot spot in the target. An increase of the temperature in the
tungsten will lead to a higher rate of diffusion driven release of
radioactive isotopes.

Any dust produced during vibrations of the target wheel will be
filtered and will not lead to a cooling channel blockage. Further-
more, experiments dedicated to assessing the dust production rate,
using a vibrating test stand with tungsten blocks in steel cassettes,
show that the dust collected after the experiment only contains
steel from the cassettes [2].

The lifetime of the target is estimated to be about 5 years, which
corresponds to approximately 4,107 pulses and 2,106 beam trips
per each target segment [3]. The fatigue life of tungsten strongly
depends on the quality of the material, as well as the processing
and surface conditions. A good understanding of the effect of these
factors on the fatigue properties of pure tungsten is therefore
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essential while designing the target.

1.1. Previous studies

An extensive review of the available literature on fatigue in
tungstenwas made in conjunctionwith a recently published article
on the fatigue properties of pure tungsten at different temperatures
[4]. It shows that there are very few studies on stress-controlled
fatigue testing of pure tungsten. Many papers focus on the me-
chanical properties of tungsten [5e8], some on the effects of
alloying additions [9,10], and others on the causes of the DBTT shift
[11e13]. The only other study on the fatigue properties of tungsten
was published in 1981. Schmunk and Korth [14] used cross-rolled
tungsten in both as-received and recrystallized condition to test
the tensile and low-cycle fatigue properties at room temperature
and at 815 �C. Data for the recrystallized tungsten showed a rela-
tively lower fatigue limit at both temperatures. The room temper-
ature tests had to be carried out under load control, due to
negligible plasticity. The high temperature tests could however be
performed under strain control.

The room temperature tests in Habainy et al. [4] showed that the
fatigue limits of tungsten in the rolled condition were higher
(however with large scatter) than those for the forged specimens.
The orientation of the rolled specimens was shown to be significant
and the fatigue limit corresponding to 2,106 cycles was observed to
be ~237MPa in the rolling direction as compared to ~137MPa in the
transverse direction. The forged specimens had a minimum fatigue
limit of ~125 MPa.

Gludovatz et al. [15] showed that size and shape of the grains, as
well as the degree of deformation and dislocation density, have a
greater impact on the fracture behavior of tungsten, than grain
boundary impurities. HIPed material in their study had a higher
grain boundary dislocation density due to the elongated grain
structure, which seems to have outweighed the negative effect on
fracture toughness caused by the grain boundary impurities found
in the sintered material.

2. Materials and methods

In the present study, tungsten specimens in the sintered, rolled
and annealed (RA) as well as sintered and HIPed (SH) conditions
have been used. The RA specimens were oriented along the rolling
direction. All the specimens were supplied by PLANSEE Metall
GmbH, Austria.

The DBTT for tungsten is relatively high, reportedly starting
from 250� for hot rolled tungsten and about 350 �C for hot forged
[16]. Gorynin et al. [17] have reported that the irradiation of
tungsten to a damage level around 0.1 dpa pushes the DBTT to
above 500 �C, which is close to the operating temperature of the
ESS target. Damage levels in the target are estimated to reach 2 dpa
per year, meaning that a newly commissioned targetwould become
brittle already after a month of operation. It was therefore decided
to carry out fatigue testing in this work at room temperature, in the
brittle regime of tungsten.

The specimens used in this study are tested in the as-received
condition. The impurity content is shown in Table 1. The spec-
imen geometry, which is the same for both tensile and fatigue tests,
is shown in Fig. 1. According to specifications from the supplier the
surface roughness in the gauge section is below 1.6 mm. Prior to
testing, each specimen was examined using an optical microscope.
All surface defects and their positions, including machining stripes
and marks from damage during handling, were noted. The micro-
structure was examined after a polishing procedure followed by
etching with Murakami's reagent, in accordance with ASTM E407
[18]. The average grain size of the material was measured using the

intercept method described in ASTM E112-13 [19]. Lines of equal
length are randomly drawn over the micrograph, and the average
number of grain boundary intercepts gives an estimation of the
grain size.

2.1. Tensile and fatigue testing

The tensile and fatigue tests were carried out in a MTS servo-
hydraulic load frame with a maximum capacity of 250 kN, using
an Instron 8500 control system. The tensile tests were carried out in
accordance with the ASTM E8M standard [20] for testing metallic
materials. According to ASTM E8M, for materials with an expected
elongation of less than 5%, the strain rate should be set at
0.015 ± 0.006 mm/mm/min. Taking into account the gauge length
of the specimen, an elongation rate of 0.6 mm/min has been used in
this study.

Due to the brittleness and lowplasticity exhibited by tungsten at
room temperature, fatigue testing was carried out primarily under
stress-control. In these tests only tensile stresses were applied
(Smin ¼ 5 MPa, for all tests). This provides a more conservative es-
timate of the fatigue limit, as cracks generally do not propagate
during compressive loading. However, crack growth can still occur
during loading in compression if residual tensile stresses are pre-
sent [21].

Since the brittle nature of the specimens eliminates any signif-
icant difference in true vs. engineering stress-strain, all tensile and
fatigue data in this paper are presented in the latter form.

At ESS the frequency of the pulsed beam will be 14 Hz. As the
target is rotating, and is divided into 36 sectors, the resulting
thermo-mechanical load on each section will occur at a 14/
36 ¼ 0.39 Hz. Running a test of 2,106 cycles would require more
than 1400 h, in order to reduce the time a higher frequency of 25 Hz
was chosen for all the stress-controlled fatigue tests in this work.

Table 1
Impurity elements in tungsten.a

Element Typical max. value [ppm] Guaranteed max. value [ppm]

Al 1 15
Cr 3 20
Cu 1 10
Fe 8 30
K 1 10
Mo 12 100
Ni 2 20
Si 1 20
C 6 30
H 0 5
N 1 5
O 2 20
Cd 1 5
Hg 0 1
Pb 1 5

a PLANSEE Metall GmbH, Austria.

Fig. 1. Specimen geometry.
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The staircase method (also known as the up-and-downmethod)
[22] was chosen for determining the fatigue limit and its statistical
variations. Specimens surviving 2,106 cycles without failure were
considered runouts. This limit corresponds to the estimated num-
ber of beam trips during the suggested lifetime of the target. The
staircase method uses a simple procedure in which a specimen is
tested at a given starting stress until failure or runout. If the spec-
imen fails at a given stress amplitude the stress level for the next
specimen is decreased. If there is a run out (2,106 cycles) the stress
level is instead increased [23]. The results from the staircase testing
are analyzed using the maximum likelihood estimation (MLE),
assuming a normal distribution of the threshold stress. It is
generally agreed that MLE provides a good estimate of the mean
fatigue limit. It was previously thought that the staircase method
required a large sample size (40e50 specimens or more). However,
Brownlee et al. [24] have shown that the method is fairly reliable
for sample sizes as small as 5 to10, and this is widely recognized in
literature. According to common practice, the initial stress level
should be set at 35e50% of the UTS [25].

The deformation response of tungsten in the low cycle fatigue
(LCF) regime was studied by strain-controlled testing using the
multiple-step method. Each step included 50 cycles with a fully
reversed or a negative strain ratio. In view of the limited number of
specimens available for fatigue testing, this method was useful for
getting data over a range of strains. The multiple-step method is
schematically shown in Fig. 2. LCF testing was done at a constant
frequency of 1 Hz and a maximum of 104 cycles (2,104 reversals).
The cyclic variation in strain followed a saw-tooth waveform, which
was generated using Instron Waverunner software.

3. Results and discussion

3.1. Surface condition

The surface condition of both types of tungsten was observed to
be reasonably good, with only a few shallow machining stripes or
other surface defects being visible. SH materials were noted to be
generally more porous, making it difficult to get a very smooth
surface on these specimens. Typical surfaces in the gauge section of
SH and RA tungsten specimens are shown in Fig. 3.

3.1.1. Pore morphology
The distribution of pores in a material subjected to mechanical

loading is important since pore clusters (near or at the surface) can
act as stress concentration sites for the initiation of fatigue cracks.
Pores would also lower the effective load-bearing area resulting in a
lower tensile strength. The shape of the pores is also an important
factor which affects fatigue life - an irregular shape is more

detrimental than a perfectly round shape.
The pore shape can be characterized using a form factor fshape

[26,27] which is defined as:

fshape ¼ 4pA=P2 (1)

where ‘A’ and ‘P’ represent the area and perimeter of the pore. A
value of unity for the form factor corresponds to a completely
rounded pore. Using the image processing software ImageJ to
analyze the micrographs, the variation of shape factor with pore
size was studied. Fig. 4 shows the relationship for the SH specimen,
with about 4.3% porosity. As seen in the figure, smaller pores tend
to be spherical, large pores are irregular probably due to a combi-
nation of several smaller pores. Only pores larger than 0.7 mm2were
quantified in order to avoid bias resulting from resolution where
very small pores are only a few pixels in size. At the resolution used
here, 1 mm corresponds to approximately 9e10 pixels.

3.2. Microstructure

Fig. 5a shows the microstructure of a SH tungsten specimen. It is
seen that the pores (the black dots in the image) are uniformly
distributed in themicrostructure. Fig. 14 in the fractography section
of this paper also illustrates the pore distribution in the SHmaterial.
The variation in grain size is shown in Fig. 5b. The size is in the
range 10e85 mm, with an average around 30 mm.

The RA specimen has very large, thin and interlocking grains,
some as long as 1000 mm. These grains are clearly visible to the
naked eye after polishing and etching. The surface image shown in
Fig. 6awas obtained after etching with Murakami's reagent for over
200s and reveals details within the large grains which indicate a
subgrain structure. Fig. 6b shows the effect of rolling using a tri-
planar micrograph. The top view of this micrograph shows the
rolling plane. In the literature, subgrain structure of rolled tungsten
has been observed by Gludovatz et al. [28], Briant et al. [29], as well
as Rieth et al. [30].

3.3. Density

The densities of four SH and four RA specimens were deter-
mined using the Archimedes Buoyancy method. The average
porosity was estimated by comparing the results to the reported
density of pure tungsten at 20 �C, which is 19.3 g/cm3 [31]. The
average density and porosity of SH and RA tungsten are presented
in Table 2. As expected, RA tungsten is significantly denser than SH,
and the value for the SH specimen is in good agreement with the
reported porosity of 4% for HIPed tungsten [15]. A minimum den-
sity of 19.0 g/cm3 has been specified for the tungsten bricks in the
spallation target. This would correspond to a maximum porosity of
1.55%.

3.4. Hardness

Microhardness measurements were performed using a load of
400 g and a dwell time of 15s. The results showed that the RA
tungsten specimens were relatively harder, with an average Vickers
hardness number of 508 VHN. The corresponding value for the SH
specimens was determined to be 389 VHN. However, it may be
noted that the pores are fine and well distributed in SH specimens,
which makes it difficult to obtain indentations not affected by the
pores.Fig. 2. Multiple-step strain-controlled fatigue testing.
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3.5. Tensile tests

Engineering stress-strain diagrams corresponding to the
monotonic tensile response shown by two SH and one RA speci-
mens are presented in Fig. 7. The experimental data are summa-
rized in Table 3. It is seen that both types of specimens display
negligible plasticity. The average ultimate tensile strength of the SH
specimens is around 40% lower relative to the RA specimen. The SH
specimens also display lower Young's modulus values, which can
be explained by the higher porosity of the materials [32].

3.6. Stress-controlled fatigue testing

Fatigue data from constant stress amplitude tests are usually
presented in a W€ohler plot where the stress amplitude Sa, for fully
reversed loading, is plotted against the number of cycles to failure
(Nf). In this work, all the tests have been carried out in the tensile
regime with the minimum stress at 5 MPa.

The first SH fatigue specimen, SH4, was tested at an initial stress

Fig. 3. Images of typical specimen surfaces (SH: sintered and HIPed, RA: sintered, rolled, and annealed).

Fig. 4. Pore shape vs pore size in the SH specimens.

Fig. 5. a) Microstructure and b) grain size distribution in the SH specimen.

Fig. 6. Optical image of the RA specimen a) surface perpendicular to the rolling direction, b) Triplanar micrograph, showing the rolling plane.
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amplitude of 180 MPa and resulted in a runout. The stress ampli-
tude was then ramped up in several steps until the specimen failed
at 250 MPa. This was done in order to determine the fatigue
strength using the least number of specimens. A similar approach
was adopted for RA specimens. Data for the runout specimen SH4
at 180 MPa were used in staircase testing between the data for
specimens SH9 and SH10. The last fatigue specimen, SH19, was
used to get an additional data point in the higher stress regime. A
few of the RA runouts were tested again at higher stress ampli-
tudes. These results are not included in the staircase testing and the
data is not used for determining the fatigue limit. The results serve
only as an indication of the fatigue behavior at higher stresses. Fig. 8
shows S-N data for SH as well as RA specimens. The data from
staircase testing are summarized in Table 4.

The Basquin equation [33] for the high cycle, low strain regime
can be expressed as:

Sa ¼ Stress Amplitude ¼ DS=2 ¼ S
0
f

�
2Nf

�b
(2)

where S
0
f and ‘b’ are the fatigue strength coefficient and exponent,

respectively. 2Nf corresponds to the number of stress cycles to
failure. This equation can bemodified to take into account the effect
of mean stress (sm) and is written as:

Sa ¼
�
S
0
f � Sm

� �
2Nf

�b
(3)

Regression analysis of fatigue data for the SH specimens led to
the relationship,

Sa ¼ 376:94�
�
2Nf

��0:0501
(4)

A similar relationship could not be derived for the RA specimens
due to negligible plasticity and the relatively large experimental
scatter involved. However, a one-sided confidence band could be
calculated for the fatigue limit. Table 5 presents the mean fatigue
limit and standard deviation for SH and RA specimens. Although
the single specimen approach was effective in determining the
initial stress-level for staircase testing, it should be preferably
avoided. Specimen RA5 was initially tested at a stress-level corre-
sponding to the fatigue ratio from previous results [4] and subse-
quently stepped up in relatively small increments until failure.

The replication rate of fatigue data is 62.50% for SH and 55.55%
for RA. According to ASTM guidelines [25], SH specimens fall within
the range of allowable data for design, whereas RA specimens are in
the research and development regime.

Several specimens from the RA population were rejected due to
failure at the grips. This problem had been previously observed for
highly brittle, rolled tungsten specimens when using serrated
wedge grips. In this study, it was found that the orientation of the
specimen during mounting played a critical role; when gripped in
the plane perpendicular to the rolling direction, the indentation
from the wedge grips initiated cracks which propagated along the
grain boundaries. In some cases, such a crackwould travel along the
entire grip surface, causing delamination. This issue was not as
pronounced when the specimen was gripped in the same plane as
the rolling direction. However, a number of specimens still failed
and had to be rejected. In an attempt to avoid this problem, an
aluminum sleeve was placed on the specimen head for protection
from indentations. Unfortunately, this caused the specimens to
glide in the sleeve at higher stresses. All the RA specimens showed
grip damage to varying extents. An example of this is presented in
the figures below (Fig. 9aec). The SH material did not show any
damage from such indentations, and no SH specimen was rejected.
Additionally, there were no obvious signs of failure originating
directly from the machining marks observed in the optical micro-
scope prior to testing.

3.7. Strain-controlled fatigue experiments

In fully reversed straining at ±0.15% and a strain rate of 10�3 s�1,
the SH specimen showed rapid initial hardening for the first 20
cycles, as can be seen in Fig. 10 below. This was followed by a short

Fig. 7. Tensile testing of SH and RA specimens at room temperature.

Table 3
Tensile test data at room temperature.

Property SH1 SH2 RA2

Young's Modulus [GPa] 323 332 393
UTS [MPa] 560 573 998
Porosity [%] 4.21 4.37 0.92

Fig. 8. S-N diagram for SH and RA specimens.

Table 2
Average density at 20 �C.

Specimen Density [g/cm3] Porosity [%]

SH 18.475 4.28
RA 19.208 0.48
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period of saturation and even marginal softening. After this, the
specimen hardened gradually until failure after 90 cycles. Fig. 11
shows the stress response of the SH specimen during the first cy-
cle in comparison with a cycle at saturation. The strength in ten-
sion, 400 MPa, during the first cycle is significantly lower than in
compression, 490 MPa.

Since the RA specimens show very little plasticity, any strain
controlled cyclic testing would result in a purely elastic response.
The stress-strain response for cycle 1 and cycle 50, in the first step
of multi-step testing of specimen RA17, show no significant differ-
ences. The completely elastic behavior can be seen in Fig. 12. The
strain-controlled multiple-step test of specimen RA17, Fig. 13,
shows a purely elastic response for all the steps until failure in step
4. Furthermore, the material is cyclically stable in each step and the
observed changes in the stress range were negligible.

3.8. Fractography

The fracture surfaces of tungsten specimens were examined
using a Scanning Electron Microscope (Philips XL 30 ESEM). It was
observed that, in general, the SH specimens fractured

predominantly in an intergranular manner. Larger grains showed a
higher frequency of cleavage fracture, while smaller grains tended
to remain intact.

