
 

 

 

 

Development of Nanostructured Tungsten 

Based Composites for Energy Applications 

Mazher Ahmed Yar 

Doctoral Thesis 

Stockholm 2012 

Functional Materials Division 

School of Information and Communication Technology 

Royal Institute of Technology (KTH), Stockholm  



 

 

Address Functional Materials Division 

School of ICT 

Royal Institute of Technology 

Isafjordsgatan 22 

SE 164 40, Kista/Stockholm, Sweden 

 

 

 

Supervisor                             

 

 

Prof. Mamoun Muhammed 

Mamoun@kth.se 

 

 

Co-Supervisor 

 

 

Assoc. Prof. Muhammet S. Toprak 

toprak@kth.se 

 

                                                 

 

 

 

 

 

 

 

 
TRITA-ICT/MAP AVH Report 2012:13 
 
ISSN 1653-7610 
 
ISRN KTH/ICT-MAP/AVH-2012:13-SE 
 
ISBN 978-91-7501-429-6 
 
© Mazher Ahmed Yar, 2012 
Universitetsservice US AB, Stockholm 2012 



 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Wxw|vtàxw àÉ Åç ÄÉä|Çz ÑtÜxÇàá tÇw ytÅ|ÄçA 

 

M. A. Yar 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
 
 



M. A. Yar, Ph. D. Thesis, Functional Materials Division, KTH, 2012 

v 

Abstract 
Tungsten (W) based materials can be used in fusion reactors due to several advantages. Different 

fabrication routes can be applied to develop tungsten materials with intended microstructure and properties 
for specific application including nanostructured grades. Therein, innovative chemical routes are unique in 
their approach owing numerous benefits. This thesis summarizes the development of W-based composites 
dispersed-strengthened by rare earth (RE) oxides and their evaluation for potential application as plasma 
facing armour material to be used in fusion reactor. Final material development was carried out in two steps; 
a) fabrication of nanostructured metallic tungsten powder dispersed with RE-oxides and b) powder 
sintering into bulk oxide-dispersed strengthened (ODS) composite by spark plasma process. With the help 
of advanced characterization tools applied at intermediate and final stages of the material development, 
powder fabrication and sintering conditions were optimized. The aim was to achieve a final material with a 
homogenous fine microstructure and improved properties, which can withstand under extreme conditions 
of high temperature plasma. 

Two groups of starting materials, synthesized via novel chemical methods, having different 
compositions were investigated. In the first group, APT-based powders doped with La or Y elements in 
similar ways, had identical particles’ morphology (up to 70 µm). The powders were processed into 
nanostructured composite powders under different reducing conditions and were characterized to 
investigate the effects on powder morphology and composition. The properties of sintered tungsten 
materials were improved with dispersion of La2O3 and Y2O3 in the respective order. The oxide dispersion 
was less homogeneous due to the fact that La or Y was not doped into APT particles. The second group, Y-
doped tungstic acid-based powders synthesized through entirely different chemistry, contained 
nanocrystalline particles and highly uniform morphology. Hydrogen reduction of doped-tungstic acid 
compounds is complex, affecting the morphology and composition of the final powder. Hence, processing 
conditions are presented here which enable the separation of Y2O3 phase from Y-doped tungstic acid. 

Nevertheless, the oxide dispersion reduces the sinterability of tungsten powders, the fabricated 
nanostructured W-Y2O3 powders were sinterable into ultrafine ODS composites at temperatures as low as 
1100 °C with highly homogeneous nano-oxide dispersion at W grain boundaries as well as inside the grain. 
The SPS parameters were investigated to achieve higher density with optimum finer microstructure and 
higher hardness. The elastic and fracture properties of the developed ODS-W have been investigated by 
micro-mechanical testing to estimate the materials’ mechanical response with respect to varying density 
and grain size. In contrast from some literature results, coarse grained ODS-W material demonstrated better 
properties. The developed ODS material with 1.2 Y2O3 dispersion were finally subjected to high heat flux 
tests in the electron beam facility “JUDITH-1”. The samples were loaded under ELM-like thermal-shocks 
at varying base temperatures up to an absorbed power density of 1.13 GW/m2, for armour material 
evaluation. Post mortem characterizations and comparison with other reference W grades, suggest lowering 
the oxide contents below 0.3 wt. % Y2O3.  

As an overview of the study conducted, it can be concluded that innovative chemical routes can be 
potential replacement to produce tungsten based materials of various composition and microstructure, for 
fusion reactor applications. The methods being cheap and reproducible, are also easy to handle for large 
production at industrial scale.  

 

Keywords: Tungsten, Nano-tungsten, ODS tungsten, W-La2O3, W-Y2O3, SPS, Plasma-facing 
materials, Armour material, fusion material. 
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1. Introduction 

With the accelerating demands of energy in the 21st century and steady raise in the global warming, 

the world’s focus has turned to the alternative economical, long running and green energy sources. The 

evolution of green house gasses due to extensive use of fossil fuels for energy production is 

contributing a major portion in global environmental warming. Despite of the environmental pollution, 

fossil fuels are also needed to be preserved for transportation and other domestic utilities. [1] 

Alternative means like wind, solar, biomass and especially nuclear fission energy are under 

discussion as major part of the future energy sources for electricity generation. Besides fission, nuclear 

fusion technology is also being considered as an important future energy source due to several 

advantages over fission technology [2]. Comparatively, the nuclear fusion is environmental friendly 

(free from greenhouse gases), more safe and clean. The fuels i.e. deuterium and lithium, are 

economical and abundantly available. The only radioactive fuel (tritium) will be produced inside the 

plant, limiting its transportation outside the facility, which will reduce the cost and hazards associated 

with fuel processing and handling. The radioactive waste will have shorter half life through careful 

material selection for components in a fusion reactor. However, there are critical issues related to the 

right choice of materials for smother and longer running of a fusion reactor. The plasma facing armour  

material being one of them and their selection 

is mainly limited by their heat absorbing and 

conducting capacity without or with less 

plasma contamination [3].   

 

Figure 1.1: Schematic presentation of fusion reaction and the world’s largest 

experimental fusion reactor (ITER- under construction in France). 
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1.1 Tungsten and Tungsten-Based Materials 

Tungsten, also known as Wolfram, is a prominent and distinct metal among the refractory metals 

due to an excellent combination of its high temperature properties and high melting point (highest of 

all metals). Properties such as high strength and corrosion resistance at elevated temperatures, good 

thermal conductivity and low thermal expansion make tungsten a favorable choice for high 

temperature applications. [4] Besides, due to its high hardness and wear resistance, high modulus of 

elasticity and compression strength, tungsten is an important constituent of tool steels, superalloys, 

stellites and hard metal industry as alloying element [4, 5]. For example, tungsten is an important 

alloying addition in tool steels and high-temperature steels to impart high hardness, improved wear and 

corrosion resistance at higher temperatures. The steelmaking industry was the first and the largest 

consumer of tungsten till late 19th century, although the first tungsten steel had been reported in 1855 

by F. Köller. With the development of cemented carbide, hard metals are presently the main 

applications and the largest consumer of tungsten in the form of tungsten carbide (WC). [4] 

Poor ductility and inherent brittleness (bcc structure) of polycrystalline tungsten were the key 

factors for the difficulty in metal forming, which impeded its employment as pure metal. In 1903, 

beginning of tungsten powder metallurgy was a breakthrough with the development of first ductile 

tungsten rods which were further drawn to thin wires/coils and were used to produce first tungsten 

filament based incandescent lamps. Tungsten filament based light bulbs seem the first high 

temperature application of pure tungsten and probably till 1911 its commercial production had started. 

However, low creep resistance was main explanation for shorter life of these filaments.  

Additional important properties which make tungsten a significant metal are high electrical 

conductivity and high coefficient of electron emission. Certainly there are other metals which have 

better emission properties [4] but tungsten is distinctly the only metal used as cold and thermionic 

emitter due to its lowest vapour pressure of all metals. Furthermore, its emission properties have been 

improved significantly by the addition of certain metal oxides and tailoring the microstructure [6-14]. 

Owing to these properties, tungsten is also an important material used for electrical contacts and 

heating element in high temperature furnaces.  

1.2 Tungsten for Fusion Reactors 

Tungsten is a low-activating metal in radiation environment with low sputtering yield [15] and is 

considered as the most promising candidate material for plasma facing components (PFC) in future 

fusion reactors. The armour (first wall, diverter) material will be installed at the core of a fusion reactor 
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directly facing the high temperature plasma and certainly the most important part of the reactor from 

material’s point of view. Current studies on plasma-wall interactions, demand a material to withstand 

the extreme conditions (high temperatures and radiation environment i.e. electrons, protons, neutrons 

and α-particles). In a modern fusion reactor design, an armour material must have high melting point 

and stable mechanical properties at elevated temperatures (strength, fatigue, creep etc.), high thermal 

conductivity, low thermal expansion and thermal shock resistance, reduced activation and high 

sputtering resistance [4, 5, 15-18]. To bear up the thermal conditions, carbon-carbon composites are 

good heat conductors but their higher erosion rates and low sputtering resistance make them intolerable 

due to several reasons. The rate of material’s erosion determines the quality of plasma and the amount  

of impurities induced from sputtered 

material, which will adversely / unfavorably 

affect the stability of plasma.  

An armour material with low sputtering 

resistance will have a relatively short 

service lifetime and will increase the 

running cost of the reactor. So far, only 

tungsten or its alloys seem to be a better 

choice for longer and smooth running of 

high quality plasma as well as for economy 

and efficiency of commercial fusion 

reactor. [15-18] 

Figure 1.2: Inside view of plasma chamber in JET 

(England) with C-C composite graphite walls and 

under running plasma. 

Tungsten materials, however, are facing serious problem of brittleness such as low-temperature 

brittleness, high-temperature or recrystallization brittleness and radiation induced brittleness [19]. A 

relatively higher ductile-to-brittle transition temperature (DBTT) of pure tungsten and tungsten-based 

materials is a major obstacle during their processing and service at room temperature [5]. Pure single 

crystals show ductility even at lower temperatures (till 20 K) [4] but polycrystalline tungsten exhibit 

low toughness and almost no ductility and fractures in a brittle mode. The inter-granular fracture in 

polycrystalline tungsten is a consequence of weaker W-W grain boundaries. So they cannot be 

employed for structural applications at temperatures lower than DBTT.  

A major portion of tungsten grades is being produced by powder metallurgy methods. Tungsten 

powders usually require high sintering temperatures due to very high melting point. Further increase in 
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the density of compacts is achieved by hot mechanical working because relative density is one of the 

major factors which determine the mechanical properties of tungsten materials [20-21]. Therein, during 

the processing of tungsten, material is exposed to higher temperatures for prolonged time which results 

in grain growth and reduces room-temperature mechanical properties by grain boundary weakening 

[20, 22]. Therefore, efforts have been aimed to induce some plasticity and improve workability of 

tungsten based materials. The chemical composition of materials largely determine the mechanical 

properties of engineering alloys and regarding this, alloying addition has turned out to be an effective 

way to improve the fracture toughness and ductility of tungsten-based materials by lowering the DBTT 

[20, 23]. The inherent brittleness of material can be reduced by the design of different tungsten alloy 

and composite systems; W-Re alloys and WC-Co composites are one of these applicable examples. 

