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Abstract 

There have been many advanced technologies that operates at high temperature under 

severe conditions, such as those over the inner walls of the future fusion nuclear reactor 

(ITER, DEMO, etc.). Refractory metals such as tungsten are proposed as optimum 

materials to face these conditions. Pure ceramics, such as WC and metal ceramics are 

proposed also as alternative materials for the components that require operate at high 

temperature under high wear conditions or neutronic damage. For that reason, the design 

of complex compositions and microstructures is necessary to achieve reliable materials 

under these conditions. That makes this work investigate on colloidal processing W and 

WC materials, as well as their composites with nickel for softening of the sintering 

conditions. 

Aqueous colloidal processing is proposed as an alternative to the solvent-less techniques. 

By the study of zeta potential and chemical analysis of powders suspended in water the 

optimal conditions for high solid content suspension preparation were determined at 

different pH conditions and considering the use a cationic dispersant (polyethyleneimine, 

PEI). The rheological studies have determined the maximum solid content through the 

Krieger-Dougherty model adjustment, so the time spent removing water after powder 

preparation can be diminished. Three different types of composite powders were 

prepared: WC-W, WC-Ni and W-Ni. For WC-W composites, the amount of metallic 

phase was fixed in 10, 20 and 50 vol.%, while for WC-Ni and W-Ni mixtures, the amount 

of metallic nickel phase was 5 vol.% (3 wt.%). 

Three different sintering methods are used: Spark Plasma Sintering (SPS), Hot-Press 

Sintering (HPS) and Vacuum Sintering (VS). WC-W materials were sintered by SPS at 

1700 and 1800 oC for 10 min and 60 MPa. The crystalline and chemical studies 

determined the high reactivity between W and WC during the thermal cycle, which gives 

place to the presence of a third species: tungsten semicarbide (W2C), which provoked all 

the W consumption. Mechanical tests at high temperatures for the W2C/WC composites 

demonstrated their excellent properties and performance at conditions similar to the ITER 

divertor walls. A self-reinforcement behaviour due to the appearing of metallic tungsten 

in the microstructure as the temperature approach to 1200 ºC is described. 



X 

 

On the other hand, mixture of WC with Ni and W with Ni, obtained by aqueous colloidal 

processing were sintered by the three mentioned sintering techniques and the differences 

between them studied. Two types of Ni powders were used: a commercial nickel (cNi) 

and a nanometric nickel synthesized in the lab (nNi). WC-Ni sintered by HPS achieved a 

density higher than 98%, which was not the case of SPS and VS sintered samples. 

SEM/EDX observations demonstrated that sintering was by a solution-precipitation 

mechanism that leaved the nickel located in the grain junctions, while there were slight 

carbon precipitations favoured by the thermodynamical conditions during the thermal 

cycle. For W-Ni alloys, successful results were obtained from VS process, achieving 96% 

density and a fully dense microstructure. In this case, W and Ni reacts while thermal 

treatment, giving an intermetallic species: NiW. For both WC-Ni and W-Ni materials, the 

presence of small amounts of Ni showed a clear softening of sintering conditions, which 

make the sintering of W and WC an affordable method for wide productions in terms of 

both technology and economic cost. Mechanical tests of these composites exhibited a 

ductilisation of the materials due to the presence of the nickel phase, which matches to 

the data found in the literature for this type of composites and alloys. 

This thesis is framed within the national plan Project (MAT2015-70780-C4-1-P), entitled 

“Aqueous colloidal processing of W and WC-based composites, sintering and mechanical 

properties at high temperature”. This work has been developed combining the main lines 

of research of the two groups in which the experimental work has been carried out: the 

colloidal chemistry developed by the Tailoring through Colloidal Processing group (ICV-

CSIC) and the mechanical properties knowledge of the CIME group (UPM). 

  



XI 

 

Resumen 

Existen multitudes de tecnologías avanzadas capaces de operar a alta temperatura bajo 

condiciones severas, como aquellos que conforman las paredes interiores de futuros 

reactores de fusión nuclear (ITER, DEMO, etc.). Los metales refractarios como el 

wolframio se proponen como los materiales óptimos para trabajar bajo estas condiciones. 

Los cerámicos puros, como el WC, y los composites cerámica-metal (cermets) también 

se presentan como claras alternativas para aquellos materiales requeridos para 

operaciones a alta temperatura, bajo alto desgaste o radiación neutrónica.  

Por este motivo, el diseño de composiciones complejas y microestructuras es necesario 

para lograr la preparación de materiales que trabajen en dichas condiciones. Todo ello 

hace que se profundice en la Investigación de materiales de W y WC formulados por 

procesamiento coloidal, así como sus materiales compuestos con níquel metálico para 

suavizar sus condiciones de sinterización. 

El procesamiento coloidal en base acuosa se propone como una fuerte alternativa a las 

tradicionales técnicas sin disolvente (en seco). Mediante el estudio del potencial zeta y el 

análisis químico de los polvos suspendidos en agua, las condiciones óptimas para la 

preparación de suspensiones con alto contenido en sólidos se determinaron a diferentes 

valores de pH, y considerando el uso de un dispersante catiónico (polietilenimina o PEI). 