SH specimens are associated with a porosity of about 4.3% and
are likely to contain microcracks initiated at pores and inclusions.
Catastrophic failure occurs due to the growth and coalescence of
such microcracks [34] and as such, SH specimens should have a
lower fatigue limit relative to RA specimens. The RA specimens
tested in this work exhibited low ductility and anisotropic behavior.

Table 4
Summary of staircase test data for SH and RA specimens.

Specimen Sa [MPa] Smax [MPa] Nf

(Cycles)
Specimen Sa [MPa] Smax [MPa] Nf

(Cycles)

SH4 180 365 Runout RA5 325 655 Runout
SH5 230 465 2013 RA7 350 705 Runout
SH6 220 445 112514 RA9 375 755 18
SH7 210 425 170053 RA10 350 705 Runout
SH8 200 405 85874 RA11 375 755 Runout
SH9 190 385 108398 RA15 400 805 44
SH10 190 385 Runout RA16 375 755 78020
SH11 200 405 Runout RA18 350 705 Runout
SH12 210 425 75370 RA20 375 755 Runout
SH13 200 405 Runout
SH14 210 425 310985
SH15 200 405 Runout
SH16 210 425 51097
SH17 200 405 444943
SH18 190 385 104094
SH19 220 445 63725

Table 5
Mean fatigue limit and standard deviation [MPa].

Material S s

SH 185 26.4
RA 371 13.3

Fig. 9. a) A micrograph showing crack propagation in the RA specimen, initiated by grip indentations. Fig. 9b and c) shows large cracks and complete delamination, the arrows
indicate the major rolling direction. Fig. 9d shows an illustration of the serrated wedge grips that are used in the fatigue and tensile tests.

Fig. 10. Hardening of the SH specimen during a strain-controlled fatigue test.
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Typical SEM images of the fracture surfaces of SH and RA specimens
are presented in Figs. 14e18.

All the RA specimens exhibited transcrystalline brittle failure.
This behavior was observed both in the monotonic tensile test and
fatigue samples. The large size of the grains (max. 1000 mm in
length, with an aspect ratio of about 10) suggests that intergranular
failures are unlikely. Further, the grains on the fracture surface do
not show any sign of local deformation (Figs. 16 and 17). The
transcrystalline nature of the failure in RA specimens can be clearly
seen in these images.

The fracture surface shown in Fig. 18 suggests that the elongated
grains contain subgrains and the specimen could fail through
intergranular subgrain fracture.

3.9. Current work and target operating conditions

The stress amplitudes employed in the present work are much
larger than the stress amplitudes induced by the beam pulse and

Fig. 11. Stress-Strain relationship during the initial and later stages of testing.

Fig. 12. The elastic response of specimen RA17 during the 1st and 50th cycle of step 1.

Fig. 13. The variation of stress with cyclic strain. The values at the end of each curve
indicate the strain range at that step.

Fig. 14. Predominantly intergranular fracture in specimen SH14.

Fig. 15. Mixed inter- and transgranular failure in specimen SH2 after a tensile test.

Fig. 16. SEM image of specimen RA10, showing transgranular cleavage.
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correspond better to the beam trips associated with stress ampli-
tudes of about 110 MPa [1]. However, it has been reported in
literature [17,35] that the ultimate tensile strength of an irradiated
tungsten specimen could be as low as 60 MPa. Although the
metallurgical condition of the testedmaterial is not clearly stated in
this paper, the lowUTS value is a cause for concernwhile using pure
tungsten targets. It may be noted that the tungsten target at ISIS
operates at a maximum stress of 202 MPa [36], but is cladded with
tantalum. The HIPing process used for cladding introduces
compressive residual stresses in tantalum which help in holding
the tungsten structure together. It has also been reported that
tantalum retains its ductility up to a high irradiation dose [37].

4. Summary and conclusions

RA tungsten specimens used in this study were characterized by
very large, elongated and flat interlocking grains (max. 1 mm long,
aspect ratio ~10), a high tensile strength (998 MPa), and mean fa-
tigue strength of 371 MPa.

Microstructural examination of the SH specimens showed grain
size variation in the range 10e85 mm, with an average size of
~30 mm. Porosity in the specimens was ~4.3%, with most of the
pores being relatively round (<5 mm2) and evenly distributed in the
material. The average UTS value was 567 MPa, while the mean fa-
tigue strength was determined to be 185 MPa.

Microhardness measurements showed that RA specimens were
much harder (508 VHN) than the SH specimens (389 VHN). Frac-
tographic studies showed that SH tungsten fails in a predominantly
intergranular manner and the monotonic tensile test specimens

were found to have a slightly higher percentage of transgranular
cleavage. On the other hand, RA specimens showed pure trans-
granular cleavage which could be attributed to the long and inter-
locking nature of the grains.

In strain-controlled tests at zero strain ratio, stress relaxation
phenomenon was observed in the case of SH specimens. The
relaxation in mean stress continued until no plastic strain was
observed in a cycle. In fully reversed straining (±0.15%), there was a
rapid initial hardening phase which was followed by a slower and
gradual hardening of the specimen until failure.

Results from this work and literature data on irradiated tungsten
present an important design guideline for the ESS target, which is
to reduce the maximum tensile stress to a low level. The design
requirement set for the tungsten blocks in the ESS target wheel is a
maximum mean stress of 100 MPa, with a maximum stress
amplitude of 50 MPa. The shape and size of the tungsten blocks has
been chosen to meet these requirements. Simulations show that
with the current design of the blocks (8� 3� 1 cm3) the maximum
mean stress will be below 100 MPa.
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a b s t r a c t

This work focuses on the oxidation of tungsten in inert gas atmospheres containing oxygen and moisture.
It is particularly relevant for the European Spallation Source where the tungsten target is cooled by
purified helium gas and the 5MW proton beam can raise the maximum target temperature beyond the
threshold for oxidation. Tungsten discs were oxidized isothermally at 400� to 900 �C for 2 h in pure
helium and helium mixed with oxygen and water vapor, with varying partial pressures up to 500 Pa.
Tungsten was oxidized even with a small amount of oxygen (�5 ppm) present in industrially pure he-
lium. Non-isothermal oxidation of tungsten foils was carried out in water vapor (~100 Pa), in situ in an
environmental scanning electron microscope. On specimens oxidized in inert gas containing water vapor
(2 h, pH2O ~790 Pa), Auger electron spectroscopy studies confirmed the presence of a thin oxide layer
(40 nm) at 400 �C. At 500 �C the oxide layer was 10 times thicker. A dark, thin and adherent oxide layer
was observed below 600 �C. Above this temperature, the growth rate increased substantially and the
oxide layer was greenish, thick and porous. Oxide layers with varying stoichiometry were observed,
ranging from WO3 at the surface to WO2 at the metal-oxide interface. For comparison, oxidation of
tungsten alloys in He-5%O2 was studied. The implications of this work on the design and operation of the
helium loop for cooling the target are discussed.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

This study focuses on the oxidation behavior of alloyed and
unalloyed tungsten at elevated temperatures, in a helium atmo-
sphere containing small amounts of oxygen and moisture present
as impurities. This is of particular interest to the European Spall-
ation Source (ESS) which has chosen to use unalloyed tungsten as
the spallation material. The target is designed as a rotating wheel
carrying tungsten bricks of the size 80� 30� 10mm. The rotation
is synchronized with the 14 Hz pulse of the 2 GeV proton beam. The
duration of each beam pulse is 2.86ms with a 62.5mA beam cur-
rent, providing 5MW time averaged beam power to the target with
a 4% duty factor. The heat generated in tungsten from the beam/
material interaction is cooled by active helium flow, with the

maximum temperature in the target reaching 450 �C. Although
helium is an inert gas, the incidental presence of small amounts of
oxygen and moisture can lead to oxidation and erosion of the
target.

The spallation process produces a large amount of radioactive
isotopes, fast neutrons and highly penetrating gamma radiation [1],
thus making safety issues a top priority. One particularly important
issue is the formation of highly volatile, radioactive tungsten hy-
droxides which can potentially be released into the surroundings
under accidental conditions. Such a major event could be triggered
by overheating of the target, caused for example by an incidentally
over-focused beam [2]. If the higher beam intensity is not corrected
in time, it can cause the target vessel to lose its function of helium
coolant confinement, which would expose the overheated tungsten
to an oxidizing environment, and allow for the release of radioac-
tive isotopes in forms of gas, aerosol and volatiles. A similar inci-
dent can occur in the case of loss of coolant in the target. Since the
decay heat in the tungsten will drive the temperature up, engi-
neering efforts have been made to secure a passive cooling path to
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keep the tungsten below the onset temperature of tungsten oxide
sublimation [3].

1.1. Present work

The main objective of this study is to understand the oxidation
characteristics of unalloyed tungsten in gaseous atmospheres and
temperatures of relevance to ESS, during normal as well as off-
normal operating conditions. The design lifetime of the target
wheel is five years under 5MW beam power. During normal
operation, the tungsten will reach temperatures above 400 �C,
which is close to the temperature at which the rate of oxidation
becomes significant. The helium loop for the target cooling has a
purification system to keep the oxygen and moisture levels low;
however, there is a risk that even a small impurity level of oxygen
and vapor could be enough to oxidize the tungsten. For an efficient
design of the target primary cooling loop, it is important to un-
derstand the oxidation characteristics of tungsten in such gaseous
environments. It is also important to identify the temperature at
which the oxide transitions from the adherent and protective type
to the porous, non-protective one with a significantly higher
growth rate.

Although oxidation of tungsten at high temperatures has been
studied extensively by Gulbransen and co-workers [4e9] and most
recently by Greene and Finfrock [10,11], these studies are restricted
to oxygen and steam-rich atmospheres. There is not much infor-
mation in the literature on the oxidation of tungsten at low oxygen
partial pressures and at relatively low temperatures. Hence, the
present study was taken up to gather oxidation data for unirradi-
ated unalloyed tungsten (400�e900 �C) in inert gas mixtures con-
taining small amounts of oxygen (pO2

: 0.5 Pa to 5.1 kPa) or steam
(pH2O: 100e790 Pa). For purposes of comparison, the oxidation
behavior of a few tungsten alloys has also been studied in this work.

1.2. Literature review

Tungsten is characterized by a high density, extremely high
melting point and good strength at high temperatures. However, a
major drawback is its poor resistance to oxidation which limits the
use of uncoated tungsten as a structural material at elevated tem-
peratures. Tungsten is oxidized even at relatively low temperatures
[12], and the rate of oxidation becomes significant above 600 �C
[13]. At even higher temperatures the oxide becomes volatile. The
oxidation process is relatively complex, owing to the wide range of
oxides formed with varying stoichiometries, and to the volatility of
the oxide. Consequently, the results reported in the literature on
the kinetics, composition and structure of tungsten oxides vary
widely [14].

A phase diagram for the W-O system [15] is presented in Fig. 1.
The diagram shows the presence of stoichiometric oxides (WO2 and
WO3) and a number of non-stoichiometric oxides corresponding to
the formulaWO3-x where 0< x< 1. The composition and stability of
the non-stoichiometric oxides are strongly dependent on the par-
tial pressure of oxygen. Despite the large number of oxides found in
the W-O system, the most commonly encountered ones are WO2,
WO2.72 (W18O49), WO2.9 (W20O58) and WO3 [8,16].

The oxides exhibit colors fromyellow to green to dark blue;WO3
(yellow), W20O58 (WO2.9, dark blue), W18O49 (WO2.72, violet) and
WO2 (chocolate brown). The color changes are related to a loss of
oxygen in the original WO3 structure, generating an additional
valence state and cation to cation charge transfer betweenW6þ and
a reduced ion [17,18].

1.2.1. The different stages of oxidation
The oxidation of tungsten proceeds through several distinct

steps which are governed by different mechanisms. The initial
oxidation is phase boundary controlled, with no diffusional effects
assuming no limitation on oxygen transport in the gas phase.
During the initial stages of oxidation, for thin oxide layers (2e4 nm)
and low temperatures (<400 �C), the oxide growth rate follows the
logarithmic law [19]. At slightly higher temperatures and thicker
oxide layers, the parabolic law governs the oxide growth. A pro-
tective film is formed and the rate is limited by the diffusion of O2�

ions through the oxide scale. At this stage, the oxide layer on
tungsten is often very thin, adherent and protective, thus limiting
further oxidation. Different compositions have been reported for
this layer, such as WO2 [5], WO2.75 [20], and WO2.72 [8,13].

The second stage of oxidation has been observed between 500�

and 700 �C, involving the growth of the dark layer as well as the
formation and growth of a bright yellow oxide layer. The yellow
oxide consists ofWO3which is usually found in the outermost layer
where the oxygen content is the highest. Oxygen ion vacancies play
an important role in the growth of WO3. Sikka and Rosa [21]
confirmed this view with oxidations experiments in which Pt-wire
markers moved from the oxide/metal interface toward the oxide/
gas interface, showing the inward diffusion of oxygen ions through
the oxide. Cifuentes et al. [22] observed that the oxidation was
initially controlled by the formation of a continuous W18O49 layer
which cracked eventually, leading to a higher oxidation rate and
linear kinetics. Thick and columnar WO2.92 formed on the cracked
W18O49 layer, followed by the formation of the yellowWO3 layer on
top.

The next stage of the oxidation process occurs when the WO3
has covered the surface of the thin dark film. Being porous, not
particularly adhesive and having a Pilling-Bedworth ratio of 3.35,
this oxide creates high stresses causing the oxide layer to crack and
thus exposing new surface to the oxygen. The non-protective na-
ture of WO3 results in a linear oxidation rate.

1.2.2. Reaction with steam and oxide sublimation
At higher temperatures, the oxide becomes volatile. The onset

temperature is related to pressure, moisture and oxygen content of
the gas, gas flow rate, and oxide film thickness [7,10,11,23]. The
lowest reported onset temperature for sublimation of tungsten
oxide (in 100% steam) is in the range 700�e800 �C [11]. Numerous
reports suggest that any moisture content in the atmosphere will
enhance the volatility and speed up the oxidation process [24], as

Fig. 1. The W-O system [15].
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well as affect the onset temperature [25]. Greene and Finfrock
[10,11] state that the vaporization of tungsten depends entirely on
the presence of steam or water vapor in contact with hot tungsten.
The tungsten will oxidize in dry air, but the hydration of WO3 to
tungstic acid vapor WO3H2O does not occur. At high temperatures
and low steam content, the oxidation rates will be high and the
sublimation rate will be low. On the other hand, at high steam
contents, the oxidation rate will be suppressed due to lack of free
oxygen molecules, but the abundance of steam will enhance the
hydration reaction and thus also the sublimation. Greene and Fin-
frock conducted experiments at 1000 �C with varying air/steam
ratios. In 100% air no vaporization was detected, while a steam
content of 85% yielded the maximum amount of vaporized oxide.
Analysis of the aerosol produced during these experiments
revealed a stoichiometry of WO2.7, which would indicate that the
volatile hydrate consists of both WO2 and WO3.

Several studies [4,6,24,25] have found the oxide sublimation
rate to be higher than the rate of oxidation somewhere between
1000� and 1300 �C. Above 1300 �C, oxidation follows a linear rate
law and the rate increases exponentially with temperature [26]. At
these temperatures, the oxygen pressure and gas flow have a sig-
nificant effect on the oxidation of tungsten and oxide volatility.
According to a study by Gulbransen and Andrew [4], a specimen
oxidized at 1200 �C at an oxygen pressure of 103 Pa did not show
oxygen pickup, while a specimen at 1000 �C and 104 Pa gained
14.5mg/cm2 in just 10min.