High-temperature recrystallization and microstructural stability is another factor which must be 

addressed while considering the tungsten as plasma facing material. Recrystallization in material 

deteriorates high temperature strength and creep resistance of tungsten and limits its deployment in 

extremely high-temperature applications [5]. High thermal shocks and stresses exerted by high heat 

fluxes at the temperatures of plasma in a fusion reactor demand a tungsten material with higher 

recrystallization temperature. These problems can be overcome by precipitation hardening or 

dispersion strengthening. The earliest application is non-sag tungsten (NS-W) used in tungsten 

filament light bulbs which showed improved creep resistance and opened a new field of dispersion-

strengthened or precipitation hardened tungsten. Later, transmission electron microscopic 

investigations of NS-tungsten wires elucidated the presence of potassium-filled bubbles [24-26] which 

were attributed for reduced recrystallization by interlocking of long-grained microstructure and 

outstanding creep resistance by hindering the grain boundary migration [27-28]. Another group of 

materials is called oxide dispersed strengthened (ODS)-tungsten composites. Tungsten composites 

dispersed with thorium oxide (ThO2) are preliminary examples which are widely used for electron 

emission applications. However, due to the fact that thorium is a radioactive element, the research 

turned towards the development of ODS-tungsten composites strengthened by other non-radioactive 

refractory metal-oxides such as La2O3, Y2O3, HfO2, ZrO2, CeO2 etc. [6-12, 29-34]. Dispersed oxide 

particles inhibit recrystallization and grain growth as well as improve high temperature strength and 

creep resistance by hindering grain boundary sliding. [5, 30-32]. However, unsatisfactory results of 

different tungsten grades in the low-temperature range may be consequences of coarse W grains and / 

or micron sized dispersed particles [35] or anisotropic non-homogeneous microstructure [36-37].  
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1.3 Nanostructured Tungsten Materials  

The physical and mechanical properties of materials are strongly related to the microstructure and 

can be altered by tailoring the materials’ microstructure either during the fabrication or through 

different post-fabrication treatments. There has been an interest towards developing fine grained 

cemented carbides since 1980s [38, 39]. Nano-sized or nanostructured materials often have distinctly 

different physical, chemical and mechanical properties in comparison to the conventional coarse grain 

materials. 

1.3.1 Mechanical properties 

In past, grain refinement has proved an effective way of improving certain mechanical properties of 

pure engineering materials, alloys and composites through different processes; for example, fast 

cooling during solidification, heat treatment or mechanical working. Nanostructured materials have 

been steadily receiving significant attention during the past decades both in scientific & engineering 

disciplines. Different trends in mechanical behavior of nanostructured/ultrafine W materials have been 

pointed out in several reports [39, 40]. During recent years, nanostructuring or grain refinement in 

tungsten based materials, with or without alloying additions, has come out as attractive developments 

in terms of improving the material’s inherent mechanical properties. In this respect, recent research by 

Kurishita et al. and Zhang et al. shows that ultrafine grained (UFG) / nanostructured tungsten present 

better high temperature properties as well as some ductility and toughness at lower temperatures as 

compared to coarse grain conventional materials [41-43, 45]. Nanostructured tungsten materials show 

their potential applicability to develop ductile tungsten, justifying the importance and attention which 

such research is receiving.  

1.3.2 Irradiation resistance and thermal stability 

In addition, nanostructured materials are also being suggested to be used in fusion reactor as they 

exhibit higher irradiation resistance [44-52]. To use nanostructured materials beneficially in nuclear 

facilities, it’s important to determine the irradiation damages on material and to realize that how the 

nanocrystalline materials will behave under irradiation environment. It is obvious that energetic 

particle irradiation induces defects in material in different ways [53]. These defects may appear in the 

form of point defects, dislocation loops and lines, stacking faults, voids and vacancies, interstitial 

migrations, amorphousization/amorphization of material as well as grain growth in certain cases. In the 

presence of material’s inherent internal stresses and elevated temperature this situation may be 
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aggravated. It is well known that a large fraction of point defects created by irradiation can recombine 

to form defect clusters and dislocation loops [48, 54] and have possibility to migrate and annihilate at 

material’s interfaces. Grain boundary (GB) can act as sites for annihilation of these defects due to 

relatively shorter diffusion path within the material i.e. grain boundaries act as sinks for these point 

defects. A first step to increase the radiation resistance of conventional material is to provide a shorter 

diffusion path for defect migration which can be achieved through grain refinement. On the other hand, 

in conventional coarse grain material (with less density of GBs i.e. sinks), these annihilated defects 

may segregate at grain boundaries resulting in radiation induced brittleness. In case of tungsten it could 

be worst / is not acceptable due to inherently weak nature of W-W grain boundaries. Generally, the 

volume fraction of interfacial regions in a material increase as the grain size decreases, consequently 

nanostructured materials should exhibit a good irradiation resistance due to (a) higher capacity to 

accumulate radiation induced defects, and (b) without segregating the defects to impede/prevent 

brittleness.  

The thermal stability of nanostructured materials under irradiation is also a critical issue. 

Temperature is a dominant factor which affects the microstructural stability of nanocrystalline 

materials and must also be addressed in different aspects. Nanosized particles usually exhibit higher 

reactivity due to higher surface energy. Generally, when nanocrystalline materials are exposed to high 

temperature, interfaces of nanosized particles diffuse rapidly to reduce the high surface energy 

resulting in abnormal grain growth. In spite of this, grain boundary sliding and diffusion creep may be 

also the dominating factors degrading the material’s properties. Dispersed particles of refractory mater 

can be used to prevent these problems. Nanosized particles of refractory compounds, for example TiC, 

or metal oxide (La2O3 or Y2O3), dispersed in tungsten matrix can impede the grain growth as well as 

enhance the creep resistance of material through microstructural stabilization. It seems that 

nanostructured but thermally stable ODS-tungsten composites can be used advantageously within the 

permissible temperature window and radioactive environment of fusion reactor. 

1.4 Fabrication of Nanostructured powders and Composites 

1.4.1 Top-Down Techniques  

Several methods can be used to fabricate nanomaterials with different morphology and composition 

as required in specific application. Currently, produced tungsten grades have grain sizes from micron 

to submicron range. Nanostructured or ultrafine tungsten grades, are however difficult to produce but 

can be developed through various “Top-down” techniques. One of them being very commonly used is 
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through powder metallurgy routes, starting from the fabrication of high quality tungsten based powders. 

The critical powder qualities to develop nanosized/ultrafine tungsten grades are definitely nanosized 

powder of narrow distribution as well as high degree of purity (free from contaminations) and 

homogeneous composition. Common methods to produce nanosized tungsten powder are mechanical 

milling (MM) and mechanical alloying (MA) where micron sized tungsten powder is mechanically 

milled with or without alloying additions. The prolonged milling process refines the powder particles 

from micro size to a crystallite of nanometers [55-57]. These methods involve high energy 

consumption during prolonged milling process and there is a major concern about purity of the milled 

powder. They have serious drawback of detrimental contaminations due to the wear of balls/container 

or from milling atmosphere, which adversely affect the material properties [21, 58-59]. However these 

effects can be minimized by optimization of milling time and using inert atmosphere. Despite of 

contamination, high amount of mechanical energy induced into the powder particles during milling 

process can cause an accelerated grain growth during sintering process and sometimes high internal 

stresses leading to cracking of compacts during sintering [60]. These internal stresses may result in a 

premature failure of the component when superimposed by thermal stresses during service. Besides 

powder metallurgy, grain size of tungsten grades can also be reduced to ultrafine or nanoscale by 

severe plastic deformation (SPD) [41] and equal-channel angular pressing (ECAP) [42]. Large scale or 

industrial production of nanostructured tungsten via top-down techniques is still in question. 

1.4.2 Bottom-up Techniques and Novel Chemical Methods  

Nanostructured materials can also be produced via bottom-up approach by reaction at atomic or 

molecular level in vapour phase or liquid solutions [60-64]. Chemical methods can provide a way out 

of the problems associated with conventional techniques. Such methods are favored especially when 

synthesis of large quantities of nanomaterials is required at relatively lower costs. In the past decades 

chemical routes for synthesizing nanomaterials have matured and it is possible to fabricate complex 

nanostructured pure materials and compounds as well. These methods have demonstrated high 

potential to produce molecular engineered nanomaterials with a very good control over size and shape 

and most importantly exact composition at very high purity and homogeneity [62-64]. These methods 

have also been developed for the fabrication of tungsten based Co or Ni doped composites in the past 

[65- 69] which can be reduced into W-Ni or W-Co nano-powders. Recent advances in this approach 

have led to a shift in this trend and novel methods have been developed for the synthesis of nano ODS-

W powders [39]. By these methods highly homogeneous tungstate powders doped with second metal 
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ions are prepared by the reaction of tungsten and second metal salts in aqueous solution where the two 

components are mixed at the molecular level. These tungstate powders can be further calcined and 

reduced in hydrogen atmosphere at high temperature to nano-sized tungsten powders with uniform 

distribution of rare earth metal oxide. These methods, besides being simple, are also suitable for large 

scale production. 

1.5 Consolidation Processes and Spark Plasma Sintering 

To achieve a final tungsten material with nanostructure or ultrafine grain size, an efficient 

consolidation process with limited grain growth is necessary after the fabrication of nanoscale powder. 

The sintering of nano-sized powders into dense bulk metal while preserving their nanoscale structure 

remains to be a challenge. Nano-powders are sinterable at lower temperatures due to higher surface 

energy [70] as compared to coarse grained powders but they are also prone to higher rate of grain 

growth. Different methods conventionally used for the consolidation of tungsten powders involves 

holding at very high temperatures, with or without application of pressure, hot pressing of green 

compacted powders or hot iso-static pressing (HIP) being common examples. When nanosized 

tungsten powders exposed to high temperature for longer time, the consolidated material suffers 

substantial grain growth with grains well above the nano-regime. Zhang-Jian Zhou et al. has 

introduced a novel technique for the sintering of tungsten based powders using ultra-high pressure (6-9 

GPa). They have developed ultra-fine grained pure tungsten grades using resistance sintering under 

ultra-high pressure (RSUHP) [71-73]. In RSUHP an alternating current (AC) is passed through green 

powder compacts under ultra-high pressure for a very short time (order of seconds) which successfully 

maintains high density and fine grain size.  

Spark plasma sintering (SPS), sometimes also referred to as Plasma Activated Sintering (PAS), 

Plasma Assisted Sintering (PAS), Plasma Pressure Compaction (PPC), Spark Plasma Consolidation 

(SPC), Electric Field Assisted Sintering (EFAS) or Field Assisted Sintering Technique (FAST) is also 

a pressure assisted rapid sintering technique like RSUHP. SPS applies almost similar principle as 

RSUHP i.e. powder is heated through applied electric currents. SPS, in the last few years, has been 

extensively studied and successfully applied for consolidation of cermets, ceramics, metals and alloys 

including refractory materials [74-87]. SPS process allows the consolidation of powder materials into 

fine-grain and high density compacts at relatively low temperatures and in shorter time as compared to 

e.g. hot-pressing. Samples are heated in a more efficient way in the spark plasma sintering process 

compared to in most conventional sintering techniques. The powder is loaded in electrically and 
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thermally conductive graphite dies, where a DC current is applied in pulses from the beginning to the 

end of sintering cycle under a uniaxial pressure. When current passes through the dies, and also the 

sample (in some cases), the sample is heated both from outside (dies act as heating element) and inside 

(due to electrical resistance of powder material). Thus very fast heating (up to 1000 °C min-1) and 

cooling rates, short holding times (in minutes) make SPS a unique sintering process as compared to hot 

pressing (50-80 °C min-1) [88]. SPS process makes it possible to achieve fully dense material at 

relatively lower temperatures, typically a few hundred degrees lower than in normal hot pressing [89]. 

Three main factors are considered responsible for rapid densification: (i) very high heating and cooling 

rates; (ii) high mechanical pressure applied during the process; and (iii) the use of pulsed DC current 

[90]. The SPS technique, therefore, has potential to consolidate the tungsten powders with limited 

grain growth. SPS technique is also suitable to study the sinterability and characteristics of nano 

powders fabricated at laboratory scale. 

1.6 Scope of the work 

The intentions in this work are to fabricate nanostructured tungsten based powders and consolidate 

the nano-powders by spark plasma sintering to develop ODS-tungsten composites with improved 

microstructure. Although in past years, some other research groups have used spark plasma sintering 

technique for the consolidation of tungsten based powders but the novelty of this work is that the 

powders were fabricated from totally different routes. Lanthanum or yttrium doped tungstate powders 

were used as starting materials in this study which were synthesized via novel chemical methods [39]. 

In such processes alloying elements, i.e. Lanthanum or yttrium ions are doped into tungstate powders 

at molecular level by simple and easy solution mediated reactions. 

The synthesized tungstate compounds (precursors) can be further calcined to get tungstic oxides 

mixed with rare earth metal oxides. The obtained oxides are possible to be reduced to tungsten metal 

powders dispersed with doped metal oxides. This decomposition reaction can be carried out in a 

controlled reducing atmosphere at higher temperatures where tungsten oxides can be reduced to 

tungsten metal while doped oxides will diffuse to tungsten grain boundaries due to insolubility of 

La2O3 or Y2O3 in pure tungsten metal. In this study, powders were characterized at intermediate and 

final stages to optimize the different processing conditions to fabricate nanostructured W-powders with 

high purity and homogeneity. The sintering conditions were optimized to achieve high density with 

fine grain material. 
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The final sintered composites were subjected to characterization for evaluation of novel fabrication 

routes to develop material for plasma facing components to be used in fusion reactor. For this purpose 

microstructural, mechanical and high heat load tests were carried out. 
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2. Summary of the Experimental Work 

This chapter describes the summary of various methods and techniques adopted for powder 

fabrication, ODS development and characterization. Further details of each step can be found in the 

referred appended papers, attached within this thesis. The development of W-based materials was 

carried out in two steps being i) powder fabrication and ii) powder compaction. 

 

 

Figure 2.1: Schematic presentation of material development and characterization used in this study. 

 

2.1 Powder Fabrication Methods 

The approach includes the thermal processing of chemically synthesized rare earth doped-starting 

powder material (hereafter referred as “Precursor”) under controlled atmosphere.  

Primarily two systems were studied here in this research work i.e. W-La2O3 and W-Y2O3. 
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2.1.1 Starting Materials (Chemically Synthesized Precursors) 

Various precursors having different doping elements (La or Y) and compositions (their respective 

quantities) were used as starting material. The precursors were synthesized through methods developed 

by S. Wahlberg [39]. 

Ammonium paratungstate (APT), (NH4)10[H2W12O42]•4H2O of commercial purity (Sandvik AB) 

was used as main starting material in solution reactions. Principally two types of precursors were 

utilized/synthesized for final W-based powder fabrication and are categorized into two groups as, i) 

APT-based precursors (Pr-1 and Pr-2) and ii) tungstic acid based precursors (Pr-3). 

i) APT-based precursors (Pr-1 and Pr-2) - Group I:  

Two different compositions of APT-based precursors were used and had different synthesis history 

(as given in appended paper-I, and II). The precursors were utilized for final powder fabrication after 

primary compositional and microstructural characterizations without any intermediate processing.  

The first sample, lanthanum doped APT-based precursor (Pr-1), contained La contents 

corresponding to W-0.9 wt. % La2O3 (in the final reduced powder). The precursor was synthesized at 

room temperature in an aqueous solution of as received APT and lanthanum nitrate hydrate, 

La(NO3)3•xH2O. The synthesis details are given in appended paper-I.  

The second sample, yttrium doped APT-based precursor (Pr-2) with Y contents corresponding to 1 

(wt. %) Y2O3 in reduced powder, was synthesized at 80 °C from a dehydrated APT and Yttrium nitrate 

hydrate, Y(NO3)3•6H2O. The synthesis details of Y-doped precursor are given in appended paper-II.  

The reaction time of both synthesis methods was varied between 3 to 24 hrs.  

ii) Tungstic acid-based Precursors (Pr-3) - Group II:  

The 2nd type, tungstic acid or tungsten oxide hydrate based precursors (Pr-3) were synthesized from 

same starting materials (APT and yttrium nitrate hydrate) but through entirely a different chemical 

route [39]. The precursors were doped with Y (≈ 1.2 wt. % Y2O3 contents in reduced powder) by a 

novel co-precipitation process, of which the reaction details are given in appended paper-III and IV. 

Nanosized precursor powders were synthesized by acidification of homogenous APT solution 

containing Y ions at room temperature. The synthesis was also scaled up to fabricate higher quantities 

and several batches were synthesized to ensure the reproducibility (appended paper-IV and V).  
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2.1.2 Thermal Processing (Calcination and Reduction) of Precursor Powders 

The thermal processing of the precursors was carried out in a lab scale atmosphere controlled tube 

furnace, to fabricate the W-based powders. Both calcination and reduction processes were carried out 

in a continuous cycle. The powders were processed at different conditions where mainly two schemes 

were studied and applied for powder fabrication of several batches.  

The scheme-A was applied to APT-based precursors Pr-1 and Pr-2, which were calcined under 

nitrogen flow at 5 °C/min heating rate and held at 450 °C for 1 h, followed by the reduction in dry 

hydrogen. Therein, the effect of single or two holding steps during the reduction (at 600 and 800 °C) 

was studied (details are given in appended paper-I and II).  

In scheme-B, the effects of hydrogen flow rate on reduced powders were studied and applied to 

tungstic acid-based precursors (Pr-3). The precursors were processed under dry H2 gas from room 

temperature throughout the complete thermal cycle, details as given in appended paper-III and IV.  

 Finally the powders were allowed to be cooled to room temperature in the furnace overnight under 

a flow of 5 % H2-N2 gas.  

2.2 Powder Sintering and ODS-W Composite Development 

Spark plasma sintering was carried out using Dr. Sinter 2050 SPS (Sumitomo Coal Mining Co., 

Japan) to compact the reduced powders into ODS-W composites. The principle of SPS process is 

shown in a schematic diagram in Figure 2.2. The fabricated powders were filled into conductive 

graphite dies and pre-compacted by a manual press in air. The powder filled dies were then placed into 

SPS chamber between graphite pressing tools, through which pressure is applied. The chamber is 

closed and evacuated before starting the sintering cycle.  

The samples were heated by a pulsed DC current going through the graphite die, tools and the 

powder sample. The temperature was measured by an optical pyrometer and was controlled via a pre-

programmed heating cycle. The pressure was applied by a manually controlled hydraulic press. The 

powders were sintered at different conditions and more details regarding SPS conditions can be found 

in appended papers I, II, III & IV.  
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Figure 2.2: Principle of SPS technique  

 

2.3 Characterization Methods 

2.3.1 Microstructural Characterization 

The microstructure and particles’ morphology of the precursor and reduced powders were studied 

by “Gemini, Zeiss-Ultra 55” field emission high resolution scanning electron microscope (HR-SEM) 

equipped with two additional high resolution in-lens i) secondary and ii) energy selective backscattered 

(EsB) detectors. In sintered samples grain sizes were measured from secondary electron (SE) images of 

fractured samples and backscattered electron diffraction (EBSD) of polished surfaces. The 

backscattered electron (BSE) detector was used for crystal studies on polished surfaces using Mott 

backscattering (MBS) signals. A JEOL, JEM-2100F high resolution analytical transmission electron 

microscope (HR-TEM) was used to characterize the samples from sintered materials and analyse 

different phases using energy dispersive X-ray (EDX) detector and selected area diffraction (SAD).  

2.3.2 Physico-Chemical Characterization  

Chemical compositional analysis of as received/synthesized precursors and processed powders was 

conducted by ICP. Density of sintered composites was measured by Archimedes method for evaluating 

the degree of consolidation. Thermal diffusivity was measured by a “Theta” laser flash apparatus to 

calculate the thermal conductivity from room temperature to 1200 °C (details in appended paper V). 
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2.3.3 Micro-Mechanical Characterization 

Micro-mechanical characterization of sintered materials was performed by indentation tests. 

Polished samples were subjected to Vickers microhardness testing using 200 g load (HV0.2) and in 

some cases higher loads were applied. 

The elastic properties were studied from the load-displacement curves obtained from instrumented 

nanoindentation using a Berkovich indenter. The reduced Young’s elastic modulus (E) was determined 

from the “slope of the initial unloading data” obtained during load-displacement indentation according 

to Oliver and Pharr [91-92]. A value of 0.283, corresponding to the Poisson’s ratio of pure 

polycrystalline tungsten at room temperature [93], was used to calculate the E. Material’s resistance to 

indentation cracking was determined by generating cracks with a Vickers indenter at 30 kg load and 

fracture toughens (KIC) was calculated according to the following equation as given by G. M. Pharr 

[92].  

KIC = α (E/H)1/2 (P/c3/2)  … eq. (1) 

 

Where H is hardness at peak load P, E is elastic modulus and c is the average of crack lengths at 

corners of the indent. The empirical constant (α) of Vickers indenter equivalent to 0.016 was used [94]. 

The details regarding elastic and fracture properties’ evaluation are given in appended papers IV & V. 

2.3.4 Thermal-Shock testing 

To evaluate the developed ODS-W material as plasma facing component (PFC), high temperature 

testing was also performed by loading the material under ELM-like (edge localized mode- plasma 

disruptions) repetitive thermal-shock fluxes. These tests were carried out in the electron beam facility 

“JUDITH-1” at Forschungszentrum Julich, Germany and details are given in appended paper V. 

Thereby, a damage mapping was performed by varying the absorbed power density between 0.19 and 

1.13 GW/m2 and the base material temperature from room temperature to 400 °C. In the post-mortem 

characterization, the materials’ cracking behavior and surface roughening were determined by 

metallography and microscopic means. In addition, the material was also annealed at 1800 °C for 1 h, 

to investigate the grain growth and recrystallization. 
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3. Results and Discussions 

This section summarizes the results obtained from the experimental procedure conducted during this 

research work.  

3.1 Starting Powder Materials 

The morphologies of starting precursor powders were analyzed using high resolution scanning 

electron microscope (HRSEM). The precursors had different morphologies depending upon synthesis 

conditions, as described below. 

3.1.1 La-doped APT-Based Precursor (Pr-1) (appended paper I) 

La-doped precursor (Pr-1) was rather similar to the starting APT powder in morphology, with a 

very wide particle size distribution (10–70 µm), as shown in Figure 3.1a. As revealed during HRSEM 

analysis, La containing oxide products were found on the surface of the APT particles, (Fig. 3.1b). 

Since the shape of particles was similar as starting APT particles and APT has limited solubility in 

aqueous solution hence it can be assumed that the reaction took place at the surfaces of APT particles 

and justifies its nomenclature to be called as “APT based precursor”. Beside large particles, nanosized 

particles were also observed in precursor (details given in appended paper I). 