2. Materials and methods

Two types of unalloyed tungsten samples have been used in this
work - tungsten discs (20mm in diameter, 3mm thick, ~18 g in
weight), and tungsten foils (5.5mm in diameter, 26 mm thick,
~10mg in weight). The discs were received in electropolished
condition from Beijing Tian-Long Tungsten and Molybdenum Co.,
and the foils and tungsten alloy discs were fabricated by Plansee
Metall GmbH, Austria. Both types of the unalloyed tungsten were
having aminimum purity of 99.97%W. The alloys had the following
alloying elements: D176e 5% Ni,1% Fe; D185e 2% Ni,1% Fe; IT170e

7% Ni, 2.5% Cu; IT180e3.5% Ni, 1.5% Cu.
Oxidation studies were carried out in different setups, with the

bulk of the work done using a TGA (Thermogravimetric Analysis)
unit, in which the larger tungsten discs were oxidized under
isothermal conditions. A Carbolite STF 15/75/450 vertical furnace
was used for heating the sample disc, which was suspended from
the bottom hook of a Shimadzu AUW120D microbalance. The bal-
ance was placed about a meter above the furnace, with two radi-
ation shields separating them. A Chromalloy O Resistance (Fe75/
Cr20/Al5) wire (0.5mm in diameter) was used to suspend the
sample disc. Mass changes could be measured with an accuracy of
±0.01mg. Initially, the sample disc was placed in the upper furnace
region, close to the water-cooled area and the furnace was flushed
with helium gas (150ml/min) for 30min, at room temperature. The
heliumwas dried before to entering the furnace by passing through
three drying towers containing anhydrous calcium chloride.
Furnace heating was then started, with continuous flushing by the
dry helium gas. The heating period was about 30min, with de-
viations depending on the desired temperature for the experiment
(400�e900 �C). When the temperature, as indicated by a K-type
thermocouple, was stable in the even temperature zone of the
furnace, the sample disc was carefully lowered into this zone. The
purge gas was then replaced with the oxidizing gas mixture. From
this point, the mass change in the sample disc was monitored
continuously, every 10 s, up to a maximum of 2 h. After this time,
the oxidizing gas flow is replaced with the helium gas and the
sample disc is raised up to the cooler regions of the furnace. Then

the sample is removed from the furnace and stored in a desiccator.
The oxidizing gas mixtures used for the tests were He-5%O2, He-

0.5%O2, pure helium (max. O2 impurity: 5 ppm) and He-Ar-H2O
(pH2O: 790 Pa). Pure argon gas, with a flow of 50ml/min, was
bubbled through distilled water at room temperature (25 �C), and
mixed with the dry helium (150ml/min) to get the last-named gas
mixture. The He-O2 gas mixtures were supplied by Aga gas com-
pany, Stockholm.

Oxidation tests on tungsten foils were carried out in a NETZSCH
STA 449 F3 Jupiter Simultaneous Thermal Analysis unit, in which
data from differential scanning calorimetry (DSC) and thermog-
ravimetry could be obtained simultaneously. The samples were first
weighed in the STA at room temperature and the chamber was
closed and evacuated to remove the air. This was followed by
flushingwith pure and dry argon gas, evacuation and flushing again
with argon. This procedure was repeated at least three times to
ensure the complete removal of air from the sample chamber. Pure
argon gas (pO2

� 5 ppm) was used as the use of helium was asso-
ciated with drift in the mass change data. The flow of gas in the
specimen chamber was 70ml/min. The foil sample, placed in an
alumina crucible, was heated at 5 �C/min to the desired experi-
mental temperature and held at that temperature for 2 h, before
cooling to room temperature. After stabilization for 15min at the
desired temperature, the inert gas was partially replaced by pure
and dry oxygen to start the oxidation experiment. After the holding
time of 2 h, the oxygen supply was cut off and 100% argon flow was
resumed and the sample was cooled to room temperature. A
correction file from a blank experiment was used to subtract the
background noise from the actual results.

Another technique used to characterize the oxidation behavior
of tungsten was the in-situ experiment carried out in a hot stage
mounted inside an Environmental Scanning Electron Microscope
(ESEM). A tungsten foil specimen was heated in a low-pressure
environment consisting of only water vapor at a pressure of 100 Pa.

2.1. Post oxidation studies

After the oxidation experiments, sample surfaces were studied
using Scanning ElectronMicroscopy (SEM, Philips XL-30 ESEM) and
light optical microscopy (LOM). The surface oxides were charac-
terized by X-ray diffraction (XRD) using a vertical Stoe Stadi X-ray
apparatus with germanium monochromator, copper tube and
linear PSD as the detector in reflective mode. The composition of
the oxide scale was studied using Energy-dispersive X-ray spec-
troscopy (EDS), and Auger Electron Spectroscopy (AES) was used to
determine the oxide scale thickness and the elemental distribution
in it. For this purpose, a PHI 700 Scanning Auger Nanoprobe with
4 kV Arþ ion sputtering with a sputter rate of 55 nm/min was used.
The sputter rate was determined using a Ta2O5 reference standard,
under the same sputtering conditions.

3. Results and discussion

3.1. TGA studies (disc specimens e 20mm in diameter, 3mm thick)

Fig. 3 presents the increase in mass of the tungsten specimen
during oxidation in a stream of dry He-0.5%O2 gasmixture. Nomass
change is indicated after 2 h at 400 �C, followed by a marginal in-
crease at 500 �C. As the temperature increases, tungsten oxidizes
more and more to reach almost 18mg/cm2 at 900 �C. The appear-
ance of four of the oxidized specimens is shown in Fig. 2. The oxide
layer formed at 522 �C is thin and adherent, at 618 �C it relatively
unchanged, but appears to be covered in a very thin layer of the
porous type of oxide. At 716 �C the oxidation rate and the thickness
of the greenish porous oxide has increased significantly, and at
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811 �C the specimen is fully covered by a thick green layer. Themass
change curve for the specimen at 811 �C indicates changes in the
growth rate during the oxidation, which could be attributed to a
decrease in oxide stability and possible oxide spallation.

A number of oxides are normally formed on the surface of
tungsten, with WO2 at the metal-oxide interface and WO3 at the
oxide-gas interface. In between these two oxides, a range of non-
stoichiometric oxides (WO3-x) are usually present. The color of
the oxides depends on the stoichiometry; pure WO3 is yellow but
even very small oxygen deficiencies change the color, e.g. WO2.98 is
blue although there is no significant change in crystal structure.
Lower oxides (WO2.4 to WO2.7) shift in colors of red, violet and blue
[27].

Fig. 4 shows the oxidation of tungsten in a He-Ar-H2O gas
mixture. The partial pressure of water vapor in the mixture was
790 Pa. It is seen that the oxidation of tungsten in the presence of
small amounts of water is significant, but lower than in the He-0.5%
O2 gas mixture at higher temperatures. This observation reinforces
the importance of drying the helium gas coolant in the ESS spall-
ation facility. The appearance of the oxides on these specimens
were similar to the ones shown if Fig. 2, although with slightly
thinner layers.

3.2. DSC-STA studies (tungsten foils, 5.5 mm in diameter, 26 mm
thick)

These studies were carried out in a stream of dry and pure argon
at atmospheric pressure, with oxygen as an impurity, i.e. with an
oxygen partial pressure of maximum 5 ppm. Tests were carried out
at different temperatures for varying periods of time up to 48 h.

Fig. 5 shows surface images of the oxidized samples. It is seen that
the surface of the oxidized specimen is uneven after 48 h at a
relatively low temperature of 500 �C. The oxygen impurity in the
gas, although in very small amounts, is enough to oxidize the
tungsten surface over long periods of time. The oxide layers formed
at low temperatures are adherent and protective, but higher

Fig. 2. Tungsten specimens after oxidation in a He-0.5%O2 gas mixture (2 h).

Fig. 3. Oxidation of Tungsten in He-0.5%O2 gas mixture (2 h).

Fig. 4. Oxidation of tungsten in a He-Ar-H2O gas mixture (2 h, pH2O: 790 Pa).

Fig. 5. Surface images of tungsten foils (5.5mm dia.) after oxidation in argon con-
taining maximum 5 ppm of oxygen.
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temperatures can lead to relatively thicker and unstable oxide
scales. The surfaces of the samples were analyzed using X-ray
diffraction, the results are summarized in section 3.4 of this paper.

3.3. In situ ESEM studies (tungsten foils, 3 mm in diameter, 26 mm
thick)

In these studies, the tungsten foil was placed in a hot stage in-
side the specimen chamber which was flushed repeatedly with
water vapor and evacuated to a low pressure of 100 Pa. The spec-
imen was then heated slowly and the changes in surface charac-
teristics were observed continuously. Fig. 6 shows the images of the
tungsten surface taken at various temperatures during the heating
of the specimen. It is seen that, the changes are not significant up to
about 600 �C. Beyond this temperature, even at the low partial
pressure of water vapor (100 Pa), oxidation sets in and there is a
marked change in surface characteristics. At temperatures above
800 �C, the oxide layer seems to cover the surface almost
completely.

3.4. X-ray diffraction studies (XRD)

The oxides forming on the surface of the tungsten foil oxidized
in pure argon (pO2

� 5 ppm, 2 h) were identified using XRD. These
data are shown in Fig. 7, together with the diffractograms. W18O49
was observed at 600� as well as at 700 �C.

For comparison, 3mm thick tungsten discs was oxidized in air
for 24 h, at 500� and 600 �C, and the oxide scale was analyzed using
XRD. The results show that W18O49 dominates at 500 �C. As the
temperature is increased to 600 �C, the oxide layer corresponds to
the stoichiometric WO3.

3.5. Auger electron spectroscopic studies (AES)

Auger electron spectroscopy was used to characterize a number
of oxidized samples in order to assess the thickness of the oxide
scale, acquire a depth profile and study the variation in stoichi-
ometry of the oxides. Argon ion sputtering, at a rate of 55 nm/min,

was used in between the surface scans to create the depth profile.
In order to clean the surfaces prior to examination, a short ion
sputtering treatment was carried out. Scans after this pre-
sputtering showed that in all cases only a small amount of car-
bon, present as an impurity, was removed.

AES is normally used for studying very thin layers, therefore,
only specimens oxidized at 400�, 500� and 600 �C (2 h) could be
examined. Themeasurement of a sample oxidized at 714 �C (He-Ar-
H2O) was discontinued at a sputter depth of 6.6 mm due to time
constraints. This sample was instead examined in a scanning
electron microscope with energy-dispersive X-ray spectroscopy
(EDS). Fig. 8 presents data from the oxide thickness measurements.
The thickness is taken at the midpoint of the slope where the
atomic concentration of oxygen drops, see e.g. Fig. 9, bottom right
graph.

The average oxide thickness of the He-Ar-H2O specimen
oxidized at 415 �C is 35 nm, whereas that of the He-0.5%O2 spec-
imen (422 �C) is 60 nm. At 522 �C the oxide layer of the He-Ar-H2O
specimen is around 520 nm thick, and at 619 �C it is ten times
thicker. At 714 �C, the scale is so thick that it cannot be measured by
AES. Figs. 9e11 show the surfaces of the He-Ar-H2O specimen
before and after ion sputtering, as well as the corresponding graphs
of the atomic concentration of tungsten and oxygen, as a function of
depth.

The SEM images in Fig. 9 show the surfaces before and after the
oxide scale is removed. AES measurements were made on a spot
~1mm2 in area. The graph to the left is the differentiated AES
spectra obtained from the blue box shown in the left SEM image,
prior to ion sputtering. It shows mainly tungsten, oxygen and a
small amount of carbon impurity. The lower right graph displays
the atomic concentration of tungsten and oxygen as a function of
depth. It reveals an oxide scale thickness of about 35 nm.

AES results for the 522 �C specimen (He-Ar-H2O) are presented
in Fig. 10. After 10min of argon ion sputtering, bare tungsten sur-
face is reached. This corresponds to an oxide scale thickness of
520 nm.

Fig. 11 shows images of the 619 �C (He-Ar-H2O) specimen sur-
face, during different stages of ion sputtering. The energy spectrum

Fig. 6. SEM images of the tungsten surface at various temperatures during heating and oxidation in situ in a hot stage (pH2O: 100 Pa).
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is not presented, but is similar to the spectra from the previous
specimens, pointing to the existence of only tungsten, oxygen and
carbon.

The oxide scale on this sample is significantly thicker, reaching a
value of about 5.2 mm. The oxide scale proved to be more difficult to
remove, resulting in an uneven surface as seen in the images above.

3.6. Energy-dispersive X-ray spectroscopy (EDS)

The specimen oxidized at 714 �C in He-Ar-H2O was analyzed
using EDS. This specimenwas covered by a thick porous oxide scale,
as seen in the SEM image presented in Fig. 12. The numbers in the
images mark the positions of the EDS analysis. The analysis was
made in a Zeiss Ultra 55 field emission gun SEM (FEG-SEM), using
an EDS system from Oxford Instruments. The calibration was done

Fig. 7. XRD data on the oxides present on tungsten foil surfaces at different temperatures.

Fig. 8. Oxide scale thickness measured by AES.

Fig. 9. AES data for the sample oxidized at 415 �C in a He-Ar-H2O gas mixture (pH2O: 790 Pa, 2 h).
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using silica and metallic tungsten.
The orange square marks the position (no. 6 in Table 1) of the

image presented in Fig. 13. The oxide scale of this sample was much
thicker than that of the samples discussed previously. The oxide
had cracked and the opening allowed oxygen to reach the bare
tungsten easily, leading to a faster oxidation rate. At this stage, the
oxidation corresponded to a linear rate law.

Fig.13 shows an image of the area chosen for themajority of EDS
measurements. This area contains a crack in which different spots
were examined. In order to study the composition of the oxide
scale, EDS analysis was performed on the top surface of the oxide
scale, and on thewalls and in the bottom of the crack. Numbers 1e5
in the image mark the positions for the analysis. The results from

the measurements are summarized in Table 1.
From the above table, it is evident that the oxide scale indeed

consists of a series of oxides, with stoichiometries ranging from
close to WO2 to WO3.

3.7. Oxidation of tungsten and its alloys in He-5%O2 gas mixture

Keeping in view the targetmaterial and the gaseous atmosphere
in the ESS spallation facility, the focus of the present study has been
on the oxidation of unalloyed tungsten in inert gas atmospheres
containing small amounts of oxygen. However, for purposes of
comparison, a few experiments were conducted for studying the
oxidation of some tungsten alloys and unalloyed tungsten in a

Fig. 10. AES results from the sample oxidized at 522 �C in He-Ar-H2O.

Fig. 11. AES results from the sample oxidized at 619 �C in He-Ar-H2O.
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relatively oxygen-rich, He-%O2 gas atmosphere.
Fig. 14 shows mass change data for tungsten and its alloy D176,

as a function of time at temperatures between 800� and 1000 �C. It
is seen that unalloyed tungsten oxidizes much less than D176 at all
temperatures. This is probably due to the presence of 5% Ni and
2.5% Fe in the alloy.

The oxidation behavior of tungsten alloys D185, IT170 and IT180
are compared at 800 �C in Fig. 15. It is apparent that D185 oxidizes
the least, due to the low nickel and iron contents in the alloy.

Maximum oxidation occurs in the alloy IT170 which contains 7% Ni
and 2.5% Cu.

Results from these experiments show that unalloyed tungsten
has much better resistance to oxidation, relative to its alloys.

4. Conclusions

The oxidation behavior of tungsten in inert gas atmospheres,
with small amounts of impurities such as oxygen andmoisture, has
been studied in the temperature interval 400� to 900 �C. Oxidation
of tungsten was monitored using TGA and DSC. Non-isothermal, in
situ experiments inside an ESEM showed that, in an atmosphere of
water vapor at a pressure of 100 Pa, tungsten foils are oxidized at
temperatures above 600 �C. In argon gas with a maximum oxygen
partial pressure of 5 ppm, a thin and adherent oxide film was
observed to form on the surface of tungsten specimens even at
500 �C. XRD analysis of specimens oxidized in argon showed the
presence of W18O49. Analysis of the samples oxidized in air indi-
cated that a transition from the W18O49 oxide to WO3 took place
between 500� and 600 �C.

Fig. 16 shows a summary of the final mass changes of the
specimens oxidized using the TGA setup. Themass gain is relatively
low below 600 �C in both atmospheres, but above this temperature
it increases significantly. The oxide thickness of the He-Ar-H2O
specimens was estimated using Auger electron spectroscopy. Be-
tween 415 �C and 619 �C the thickness of the oxide scale increases
roughly ten times with every 100 �C increase in temperature; from
60 nm to 5.2 mm. Energy dispersive X-ray spectroscopy studies on
the sample oxidized at 714 �C showed presence of a series of oxides,
varying in stoichiometry from WO2 to WO3.

For the operation of the ESS spallation facility, it is important to
note that tungsten can be oxidized in environments with low ox-
ygen partial pressures at temperatures as low as 400 �C. The
nominal operation temperature of the tungsten bricks in the target
will be below 500 �C, and it is expected that the oxide formed will
be of the protective type. However, considering that the tungsten
will be cooled by a massive helium flow with a flux of 3 kg/s at
1.1MPa, surface erosion of the oxide scale was a concern. With this
in view, erosion experiments were performed in order to study the
adhesion of the oxide formed on tungsten at 500 �C [28]. The
sample, pre-oxidized for 1 h in a He-0.5%O2 gasmixture, showed no
signs of erosion caused by the helium jet. Still, the spalling of the
oxide layer due to beam pulse and beam trip induced thermal
cycling, and fatigue, during five years of target lifetime, remains an
issue. Also of concern is the possibility of tungsten oxide sublima-
tion in accidental cases such as over-focused beam combined with
loss of helium confinement. To minimize such risks, the target
primary cooling loop will be purified and the impurity levels will be
monitored during operation.

Fig. 12. SEM image of the surface of the 714 �C (He-Ar-H2O) specimen. (EDS analysis in
the non-sputtered area).

Fig. 13. Close up of the surface of the 714 �C (He-Ar-H2O) specimen. The positions of
the EDS measurements are marked 1e5.

Table 1
EDS analysis of the oxide scale (714 �C, He-Ar-H2O gas mixture).