3.1.2 Y-doped APT-Based Precursor (Pr-2) (appended paper II) 

On the other hand, Y-doped precursor (Pr-2) had smaller particles in comparison to precursor Pr-1 

and a narrower size distribution (˂ 20 µm, Fig. 3.1c). Since, preheated APT was used to synthesize the 

precursor Pr-2, this pre-treatment of APT has shown to have a significant effect in terms of enhanced 

reactivity of the powder during the reaction in solution, resulting in a precursor with decreased particle 

size as compared to the starting APT powder. HR-SEM revealed that the precursor Pr-2 had particles 

of two different morphologies i.e. large APT-like particles (up to 20 µm) and 2-dimensional plate-like 

particles having a size range from nano to ultrafine (Fig. 3.1d). The qualitative EDX analysis from 

such plate-like particles showed the presence of three elements, W, O and Y, indicating that these 

particles were newly formed as a result of the reaction in solution (details given in appended paper II). 
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3.1.3 Y-doped Tungstic Acid-Based Precursor (Pr-3) (appended paper III) 

The third precursor Pr-3 which was synthesized at acidic conditions was highly uniform in 

morphology (Fig. 3.1e). The precursor consists of nano-sized crystallites in agglomerates of size up to 

300 nm (Fig. 3.1f) and detailed characterization of precursor is given in appended papers III & IV.  

 

 

Figure 3.1: EM images showing powder morphologies of precursors, (a, b) La-doped APT-based 

precursor Pr-1 and HR-magnified image (b) showing oxide products on the surface of APT shaped 

particles, inset: coated APT shaped particle, (c, d) Y-doped APT-based Precursor Pr-2, (d) arrows 

pointing Y containing plate-like particles, (e, f) Y-doped tungstic acid-based precursor Pr-3, inset (f): 

TEM image showing nano-crystallites. (Appended papers I, II, III & IV) 
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3.2 Reduced ODS-W Powders 

3.2.1 Reduced APT-based Precursors (Pr-1 and Pr-2) 

3.2.1.1 W-La2O3 powders (appended paper I) 

Two different reduction cycles were studied for processing of La-doped APT-precursor Pr-1 to 

investigate the effect on powder morphology. As received APT and a sample of precursor Pr-1 

(corresponding to the sintered samples 1 and 2 in Table 3.1) reduced in a single holding step at 800 °C 

for 6 h, consisted of loose agglomerates of tungsten grains having size range from submicron to 

micrometer (Fig. 3.2a). Whereas, the powder sample reduced in two holding steps (corresponding to 

the sintered sample 3 in Table 3.1) resulted in submicron tungsten grains and nanocrystalline tungsten 

sponges in APT pseudomorphs (Fig. 3.2b).  

As revealed by HR-SEM, the reduction in two holding steps leads to a finer tungsten powder as 

compared to single-step reduction. Micron sized tungsten grains in the powders reduced in one step, 

suggests the growth mechanism to be chemical vapour transport (CVT) via formation of the gaseous 

compound WO2(OH)2 [4].  

 

Figure 3.2: (a) Powder reduced in one holding step at 800 °C, (b) powder reduced in 2 holding 

steps showing nano-granular tungsten in APT pseudomorphs (appended paper I). 

 
Nanosized La-oxide particles were revealed to be on the surface of tungsten grains in the reduced 

precursor Pr-1. Figure 3.3 is an In-lens HR-SEM image collected from such nanoparticles, using two 

different detector signals simultaneously. Left half of Fig. 3.3 is a backscattered electrons image using 

In-lens EsB detector (compositional/Z-contrast) showing dark grey oxide nano particles (pointed by 

arrows).  
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While right half is the corresponding In-lens 

secondary electrons image from the same 

area showing nano particles (encircled) in 

reduced precursor Pr-1. Qualitatively La and 

oxygen were confirmed in these nano 

particles by EDX analysis. Tungsten was also 

detected together with La and oxygen, 

detailed characterization is given in appended 

paper I. 

     

   Figure 3.3: In-lens EsB image (left half),  

In-lens SE image (right half). (Appended paper I) 

3.2.1.2 W-Y2O3 powders (appended paper II) 

Y-doped APT-precursor Pr-2 was reduced in two steps. Large APT-like particles resulted in 

agglomerated nano crystalline tungsten sponges in the APT-like pseudomorphs (Fig. 3.4a) while 

nanosized tungsten crystals were evolved in Y-O-W plate-like particles, due to insolubility of W and 

Y2O3 (Fig. 3.4b). The length scale of the EDX system in SEM restricted the confirmation of these 

particles as pure W due to the large interaction volume even at 5 kV electron beam.  

 

Figure 3.4: Precursor Pr-2 after reduction, (a) nano granular tungsten in APT-like pseudomorphs 

and fine plates on surface, (b) HR In-lens EsB image (Z-contrast) showing nanosized tungsten crystals 

separated from Y-O-W plates after reduction. (Appended paper II) 

3.2.3 Reduced Tungstic Acid-Based Precursor (Pr-3) (appended paper III & IV) 

Y-doped tungstic acid-based precursors (Pr-3) were also processed under two different conditions. 

Hydrogen gas flow rate was varied during reduction to investigate the effects on powder composition 

and morphology. For detailed results, it is referred to consult the appended papers III and IV.   
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The samples processed under high hydrogen flow of 400 ml/min during the entire thermal cycle 

resulted in powders consisting of ultrafine particles with bimodal morphology, (i) larger cubes of 200-

250 nm and, (ii) nano-sized (< 50 nm) finer particles clustered into agglomerates, as shown in Fig. 3.5a. 

In X-ray diffraction, no diffraction peaks were detected for Y2O3, but a weak peak appeared at 2ϴ = 

43.91° (d=2.06 Å), indicating the presence of metastable β-tungsten (appended paper III). On the other 

hand, the reduction under lower H2 flow rate (100 ml/min up to 800 °C), followed by a high gas flow 

(400 ml/min at 800 °C) showed significant effects on the powder composition and morphology. In 

XRD, a small reflection was observed at 2ϴ = 29.15° which corresponds to Y2O3 (222).  

As discussed in appended paper IV, lower gas flow rate affected the rate of removal of water 

produced in the powder during reduction reaction which, in fact, influenced the oxygen partial pressure 

i.e. PH2O/PH2 which thermodynamically governs the reduction steps [95]. The reduction path was 

suggested as WO3 → WO2.9 → WO2.72 → WO2 → α-W and the water produced during reduction 

process also affected the powder morphology leading to grain growth via CVT consequently resulting 

into a powder having size range from nano to submicron (Fig. 3.5b, c). This difference in grain size of 

front and rear parts of the powder bed was significant, indicating variations in local conditions with 

respect to humidity. The fresh dry air reacting with front part of the powder bed produced ultrafine 

tungsten powder (Fig. 3.5b). [96-98] 

 

 

 

 Figure 3.5: SEM-images of precursor powder Pr-3 after thermal processing (a) bimodal 

morphology obtained after reduction at 400ml/min H2 gas flow rate, (b, c) powder reduced at 

100ml/min followed by 400ml/min H2 gas flow rate, (b) Front parts of the powder, (c) rear parts of the 

powder. (Appended papers III & IV) 
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3.3 ODS-W Composites Sintered by Spark Plasma Process 

Properties and microstructure of sintered materials are strongly related to the powder particle 

morphology (shape, size and size distribution), powder composition and SPS conditions. As seen from 

the SEM images of precursors and reduced powders (Figures 3.1-3.5), the powder morphologies of 

APT-based precursors (Pr-I and Pr-II) are quite different from those in tungstic acid-based precursor 

(Pr-III). Thus the sintered samples are categorized into 2 groups; samples sintered from i). APT-based 

starting precursor: Group-I and ii) tungstic acid-based starting precursor: Group-II.  

The SPS conditions which can be varied are, i) heating rate, ii) final sintering/holding temperature 

also called “Plateau temperature” (TF), iii) holding time and iv) applied pressure. Reduced powders 

were sintered at different SPS conditions and the effect on sinterability and properties of different 

tungsten grades was studied as a function of powder morphologies/composition and SPS conditions. 

The significant sintering results of both groups will be discussed here separately while more details can 

be found in appended papers I - V. 

3.3.1 Group-I (Appended paper I & II) 

Consolidated pure W, W-La2O3 and W-Y2O3 ODS composites are categorized in Group-I which 

were sintered from the powders obtained after processing of pure APT, La-doped APT (Pr-1) and Y 

doped APT (Pr-2) precursors respectively. Table 3.1 compares the determined densities, Vickers 

microhardness (HV) and grain sizes of these W grades and results are discussed under following topics. 

  

Table 3.1: SPS conditions (75 MPa pressure), density, Grain size and HV for different sintered W 

grades in Group-I. (Appended papers I & II) [†] Plateau temperature, [‡] Relative density 

Sample 

ID 

Composition 

[wt. %] 

Heating rate 

[°C/min] 

TF
† [°C] / 

holding time 

Density [g/cm3] 

(RD‡ ) 

Grain size 

[µm] 

HV200g 

[±] 

1 Pure W 100 1300/3min 17.3 (91 %) 3.0 317 [± 10] 

2 W-0.9La2O3 100 1300/3min 16.9 (89 %) 4.2 327 [± 10] 

3 W-0.9La2O3 50 1400/3min 17.8 (94 %) 9.7 406 [± 10] 

4 W-1Y2O3 100 1200/3min 17.5 (92 %) 2.33 423 [± 20] 

5 W-1Y2O3 100 1100/3min 16.3 (86 %) 0.65 518 [± 20] 

6 W-1Y2O3 100 900/5min, 
1100/1min 

16.6 (87 %) 0.49 570 [± 30] 
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3.3.1.1 Sinterability 

i) Pure W and W-La2O3: 

It is obvious from Table 3.1 that the density and grain size of the consolidated materials are strongly 

related to the sintering conditions. Pure tungsten and La2O3-W powders were sintered at same 

conditions. Sample 2 has lower density as compared to pure W and it can be concluded that the oxides 

present in the W-powder restricted diffusion at some grain boundaries resulting in lower density of 

ODS composite. Despite the fact of having lower density and larger grain size, ODS composite showed 

slight increase in HV due to the strengthening by the oxides. As also discussed in appended paper I, 

SPS yielded higher density at much lower sintering temperatures when compared with the earlier 

reported results [99, 100]. 

While comparing Sample 2 and 3, a significant increase in the hardness was noticed due to the 

increasing density. Slower heating rate during the sintering of sample 3 at 1400 °C resulted in 

accelerated grain growth (9.7µm) though the starting powder had finer crystallite size (reduced in 2-

steps) as compared to sample 2. 

 

ii) W-Y2O3: 

Two different schemes were applied to sinter W-Y2O3 powders where sintering temperatures and 

holding times were varied, while pressure and heating rate were kept constant. Two samples (sample 4 

& 5 in Table 3.1) were sintered at single holding temperature (scheme-1) where as one sample (6) was 

sintered in 2 stages at two holding temperatures (scheme-2). 

In scheme-1, sample 5 sintered at 1100 °C having submicron grains but lower density, showed 

much higher hardness principally due to finer grain size as compared to sample 4. The sample 6 

sintered according to scheme-2, had ultrafine grain size due to relatively shorter holding time at 

1100 °C, but slightly higher density probably due to higher total holding time (6 minutes). 