Position at.% O* at.% W** O/W

1 73.06 26.94 2.71
2 67.23 32.77 2.05
3 75.36 24.64 3.06
4 70.24 29.76 2.36
5 71.75 28.25 2.54
6 71.96 28.04 2.57

*K-lines, **M-lines.

Fig. 14. Oxidation of Tungsten and D176 alloy in He-5%O2 gas mixture.
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a b s t r a c t

Thermal properties of pure tungsten, irradiated in the Swiss neutron spallation source at the Paul
Scherrer Institut, have been studied in the temperature range 25e500 �C. Disk-shaped specimens were
prepared from a tungsten sheet which was irradiated with high energy protons and spallation neutrons.
The specimens tested in this work received total damages of maximum 3.9 and 5.8 dpa at average
irradiation temperatures of 115 and 140 �C, respectively. The thermal diffusivity of the irradiated tung-
sten was measured using the conventional flash method. For both specimens, the results show a sig-
nificant decrease in thermal diffusivity after irradiation. Relative to unirradiated tungsten, the irradiated
samples show thermal diffusivity values which are 28e51% lower, depending on temperature. Annealing
of the irradiated specimen of 3.9 dpa at 1000 �C for 1 h resulted in a slight recovery of thermal diffusivity.
In addition, thermal conductivity values were calculated from the thermal diffusivity data.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Pure tungsten has been selected as the target material at the
European Spallation Source (ESS) facility, which is currently under
construction in Lund, Sweden [1]. The decision is based on the high
neutron yield of tungsten, which stems from its high atomic mass
and high density. Despite having been used as target material at
other spallation facilities for many years, the data on the properties
of high energy proton and spallation neutron irradiated tungsten
are scarce. At ESS, the target will be subjected to a high power and
high energy proton beam. The pulsed proton beam with a duty
cycle of 4% and a repetition rate of 14 Hz delivers 357 kJ per pulse to
the tungsten. The target consists of about seven thousand bricks of
pure tungsten with dimensions 80� 30� 10mm3, separated by
2mmwide channels for the gaseous helium coolant. The bricks are
placed on a 2.5m diameter, rotating wheel. The rotation of the
target wheel distributes the beam energy and the radiation damage
over a larger volume of the spallation material.

During the 5-year lifetime of the target, the maximum
displacement damage in tungstenwould be about 10 dpa. With this
displacement damage dose rate, the ductile-to-brittle transition

temperature (DBTT) of tungsten will increase to above the target
operating temperature after only a few weeks of full 5MW opera-
tion. The radiation induced brittle behavior of pure tungsten and
potential loss of structural integrity during target operation is a
point of concern. Three-point bending tests performed on tungsten
specimens irradiated in a target of the Swiss Spallation Neutron
Source (SINQ) to doses in the range 1.3e3.5 dpa, have shown
virtually zero ductility at temperatures up to 500 �C [2]. The radi-
ation induced embrittlement of tungsten, in combination with the
high power pulsed beam is considered as one of the main contri-
butions to potential target failure. The proton beam, pulsed at 14 Hz
with a duty factor of 4%, is expected to give rise to cyclic thermo-
mechanical stresses in the tungsten, possibly leading to fatigue
failure at stresses far below the yield stress [3].

The calculated maximum temperature and equivalent stress in
the ESS target during operation are 445 �C and 110MPa, respec-
tively [4]. These calculations are based on thermo-mechanical data
of unirradiated pure tungsten. The temperature and secondary
thermal stress in tungsten is largely determined by its thermal
conductivity. However, the radiation induced degradation of ther-
mal properties of tungsten in spallation target environment is not
known. Nevertheless, there is an indication of degradation of
thermal conductivity of tungsten under neutron radiation in
reactor environments. The neutron radiation induced decrease of
thermal conductivity is caused by rhenium transmutation due to
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Lund, Sweden.
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low energy neutron capture and displacement damage. While the
spallation material is bombarded by high energy protons and fast
neutrons, it is also exposed to thermal neutrons moderated by
hydrogen-rich moderators and water coolants. Therefore, it is ex-
pected that the thermal conductivity of tungsten in the ESS target
will decrease due to the formation of irradiation induced trans-
mutation products such as rhenium, and due to displacement
damage, although the extent of degradation is still not fully
understood.

There are few existing studies on neutron irradiation effects on
thermal properties of tungsten-rhenium alloys. Tanabe et al. [5]
studied the effect of different rhenium content in tungsten-
rhenium alloys on the thermal diffusivity in the temperature
range 300e1000 K. It was observed that thermal diffusivity of pure
tungsten decreases with increasing temperature, whereas the al-
loys, having 5e25wt% rhenium, do not show a sharp change in
thermal diffusivity as a function of temperature. Alloys with rela-
tively higher rhenium content show a marginal increase in thermal
diffusivity, beyond a certain temperature. The calculated thermal
conductivity from the experimentally determined thermal diffu-
sivity was compared to the one derived from electrical resistivity
data using Wiedemann-Franz law. This law assumes that thermal
conductivity of a metal is determined by the kinetics of electron
transport, excluding phonon transport effects. The analysis of the
difference between the two values indicated that the degradation
of thermal conductivity with higher contents of rhenium is mainly
due to the electron contribution.

In a study on electrical resistivity of neutron irradiated tungsten
and tungsten-rhenium alloys, Hasegawa et al. [6] irradiated speci-
mens in a fast reactor (JOYO) and in a mixed spectrum reactor
(HFIR) to obtain different amounts of rhenium as the transmutation
product. In both reactors the displacement damage was 1 dpa, and
the irradiation temperatures were similar: 500 �C at HFIR and
600 �C at JOYO. Because of the high flux of thermal neutrons at
HFIR, the rhenium production rate is higher due to neutron capture
followed by beta decay. At HFIR, pure tungsten is expected to
change to W-5Re-0.5Os after 1 dpa, and at JOYO the rhenium
content is expected to be less than 0.03%. The resulting difference in
the increase of electrical resistivity between the two equivalent
specimens, after irradiation, is almost 50%, which should be mainly
due to different radiation induced rhenium alloying. The observed
loss of electrical conductivity can be related to the loss of thermal
conductivity, in part, by Wiedemann-Franz law.

The effect of neutron irradiation on thermal diffusivity of pure
tungsten and some tungsten-rhenium alloys has been studied by
Fujitsuka et al. [7]. The specimens were irradiated in JMTR at 60 �C
to thermal and fast neutron fluences of 1.03� 1020 and 3.37� 1019

n/cm2 (E> 1MeV), respectively. The thermal diffusivities were
measured at temperatures up to 700 �C. Pure tungsten showed a
decrease in thermal diffusivity with increasing temperature, both
before and after irradiation. At room temperature, thermal diffu-
sivity of the irradiated pure tungsten specimen is approximately
15% lower. The addition of rhenium (5e25wt%) significantly lowers
the diffusivity of all the alloys compared to that of pure tungsten,
also after irradiation. With an addition of only 5wt% rhenium,
thermal diffusivity at room temperature drops by nearly 50%
compared to that of the pure tungsten. After irradiation thermal
diffusivity of the W-5% Re alloy is only marginally changed.

To summarize, the data from the reviewed neutron irradiation
studies of tungsten indicate a decrease of thermal diffusivity in the
range of 15e50%, showing a clear dependence on the amount of
rhenium present. The rhenium content makes the electron effect
more dominant, while the displacement damage accounts for the
phonon effect. However, the radiation environment of tungsten as a
spallation target material is different from the reactor

environments. The high energy protons interact with materials in
different ways than neutrons and the tungsten is also exposed to
fast secondary neutrons with a kinetic energy of up to an order of
1 GeV. In this work, we present results from thermal diffusivity
measurements of pure tungsten irradiated at the Swiss Spallation
Neutron Source (SINQ). The specimens are irradiated by a mixed
flux of high energy primary protons and fast secondary neutrons up
to a displacement damage dose of 5.8 dpa.

2. Experimental

2.1. Material and specimens

Two slices of 1� 10� 100mm were cut from the cross-section
of a 1 cm thick cross-rolled tungsten plate, with a purity of
99.9wt% tungsten. The average grain sizes were in the range
17e25 mm. From these two slices, several small plates of
1� 8� 30e50mm were cut and irradiated in Target-7 of SINQ at
the Paul Scherrer Institut (PSI). These plates were irradiated with
high energy protons and spallation neutrons up to doses of about
28 dpa. This irradiation campaign took place during the years
2007e2008, as a part of the fifth SINQ Target Irradiation Program
(STIP-V). After the irradiation, several disk-shaped specimens, with
a diameter of 6mm, were cut from the plates using electro-
discharge machining (EDM). Due to the high activity of the irradi-
ated tungsten, only two of the lowest doses could be used for
measurements in this study. The specimens received doses of 3.9
dpa with 158 appm He at an average irradiation temperature of
115 �C, and 5.8 dpa with 245 appm He at an average irradiation
temperature of 140 �C. The irradiation temperature is nearly line-
arly dependent on the proton beam current received by the target.
The variation of the current, and thus the temperature, during the
irradiation of the STIP V specimens is estimated to ±15% around the
average values.

The main transmutation product in the irradiated specimens is
expected to be rhenium, which is produced in tungsten by thermal
neutron capturing (n, g) followed by beta decay (b�). Natural
tungsten consists largely of the isotopes W184 (30.7%) and W186
(28.6%). The (n, g) cross-section of thermal neutrons with a typical
kinetic energy of 0.025 eV is 1.62 barn for W184 and 37.9 barn for
W186. The calculated maximum thermal neutron flux in the SINQ
target is 1.5� 1013 n/cm2/s/mA [8] and the accumulated beam
charge on the SINQ Target 7 is 9.83 Ah. This leads to an estimation
of the rhenium fraction in this tungsten material to be approxi-
mately 2%.

The irradiated tungsten specimens were mechanically pol-
ished on both sides in several steps, finishing with standard
colloidal silica suspension. In addition, two unirradiated tung-
sten reference specimens, polished and unpolished, were also
used. The unpolished specimen was used to study the effect of
surface roughness and emissivity differences on the signal-to-
noise ratio during measurement. The average thicknesses were
measured using a point-type micrometer. All the specimens
were around 1mm thick and 6mm in diameter. The disks were
then cleaned with acetone in an ultrasonic bath, carefully dried
and coated with Graphit-33 carbon spray (Kontakt Chemie) on
both sides. All the disks, except the unpolished reference
tungsten, were coated. The graphite coating serves three pur-
poses - increase the absorption of the flash energy to equate the
input energy to the deposited energy in the sample, improve
the emission of infrared radiation to the detector, and homog-
enize the surfaces of the test samples and the references used
for specific heat determination.

To validate themeasurements, two types of standard specimens,
alumina and molybdenum, were tested together with the tungsten
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specimens. The tests were performed in 100 �C steps, starting from
room temperature going up to 500 �C. Argonwith a flow of 150ml/
minwas used as the protective gas. The design of the sample holder
allowed for all the specimens to be tested simultaneously under the
same conditions. After the first round of measurements, the irra-
diated tungsten disk with 3.9 dpa damage dose was annealed at
1000 �C for 1 h and remeasured at 25, 300 and 500 �C. All thermal
diffusivity values reported in this work correspond to an average of
five measurements under the same conditions.

2.2. Flash method

Thermal diffusivity was determined using a conventional flash
method, described in detail in ASTM documents E1461-13 Standard
Test Method for Thermal Diffusivity by the Flash Method [9], and
E2585-09 Standard Practice for Thermal Diffusivity by the Flash
Method [10]. A commercial Netzsch LFA 467 Light Flash apparatus
with a xenon lamp and an InSb IR-detector was used for the mea-
surements. The xenon lamp acts as the flash source, subjecting the
specimens to a short duration, high intensity energy pulse. The
energy is absorbed on the front surface of the specimen, and the
resulting temperature rise on the rear is recorded by the detector.
The thermal diffusivity is obtained from the specimen thickness L
and t0.5, which is the time required to reach half of the maximum
temperature on the rear surface. For adiabatic conditions, thermal
diffusivity a (m/s2) is calculated using the following relationship
[11]:

a ¼ 0:138785 L2

t0:5
(1)

In this work, the thermograms describing the heat propagation
through the sample are fitted automatically using existing models
in Netzsch's analysis software Proteus. Various heat transfermodels
with corrections for e.g. radial heat loss can be chosen for the best
fit, from which the half time t0.5 can be determined.

The flash method was introduced by Parker et al., in 1961 [11].
The original model which is applicable only in ideal conditions with
adiabatic boundaries and a one-dimensional heat flow was later
modified by Cape and Lehman [12] to also take heat losses into
account. The Cape-Lehman model is currently the default standard
model in version 7.1 of the Netzsch-Proteus LFA software [13]. The

standard model assumes full pulse energy absorption on the front
face of the specimen, followed by a thermal wave travelling
through the specimen to the back side, i.e. only conductive heat is
considered here. Two additional models can be chosen to analyze
the thermograms, the transparent model and the penetration
model. The transparent model is used when the material is trans-
parent, diathermic and optically thin. As opposed to the standard
model, the transparent model also includes radiative heat transfer
within the specimen. In a thermogram this is evidenced by an
instantaneous increase of the thermal signal in the detector curve.
The transparent model is a modified version of a solution suggested
by Mehling et al., in 1998 [14], but here the radiative heat transfer
coefficient has been separated from the heat loss coefficient in or-
der to improve the fit in the Proteus software. For measurements of
slightly porous materials the third model, the penetration model, is
most suitable. It is based on work by McMasters et al. [15] and
describes how the pulse energy is absorbed over a thin layer of the
specimen, rather than solely on the surface. The penetration of the
flash is taken as the mean free path of a photon in the material,
resulting in an exponentially decaying temperature distribution
within the specimen. The penetration model was found to provide
more accurate thermal diffusivity data of the tungsten specimens,
compared to the standard model and the transparent model, as
described in Section 3.3.

2.3. Thermal conductivity calculations

The thermal conductivity l (W,m�1,K�1) is derived according
to the following equation

l ¼ a,CP,r (2)

where a (m2/s) is the measured thermal diffusivity, Cp (J,kg�1,K�1)
the specific heat, and r (kg/m3) the mass density. The specific heat
can be determined in the LFA using a standard material specimen
with known specific heat, together with the irradiated tungsten.
Provided that the surfaces of the specimens are coated in precisely
the same manner, the specific heat can be calculated from the
difference in maximum temperature between the specimens
resulting from the same pulse energy.

The density of unirradiated tungsten was measured to be
19.11 g/cm, which gives a relative density of 99.03%. The irradi-
ated specimens could not be measured due to the high activity.
However, transmission electron microscopic studies of the
tungsten samples irradiated under similar conditions could not
detect any bubbles or cavities within its resolution limits [16].
This indicates that the radiation induced swelling of the tungsten
specimens should be marginal, and the density of the irradiated
specimens should be essentially the same as that of unirradiated
one.

3. Results and discussion

3.1. Thermal diffusivity

3.1.1. Unirradiated tungsten
Data obtained from thermal diffusivity measurements are pre-

sented in Fig. 1. Thermal diffusivity values for the unirradiated
tungsten are plotted together with data on the thermal diffusivity
of pure tungsten presented by Touloukian et al. [17]. The values are
in excellent agreement, confirming that the preparation of the
specimens, the measurement itself, and the subsequent data
analysis were performed in a correct manner. Thermal diffusivity of
the unirradiated tungsten, in the temperature interval 25e500 �C,
can be expressed using a polynomial fit given below.Fig. 1. Thermal diffusivity of irradiated tungsten at 25e500 �C.
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aref ¼ 72:625� 9:3617� 10�2 T þ 1:0392� 10�4 T2 � 3:8694

� 10�8 T3

(3)

Thermal diffusivity, aref, is expressed in mm2/s and the tem-
perature, T, in �C. Thermal diffusivity data obtained for the mo-
lybdenum reference sample, which was tested simultaneously, also
showed very good agreement (deviation< 1%) with reported
standard thermal diffusivity values. Unfortunately, the signal at
temperatures 25, 100 and 200 �C was distorted and no data for the
molybdenum sample could be obtained at these temperatures. This
also means that the specific heat for the irradiated tungsten could
not be obtained during the experiment as it requires data from the
simultaneous measurement of a standard sample with known
specific heat.

3.1.2. Irradiated tungsten
Thermal diffusivities of the two irradiated specimens are also

presented in Fig. 1. The results show that irradiation at SINQ greatly
reduces the thermal diffusivity of tungsten. At room temperature,
the average thermal diffusivity is around 35mm2/s for both spec-
imens, which is a 50% reduction relative to the reference specimen.
At higher temperatures, up to 500 �C, the thermal diffusivity of the
unirradiated tungsten decreases to 47mm2/s, whereas the values
for the irradiated specimens remain nearly constant at around
35mm2/s. The temperature independence of the irradiated tung-
sten thermal diffusivity is similar to the one reported by Tanabe
et al. [5], corresponding to the thermal diffusivities of unirradiated
tungsten alloys containing 5.3e9.8% rhenium. The reported ther-
mal diffusivity of the W-9.8% Re alloy in the temperature interval
27e500 �C is around 25mm2/s, and that of the W-5.3% Re is in the
range 30e34mm2/s. These values are lower by 48e62% relative to
their thermal diffusivity measurements on unalloyed tungsten at
room temperature.