When comparing W-La2O3 and W-Y2O3 composites (e.g.  sample 2 and 4), it is evident that 

dispersion with Y2O3 enhances the sinterability and properties of tungsten material in terms of 

increased density and hardness even when sintered at lower temperatures. The finer starting powder 

particle size of precursor (˂ 20 µm) and Y2O3 dispersion were the influential factors for better results 

of W-Y2O3 composites. 
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3.3.1.2 Microstructural characterization: 

i) Grain size and Sub-grains: 

Figure 3.6 shows fractured surfaces of sintered samples in Group-I and reveals sizes of equiaxed W 

grains with narrow distribution and porosity at the grain boundaries and triple junctions between 

tungsten grains. In ODS-W samples, most of the porosity was filled by second phase (oxide).  

 

 

Figure 3.6: Fractured surfaces of different sintered samples in Group-I, (a, b, and c) SPS samples 1, 

2 and 3 respectively, (d, e and f) SPS samples 4, 5 and 6 respectively. (Appended papers I & II) 

 

HR-SEM revealed nanosized sub-grains in the tungsten matrix (Fig. 3.7). As also discussed in 

appended papers I and II, the origin of these sub-grains is tungsten nanocrystals of different 

orientations in APT pseudomorphs in the reduced powders.  

 

During the sintering, enough time was not available 

to subgrains for growth and to form a uni-oriented 

tungsten grain. Such sub-grains could be also one 

explanation for higher hardness values in composites 

sintered at lower temperatures comprising less 

density (for example sample 5 and 6). 
        

Figure 3.7: Subgrains in W matrix. 

(Appended paper II) 
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iii) Oxide distribution and analysis: 

Fig. 3.8 shows the distribution of dispersed oxides in the polished ODS sintered samples. Dark gray 

areas represent La/Y containing oxide phases. As revealed, in W-La2O3 composites (Fig. 3.8a) oxides 

were distributed uniformly between tungsten grains while not in the case of W-Y2O3 samples (Fig. 

3.8b). Some oxide free localities (pointed by arrows in Fig. 3.8b) were observed in W-Y2O3 

composites having shape and dimensions rather similar to the shape of the large APT-like particles in 

the starting precursor powder Pr-2 (Fig. 3.1c). Such oxide free features evidenced that Y is not doped 

inside the APT-like particles and oxide distribution in ODS material will depend on the size of these 

APT-like particles. Such non-homogeneous microstructure may influence the material’s properties as 

wide variations were noticed in the microhardness of W-Y2O3 composites (Table 3.1).  

 

Figure 3.8: SEM images showing oxide distribution in, (a) W-La2O3, (b) W-Y2O3, the arrows 

pointing oxide free zones having similar shape as APT-like particles in precursor powder Pr-2. 

(Appended papers I & II) 

During EDX point analysis, W was also detected in La/Y oxides (Table 3.2). After observing the 

presence of unknown mixed oxide phases (W−O−La/Y), it is assumed that determined relative 

densities may not be accurate. Such mixed oxide phases have also been reported by some other 

research groups [59, 61, 100].  

Table 3.2: Elemental composition of oxides in W-La2O3 sample 2 (At. %, Normalized). 

Element Average Std. dev. 

O 67.9 0.4 

La 14.8 0.3 

W 17.2 0.4 
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iv) HR-TEM studies: 

TEM specimens were prepared by conventional technique as well as focused ion beam (FIB), as 

details given in appended papers I and II. Selected area diffraction (SAD) from tungsten grains 

confirmed cubic α-tungsten (of lattice parameter 3.16 Å). Only a few tungsten grains were found with 

subgrain boundaries, as shown in Fig. 3.9. High resolution imaging and SAD from one sub-boundary 

revealed low angle boundaries, as shown in Fig. 3.9b.  

 

 

Figure 3.9: TEM images showing (a) tungsten grain with subgrains (1, 2 and 3) and loop/line 

dislocations pointed by white arrows, inset; SAD pattern of tungsten along [-1 1 0] zone axis, (b) HR 

image showing low angle sub-boundaries and SAD pattern from subgrains 1, 2 and 3 (inset). 

(Appended paper I) 

 

TEM studies revealed subgrain features in oxides also as shown in Figure 3.10b. EDX analysis in 

STEM mode from different oxide grains also confirmed the presence of tungsten. As discussed in 

detail (appended papers I and II), different results were obtained during elemental analysis from 
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different oxide grains as well as within a single grain. The TEM results (elemental composition and 

SAD patterns) of the analysed oxides were not in agreement with previously reported W-La/Y oxides 

in the literature.  

 

 

Figure 3.10: Overview of different oxide grains (1, 2 and 3) in TEM, (b) High contrast image 

showing subgrains having different elemental composition in single oxide inclusion, inset; SAD of 

oxide phase. (Appended paper I) 
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3.3.2 Group-II (Appended paper III, IV & V) 

The materials sintered from Pr-3 reduced powders are described in this group. The composites 

produced in different batches had similar composition (W-1.15 Y2O3 wt. %). The results from 

important sintering experiments are tabulated below (Table 3.3) while complete experiment details are 

given in appended papers III, & IV. Sample IDs represent their sintering conditions (sintering 

temperature (TF)-holding time). For example; sample 13-3 was sintered at 1300 °C for 3 min holding 

time. 

Table 3.3: SPS conditions, density, Grain size and HV for W-Y2O3 composites in Group-II, (Heating 

rate 50 °C/min, Pressure 75 MPa at TF). Appended papers III, IV. 

Sample ID 
Relative density [%] } 

[a] 

Grain size [µm] 
HV200g } [a] 

SE [b] EBSD [c] 

11-3 † 88 ˂ 0.30 − 404 ± 12 

12-3 89.1 0.46 ± 0.15 0.36 ± 0.2 458 ± 6 

13-3 93.2 1.13 ± 0.36 0.72 ± 0.4 521 ± 7 

14-3A 95.4  
 

95.4 

3.12 ± 0.87 3.01 ± 1.6 416 ± 8  
 

418 ± 4 14-3B 95.2 2.68 ± 0.76 − 423 ± 6 

14-3C 95.7 2.91 ± 0.93 − 416 ± 8 

15-3A 94.6  
 

95.3 

5.05 ± 1.57 5.94 ± 2.7 386 ± 9  
 

396 ± 9 15-3B 95.7 4.77 ± 1.38 − 404 ± 9 

15-3C 95.6 4.96 ± 1.55 − 399 ± 7 

16-3A 95.3  
 

95.9 

7.07 ± 2.1 7.56 ± 4.2 388 ± 10  
 

393 ± 5 16-3B 96.4 7.02 ± 2.1 − 395 ± 10 

16-3C 96 7.05 ± 2.3 − 397 ± 6 

[a] Average value if more than one samples, [b] Secondary electron,  
[c] Electron backscattered diffraction.  
† Sintered from ultrafine powder (Appended paper III). 
 

3.3.2.1 Sinterability 

Different SPS parameters were studied to optimize the conditions to obtain a high density, fine grain 

material with optimum mechanical properties. 
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i) Effect of sintering temperature (TF) 

The powders were sintered at 1100-1600 °C at 

constant holding time (3 min). Sample 11-3 was 

sintered from ultrafine powder (Fig. 3.5a) at 

1100 °C and had ultrafine W grains but lowest 

density. All other samples were sintered from 

submicron particle size powders (Fig. 3.5b & c), 

showed a maximum density of approximately 95 % 

at 1400 °C and further increase in sintering 

temperature had no significant increase in density. 

Higher pressure may be beneficial to further 

increase in density.  

 

Figure 3.11: Effect of TF on HV, % RD 

and grain size of sintered samples.  

(Appended paper IV) 

On comparing these results with those of Group-I, the improved sinterability in this case (Group-II) 

is attributed to the finer particle size of reduced powders (tungstic acid-based precursor powders).  

ii) Effect of holding time 

Holding time was varied from 0 – 6 min to sinter powders at 1400 °C (Table 3.4). The highest 

density (95%) was achieved at 3 min holding, while holding up to 6 min did not increased density of 

material but a considerable grain coarsening. 

Table 3.4: Samples sintered for different holding time at 1400 °C, Heating rate 50 °C/min, Pressure 75 

MPa, (Appended paper IV). 

Sample ID Relative density  } [a] 
Grain size [µm] 

HV200g } [a] 
SE EBSD 

14-0 93.3 % 2.12 ± 0.69 2.29 ± 1.2 419 ± 8 

14-3A 95.4 %  
 

    95.4 % 

3.12 ± 0.87 3.01 ± 1.6 416 ± 8  
 

    418 ± 4 14-3B 95.2 % 2.68 ± 0.76 − 423 ± 6 

14-3C 95.7 % 2.91 ± 0.93 − 416 ± 8 

14-6A 93.7 %  
 

    95 % 

4.91 ± 1.36 4.71 ± 2.5 384 ± 12  
 

     405 ± 18 14-6B 95.6 % 3.52 ± 1.02 − 414 ± 6 

14-6C 95.8 % 3.67 ± 1.06 − 416 ± 9 

[a] Average value 
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3.3.1.2 Microstructural characterization: 

i) Grain size: 

Though the sintering of ultrafine powder at 1100 °C, resulted in lesser density but a very highly 

homogeneous (Figure 3.12) ultrafine grain size (< 300 nm) indicating almost negligible grain growth 

during sintering and depicts the advantages of SPS over other techniques as well as the precursor Pr-3. 

 

Figure 3.12: Fractured surface of material sintered from ultrafine powder showing (a) ultrafine 

grain size and (b) oxide nano particle and empty sites at tungsten grains’ surfaces pointed by arrows. 

(Appended paper III) 

Grain sizes of sintered material were also measured by EBSD. Due to the presence of subgrains 

with low angle boundaries, a low critical mis-orientation angle of 1.3° was chosen. Figure 3.13 depicts 

inverse pole figure (IPF) maps of sintered composites, showing equiaxed uniform grain with 

homogeneous distribution of oxides. 

  

  

Figure 3.13: IPF maps collected using EBSD, (a) - (g) showing grain sizes of samples 12-3, 13-3, 

14-0, 14-3, 14-6, 15-3 and 16-3 respectively. (Appended paper IV) 
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ii) Oxide distribution and analysis: 

In SEM imaging of polished sample surface 

shows uniform distribution of oxide particles 

in bulk sample (Figure 3.14). As discussed in 

detail in appended paper III, highly uniform 

distribution of oxides in sintered material is a 

result of uniform mixing of W and Y during 

the synthesis of the precursor Pr-3. Nano-sized 

oxide particles on the tungsten grain facets 

were revealed in fractured surface as also 

shown in Fig. 3.12b. Empty sites of similar 

size and shape of the nano oxide particles were 

also observed at grains’ facets. 

 

During fractured surface analysis in SEM, 

many tungsten grains were observed which had 

experienced a transgranular fracture. Figure 

3.15 reveals a HR In-lens image from such 

fractured W grain. 

 

Figure 3.14: Uniform oxide distribution in ultrafine 

grade (SPS sample 11-3). (Appended paper III) 

 

 

Figure 3.15: In-lens EsB image (left half) showing 

dark grey oxide nanoparticles (encircled) while 

right half shows In-lens SE image from same area. 