The irradiation-induced degradation of thermal diffusivity of
tungsten is believed to be the result of both displacement damage
and compositional changes due to transmutations. As discussed
above, an addition of 5% rhenium causes a significant drop in
thermal diffusivity, even without irradiation induced displacement
damage. Tungsten with smaller additions of rhenium, i.e. 1e2%
which is closer to the estimated rhenium content in the present
work, has been shown to have a lower thermal diffusivity
compared to pure tungsten [18]. Depending on the test tempera-
ture (25e200 �C), the thermal diffusivity of the W-1%Re alloy is
10e20% lower, and that of the W-2%Re alloy is 20e30% lower.

In an attempt to isolate the effect of displacement damage from
the effect of compositional changes, an experiment was set up
where heavy ions of energy below the Coulomb barrier were used
to irradiate pure tungsten foils up to four different fluences [19].
The irradiation was carried out at GSI Helmholtzzentrum Darm-
stadt, using a pulsed beam of gold ions with a kinetic energy of 4.8
MeV/u and a particle flux of 4� 109 ions/cm2/s. Thermal diffusivity
of the irradiated specimens was measured in-plane using the flash
method. The results indicate a decrease in thermal diffusivity with
an increase of the accumulated fluence. At the highest fluence,
2� 1013 ions/cm2, the thermal diffusivity had decreased by
approximately 10%.

3.1.3. Post-irradiation annealing
The 3.9 dpa specimen was annealed at 1000 �C for 1 h in 1 Pa

vacuum. It was wrapped in a tantalum foil to protect it from
oxidation. The unirradiated reference specimen was annealed
together with the 3.9 dpa specimen, and both were re-measured

together with the molybdenum standard specimen and the unpo-
lished, uncoated tungsten specimen, at temperatures 25, 300 and
500 �C. All three unirradiated specimens showed thermal diffu-
sivity values consistent with the previous measurement. However,
thermal diffusivity of the irradiated specimen showed partial re-
covery. At room temperature, it had increased by 37%e47mm2/s,
and at 500 �C, it had increased by 19%e41mm2/s. The results of the
measurements before and after annealing are presented in Fig. 2.

The microstructure of the irradiated tungsten, originating from
the same piece as the specimens used in the present study, has
been previously examined by Horvath et al. [16]. The effect of post-
irradiation annealing at different temperatures was studied as well.
The unirradiated tungstenwas found to have dislocations up to tens
of microns in length, whereas the specimens irradiated up to doses
of 1.4 and 3.5 dpa, contained mostly defect clusters and dislocation
loops of a few nanometers. The dislocation density of the unirra-
diated material was observed to be around 1.6� 1013m�2. Apart
from the irradiation defect clusters, neither cavities nor rhenium-
rich precipitates were observed in the irradiated specimens.
Annealing at 900 �C for 1 h resulted in a reduction of the number of
defect clusters and dislocation lines by factors of 6 and 2, respec-
tively, while the defect clusters grew from an average size of
2 nme5 nm. Meanwhile, cavities of 1e2 nm sizes appeared. It is
believed that they grew from invisible helium-vacancy clusters. The
small defect clusters, including the invisible helium-vacancy clus-
ters, contribute to the reduction of the thermal diffusivity of irra-
diated tungsten. This part of the reduction can be largely recovered
by annealing at high temperatures.

3.2. Thermal conductivity

In order to derive the thermal conductivity of the irradiated
specimens from the measured thermal diffusivity, reliable data on
the density and specific heat of tungsten in the temperature in-
terval 25e500 �C are needed. Reference values of these properties,
as well as reported thermal diffusivity and conductivity of pure
unirradiated tungsten are summarized in Table 1.

Values for the specific heat capacity and the thermal conduc-
tivity are taken from Lee et al. [20], where data from several sources
have been compiled into analytical expressions of these properties.
Thermal diffusivity and density at the specified temperatures is

Fig. 2. Thermal diffusivity of annealed tungsten at 25e500 �C.
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estimated using data from Touloukian et al. [17] and Hurd et al. [21],
respectively. For the thermal conductivity calculations presented in
Table 2, the temperature dependent density in Table 1 was adjusted
to account for the 1% porosity of the specimens.

As the specific heat of the irradiated tungsten could not be
measured in the present work, thermal conductivities of these
specimens have been calculated based on the assumption that the
specific heat capacity does not change significantly with irradia-
tion. The same is assumed for the density. The latter assumption is
partly justified by the transmission electron microscopic studies of
the tungsten samples irradiated in similar conditions [16], which
showed no sign of irradiation induced swelling. Published data on
irradiation induced changes in the density of tungsten are difficult
to find. However, neutron irradiation induced swelling in tungsten
has been reported to reach a maximum of 0.22 vol% at a tempera-
ture of 430 �C [22]. It is therefore believed that using unirradiated
tungsten density data in the calculation of the thermal conductivity
of the irradiated tungsten will have a negligible influence on the
results. Thermal conductivity data for irradiated tungsten are pre-
sented in Table 2.

Roedig et al. [23] presented the thermal conductivities of
tungsten irradiated by fast neutrons to doses of 0.2 and 0.6 dpa. The
thermal diffusivity was measured using the flash method and the
specific heat capacity was measured using a differential scanning
calorimeter. The authors briefly mention that the specific heat has
increased after the irradiation but do not present this data nor
specify the magnitude of the increase. However, they do conclude
that the decrease in thermal diffusivity is more distinct and has a
larger contribution to the total irradiation induced degradation of
thermal conductivity. For the temperatures 20, 100 and 400 �C the
reported thermal diffusivities are 152, 146, and 128Wm�1 K�1

respectively at 0.2 dpa and 134, 127, and 117Wm�1 K�1 respec-
tively at 0.6 dpa.

3.3. Methodology and sources of error

The thermogram of each pulse was fitted separately in Netzsch's
software Proteus, and they were tested against all three basic
models (Standard, Transparent and Penetration), to find the most
suitable one. The calculation range of each pulse was set manually
to increase the accuracy of the fit by removing the spike at the

beginning of the signals. The spike is an induction-caused electrical
potential from the trigger pulse of the flashlight [24]. For correct
measurements, the selected calculation range should correspond to
10e12 half times and be in total 0.01e200 s [25]. Special care must
be takenwith thin samples where there is a risk of superposition of
the spike and the signal from the actual heat propagation through
the specimen. According to ASTM E2585-09 [10], the thickness of
the specimen should be such that the half time t0.5 falls within the
10e1000ms range.

In this work, the thermograms of the tungsten specimens
were evaluated using the Penetration model. The Transparent
model tends to underestimate the maximum temperature which
leads to a lower half time and thus a slightly higher thermal
diffusivity value, although, the difference in the accuracy of the
fit was not very far from that of the Penetration model. The
Standard model gave the poorest fit for all samples and tem-
peratures. It overestimated the maximum temperature and
underestimated the heat losses. For most of the thermograms the
R2 of the fit calculated by the Penetration model was in the range
0.92e0.96. The half time was approximately 4ms for the irradi-
ated specimens and 2e3ms for the unirradiated one, depending
on the test temperature. Based on the half times, the samples are
thinner than what is suggested by the ASTM. Nevertheless, the
purpose of these guidelines is ultimately to bring the experi-
mental data as close as possible to the ideal solution, which
alternatively can be achieved as well by selecting the smallest
possible pulse width, choosing the best model for analysis, and
setting the calculation range with care. In a recent publication on
the validation of miniature test specimens for use in the LFA [26],
reasonable thermal diffusivity values were obtained for tungsten
samples of 3mm diameter and 0.5mm thickness. The LFA model
used for their measurements, a Netzsch LFA-467 Hyper Flash, is
the same as the one used in this work. The Hyper Flash feature
allows for the regulation of the pulse width in the range 20e1200
ms, where the shortest pulse can measure tungsten samples
down to 0.31mm thickness. In our work, a pulse width of 600 ms
was used for all the measurements.

However, thin samples require much greater care during
coating. Guidelines by Netzsch suggest three layers of graphite
coating, but for the specimens used in this work it proved to be too
excessive. As soon as the surface of the specimenwas fully covered,
thermal diffusivity results were not correct. The standard tungsten
and molybdenum specimen would sometimes reach only 20% of
the expected value, even when coated only once. Correct results
could be obtained once the coating was applied extremely sparsely,
at most resembling a very fine layer of dust. The same issue was
reported in the previously mentioned publication. The graphite
spray recommended by Netzsch, Graphit-33, reportedly results in a
layer of thickness up to 10 mm, even after only one application [27].
This leads to inaccurate results for thin and highly conductive
specimens. Akiyoshi et al. [26] resolved the problem by using a
graphene nanoplatelets containing agent instead, which creates a
very thin, sparsely coated surface.

Initially, there were also some concerns associated with the

Table 1
Reference data for pure unirradiated tungsten in the temperature range 25e500 �C.

Temp. (�C) Density [21] (g/cm3) Spec. heat capacity [20] (J,kg�1,K�1) Ther. diffusivity [17] (mm2/s) Ther. conductivity [20] (W,m�1,K�1)

25 19.297 129.13 69.8 172.29
100 19.279 131.56 64.3 164.75
200 19.254 134.74 57.9 155.53
300 19.229 137.85 52.8 147.21
400 19.204 140.89 49.4 139.76
500 19.178 143.86 46.7 133.11

Table 2
Calculated Thermal conductivity, based on reference data for the density and specific
heat of pure unirradiated tungsten.

Thermal conductivity (W,m�1,K�1)

Temp. (�C) Unirr. 3.9 dpa 5.8 dpa 3.9 dpa - Annealed

25 173 84 86 115
100 162 87 88 e

200 148 90 88 e

300 138 90 91 113
400 133 91 94 e

500 128 93 95 111
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effect of the high residual dose of the irradiated specimens on
the infrared InSb sensor in the LFA. The specimens which were
tested in this work had a gamma dose rate of about 2 mSv/h at a
distance of 10 cm. This conservatively translates to 2 mGy/h in
the sensor. During the measurement which took about 10 h, the
total accumulated gamma dose in the sensor was estimated to be
20mGy. In Pickel et al. [28], the conservative dose limit of an
InSb sensor under 14MeV neutron irradiation is reported to be
3� 1011 n/cm2. This dose limit translates to 1.3 Gy, which is two
orders of magnitude higher than the accumulated dose in the
photovoltaic InSb sensor used in the LFA. Though the material
damage mechanism under neutron and gamma irradiation might
differ, the two orders of magnitude of safety margin was deemed
large enough to guarantee that the accuracy of the sensor is not
affected by the gamma radiation emitted from the tungsten. This
was confirmed by post-measurement calibration tests.

4. Conclusions

Thermal diffusivity of proton and spallation neutron irradiated
tungsten has been determined in the temperature range
25e500 �C. The specimens were irradiated up to doses of 3.9 and
5.8 dpa. Due to the irradiation, around 2% rhenium is expected to
have formed as a transmutation product.

Thermal diffusivity of the irradiated specimens attained a value
of around 35 mm2/s, independent of test temperature and dose.
Compared to thermal thermal diffusivity of the unirradiated spec-
imens this value is 51% and 28% lower at 25 and 500 �C,
respectively.

The degradation of thermal diffusivity after irradiation is a result
of both displacement damage and compositional changes due to
transmutations. The specimens in the present study showed similar
thermal diffusivity values despite being irradiated to two different
doses. This implies that the rhenium content, which should be
similar in both specimens, is responsible for the main contribution
to the total thermal diffusivity decrease. Consistent with reviewed
literature, an addition of only a few percent of rhenium results in a
drastic decrease of thermal diffusivity at room temperature.

In the present study, an attempt was made to separate the effect
of displacement damage and rhenium transmutation on the
degradation of thermal diffusivity. Annealing at 1000 �C for 1 h
resulted in a partial recovery of the thermal diffusivity of the 3.9
dpa specimen. At room temperature, it had increased by 37% to a
thermal diffusivity of 47 mm2/s, and at 500 �C it had increased by
19%e41 mm2/s. The higher post-annealing thermal diffusivity is
believed to be a result of the recovery of the radiation induced
displacement damage.

In future studies, the thermal diffusivity of tungsten specimens
with higher irradiation doses than presented here will be analyzed.
An attempt to measure the specific heat of irradiated tungsten will
be made. The mechanisms behind the radiation induced degrada-
tion of the diffusivity is still to be understood. Further in-
vestigations involving the studies of microstructural defects and its
correlation with the electron and phonon transport kinetics will be
made, which are responsible for the radiation induced change of
thermal conductivity.

Data availability

The raw/processed data required to reproduce these findings
cannot be shared at this time due to technical or time limitations.

Appendix A. Supplementary data

Supplementary data related to this article can be found at

https://doi.org/10.1016/j.jnucmat.2018.06.041.
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AAbstract 
In this work, 3-point bending tests and micro-hardness measurements were performed on pure 

tungsten irradiated with high energy protons and spallation neutrons in a target of the Swiss 

Spallation Neutron Source (SINQ). The samples were irradiated to doses in the range of 1.3-

3.5 dpa, with 37-140 appm He, at temperatures 75-110 °C. During the three-point bending 

tests performed at temperatures up to 500 °C, all the irradiated specimens fractured in the 

elastic regime at stresses much below those of for the unirradiated reference specimens. The 

micro-hardness measurements indicate significant irradiation induced hardening under all 

irradiation conditions. Observations of the fracture surfaces using scanning electron 

microscopy show brittle fracture behaviour in general, whereas detailed features depend 

strongly on the irradiation dose and testing temperature. 

Key words: Tungsten, spallation target, irradiation effects, mechanical properties, 3-point 

bending test
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11. Introduction  
Tungsten is currently used as a target material in neutron spallation sources such as ISIS 

Neutron and Muon source, and Los Alamos Neutron Science Center (LANCE). It has also 

been chosen as the target material at the European Spallation Source (ESS), which is currently 

under construction in Lund, Sweden. Tungsten provides a high neutron production yield 

thanks to its high density and high atomic mass, and is largely available commercially. In 

addition, tungsten has a high melting point and high thermal conductivity, which makes it a 

favorable material option for use in high power spallation targets. 

However, there are concerns about its low ductility, high ductile-to-brittle transition 

temperature (DBTT), and irradiation-induced embrittlement [1-7], in using tungsten as 

spallation target material. Despite being used in spallation targets for many years, the changes 

in material properties of proton and spallation neutron irradiated tungsten is barely understood 

and there is a scarcity of literature on the subject. The present work is an effort to obtain data 

on the mechanical properties and the fracture behavior of pure tungsten, which is irradiated by 

high energy protons and spallation neutrons. 

The data obtained in this work is of particular interest to the ESS, where the rotating tungsten 

target will receive a high radiation damage dose from a 2 GeV and 5 MW pulsed proton 

beam, during its 5-year lifetime [8]. The ESS target consists of helium cooled spallation 

volume made of tungsten, contained in a wheel shaped target vessel made of stainless steel. 

The target wheel with a diameter of 2.6 meters is segmented in 36 equal parts. The spallation 

volume in each of the 36 segments consists of 186 tungsten bricks with a dimension of 8×3×1 

cm3. The target wheel rotates at a frequency of 0.39 Hz, which is synchronized to the 14 Hz 

repetition rate of the 2.86 ms long proton beam pulse. 

Upon full commissioning with 5 MW beam power, beam pulses and occasional beam trips 

will induce cyclic thermo-mechanical loading in the tungsten bricks, which can drive the 

temperature in the target up to a maximum of 500 °C, and lead to stresses in the bricks up to a 

maximum of 110 MPa [9]. The maximum temperature and stress variances in a tungsten brick 

during single pulse is calculated to be approximately 100 °C and 70 MPa, respectively. 

Although the tungsten is not a structural material of the target, it is important to keep the 

mechanical integrity of the bricks, in order to keep the helium cooling channels intact and the 
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radioactive transmutation elements retained. Mechanical failure of a tungsten brick may lead 

to a partial blockage of the 2 mm wide helium cooling channel between it and an adjacent 

tungsten brick, which could create a hot spot in the target and increase the rate of diffusion 

driven release of radioactive isotopes [10]. 

The DBTT of unirradiated tungsten and its dependence on the fabrication route and purity of 

the material, as well as the method for determining the DBTT and specimen size, have been 

discussed extensively elsewhere [11-18]. Most of the reported DBTT are within the 

temperature range defined by 200-350 °C, though the exact value varies widely depending on 

experimental conditions. The tensile tests data of irradiated tungsten in fission reactor 

environment suggests that the DBTT of pure tungsten is higher than 500 °C at a displacement 

damage dose of above 0.1 dpa [6]. At 5 MW proton beam on the ESS target, the tungsten 

bricks could get maximum 2 dpa per year. This means that the DBTT of the tungsten bricks 

will rise above the maximum operation temperature of 500 °C in less than a month of 

operation. 

This work is a part of the project that is dedicated to understanding of the mechanical and 

thermal properties of tungsten spallation material under ESS target environments. Early 

investigations focused on the unirradiated reference tungsten under conditions relevant to 

normal ESS operation, which include the bending properties in the operation temperature 

range [15], the effect of fabrication route on the microstructure, DBTT and tensile behaviour 

[17], the fatigue behaviour at different temperatures and its dependence on the processing 

route [16, 18], and the formation of oxide layers at low oxygen partial pressures [19]. 

Recently, studies on tungsten specimens irradiated at SINQ Target-7 have been carried out, 

where the specimens were annealed at different temperatures (post irradiation) and observed 

using a transmission electron microscope (TEM) [20]. The effect of irradiation and the 

subsequent heat treatment on the density of defects was discussed. Tungsten specimens from 

the same irradiation campaign were also used for thermal diffusivity studies [21]. 

Measurements showed that the thermal diffusivities of 3.8 and 5.9 dpa specimens, tested in 

the temperature range 25-500 °C, were 28-51% lower relative to that of the unirradiated 

tungsten. In the present work, pure tungsten from the same irradiation campaign has been 

tested in 3-point bending at temperatures up to 500 °C, and the effect of high energy proton 

and spallation neutron irradiation on flexural strength and hardness is investigated. 
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22. Experimental

2.1 Materials 

Slices of 1 mm thickness and 60 mm length were cut from a plate of 10 mm thickness 

commercially pure (99.9% purity) tungsten using an electro-discharging machine (EDM), 

then milled to 1×8×60 mm3 size for irradiation. The material is cross-rolled with the average 

grain sizes in the three directions 25, 20 and 17 μm, respectively. The length of the slices is 

parallel to the rolling direction of the plate. The irradiation was conducted during 2007 and 

2008 at the Paul Scherrer Institut (PSI) in the fifth campaign of the SINQ Target Irradiation 

Program (STIP-V). Figure 1 below shows one of the STIP-V specimen rods containing a 

tungsten slice. The slice was positioned in the right half of the rod. The centre of the Gaussian 

shaped beam located at the left part of the slice, where the tungsten material received a total 

dose of 28 dpa with 1300 appm He and 7200 appm H at an average irradiation temperature of 

550 °C. The corresponding values for the right end of the slice are 1.3 dpa, 37 appm He, 310 

appm H and 75 °C. The irradiation dose was calculated using the MCNPX code and the 

irradiation temperature was simulated with the ANSYS code, as in the case of the previous 

STIP irradiation experiments [22,23].

During unpacking the specimen rods in the hot-cell, the tungsten slices were broken into 

shorter pieces. Nevertheless, in total 31 specimens, including miniature bend bars and tensile 

specimens and 6 mm diameter discs, could still be extracted by EDM cutting. Due to the high 

activity of the material, only a few of the lowest dose specimens could be tested so far. The 

six bend bars (1×2×8 mm3 size) studied in this work are of doses 1.3-3.5 dpa, with 37-140 

appm He and 310-810 appm H and irradiated at temperatures 75-110 °C. Before testing, they 

were mechanically polished in several steps, finishing with a standard colloidal silica 

suspension to even out the surface roughness due to EMD cutting. 
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Neutrons >0.1 MeV

Protons 455-490 MeV

1.3 dpa
37 appm He

Tirr 75 C

28 dpa
1300 appm He

Tirr 550 C

Fig. 1 The upper image depicts the rod containing the tungsten slice. The lower graph shows the fast neutron and 

proton fluences as a function of distance along the rod. 

22.2 Experimentals 

Both hardness measurements and 3-point bending tests were performed on the same samples. 

Before bending tests, hardness (HV0.5) was measured using a Vickers hardness tester with a 

0.5 kg load and 15 s dwell time. Afterwards, 3-point bending tests were conducted on a Zwick 

universal test machine with a load capacity of 10 kN at a constant crosshead travel speed of 

0.1 mm/min. The load was applied in the long transvers direction of the samples during 

testing. The 3-point bending method is advantageous for characterizing mechanical behaviour 

of materials using few and relatively small specimens. This is particularly useful when 

working with very limited amounts of highly active material, as in the case of this study. The 

ASTM standard E2769-16: Standard Test Method for Elastic Modulus by Thermomechanical 

Analysis Using Three-Point Bending and Controlled Rate of Loading [24], can be used for 

determining the elastic modulus of materials with maximum strains below 3%. The flexure 

strength, i.e. the maximum stress prior to fracture, is determined using the following 

equations:
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 (1)

(2)

where σ is the fracture stress (MPa), F is the maximum load (N) prior to fracture, L is the 

support span (mm), b is the specimen width (mm), d is the specimen thickness (mm), D is the 

deflection (mm), and ε is the strain.  

Out of the 6 bend samples, only 3 were successfully tested and resulted in useful and reliable 

data. The doses and their corresponding test temperatures for these 3 specimens were as 

follows: 1.8 dpa – 350 °C, 2.1 dpa – 400 °C, and 1.4 dpa – 450 °C. In order to collect data 

over a wider temperature range, the remains of the broken samples, were used as new bend 

bars with the dimensions 1×2×4 mm3, i.e. half the length of the original ones. The doses and 

testing temperatures of these bend bars were the following: 1.3, 2.1, and 3.5 dpa – 25 °C, 1.8 

dpa – 350 °C, 2.1 dpa – 400 °C, 1.4 dpa – 450 °C, and 2.6 dpa – 500 °C. 

After bend testing, the fracture surfaces were observed using scanning electron microscopy 

(SEM). The SEM images are presented in the following section together with the hardness 

and bending test data.  

3. Results and discussion

3.1 3-point bending testing 

Data obtained from the 3-point bending tests were converted into engineering stress and strain 

using the equations presented in section 2.2. The results are summarised in Fig 2. The strain 

and fracture stress of the unirradiated reference tungsten increased with increasing 

temperature. At 450 °C, the strain corresponding to a fracture stress of 1171 MPa was nearly 

15%, whereas at 25 °C, the unirradiated specimen fractured already at 570 MPa in the elastic 

regime. The DBTT seems to be around 350 °C. The irradiated specimens on the other hand, 

remain brittle fracture and without any plastic deformation regardless of the irradiation dose 

and testing temperature. At 25 °C, the average fracture stress of the irradiated tungsten is 304 

MPa. The difference in dosage among the 25 °C specimens (between 1.3 and 3.5 dpa) does 

not seem to affect the fracture behaviour much. As the testing temperature increases, the 
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fracture stress also increases. The 2.6 dpa specimen tested at 500 °C fractured at a stress of 

548 MPa, which is very similar to the behaviour of the unirradiated 25 °C specimen.     

Fig. 2 Stress-strain diagram displaying results from the 3-point bending testing. The data are grouped according 

to the testing temperature with a shift of 5% on the x-axis. The numbers nearby the curves indicate the 

irradiation dose (dpa). 

3.2 Hardness 

Hardness measurements were performed on the reference specimens and on the specimens 

irradiated to 1.3, 1.4, 2.1, and 3.5 dpa. The results are presented in Fig. 3, plotted together 

with data from Maloy et al. [7]. 

The average microhardness of the unirradiated tungsten is 400 HV. Already at an irradiation 

damage of 1.3 dpa the hardness increases by 51%, and at 3.5 dpa the increase is 68%. The 

microhardness measurements presented by Maloy et al. [7], were performed on tungsten 

irradiated by 800 MeV protons in the temperature range of 50-160 °C, with 50-320 appm He. 

The hardness of these specimens is, however, slightly lower in comparison. 
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Fig. 3 Hardness of tungsten as a function of irradiation damage. The results obtained in this work are compared 

to data from Maloy et al. [7] where tungsten was irradiated with 800 MeV protons.

 

33.3 Fractography 

After 3-point bending testing the fractured specimens were observed in a SEM. Fig. 4 

presents a comparison of two unirradiated specimens, tested at 25 °C and 450 °C, 

respectively. The specimen tested at the lower temperature shows no sign of plastic 

deformation, which is consistent with the bending test results, presented in section 3.1. The 

specimen tested at 450 °C, above the DBTT, displays a significant amount of plasticity. The 

side surface shows numerous cracks and slip bands (Fig. 4d). The specimen tested below the 

DBTT fractured in a mixed trans- and intergranular fracture mode (Fig. 4e). whereas the high 

temperature specimen fractured mainly in an intergranular mode (Fig. 4f). 
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Fig. 4 SEM images of the fractured unirradiated tungsten specimens. The images to the left show a specimen 

tested at 25 °C, which fractured in a brittle manner. The images to the right show a specimen tested at 450 °C, 

which is above the DBTT, as is confirmed by the large amount of plastic deformation.  Images a, b, e, and f 

show the fracture surfaces. Images c and d show the side surfaces.

Figure 5 presents the fractographs of two specimens irradiated to 1.3 and 3.5 dpa and tested at 

25°C. Both specimens fractured in mixed transgranular and intergranular mode. The fracture 

surface of the 1.3 dpa specimen (Fig. 5a and 5c) looks like the unirradiated specimen tested at 

25°C (Fig. 4e), but with a higher portion of transgranular fracture. The fracture surface of the 

3.5 dpa specimen (Fig. 5b and 5d) looks quite different from that of the 1.3 dpa one, with the 

intergranular mode dominating. One may also notice that the grain surfaces of the 1.3 dpa 
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specimen are generally smooth, while those of the 3.5 dpa specimen are having many small 

facets. 

Figure 6 exhibits the fracture surfaces of two specimens of 1.4 dpa and 2.6 dpa and tested at 

450° and 500°C, respectively. The overall fracture characteristics of these two samples 

resemble those of specimens tested at 25°C (Fig. 5). The lower dose specimen shows again a 

mixed transgranular and intergranular fracture mode. However, slip bands can be seen 

everywhere on the surfaces of the grains.  The 2.6 dpa specimen shows an interesting feature. 

The low magnification image (Fig. 6b) indicates that the fracture should be transgranular 

type, because the fracture surface is smooth or flat, whereas the high magnification image 

(Fig. 6d) depicts intergranular fracture, with tiny grain surfaces, rather facets shown in Fig. 

5d, on large grain surfaces, as seen in the insert in the figure.

Fig. 5 SEM images of the fracture surfaces of tungsten specimens irradiated to 1.3 dpa (images a and c) and 3.5 

dpa (images b and d), tested at 25 °C.  
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Fig. 6 SEM images of the fracture surfaces of tungsten specimens irradiated to 1.4 dpa and tested at 450°C 

(images a and c) and 3.5 dpa and tested at 500°C (images b and d).

44. Discussion
Effect of neutron irradiation on the mechanical properties of tungsten has been studied since 

1950s. However, not many data could be found in open publications. The reason might be that 

tungsten is brittle at room temperature and its DBTT increases quickly after irradiation, which 

make mechanical testing of irradiated tungsten rather difficult, particularly at irradiation doses 

above 1 dpa. In the 1960s and 70s some low dose (<1 dpa) irradiation experiments were 

performed on pure tungsten materials. For example, Rau et al. [1] irradiated commercially 

pure (99.98%) tungsten in ORR (Oak Ridge Research Reactor) at ~70°C. Tensile testing at 

400°C showed that specimens irradiated to fast neutron fluence of 3.9x1023 n/m2 (E>0.1 MeV, 

the corresponding dose is about 0.01 dpa) and higher were fractured essentially without 

plastic deformation. Meanwhile, large hardening effect was detected as the increase of yield 

stress or ultimate tensile strength. In another case, Younger et al. [3] found the DBTT of 

tungsten increased rapidly with irradiation dose. After irradiation at about 120°C to 1.5x1024 

n/m2 (E>1MeV), the transition temperature derived from tensile testing increased from 315°C 

of the unirradiated specimens to about 795°C, with a shift by 480°C. At the lower bound of 

the transition, the specimens failed with zero ductility, although the testing temperatures were 
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much higher than the irradiation temperature. At higher irradiation doses, ≥1x1025 n/m2, 

Gorynin et al. [5] found that W and some W-alloys were all brittle at irradiation and testing 

temperature below 700°C. In this work, for the specimen of the lowest dose the fast (E>0.1 

MeV) neutron fluence is about 2.3x1025 n/m2, and in addition, the high energy (average 

energy is 470 MeV) proton fluence is about 1.1x1024 n/m2. The displacement dose is much 

higher than the neutron irradiation doses as mentioned above. Hence, it is not surprising to see 

the brittle fracture of the specimens when they were tested at temperatures up to 500°C. 

As observed by many authors that neutron spectra play an important role in the irradiation 

effect of tungsten. The early results obtained by Rau et al. [1] from tensile and creep tests on 

Cd-shielded and unshielded tungsten specimens irradiated to a fast neutron fluence of 

3.8x1023 n/m2 (E>1MeV) showed a marginally lower strength and a greater degree of 

embrittlement (lower total elongation or creep rupture life), although no microstructural 

differences could be seen in the TEM. This means the thermal neutron fluence, 2.3x1024 n/m2, 

did not play an important role in the irradiation induced hardening and even improved 

ductility to some extent.  This early observation contradicts recent results obtained by 

Hasegawa et al. [25,26], which demonstrated, due to high production rates of Re and Os from 

thermal neutrons, irradiation of tungsten in HFIR with mixed spectrum neutrons induced a 

stronger hardening effect as compared to irradiation in JOYO with fast neutrons. Figure 7 

presents a comparison of the hardening effect observed under different irradiation conditions: 

1) irradiations in HFIR and JMTR at temperatures between 90 and 850°C with mixed 

spectrum neutrons [26], 2) in JOYO at temperatures between 400 and 850°C with fast 

neutrons [26], 3) in SINQ Taget-7 at low temperatures between 85 and 110°C with high 

energy protons and spallation neutrons, and 4) at LANCE at temperatures between 60 and 

250°C with 800MeV protons [7]. The differences among the four data sets are clear. The 

differences may be attributed to different purities (99.9 – 99.999%), different crystalline 

structures (single- and poly-crystalline structures), different helium/hydrogen contents (~0/0 – 

1900 appm He/10300 appm H), and wide irradiation temperature ranges (60 – 850°C), while 

the main cause seems to be the effect of the irradiation spectrum, or the rhenium production 

and perhaps precipitation as well [25-28]. The production of rhenium by 800 MeV protons is 

about 15 appm per dpa, which is much lower than that in HFIR irradiation case, ~34000 appm 

per dpa, or even in JOYO irradiation case, ~520 appm per dpa [28]. In the SINQ irradiation 

case, since there is a thermal neutron spectrum [22], the rhenium production should be greater 

than that of 800 MeV protons, but perhaps lower than that of fast neutron irradiation, because 
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for tungsten a large part (>60%) of displacement damage is contributed by high energy 

protons. In the tungsten target of ESS, the rhenium production after 5 years target lifetime at 5 

MW beam operation is calculated to be a maximum of 0.4 at-%, namely about 400 appm per 

dpa. Therefore, the rhenium effect may not be so pronounced. 

It should be mentioned that the hardening effect in the present series of specimens will be 

further studied with the specimens of higher doses. The rhenium production and clustering 

will be quantitatively analyzed with different techniques.
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Fig. 7 Irradiation dose dependence of pure tungsten irradiated in different irradiation facilities. 

The data bands of HFIR/JMTR and JOYO are taken from [26].

The observation of fracture surfaces of neutron irradiated tungsten samples is quite limited up 

to date. The early work performed by Younger et al. depicted that, after irradiation with fast 

(E>1 MeV) neutrons to 1024 n/m2 at 204°, 316° and 371°C (400°, 600° and 700°F) and tensile 

tested at the same temperatures, the specimens (with a gauge section of 4.83 mm diameter and 

25.4 mm length) showed brittle intergranular fracture. The specimens of the same dose 

irradiated and tested at 149°C (300°F) exhibited transgranular fracture.  Unfortunately, there 



P a g e  15

is no detailed information available. Transgranular brittle fracture was also observed by Saito 

et al. [29] on tungsten irradiated in SINQ Target-4 to higher doses (>~8 dpa) and tensile tested 

at room temperature, in which all specimens fractured in the elastic regime. 

The present results show a strong dependence of fracture behavior on irradiation dose and 

testing temperature. For unirradiated or 1.3/1.4 dpa specimens, the fracture is typically mixed 

transgranular and intergranular, with a general trend of increase in intergranular fracture with 

increasing testing temperature. For specimens tested at 450°C, slip bands were observed on 

the grain surfaces of both unirradiated and 1.4 dpa specimens, which indicate some amount of 

plastic deformation taking place inside the grains. At higher doses, 2.6 and 3.5 dpa, the 

fracture surfaces are flat, which reflects a very brittle cleavage fracture. The crack propagation 

path should be mainly through the original grains, namely in a transgranular manner. 