(Appended paper III) 

Polished sample surface showed subgrains and nanosized oxide particles distributed within the 

tungsten grains (Figure 3.16). It is obvious from high resolution electron microscope images that the 

oxide nano particles are also distributed within the tungsten grains. The resulting microstructure with 

dispersed oxide nano particles both at grain boundaries and within tungsten grains is expected to result 

in a material with improved mechanical properties as well as enhanced stability against 

recrystallization, grain growth and radiation. Subgrain boundaries, stabilized by oxide nano particles, 

can increase the capacity of the material to absorb radiation induced defects by providing short 

diffusion paths to grain or subgrain boundaries. 
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Figure 3.16: HR-SEM image showing subgrain features and nano oxide particles within tungsten 

grains pointed by arrows. (Appended paper IV)  

 

During oxide analysis by EDS two types of oxide phases were detected having three elements, W, Y 

and O. The optimized elemental analysis are given in Table 3.5. As discussed in appended paper IV, 

analyzed oxide inclusions were identified as Y2O3•3WO3, and Y2O3•WO3 phases. In such a case, the 

actual oxide contents in material are higher than the %age to be intended and true relative densities are 

higher than those of determined.  

 

Table 3.5: Elemental composition of oxides phases from EDS results in sample 14-3A (At. %, 

Normalized). (Appended paper IV) 

Oxide Type O % [a] Y % [a] W % [a] Suggested compound 

Phase A 71.08 [2.03] 11.90 [0.86] 17.02 [0.37] Y2W3O12 

Phase B 67.42 [1.85] 21.50 [0.73] 11.08 [0.32] Y2WO6 

[a] %age error. 
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3.4 Micro-Mechanical characterization (Appended paper III &V) 

3.4.1 Elastic Properties  

Instrumented nano-indentation was applied for determination of elastic properties of sintered 

materials. Sample preparation was carefully done to avoid the effects from sample polishing. Reduced 

Young’s elastic modulus (E) was determined from the slopes of the initial unloading data from load-

displacement curves. The details are given in appended paper V. The results are given in Table 3.6. 

Due to the fact of variations in grain sizes of different materials sintered at different temperatures, two 

different loads were tested in nano-indentation.  

The calculated E values of different materials are 

given with respect to their density and grain size. 

Elastic modulus of ODS materials having density 

89-95 %, vary in the range of 330-440 GPa. In 

materials having grains larger than the maximum 

recorded displacement, elastic modulus values at 

different loads (displacement) are slightly 

different. 

 

Figure 3.17: Typical load-displacement curve 

obtained during nano-indentation of W-Y2O3 

composites used for E calculation. 

 

Table 3.6: Elastic and fracture properties of developed ODS materials. (Appended paper V) 

Sample ID 
Grain size [µm ] 

/ 
RD [%] 

Elastic modulus [GPa] Fracture toughness (MPa) 

E1 (300 mN) E2 (600 mN) KIC (using E1) KIC (using E2) 

12-3 0.36 / 89.1 330.79 ± 7 330.14 ± 4.7 3.8 ± 0.8 3.8 ± 0.8 

13-3 0.72 / 93.2 390.03 ± 10 382.45 ± 6.4 3.5 ± 0.4 3.5 ± 0.4 

14-3 3.01 / 95.4 386.99 ± 30 365.09 ± 16 5.4 ±  0.3 5.3 ±  0.3 

15-3 5.94 / 94.6 364.8 ± 31 336.72 ± 23 Insufficient cracks  

16-3 7.56 / 95.3 447.8 ± 33 433.24 ± 37 No cracks 
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3.4.2 Fracture Properties 

Surface crack resistance of materials was estimated by Vickers indentation cracking and fracture 

toughness (KIC) values were determined using E values obtained from nano-indentation experiments. 

The crack lengths were measured after 48 hrs of cracking by SEM imaging. However it is difficult to 

conclude whether these values are comparable with those determined from other mechanical testing 

methods. 

 

 

3.4.2.1 Effect of density 

Fracture toughness values of different 

materials are given in Table 3.6. Which 

indicate that KIC significantly increases with 

increasing density. As in this case, a value of 

3.8 MPa increased to 5.4 when RD increased 

from 89 to 95 %.  

 
 

Figure 3.18: Crack generated by indentation for 

fracture properties determination. 

3.4.2.1 Effect of grain size 

The samples sintered at 1400 °C and higher temperatures, had similar densities but varying grain 

sizes. The fracture toughness of these materials can be compared to determine the effect of grain size. 

It is found that coarse grained materials showed better crack resistance properties. Sample 15-3 had 

insufficient cracks to calculate fracture toughness. The response of sample sintered at 1600 °C having 

grain size more than 7 µm, was much promising and showed no cracking. One explanation may be that 

the samples sintered at lower temperatures had residual stresses or micro-porosities, which affected the 

fracture properties of material. Sintering at higher temperatures also has annealing effects which may 

have reduced the internal stresses.  
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3.5 Thermal Properties (Appended paper V) 

3.5.1 Thermal Diffusivity/Conductivity 

Figure 3.19 shows the measured thermal diffusivity of W-1.2 wt. % Y2O3 composites. Its value 

decreases with increasing temperature, as is a general trend for metals. The calculated thermal 

conductivity also shows same tendency. Thermal conductivity of developed W-Y2O3 composite is 

about 10 % below the literature values for pure W (at room temperature), however, it still has better 

conductivity as compared to other developed tungsten grades [101]. 

 

 

Figure 3.19: Measured thermal diffusivity and calculated thermal conductivity of W-1.2wt.%Y2O3 

developed from chemical routes as a function of temperature. (Appended paper V) 

3.5.2 Thermal-Shock Performance 

Thermal-shock tests at low absorbed power density of 0.19 GW/m2 caused surface roughening and 

further increase in power densities (≥ 0.38 GW/m2) resulted in brittle crack (primary crack) formation, 

at all base temperatures up to 400 °C (see Figure 3.20). Metallographic investigations of these cracks 

revealed a width up to 25 µm and a maximum crack depth of 350 µm for an absorbed power density of 

1.13 GW/m2 at room temperature (base temperature). Besides, in some cases particle erosion also took 

place at the crack edges. As discussed in detail in appended paper V, thermal fatigue induced cracks 

were also found on all cracked specimens. Crack formation even up to base temperatures of 400 °C, 

which relates to the DBTT, indicating the brittle behavior of a material. 
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Figure 3.20: Light microscopy images of material surfaces thermal-shock tested at varying power 

densities and base temperatures. (Appended paper V) 

 

Higher degree of surface roughening even at the lowest powder density (0.19 GW/m2), shows 

material’s unsatisfactory performance when compared with other developmental tungsten grades [101] 

and standard reference materials [102]. The material’s poor performance may be because of higher 

oxide contents (> 1 wt. %) as also reported in other studies hence a lower Y2O3 in the range of 0.2 - 0.3 

wt. % are suggested for the improved thermal-shock resistance [103]. Mixed compounds of W-O-Y 

may be also a reason for lower thermal properties where the actual oxide contents can be higher than 

intended %age.  

As revealed during the metallography (Figure 3.21a) that a thin outer layer of sintered material 

consisted a fine-grained microstructure and may have different density also.  Therefore, an additional 

test at the same conditions (1.13 GW/m2 and 400 °C base temperature) was performed on an additional 

specimen where the outer layer was completely removed.  
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Figure 3.21: Light microscope images showing cross-section of (a) outer layer with fine grains, (b) 

sample tested having outer layer, (c) sample tested after removing outer layer. (Appended paper V)  

 

As discussed in appended paper V in detail, a significant improvement in materials behavior was 

notice after removing the outer layer. The crack propagation through cross-section was reduced below 

100 µm (see Figure 3.21 c) and the roughening at the loaded surface was reduced from Ra = 1.21 µm to 

Ra = 0.35 µm also. This indicates that the thermo-mechanical properties of this fine-grained outer layer 

are significantly lower (cracks propagated up to 500 µm) than for the bulk coarse grain material.  

3.5.3 High Temperature Stability 

Annealing test was performed on a thermal-shock tested specimen (at 1.13 GW/m2 at 200 °C) 

having partially cracked surface to study recrystallization resistance of the material. Grain growth and 

depletion of yttrium oxide was observed in the areas around the thermal-shock induced crack (Figure 

3.22a). Even more, an yttrium oxide layer was formed on the top surface of the annealed specimen 

(Figure 3.22b). It is still unclear, whether this is a typical behavior of yttria or if this is a feature of the 

manufacturing process. 
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Figure 3.22: (a) cross section of annealed specimen showing grain growth around crack, (b) yttria 

layer formed on the surface of specimen. (Appended paper V) 
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4. Summary and Conclusion  

Tungsten based composites dispersed with rare earth metal oxides have been developed and 

characterized. Final materials were developed in two steps i) fabrication of nanostructured tungsten 

based powders by thermal processing of doped tungstate powders (precursor powders) and ii) powder 

compaction using spark plasma sintering. Two different types of starting materials were utilized to 

fabricate nanostructured powders. The results from the powder characterization and sintered ODS 

materials are summarized here. 

I. Using APT-based precursors two system (W-La2O3 and W-Y2O3) were investigated. The 

precursor powders, with very large particles (up to 70 µm) having size/shape morphology similar 

to those of APT particles, were processed into nanostructured tungsten powders dispersed with 

oxides. The powders were reduced under two different conditions and concluded that reduction 

in 2 holding steps results in powder with much finer tungsten grains as compared to those 

reduced in single step.  

Second type of starting material, tungstic acid-based precursor containing highly uniform 

nanosized particles doped with Y, were also reduced under two different conditions. The 

reduction under steady H2 gas flow rate, produced powder ranging from nanometer to ultrafine 

size, however, no evidence for Y2O3 was found during powder characterization. The reduction 

under other conditions with variable gas flow rates, showed traces of Y2O3 but grain growth 

resulted in submicron sized tungsten grains.  

II. Powder particle size significantly affects the sinterability and microstructure of the final ODS 

materials. In ODS composites sintered from APT-based precursors, La/Y was not doped inside 

the APT particles, therein, homogeneity of dispersed oxides is affected by the large APT 

pseudomorphs. On the other hand, tungstic acid-based precursors resulted in highly uniform 

equiaxed microstructure where nanosized oxide particles are dispersed at grain boundaries as 

well as inside tungsten grains.  

III. Nanostructured powders were successfully consolidated into ODS composites of highly uniform, 

ultrafine equiaxed grains via SPS process at fairly lower temperatures. A minimum temperature 

of 1400 °C, however, was required at a pressure of 75 MPa to achieve maximum density at 

expense of grain growth resulting in a microstructure of micrometric range.  
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The dispersion of oxides in tungsten powder hinders the diffusion during sintering process 

resulting in lower density. While comparing W-La2O3 and W-Y2O3, the dispersion of yttrium 

oxide enhances the sinterability of tungsten powders and a higher density is achieved even when 

sintered at lower temperatures.  

IV. Regarding phase purity of developed ODS-W, the oxides present in material were mixed 

compounds of Y and W and probably were formed during chemical synthesis. Therein, the actual 

oxide contents (Y-O-W) in the final ODS material, are higher than proposed %age of Y2O3. 

Mixed oxides of Y-W usually have lower melting points and may deteriorate materials 

performance at higher temperatures such as in a fusion plasma chamber. 

V. In the developed W-1.2Y2O3 (wt. %) materials, besides density, grain size is another factor 

affecting materials elastic and fracture properties. Micro-mechanical characterizations, conducted 

by indentation methods, demonstrate that coarse grained material has better mechanical 

properties, which contradicts some literature results. Despite the fact that values from such tests 

may not be analogous with other mechanical evaluation methods like tensile, 3-point bend or 

charpy-impact tests, still they can be used as reference for properties estimation and establish a 

comparison among different microstructures of same material.   

VI. The performance of material having 1.2-wt. % Y2O3 (≈ 5 vol. %) under ELM-like thermal-shock 

tests was unsatisfactory as compared to other reported materials in literature. The cracking even 

at base temperature of 400 °C, indicates a material’s brittle behavior and having DBTT higher 

than 400 °C. 