However, the small facets (Fig. 5d) or tiny grain surfaces (Fig. 6d) suggest that the fracture is 

a kind of intergranular type. As shown in [16] and [18], intergranular fracture was observed 

along boundaries of small grains or subgrains. EBSD (Electron backscatter diffraction) 

analysis [30] demonstrated that there is a subgrain structure in the hot-rolled tungsten (the RA 

samples of [19]). The subgrains have sizes typically between 0.5 and 2 μm and many subgrain 

boundaries are with angels greater than 10°. Therefore, in the 2.6 and 3.5 dpa specimens, the 

crack propagation should be mainly along subgrain boundaries. This is different from that 

observed by Saito et al. in higher dose specimens, where the feature was transgranular 

cleavage fracture with river patterns and no intergranular fracture was observed. The reason 

may be associated with the production and purity of the tungsten materials in different 

studies. This issue will be investigated in the future using the different tungsten materials 

irradiated in STIP-VI and STIP-VII.   

As for the significance of the present work to the ESS application, the results show that in the 

ESS operation conditions, the fracture stress of the tungsten bricks may be 200 MPa or 

higher. This is higher than that induced by beam pulses and beam trips, in the range of 44-110 

MPa [8]. However, it does not guarantee that the tungsten bricks would not fail during the 

operation, because crack propagation under a cyclic stress condition is easier. 
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55. Summary and conclusion 
Cross-rolled commercially pure tungsten was irradiated in SINQ Target-VII during the period 

2007-2008, as a part of the STIP-V irradiation campaign. The samples were exposed to both 

high energy proton and spallation neutrons, accumulating radiation damage in the range of 

1.3-28 dpa with 37-1300 appm He, at irradiation temperatures of 75-550 °C. Due to the high 

activity of the tungsten, only specimens of low dose, i.e. 1.3-3.5 dpa, were studied. In order to 

estimate the DBTT and investigate the fracture behaviour of irradiated tungsten, three-point 

bending tests were performed at temperatures up to 500 °C. The results showed that at all 

doses and temperatures, the specimens have virtually zero ductility and fail at stress levels 

much below those of the reference specimens. The hardness measurements demonstrate a 

strong irradiation-induced hardening effect in all samples. 
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Abstract 

The spallation material at ESS is pure tungsten, which is cooled by gaseous 

helium flow. To study the behaviour of tungsten under dynamic beam 

conditions, pure tungsten specimens have been irradiated at the M3-beamline 

of the UNILAC facility at GSI Helmholtz Centre for Heavy Ion Research. 

Tungsten specimens of two thicknesses, 26 µm and 3 mm, were exposed to 

pulsed uranium and gold ion beams for fluences up to 7.5×1013 ions/cm2 at 

4.8 MeV/nucleon. Nanoindentation tests were performed on the cross section 

of the irradiated 3 mm sample, and microhardness was measured on the top 

surface. The measured data are compared with the calculated damage values, 

and a correlation between the radiation induced damage and the observed 

mechanical property is presented. Thermal diffusivities of foil samples, 

irradiated up to four different fluences, were measured with a Laser Flash 

Apparatus (LFA). The observed changes in the mechanical and thermal 

properties of irradiated tungsten were used to estimate the changes of 

operational temperature and mechanical stresses in the ESS target material 

with the progress of radiation damage, using coupled thermal and mechanical 



simulations. From the pulsed beam induced dynamic oscillations of thin 

tungsten specimens, information on fatigue properties of tungsten under 

irradiation was drawn. In addition to pure tungsten, oxidised tungsten samples 

were also irradiated. This is to investigate the stability of the adhesive oxide 

layer under pulsed beam conditions, which would be formed due to oxygen 

impurities in the helium cooling loop. The irradiated oxide scale was 

examined using Auger Electron Spectroscopy (AES) and Scanning Electron 

Microscopy (SEM).  

Keywords: Tungsten, Spallation target, Heavy ion irradiation, Radiation 
damage 
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1. Introduction 

The European Spallation Source (ESS) selected pure tungsten as the 

spallation target material, which is cooled by gaseous helium flow [4]. The 

spallation volume consists of 6696 tungsten bricks with dimensions of 

80×30×10 mm3, which are separated by 2 mm wide helium cooling channels. 

These tungsten bricks are confined within the wheel-shaped target vessel 

made of stainless steel. A top view of the target geometry, with an illustration 

of the tungsten brick layout in a single segment is shown in Fig. 1.  

Figure 1  A top view of the target geometry with an illustration of the tungsten brick layout in 
a single segment. The picture is taken from the ESS internal design report on the target vessel 
[1], with the courtesy of ESS-Bilabo. 

The target rotates with a frequency of 0.39 Hz to distribute the thermal loads 

and radiation damage caused by the high intensity proton beam. Upon full 

commissioning, the ESS linac will deliver a 2 GeV pulsed proton beam with 

a repetition rate of 14 Hz and a pulse length of 2.86 ms to the target. The 

maximum beam current on the target will be 62.5 mA, loading 357 kJ per 

pulse to the tungsten. During the 5-year lifetime of the target the maximum 



proton beam induced displacement damage in the tungsten is estimated to be 

10 dpa. Beam pulses and occasional beam trips will cause cyclic thermo-

mechanical loading of the bricks, which in combination with the radiation 

induced embrittlement of tungsten poses a risk of premature failure of the 

target. For example, broken tungsten pieces could block a cooling channel, 

creating a local hot spot in the structural parts of the target vessel. The 

subsequent temperature increase could also result in a higher rate of diffusion 

driven release of radioactive isotopes and a higher rate of oxidation as well, 

in the presence of oxygen impurity in the helium coolant [8]. A good 

understanding of the changes in the physical, mechanical and thermal 

properties of pure tungsten induced by pulsed beam irradiation is therefore 

important for the reliable operation of the ESS target. In the present work, 

pure tungsten specimens have been irradiated with a pulsed heavy ion beam 

with the purpose of studying changes in thermal and dynamic response 

properties of tungsten with progressive irradiation damage. Though its 

damage mechanism differs from that of the high energy proton beam, the 

heavy ion beam used for irradiating tungsten specimens could induce 

radiation hardening of tungsten at a relatively low ion fluence. The results 

obtained from the performed post-irradiation examination confirms and 

complements the study of the proton irradiated tungsten specimens at PSI 

[6,7]. The dynamic mechanical response to the beam pulses was analysed 

using a transient mechanical and thermal simulation software. In addition to 

pure tungsten, oxidised samples were irradiated in order to investigate the 

oxide adhesion under a pulsed beam. 

 

  



2. Irradiation Setup 

2.1. Specimens for irradiation 

For irradiation, disk shaped specimens made of pure tungsten were prepared 

in two different thicknesses, 3 mm for the thick ones and 26 µm for the thin 

ones. The diameter of the disks was 20 mm for both thicknesses. The thick 

specimens were fabricated by Beijing Tian-Long Tungsten & Molybdenum 

Co., Ltd., China, and the thin specimens by Plansee Metall GmbH, Austria. 

Among the thick samples, one specimen was pre-oxidised in air at 500 °C for 

24 hours, to study the dynamic beam pulse effects on a mildly oxidised layer 

on the tungsten surface. The specimens were mounted on an aluminium 

sample holder and fixed with copper spring washers, as shown in Fig. 2. A 

stripe of graphite coating was made on the sample for online infrared (IR) 

temperature measurements. To measure the beam pulse induced dynamic 

vibration of the samples, a small reflective tape is attached on the downstream 

side of the samples for laser doppler velocimetry (LDV). The beam spot size 

was set to approximately 10×10 mm2. 



 

Figure 2 Aluminium sample holders. Beam upstream side (A) showing two specimens attached 
with copper spring washers (1). Beam downstream side (B) showing a thin and a thick 
specimen with a graphite stripe for the IR temperature monitoring, and a small piece of 
reflective tape for LDV measurement. The image of the beam footprint on the luminescence 
target is shown in (C). 

 

2.2. Irradiation conditions 

Irradiation of the tungsten specimens was carried out at the M3-beamline of 

the UNILAC facility at GSI Helmholtz Centre for Heavy Ion Research, 

Darmstadt, Germany. Pulsed uranium ion beam with a kinetic energy of 4.8 

MeV/nucleon was used to study the dynamic response of tungsten. The 

repetition rate of the uranium beam was 1 Hz with a pulse length of 150 µs. 

Each pulse had an ion intensity of 7.5×109 U-ions/cm2/pulse. The gold beam 



with kinetic energy of 4.8 MeV/nucleon was used to study the potential 

degradation of thermal diffusivity of tungsten induced by radiation damage. 

The time averaged ion flux of the gold beam was 5.0×109 Au-ions/cm2/s. 

Table 1 lists the applied beam conditions and performed in-situ monitoring 

(ISM) and post irradiation examinations (PIE) for the irradiated tungsten 

specimens. 

Table 1 Applied beam conditions and performed in-situ monitoring (ISM) and post irradiation 
examinations (PIE). In the sample ID, "Thick" represents 3 mm thickness and "Thin" the 26 mm 
thickness. The label "Ox" represents the pre-oxidised sample, while "U" and "Au" represent 
the used ions for irradiation. 

 

 

2.3. Quasi-static thermal and mechanical load 

The quasi-static thermal and mechanical loads in the thick tungsten 

specimens induced by pulsed uranium beam were calculated using ANSYS 

Workbench [9]. The observed beam spot size on the sample was a rectangular 

area with a dimension of 10×10 mm2, with a uniform distribution of the beam 

cur- rent. The particle transport code FLUKA [10,11] was used to calculate 

the heat deposition in the tungsten sample. Figure 3 shows the temporal 

development of maximum temperature of the uranium irradiated tungsten 

specimen at an ion flux of 7.5×109 U-ions/cm2/pulse. Also shown in the figure 



is the von Mises stress configuration at the peak of the twentieth pulse. Note 

that the variance in maximum temperature per pulse is 54 °C and that of the 

maximum von Mises stress is 122 MPa. These values lie in the comparable 

ranges of the operational stress and temperature of the ESS target at 5 MW 

full power operation, despite the significantly lower beam energy and power 

of the heavy ion beam used for this study. For reference, the temperature and 

stress variances per single pulse in the tungsten bricks in the ESS target are 

about 74 °C and 56 MPa, respectively, as summarised in Table 2 in Sec. 7. 

However, the temperature and thermal stress comparisons are valid only in 

the volume where beam interacts with the material. The 2 GeV proton beam 

at ESS penetrates through the 30 mm long tungsten brick, creating a uniform 

temperature profile in the beam direction. The maximum temperature 

gradient is seen in the vertical direction, where the beam intensity varies the 

most. As a result, the tensile stress in the vertical direction accounts for the 

maximum equivalent stress in the tungsten bricks of the ESS target. For this 

reason, the tungsten bricks for the ESS target will be manufactured such that 

the vertical direction is aligned with the rolling direction in which the 

tungsten texture exhibits highest tensile strength. On the contrary, the 4.8 

MeV heavy ion beam is stopped within 20 µm depth in the tungsten specimen, 

as shown in Fig. 4. This creates a stiff temperature gradient on the surface 

region of the tungsten specimen. As a result, the maximum shear stress in the 

surface region accounts for the maximum equivalent stress in the tungsten 

specimen. As the rolled direction of the tungsten specimen is transversal to 

the beam direction, the shear stress might cause fracture or delamination of 

the rolled material. 



Figure 3 The temporal development of maximum temperature of uranium irradiated tungsten 
specimen and the von Mises stress configuration at the peak of the twentieth pulse. 

 

Figure 4 The one-dimensional dpa configurations per single ion, for the uranium and gold 
beam cases. 

 

2.4 Radiation damage 

The ion beam energy 4.8 MeV/nucleon used for irradiation of tungsten 

specimens is below the Coulomb barrier. As it does not induce nuclear 

reaction in the tungsten atoms, the used beam condition can simulate the 

displacement radiation damage effect only. Other radiation damages expected 

in the spallation material at ESS, which are caused by gas production and 

solid transmutations, cannot be obtained with this low energy beam. On the 



contrary, this low energy ion beam irradiation campaign is useful to make a 

focused study of the atomic displacement damage effect in tungsten 

properties only, separated from other nuclear reaction induced damage 

effects. In interpreting displacement damage caused by slow heavy ion, care 

must be taken in assessing the microchemical and microstructural changes 

due to irradiation. While heavy ions produce damage in large clusters, protons 

will produce damage as isolated Frenkel pairs or in small clusters [12].  

The displacement damage in the tungsten specimens was calculated by 

FLUKA. Figure 4 shows the one-dimensional configurations of the dpa 

values per single ion, for the uranium and gold beam cases. The radiation 

damage caused by 4.8 MeV/nucleon beam is confined within the surface area, 

with a depth of about 20 µm. At a maximum uranium beam fluence of 

7.5×1013 ions/cm2 for Disc Thick U, the displacement damage in the sample 

varies from 0.0024 dpa in the beam upstream surface to 0.063 dpa at the 

Bragg peak. The average one dimensional dpa for the 20 µm is calculated to 

be 0.018 dpa. For the used ion beam flux of 7.5×109 U-ions/cm2/s, the average 

damage rate is 1.8×10−6 dpa/s. At a maximum gold beam fluence of 2.0×1013 

Au-ions/cm2 for Disc Thin Au 4, the displacement damage in the sample 

varies from 0.0016 dpa in the beam upstream surface to 0.041 dpa at the 

Bragg peak. The average one dimensional dpa for the 19 µm is calculated to 

be 0.008 dpa. For the used ion beam flux of 5.0×109 Au-ions/cm2/s, the 

average damage rate is 2.0×10−6 dpa/s. For reference, the tungsten bricks in 

the ESS target will get maximum 2.6 dpa annual dose at 5 MW operation 

[13]. This corresponds to maximum damage rate of 1.4×10−7 dpa/s. This is 

comparable to the damage rate in the ion beam irradiated samples, within an 

order of magnitude. As the stopping range of the 2 GeV proton beam is much 

longer than the depth of a single tungsten brick, the displacement damage in 



the tungsten brick is uniform in the beam direction. The average displacement 

damage of 0.01 obtained in the irradiated sample is far below that of the ESS 

target. Furthermore, the large variance of the dpa values in 20 µm thin region 

makes it difficult to study the displacement damage induced changes of bulk 

material properties. Nevertheless, the radiation damage induced degradation 

of the mechanical properties of pure tungsten is manifest already at a neutron 

dose of 0.1 dpa [14]. This indicates that the radiation induced hardening effect 

could be studied in the Bragg peak region of the irradiated specimens, where 

the maximum displacement dose reaches quite close to 0.1 dpa. Indeed, the 

radiation hardening effects in the damaged region are observed from micro- 

and nanoindentation tests as presented in Sec. 3. 

2.5 Beam induced radiation hardening 

Microhardness was measured on the irradiated surface of the 3 mm thick 

specimen, Disc Thick U, using a CSM instruments Micro Combi Tester with 

a load of 500 g. As tungsten is a hard material, a relatively higher load was 

used to have measurement values with reasonable statistical errors while not 

penetrating the 20 µm thin damaged layer. Three areas were chosen within 

the irradiated spot and milled down to 6, 9, and 12 µm depths using Auger 

Electron Spectroscopy (AES). The hardness was subsequently measured in 

these spots. The results of the test are shown in Fig. 5. The horizontal bar at 

each measurement point shows the penetration depth of each indentation, 

which is about 5 µm.  

In addition to microhardness, nanohardness of the irradiated thick specimen 

was measured in its cross section, to obtain a more accurate correlation 

between the dpa and the hardness. As the maximum ion penetration depth is 

only 20 µm, determining the hardness profile in-depth is challenging. In order 

to fit as many indentations as possible, the specimen was sectioned at an angle 



so that the surface area of the irradiated volume could be increased. The cross 

section used for nanohardness measurements was polished after mounting, to 

a mirror finish quality. Fig. 6 shows a schematic drawing of the indentation 

plane. The indentations were placed 15 µm apart in 8 rows, with 10 

indentations per row. The hardness was measured using a Berkovich 

nanoindenter, for depths from 3.5 to 51.5 µm. A load of 50 mN was used, 

which resulted in a displacement of approximately 500 nm into the surface. 

The results of the nanoindentation test is shown in Fig. 7. The plastic zone 

affected by indentation is much larger than the indentation itself [15]. 

Assuming a plastic zone of three times the indentation depth, each data point 

shown in the figure is an average value over a depth of 1.5 µm. 

 Figure 5 Microhardness of the uranium ion irradiated thick specimen. The horizontal bar 
represents the penetration depth of the indenter. The load was 500 g. The vertical bar shows 
the standard deviation for an average of ten measurement at each depth. 



 

Figure 6 Schematic drawing of the side view of the uranium ion irradiated thick specimen. 
The yellow top layer represents the irradiation damaged area. Hardness measurement were 
performed on the plane marked with the black line.  

 

 

Figure 7 Nanohardness measured in the cross section of the uranium ion irradiated thick 
specimen. The black dotted line represents the average hardness at depths beyond the range 
of the irradiation ions. 

 



Figures 5 and 7 indicate irradiation induced hardening in the tungsten. 

Comparing the two data points within 10 µm depth from the surface, where 

the displacement damage is less than 0.01 dpa, the hardness measured closer 

to the surface is slightly higher for both methods. This could be explained by 

residual stresses in the top surface, which is a result of hot rolling not followed 

by stress relieving during production. Except the data point closest to the 

surface, the microhardness measurements show a tendency of increasing 

hardness with depth. Radiation hardening effect is observed in the surface 

area, by comparing the harness values measured on the irradiated and 

unirradiated surfaces. The average hardness in the irradiated area has 

increased from approximately 550 to 580 HV0.5 due to irradiation. The 

nanoindentation data also shows the general tendency of increasing hardness 

with depth, up to the Bragg peak. 

During the microhardness tests, the applied load and penetration depth are 

recorded in real time. The increase in stiffness was estimated based on results 

from the Micro Combi Tester, which records the applied load as a function 

of indentation depth. The relative stiffness was taken as the change in slope 

of the load-depth curves, just after the unloading, as described in Ref. [16]. 

Compared to the reference stiffness measured on the unirradiated surface at 

0 µm, average stiffnesses at the depth of 0 µm and 12 µm in the irradiated 

were 15% and 14%. higher. 

 

3. Dynamic response and fatigue 

The pulsed uranium beam on the thin specimen Disc_Thin_U should induce 

dynamic vibration. Figure 8 shows the calculated maximum principal and 

minimum principal stresses at the central node of the thin sample, which is 

activated by 150 µs long beam pulse with the ion intensity 7.5×109 U-



ions/cm2/pulse. Implicit time marching with 5 µs time step was used for the 

dynamic simulations, suppressing the vibration modes with frequencies 

higher than 200 kHz. The pulse impact on the sample excites vibration modes 

of different frequencies. The mode with an approximate frequency of 7 kHz 

provided the largest stress variance. For the simulation, a quarter of three-

dimensional model was used, with symmetric boundary conditions. Mesh 

resolution of 2 µm was used for the 26 µm sample thickness. As only a quarter 

of the geometry was used, due to the limitation of the available computational 

power, non-symmetric vibration modes were not captured. The pulsed 

uranium beam induced visible dynamic vibrations in the thin tungsten 

specimen, Disc Thin U were attempted to be measured using LDV. The 

surface velocity of the centre of the 26 µm thin specimen was measured at a 

frequency of 128 kHz, which corresponds to a time resolution of 7.8 µs. With 

this time resolution, many of the stress wave modes travelling at the speed of 

sound within the boundaries of the irradiated specimen could not be captured. 

Besides the insufficient data collection frequency, uncontrolled surface 

smoothness of the target area resulted in a failure in obtaining meaningful 

data.  

Figure 8 Calculated maximum principal and minimum principal stresses at the central node 
of the thin sample, which is activated by 150 ms long beam pulse with the ion intensity 
7.5×109 U-ions/cm2/pulse (left) and a snapshot of the von Mises stress configuration at 

2.245 ms after the start of a beam pulse (right). 



Nevertheless, the LDV measurement provided information about the time 

scale for the stress wave damping after each pulse. The velocity amplitude 

damped away after 5 ms at a lower fluence level of 5×1011 U-ions/cm2, 

whereas the one at a higher dose of 4×1013 U-ions/cm2 did not suffer from 

damping. This could be attributed to the loosening of the sample holder with 

the progress of radiation. At a lower dose with a tight sample holding, the 

beam pulse induced stress wave is damped away by surrounding structure. At 

a higher dose with loosened sample holding caused by number of 

accumulated vibrations, the stress wave propagation is confined within the 

sample geometry, with the sample edge providing a virtual free vibration 

condition.  

Assuming an average stress wave damping time scale of 15 ms after each 

beam pulse and 7 kHz vibration frequency, the centre of the irradiated 

specimen experiences about 100 cycles per pulse with a stress variance of 100 

MPa, as shown in Fig. 8. For the total 10,000 pulses on the specimen Disc 

Thin U, it corresponds to applying about 1 million fatigue cycles with a stress 

amplitude of 50 MPa. After the irradiation, SEM images were taken on the 

surface of the specimen, where no cracks were observed. This agrees with the 

fatigue limit of pure tungsten studied in Ref. [17]. 

 

4. Radiation damage and thermal diffusivity 

Four of the tungsten foils were irradiated with a gold ion beam up to the 

fluences of 1×1011, 1×1012, 5×1012, and 2×1013 ions/cm2. Together with a 

reference specimen, these foils were used for thermal diffusivity studies. 

Thermal diffusivity was measured at room temperature, using a laser flash 

apparatus (LFA) and an in-plane sample holder. The surface of the LFA 

specimens were blackened with graphite spraying, with a couple of light 



passes at 20 cm distance from the surface. The total film thickness is 

estimated to be about 10 µm, according to product description. No effort was 

given to measure the uniformity and exact thickness of the coating layer. Due 

to very thin specimen thickness, the graphite layer caused uncertainties in 

measuring the exact thermal diffusivities of pure tungsten. Therefore, only 

the relative change in displacement dose dependent thermal diffusivity of the 

coated specimens is presented. The decrease of thermal diffusivity of the 

coated tungsten foils irradiated with the gold ion beam is shown in Fig. 9. The 

measured values were normalised to the thermal diffusivity measured with 

unirradiated reference foil specimen. Irradiation up to a fluence of 1×1011 

ions/cm2 did not affect the thermal diffusivity. Fluences of 1×1012, 5×1012, 

and 2×1013 ions/cm2 caused a slight decrease, with the highest fluence 

resulting in a decrease in thermal diffusivity of approximately 12%, relative 

to the unirradiated tungsten foil. For reference, the gold beam fluence of 

2×1013 ions/cm2 corresponds to average displacement damage of 0.006 dpa 

over the entire 26 µm thickness of the irradiated specimen. The maximum 

damage at the Bragg peak at this fluence is calculated to be 0.04 dpa. The 

decrease of thermal diffusivity shown in Fig. 9 should be mainly due to the 

displacement damage. This is consistent with the observed thermal diffusivity 

degradation of tungsten which is irradiated by primary protons and secondary 

neutrons at PSI [7]. In the mixed field of protons and neutrons, both the 

displacement damage and solid transmutation contribute to the change of 

thermal diffusivity. Figure 9 shows that a low level of displacement damage 

could induce a large degradation of tungsten thermal diffusivity. 



 

Figure 9 Relative change in thermal diffusivity of tungsten as a function of fluence. 

 

5. Damage in the oxidised surface 

Though the tungsten bricks are cooled by purified helium gas flow, a certain 

amount of oxygen impurities are invariably present in the loop. At the 

operational temperature of the tungsten bricks, which could reach 500 °C, 

oxide layers might form on the tungsten surface [8]. For safe operation, it is 

important to know whether the tungsten oxide debris could be released into 

the helium loop. An experiment dedicated to assessing the erosion rate of the 

tungsten oxide layer did not show any sign of loss of tungsten oxide layer due 

to the impinging helium jet flow [4]. However, dynamic effect from the 

pulsed beam on the spalling of the tungsten oxide layer has not yet been 

studied. For this reason, an oxidised tungsten specimen has been irradiated 

by pulsed uranium beam to observe the consistency of the oxide layer under 

irradiation. An image of the oxidised thick specimen after irradiation is 

presented in Fig. 10.  The specimen was pre-oxidised at 500 °C in air.  This 



caused the formation of an oxide scale with varying stoichiometry ranging 

from WO2 at the metal-oxide interface, to WO3 at the surface [8]. The 

outermost oxide is porous, green, and thick, while the innermost oxide is dark, 

thin and adherent. After the irradiation, there is a clear mark in the centre of 

the specimen, corresponding to the size and shape of the ion beam. The colour 

of the surface within the area has shifted from green to dark grey, indicating 

the removal of the outer, porous oxide layer.  

 

Figure 10 Image of the oxidised thick specimen after irradiation. The darker area in the 
centre appeared due to the irradiation and indicates the position and shape of the beam 

spot. 

SEM images of the 10×10 mm2 beam spot area reveal a damaged oxide layer, 

as shown in Fig. 11. A large number of flakes from the porous outer layer of 

the oxide have been removed, exposing the more adhesive oxide layer 

underneath. This could be due to the pulsed beam induced thermal fatigue 

fracture at the tungsten oxide surface. In addition, the oxide layer was 

examined with AES. A PHI 700 Scanning Auger Nanoprobe with 4 kV Ar+ 

ion sputtering was used to characterise the remaining oxide layer in the 



irradiated area. The oxide layer thickness was estimated by a depth profile 

using ion sputtering. The sputtering rate of 55 nm/min was determined with 

a Ta2O5 reference standard, used under the same sputtering conditions. The 

measured depth of the oxide layer in the irradiated area is on average 1.3 µm, 

and the one measured outside the beam region is 2.4 µm. This indicates that 

about 1.1 µm of the oxide layer was removed by the pulsed beam. Elemental 

analysis showed that only tungsten and oxygen are present in the oxide scale, 

in both the irradiated and non-irradiated areas. Figure 12 shows one of the 

elemental analyses performed in the beam spot of the thick specimen. The 

analysis was done on the top surface, before the ion sputtering was started. 

Also shown is one of the depth profiles, where the thickness of the oxide scale 

is approximately 1.3 µm. 



 

Figure 11 SEM images of the oxidised thick specimen before and after irradiation. The images 
are taken near the centre of the disk where the oxide layer has been damaged by the beam. 

 

Figure 12 Elemental analysis at the beam spot of the oxidised thick specimen after 
irradiation (left) and depth profile taken at the beam spot of the irradiated oxidised thick 

specimen (right). 

 

 



6. Implications of the observed radiation damage effects on the 
ESS target 

In order to assess the impact of observed radiation induced materials 

hardening and thermal diffusivity degradation on the operational conditions 

of the ESS target, heat deposition calculations using FLUKA and coupled 

flow, thermal and structural mechanics simulations using ANSYS 

Workbench are made. While a full target model was used for heat deposition 

calculations, a partial model shown in Fig. 13 is used for the ANSYS 

simulations. This model represents a matrix of tungsten bricks with three 

layers in the beam direction and four columns in the transverse direction, 

which is located in the middle section of a target segment. Also shown is the 

beam profile on the target used for heat deposition calculations. The toy 

model represents upstream part of a quarter radial fraction of tungsten bricks. 

The mass flux of the helium coolant in the target cooling loop is 2.85 kg/s at 

1.1 MPa, which converts to 19.79 g/s for this toy model. The inlet temperature 

used was 400 K. Shear stress transport model was used to calculate the heat 

exchange between the tungsten bricks and the helium flow, with a fine 

boundary layer mesh resolution. Transient simulation for 8 beam pulses are 

made, where the initial condition is provided by a calculated steady state 

configuration. The calculated maximum temperature in a chosen tungsten 

brick is shown in Fig. 14, for unirradiated and irradiated tungsten with 20% 

lower thermal conductivity. The case for the 20% lower thermal conductivity 

is chosen motivated by the 12% thermal diffusivity loss observed in Sec. 5 in 

a tungsten with a maximum 0.06 dpa of radiation damage. Since the tungsten 

bricks in the ESS target will be exposed to much higher radiation damage 

than 0.06 dpa, a higher loss value of 20% than 12% was chosen to represent 

the case of the ESS target. For the quasi-static structural analyses, the 

temperature profiles in the tungsten bricks just before (pre-pulse) and 



immediately after (post-pulse) the 8th pulse are used. To assess the effect of 

radiation damage in tungsten, two cases were studied. The material properties 

of tungsten as compiled in ITER Material Properties Handbook [5] were used 

to study the case of unirradiated tungsten. A 20% higher stiffness and a 20% 

lower thermal conductivity were assumed for the irradiated tungsten. As the 

displacement damage in the tungsten bricks in the ESS target wheel will 

suffer from a much higher dpa dose than the one in the irradiated sample, 

higher than the observed 15% stiffness increase in Sec. 3 was taken for the 

study of the combined effects of radiation induced degradation of thermal and 

mechanical properties. Table 2 compiles the results of the analyses.  

The temperature and the stress values shown are the ones for the tungsten 

bricks in the second row. This row was chosen because the tungsten bricks 

are surrounded by fully developed flow as in the real target case. On the 

contrary, the flow pattern in the third row has an open outflow region, which 

is different from the actual target case. Figure 15 shows the calculated post-

pulse temperature and stress configuration of a single brick from which the 

values for Table 2 were drawn. The radiation damage in tungsten could 

induce a increase of about 8 ◦C in operational temperature of tungsten at 5 

MW beam power. Considering that the tungsten oxidation rate becomes 

significant at above 500 °C, this increase of temperature does not threaten the 

target operation in oxidation perspective. However, the radiation damage 

induced increase in maximum stress is more remarkable. The combined effect 

of material hardening and thermal conductivity degradation could cause more 

than 20% increase of maximum thermal stress in tungsten. It has been known 

that irradiated tungsten suffers from total loss of ductility at the operational 

temperature range of the ESS target [6]. In particular, the tensile strength of 

irradiated tungsten with a displacement damage dose of 2 dpa showed 150 

MPa in Ref. [14]. The calculated maximum stress 108 MPa of irradiated 



tungsten is still below this value. However, considering that the brittle 

tungsten shows largely scattered statistics in fatigue tests [17] and almost 

7000 tungsten bricks are in use for the ESS target, the safety margin in the 

maximum stress values of irradiated tungsten bricks should be analysed 

further. 

 

Figure 13 Toy model representing the middle section of a target segment (left) and the beam 
profile on the target used for heat deposition calculations (right). 

 

Figure 14 Calculated maximum temperatures in a chosen tungsten brick, for unirradiated 
tungsten and irradiated one with 20% lower thermal conductivity. 



Table 2 Radiation damage effect on operational temperature and maximum von Mises 
stress in a tungsten brick. 

 

 

 

Figure 15 Calculated post-pulse temperature (top row) and stress (bottom row) 
configuration of single brick. The left and right columns are for the unirradiated and 

irradiated cases, respectively. 

 

 

 



7. Conclusions 

Tungsten specimens of two thicknesses were irradiated using a pulsed heavy 

ion beam.  The beam pulse induced stress in the tungsten reached 122 MPa 

in the 3 mm thick specimen and 270 MPa in the 26 µm thin specimen. These 

applied stresses exceed the expected maximum stress of 83 MPa in the ESS 

target material, providing an opportunity to study dynamic response of 

tungsten subject to repeated beam pulse loads. The specimens in this work 

were tested up to approximately 10,000 pulses.  The pulsed beam on the thin 

specimen caused dynamic stress waves, which resulted in about 1 million 

load cycles at a stress amplitude approximately of 50 MPa, during the 10 000 

beam pulses. The specimen did not show any signs of fatigue failure at the 

stress variance of 270 MPa. The used heavy ion beam with an energy below 

Coulomb barrier induced radiation damage mostly in a form of atomic 

displacements in tungsten. The maximum radiation damage obtained is 0.06 

dpa at the Bragg peak located at 20 µm from the beam upstream surface, 

which is the maximum damage dose in the ESS spallation material 

approximately after 5 days of 5 MW proton beam operation. Considering that 

heavy ion induced radiation damage differs in character from that caused by 

high energy protons, the results obtained in this paper complements the 

previous study on the proton irradiated tungsten [6,7] Thermal diffusivity and 

hardness measurements performed on the irradiated specimens indicate an 

irradiation induced increase in hardness and decrease in thermal diffusivity.  

In order to estimate the radiation damage effects in the ESS target, coupled 

flow, thermal and mechanical simulations have been made. The maximum 

temperature and maximum stress in the tungsten bricks in unirradiated 

condition and in irradiated condition with 20% higher stiffness and 20% 

lower thermal conductivity were compared. The calculated results for an 

irradiated ESS tungsten shows an increase of more than 20% of the maximum 



thermal stress, pushing the maximum stress above the design value of 100 

MPa. Specifically, the simulated maximum stress of the irradiated ESS 

tungsten is 108 MPa, which is close to the reported UTS of irradiated 

tungsten. An oxidised specimen was used to study the effect of the pulsed 

beam on the adhesion of the oxide scale. SEM imaging and AES confirmed 

loss of a 1.1 µm thick oxide layer within the irradiated region. The 

underlaying oxide scale showed considerable damage. This indicates that the 

oxide layer formed during the operation of the ESS target will be released to 

the cooling loop eventually. For this reason, the design of the target cooling 

loop purification system at ESS assumes the complete loss of oxide layer on 

the tungsten bricks, during operation [3]. Under this assumption, the erosion 

rate of oxide layer from the tungsten bricks in the target wheel is estimated to 

be 10 g/year, which is taken to be the same as the estimated formation rate of 

the tungsten oxide layer, for an oxygen impurity of 5 appm in the helium 

coolant flow in operation. 
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