Hence, chemical methods can be successfully applied to fabricate nanostructured tungsten based 

materials. Tungstic acid-based powders proved a better starting material and yield an ODS-W material 

with highly uniform microstructure and homogeneously dispersed oxides. However, mixed oxide 

phases are a question on purity of material and needs to be solved. Chemical methods can also be used 

to produce pure and composite W-materials for PFC applications in a fusion reactor. Definitely, the 

methods can be optimized to produce any suitable composition and microstructure, in the light of 

specific tests results. The fabrication route is reproducible and has potential for industrial production. 
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 5. Future work  

The properties of tungsten based materials are function of materials’ composition and 

microstructure, which can be controlled during processing at different steps involved (Fig. 2.1). For the 

materials better performance under specific service conditions, especially in fusion reactor, attentions 

are required in several directions.  

 Composition of ODS-W is critical aspect which can be addressed only through testing of different 

developed materials with varying oxide contents. So far, ODS materials with lower yttria contents 

(0.3 wt. %) have shown better results during thermal shock testing which is one major criteria for 

PFC material evaluation. In first step, development and testing of pure W and W-Y2O3 composites 

below 0.3 wt. % dispersion are considered.  

 Regarding purity of oxide phases, reduction cycle must be optimized to produce pure Y2O3 or the 

chemical methods must be improved where W ions does not react with Y-ions. 

 Further characterization of material is proposed to determine the effect of grain size. It seems the 

sintering of tungsten powders into high density nanostructured grades is difficult. Hence, materials 

with microstructure from fine to coarse micron range are planned to be characterize in future work. 

 Mechanical characterization using standard testing methods i.e. tensile, 3-point bend and charpy-

impact tests are required. For such tests, larger powder quantities are required to be fabricated and 

sintered using other methods like HIP or RSUHP. 



M. A. Yar, Ph. D. Thesis, Functional Materials Division, KTH, 2012 

41 

Acknowledgement 

Foremost, I would like to express my sincere and deep gratitude to my principal supervisors, Prof. 
Mamoun Muhammed for providing me the opportunity to join Functional Materials Division in 
Royal Institute of Technology, KTH. His valuable supervision, helpful suggestions and continuous 
encouragement enabled me to carry out this research work and complete my doctoral studies 
successfully. I am very thankful to Higher Education Commission of Pakistan, for financial support 
during my doctoral studies which motivated and gave me initiative for my higher qualifications abroad. 
My co−supervisor, Assoc. Prof. Muhammet S. Toprak at FNM, is acknowledged for his coordination 
and valuable guidance during my studies.  

All co−authors are thanked for productive collaboration without which much of this work would 
not have been possible and it will be my pleasure if I get a chance to work with them again in future. 
Tech. Lic. Sverker Wahlberg, my senior colleague, is especially acknowledged for introducing me to a 
new field of materials science, fruitful discussions and great patience. Besides his major contributions 
in the tungsten project, his company during traveling, meetings and conferences is an everlasting 
memory of my life. I am grateful to the co−authors Prof. Mats Johnsson for spark plasma sintering of 
powders and sample development for the high−heat tests and Dr. Hanadi G. Salem for productive 
discussions and guidance during analysis of the results. My friend, my colleague, Hans Bergqvist is 
highly appreciated for his skillful assistance in high resolution microstructural characterization and 
indentation tests. His unique style of solving problems will always remain an inspiration for me. I 
would like to specially thank Mr. Mohammed Omar Abuelnaga, for contributions and assistance 
received during ODS−W powder fabrication. 

Dr. Gerald Pintsuk, Dr. Jochem Linke and their group at Forschungszentrum Julich, Germany, is 
gratefully acknowledged for thermal testing and postmortem characterization of ODS−W and the 
knowledge received from discussions to understand the plasma environment in fusion reactor. Many 
thanks to Dr. Michael Rieth and Dr. Sehila Gonzalez in the material’s section of European Fusion 
Development Agreement (EFDA) , Dr. Elmar  Neitzert and Dr. Christian Linsmeier in the European 
FP7 Project FEMaS, The Swedish Research Council (VR) and Prof. James Drake at Fusion Plasma 
Physics, KTH. 

I am thankful to Prof. John Ågren, Dr. Peter Hedström and Mr. P. O. Söderholm at the 
Department of Materials Science and Engineering, KTH for granting access to the sample preparation 
and hardness measurement labs. Joacim Hagström and Oskar Karlsson at Swerea−Kimab AB, are 
acknowledged for fracture properties measurement and assistance in EBSD measurements. 

 
Thanks are also due to the former and present members of the Functional Materials Division for 

direct and indirect assistance, valuable friendship and professional guidance I received, especially Dr. 
Wubeshet Sahle, Dr. A. Salam Uheida and Dr. Andrea Fornara. I would also like to thank Dr. Marta 

Perez, Dr. Shanghua Li, Dr. Jian Qin, and Dr. Abhilash Sugunan. I am thankful to Dr. Carmen Vogt, 
Dr. Xiaodi Wang, Dr. Ying Ma, Dr. Fei Ye, Robina S. Khan, Terrance Burk, Mohsin Saleemi, Nader 



Development of Nanostructured Tungsten Based Composites for Energy Applications 

42 

Nikkam, Mohsen Tafti, Yichen Zhao, Milad G. Yazdi, Hassan Khalifa, and other master students in 
the group for their precious companionship. 

My warm regards to my closest friends Waqar, Dawood, Umer Shah, and Saqib, whose company, 
more or less at every weekend, never let me feel alone. Ramy Hilal and Dr. M. Eita who been more 
likely as friends, still best office mates I have ever had. Great thanks to my friends Conny, Suleman, 
Amir and Björn in Sweden for their countless love and those who are not named here. 

 

Finally, I owe my deepest gratitude to my parents, whose never ending love and prayers have been 
surrounding me every single moment during these years, my brothers and sister, for unconditional love 
and consistent concern about my studies and health, sweet nephews and nieces in our family, whose 
faces on skype used to make me smile. I express my deepest love for all of them and dedicate this 
doctoral thesis to them. 

 

 



M. A. Yar, Ph. D. Thesis, Functional Materials Division, KTH, 2012 

43 

References 

1. M. Z. Jacobson, M. A. Delucchi, Energy Policy 39 (2011) 1154-1169. 

2. J. Ongena, G. Van Oost, Transactions of Fusion Science and Technology, 49 (2T), (2006) 3-15. 

3. N. Baluc, Plasma Phys. Controlled Fusion, 48 (2006) B165-B177. 

4. E. Lassner and W-D. Schubert, Tungsten: Properties, Chemistry, Technology of the Element, 

Alloys, and Chemical Compounds, Kluwer Academic / Plenum Publishers, (1999) New York. 

5. M. A. Yar, S. Wahlberg, H. Bergqvist, H. G. Salem, M. Johnsson, M. Muhammed, J. Nucl. 

Mater., 408 (2011) 129-135. 

6. A. A. Sadek, M. Ushio, F. Matsuda, Met. Trans. A. 21, (1990) 3221-3236. 

7. M. Ushio, A. A. Sadek, F. Matsuda, Plasma Chem. Plasma Process. 11, No. l, (1991) 81-101. 

8. Alber A. Sadek, Mater. Lett. 25, (1995) 229-234. 

9. Z. Chen, M. Zhou, T. Zuo, Scr. Mater. 43, No. 4, (2000) 291–297. 

10. M. Tanaka, M. Ushio, M. Ikeuchi, Yoshiro K., J. Phys. D: Appl. Phys. 38, (2005) 29–35. 

11. W. Chen, Z. Kang, Bingjun Ding, Mater. Lett. 59, (2005) 1138– 1141. 

12. Xiaoli Xi, Z. Nie, W. Wang, J. Yang, S. Hao, Y. Guo, T. Zuo, Appl. Surf. Sci. 251, (2005) 134–

138. 

13. F-Z. Wang, H. Zhang, B-J. Ding, Ri-Hua Zhu, Mater. Sci. Eng., A. 336, (2002) 59–63. 

14. F-Z. Wang, F. ZhuGe, H. Zhang, B-J. Ding, Mater. Res. Bull. 38, (2003) 629– 636. 

15. P. Norajitra, L.V. Boccaccini, E. Diegele, V. Filatov, A. Gervash, R. Giniyatulin, S. Gordeev, V. 

Heinzel, G. Janeschitz, J. Konys, W. Krauss, R. Kruessmann, S. Malang, I. Mazul, A. Moeslang, 

C. Petersen, G. Reimann, M. Rieth, G. Rizzi, M. Rumyantsev, R. Ruprecht, V. Slobodtchouk, J. 

Nucl. Mater. 329–333 (2004) 1594-. 

16. E. Diegele, R. Krussmann, S. Malang, P. Norajitra, G. Rizzi, Fusion Eng. Des. 66-68 (2003) 383-

387. 

17. G. A. Cottrell, Mater. Sci. Technol. 22 (8) (2006) 869-880.  



Development of Nanostructured Tungsten Based Composites for Energy Applications 

44 

18. P. Norajitra, L.V. Boccaccini, A. Gervash, R. Giniyatulin, N. Holstein, T. Ihli, G. Janeschitz, W. 

Krauss, R. Kruessmann, V. Kuznetsov, A. Makhankov, I. Mazul, A. Moeslang, I. Ovchinnikov, 

M. Rieth, B. Zeep, J. Nucl. Mater. 367–370 (2007) 1416–1421. 

19. I. Smid, M. Akiba, G. Vieider, L. Plöchl, J. Nucl. Mater. 258-263 (1998) 160-172. 

20. Y. Kitsunai, H. Kurishita, H. Kayano, Y. Hiraoka, T. Igarashi, T. Takida, J. Nucl. Mater. 271-

272 (1999) 423- 428. 

21. Y. Ishijima, H. Kurishita, K. Yubuta, H. Arakawa, M. Hasegawa, Y. Hiraoka, T. Takida, K. 

Takebe, J. Nucl. Mater. 329–333 (2004) 775–779. 

22. A. V. Babak, Effect of recrystallization on the fracture thoughness of tungsten, Powder Metall. 

Met. Ceram. 22 (4) (1983) 316-318. 

23. Y. Mutoh, K. Ichikawa, K. Nagata, M. Takeuchi, J. Mater. Sci. 30 (1995) 770-775. 

24. D. M. Moon, R.C. Koo, Met. Trans. B. 2, (1971) 2115-2122. 

25. D. B. Snow, Met. Trans. B. 5, (1974) 2375-2381. 

26. D. B. Snow, Met. Trans. A. 7, (1976) 783-794. 

27. J. W. Pugh, Metall. Trans. 4 (2) (1973) 533-538. 

28. P. K. Wright, Metall. Trans. A. 9 (7) (1978) 955-963. 

29. J. W. Davis, V.R. Barabash, A. Makhankov, L. Plöchl, K.T. Slattery, J. Nucl. Mater. 258-263 

(1998) 308-312. 

30. M. Mabuchi, K. Okamoto, N. Saito, M. Nakanishi, Y. Yamada, T. Igarashi, Mater. Sci. Eng., A. 

214 (1996) 174-176. 

31. M. Mabuchi, K. Okamoto, N. Saito, T. Asahina, and T. Igarashi, Mater. Sci. Eng., A. 237 (1997) 

241-249. 

32. H. J. Ryu, S.H. Hong, Mater. Sci. Eng., A. 363 (2003) 179-184. 

33. M. N. Avettand-Fenoel, R. Taillard, J. Dhers, J. Foct, Int. J. Refract. Met. Hard Mater. 21 (2003) 

205-213. 

34. T. Zhang, Y. Wang, Y. Zhou, T. Lei, G. Song, J. Mater. Sci. 41 (2006) 7506–7508. 



M. A. Yar, Ph. D. Thesis, Functional Materials Division, KTH, 2012 

45 

35. Yu. V. Milman, A.B. Olshanskii, I.V. Gridneva, N.P. Korzhova, S.I. Chugunova, Powder Metall. 

Met. Ceram. 25 (7) (1986) 557-560. 

36. M. Rieth, B. Dafferner, J. Nucl. Mater. 342 (2005) 20–25. 

37. M. Rieth, A. Hoffmann, Adv. Mater. Res. 59 (2009) 101-104. 

38. W. D. Schubert, A. Bock, B. Lux, Int. J. Refract. Met. Hard Mater. 13 (1995) 281-296. 

39. S. Wahlberg, Nanostructured tungsten materials by chemical methods, Licentiate thesis, Royal 

institute of technology (KTH), (2011) Stockholm. 

40. Z. Z. Fang, X. Wang, T. Ryu, K. S. Hwang, H.Y. Sohn, Int. J. Refract. Met. Hard Mater. 27(2) 

(2009) 288-299.  

41. M. Faleschini, H. Kreuzer, D. Kiener, R. Pippan, J. Nucl. Mater. 367-370, (2007) 800–805. 

42. Y. Zhang, A.V. Ganeev, J.T. Wang, J.Q. Liu, I.V. Alexandrov, Mater. Sci. Eng., A. 503 (2009) 

37–40. 

43. H. Kurishita, S. Matsuso, H. Arakawa, T. Sakamoto, S. Kobayashi, K. Nakai, T. Takida, M. Kato, 

M. Kawai, N. Yoshida, J. Nucl. Mater. 398, (2010) 87–92. 

44. H. Kurishita, S. Kobayashi, K. Nakai, T. Ogawa, A. Hasegawa, K. Abe, H. Arakawa, S. Matsuo, 

T. Takida, K. Takebe, M. Kawai, N. Yoshida, J. Nucl. Mater. 377 (2008) 34–40. 

45. H. Kurishita, S. Matsuso, H. Arakawa, T. Hirai, J. Linke, M. Kawai, N. Yoshida, Adv. Mater. 

Res. 59 (2009) 18-30. 

46. N. Nita, R. Schaeublin, M. Victoria, J. Nucl. Mater. 329–333 (2004) 953–957. 

47. Y. Chimi, A. Iwase, N. Ishikawa, M. Kobiyama, T. Inami, S. Okuda, J. Nucl. Mater. 297 (2001) 

355–357. 

48. M. Rose, G. Gorzawski, G. Miehe, A.G. Balogh, H. Hahn, Nanostruct. Mater. 6 (1995) 731-734. 

49. M. Rose, A.G. Balogh, H. Hahn, Nucl. Instrum. Methods Phys. Res., Sect. B. 127-128 (1997) 

119–122. 

50. T. D. Shen, S. Feng, M. Tang, J.A. Valdez, Y. Wang, K.E. Sickafus, Appl. Phys. Lett. 90 (26) 

(2007) 263115. 

51. B. Radiguet, A. Etienne, P. Pareige, X. Sauvage, R. Valiev, J. Mater. Sci. 43 (2008) 7338-7343. 



Development of Nanostructured Tungsten Based Composites for Energy Applications 

46 

52. S. Wurster and R. Pippan, Scr. Mater., 60 (2009) 1083–1087. 

53. M.L. Jenkins, J. Nucl. Mater. 216, (1994) 124–156. 

54. V. Naundorf, Int. J. Mod. Phys. B 6(18), (1992) 2925-2986. 

55. R. Malewar, K.S. Kumar, B.S. Murty, B. Sarma, S.K. Pabi, J. Mater. Res. 22 (5) (2007) 1200-

1206. 

56. R. Sarkar, P. Ghosal, M. Premkumar, A. K. Singh, K. Muraleedharan, A. Chakraborti, T. P. 

Bagchi, B. Sarma, Powder Metall. 51 (2) (2008) 166-170. 

57. L. Veleva, Z. Oksiuta, U. Vogt, N. Baluc, Fusion Eng. Des. 84 (7-11) (2009) 1920-1924. 

58. H. Kurishita, S. Matsuo, H. Arakawa, M. Narui, M. Yamazaki, T. Sakamoto, S. Kobayashi, K. 

Nakai, T. Takida, K. Takebe, M. Kawai, N. Yoshida, J. Nucl. Mater. 386–388 (2009) 579–582. 

59. M A. Monge, M.A. Auger, T. Leguey, Y. Ortega, L. Bolzoni, E. Gordo, R. Pereja, J. Nucl. Mater. 

386-388 (2009) 613-617. 

60. T. Ryu, K.S. Hwang, Y.J. Choi, H.Y. Sohn, Int. J. Refract. Met. Hard Mater. 27 (2009) 701–704. 

61. X. Xi, Z. Nie, J. Yang, X. Fu, W. Wang, T. Zuo, Mater. Sci. Eng., A. 394 (2005) 360–365. 

62. Y. Zhang, Z. Fang, M. Muhammed, K.V. Rao, V. Skumryev, H. Medelius, J.L. Costa, Physica C, 

157 (1989) 108-114. 

63. L. Wang, Y. Zhang, M. Muhammed, J. Mater. Chem., 5 (2) (1995) 309-314. 

64. M. Wang, M. Muhammed, Nanostruct. Mater. 11 (1999) 1219-1229. 

65. Z. Zhang, S. Wahlberg, M. Wang, M. Muhammed, Nanostruct. Mater. 12 (1999) 163-166. 

66. S. Wahlberg, I. Grenthe, M. Muhammed, Nanostruct. Mater. 9 (1997) 105-108. 

67. S. Wahlberg, M. Muhammed, I. Grenthe, Methodes of preparing powders for hard materials 

from APT and soluble cobalt salts, US Pat. 5658395 (1997). 

68. Z. Zhang, Y. Zhang, M. Muhammed, Int. J. Refract. Met. Hard Mater. 20 (2002) 227-233. 

69. Z. Zhang, M. Muhammed, Thermochim. Acta, 400 (2003) 235-245. 

70. Z. Z. Fang, H. Wang, Int. Mater. Rev. 53 (6) (2008) 326-352. 

71. Z.J. Zhou, Y.S. Kwon, J. Mater. Process. Tec. 168, (2005) 107-111. 



M. A. Yar, Ph. D. Thesis, Functional Materials Division, KTH, 2012 

47 

72. Z.J. Zhou, J. Du, S.X. Song, Z.H. Zhong, C.C. Ge, J. Alloys Compd. 428, (2007) 146-150. 

73. Z.J. Zhou, Y. Ma, J. Du, J. Linke, Mater. Sci. Eng., A. 505, (2009) 131-135 

74. M. Omori, Mater. Sci. Eng. A, 287, (2000) 183-188. 

75. T.S. Srivatsan, B.G. Ravi, M. Petraroli, T.S. Sudarshan, Int. J. Refrac. Met. Hrad Mater., 20, 

(2002) 181-186. 

76. V. Mamedov, Powder Metall., 45(4), (2002) 322-328. 

77. S. Urbonaite, M. Johnsson, G. Svensson, J. Mater. Sci., 39, (2004) 1907-1911. 

78. E. M. Heian, S. K. Khalsa, J. W. Lee, Z. A. Munir, J. Am. Ceram. Soc., 87(5), (2004) 779-783. 

79. U. Anselmi-Tamburini, Z. A. Munir, Y. Kodera, T. Imai, M. Ohyanagi, J. Am. Ceram. Soc., 

88(6), (2005) 1382-1387. 

80. E. Olevsky and L. Froyen, Scri. Mater., 55, (2006) 1175-1178. 

81. V. Viswanathan, T. Laha, K. Balani, A. Agarwal, S. Seal, Mater. Sci. Eng. R, 54, (2006) 121-285. 

82. X. Song, X. Liu, J. Zhang, J. Am. Ceram. Soc., 89(2), (2006) 494-500. 

83. F. Monteverde, J. Alloys Compd., 428, (2007) 197-205. 

84. G. Molenat, M. Thomas, J. Galy, A. Couret, Adv. Eng. Mater. 9(8), (2007) 667-669. 

85. S. Ran and L. Gao, J. Am. Ceram. Soc., 91(2), (2008) 599-602. 

86. P. Scardi, M. D’Incau, M. Leoni, A. Fais, Metall. Mater. Trans. A, 41(5), (2009) 1196-1201. 

87. M. Pellizzari, M. Zadra, A. Fedrizzi, Mater. Manuf. Processes, 24(7-8), (2009) 873-878. 

88. G. Maizza, S. Grasso, Y. Sakka, T. Noda, O. Ohashi, Sci. Technol. Adv. Mater. 8 (2007) 644–

654. 

89. M. Nygren, Z. Shen, Solid State Sci. 5 (2003) 125–131. 

90. Z. Shen, M. Johnsson, Z. Zhao, M. Nygren, J. Am. Ceram. Soc. 85 (8) (2002) 1921–1927. 

91. W. C. Oliver, G. M. Pharr, J. Mater. Res. 7 (1992) 1564. 

92. G. M. Pharr, Mater. Sci. Eng., A. 253 (1998) 151. 

93. ASM Handbook, Vol. 2, 10. ed., ASM International, Materials Park, Ohio, 1990. 

94. Gdoutos, E. Fracture mechanics: an introduction; 2. ed.; Springer: Dordrecht 2005. 



Development of Nanostructured Tungsten Based Composites for Energy Applications 

48 

95. J. Bousquet, G. Perachon, Comp. Rend. 258 (1964) 3869-3871. 

96. H. Haubner, W. D. Schubert, H. Hellmer, E. Lassner, B. Lux, J. Refract. Met. Hard Mater. 2 

(1983) 118-115. 

97. H. Haubner, W. D. Schubert, H. Hellmer, E. Lassner, B. Lux, J. Refract. Met. Hard Mater. 2 

(1983) 156-162. 

98. W. D. Schubert, J. Refract. Met. Hard Mater. 4 (1990) 178-191. 

99. Y. Kim, M-H. Hong, S.H. Lee, E-P. Kim. S. Lee, J-W. Noh, Met. Mater. Int. 12 (3) (2006) 245-

248. 

100. Y. Kim, K.H. Lee, E-P. Kim, D-I. Cheong, S.H. Hong, Int. J. Refract. Met. Hard Mater. 27 (5) 

(2009) 842-846. 

101. G. Pintsuk, H. Kurishita, J. Linke, H. Arakawa, S. Matsuo, T. Sakamoto, S. Kobayashi, K. Nakai, 

Phys. Scr. T 144 (2011) 014060, DOI:10.1088/0031-8949/2011/T145/014060. 

102. G. Pintsuk, A. Prokhodtseva, I. Uytdenhouwen, J. Nucl. Mater. 417 (2011) 481-486. 

103. G. Pintsuk, D. Blagoeva, J. Opschoor, “Thermal shock behavior of tungsten and Y2O3-doped W-

alloys manufactured via the MIM-process”, Proceedings International Conference on Fusion 

Reactor Materials (ICFRM-15), October 16-22, 2011, Charleston, South Carolina, USA, to be 

published in J. Nucl. Mater. 

 