Los estudios reológicos determinaron el máximo contenido en sólidos mediante el ajuste 

de Krieger-Dougherty, de tal forma que se lograba disminuir el tiempo de eliminación de 

disolvente. Se prepararon tres tipos diferentes de polvos compuestos: WC-W, WC-Ni y 

W-Ni. Para los composites WC-W, la cantidad de fase metálica se fijó en 10, 20 y 50 

vol.%, mientras que para las mezclas WC-Ni y W-Ni, la cantidad de níquel metálico fue 

de un 5 vol.% (3% en peso). 

Se emplearon tres métodos distintos de sinterización: Sinterización asistida por Corriente 

Pulsada (SPS), Sinterización por presión asistida en caliente (HPS) y Sinterización a 

vacío (VS). Los materiales de WC-W se sinterizaron por SPS a 1700 y 1800 oC durante 

10 minutos, a 60 MPa de presión. Los estudios químicos y de cristalinidad determinaron 

la alta reactividad entre W y WC durante el ciclo térmico, el cual dio lugar a la aparición 

de una tercera especie: el semicarburo de wolframio (W2C), lo que provocó el 

agotamiento total del wolframio metálico. Los ensayos mecánicos a alta temperatura para 
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los compuestos W2C/WC demostraron sus excelentes propiedades a condiciones 

similares a las del divertor del ITER. Se describe un comportamiento de refuerzo 

mecánico debido a la aparición de wolframio metálico en la microestructura, a medida 

que se describe un ascenso de la temperatura hasta los 1200 oC. 

Por otra parte, las mezclas de WC con Ni, y W con Ni, obtenidas mediante procesamiento 

coloidal en agua, se sinterizaron a través de las tres técnicas ya mencionadas, por lo que 

se estudiaron los diferentes resultados. Se usaron dos tipos de polvo de Ni: un níquel 

comercial (cNi), y un níquel nanométrico sintetizado en el laboratorio (nNi). WC-Ni se 

sinterizó por HPS, logrando una densidad mayor al 98%, lo que no ocurrió en el caso de 

las muestras sinterizadas por SPS y VS. Los análisis por SEM/EDX demostraron que la 

sinterización seguía un mecanismo de disolución-precipitación, lo que provocó la 

localización del níquel metálico en los límites de grano, mientras que aparecieron algunas 

precipitaciones de grafito favorecidas por las condiciones termodinámicas durante el ciclo 

térmico. Para las aleaciones W-Ni, se obtuvieron resultados bastante exitosos para el 

proceso de sinterización a vacío (VS), alcanzando densidades superiores al 96%, así como 

una microestructura consolidada y totalmente densificada. En este caso, W y Ni 

reaccionan durante el tratamiento térmico, dando lugar a una nueva especie: el 

intermetálico NiW. Para ambos composites WC-Ni y W-Ni, la presencia de pequeñas 

cantidades de Ni mostró un claro suavizamiento de las condiciones de sinterización, lo 

que hace que la sinterización de W y WC se conciba como un método asequible para 

grandes producciones a escala industrial en términos tanto tecnológicos como 

económicos. Los ensayos mecánicos de estos materiales exhibieron una clara 

ductilización debido a la presencia de fase níquel, lo que coincide con los datos 

encontrados en la literatura para este tipo de composites y aleaciones. 

Esta tesis se enmarca en el proyecto MAT2015-70780-C4-1-P del plan nacional, titulada 

“Procesamiento coloidal en medio acuoso de composites en base W y WC, sinterización 

y propiedades mecánicas a alta temperatura”. Este trabajo se ha desarrollado combinando 

las principales líneas de investigación de los dos grupos en los cuales se ha llevado a cabo 

el trabajo experimental: la Química Coloidal desarrollada por el grupo Tailoring through 

Colloidal Processing (ICV-CSIC), y el conocimiento sobre propiedades mecánicas del 

grupo CIME (UPM). 
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Chapter 1 

1. Introduction 

1.1. Clean energy 

World population is increasing during the last decades, and it is expected to be higher 

than 10 thousand million people in 2030. That is the main reason why the energy demand 

is rapidly increasing. Nowadays, the major part of the electricity comes from non-

renewable sources, such as fossil fuels, carbon and gas, and thus it has greatly important 

consequences in the field of environmental health, pollution and, to sum all up, global 

climate change. To solve this problem, in October 2019 The European Commission 

proposed a group of guidelines and directives known as “European Green Deal”. 

 

Figure 1.1: European Green Deal general scheme 

 

This plan includes ten main points (see Figure 1.1): “climate neutral” Europe, circular 

economy, building renovation, zero-pollution, ecosystems and biodiversity, farm to fork 

strategy, transport, money, R&D and innovation, and external relations. In this sense, the 
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new parameter “carbon footprint” has been defined as the total amount of greenhouse 

gases generated by human actions. It is estimated that the carbon footprint for a person in 

the United States is around 16 tons, while the global average is situated in 4. The objective 

of the European Green Deal is dropping this global average carbon footprint until a value 

of 2 tons by 2050. This Green Deal also stablished the EU will aim to reach net-zero 

greenhouse gas emissions by 2050, having a partial and previous aim of a 50-55% cut in 

greenhouse gas emissions by 2030 (Simon, 2019). 

In the line of this emissions partial or complete reduction for the next decades, the use of 

non-contaminant energy sources has been proposed, especially highlighting the use of 

renewable energies and their development, also trying to reduce their yet high costs. 

1.1.1. Nuclear fusion energy 

The nuclear fusion energy has been presented as one of the strongest candidates as a 

solution against the global energetic problem already exposed, although it is a technique 

which still needs to have much further developments and research due to its novelty and 

innovation. During the nuclear fusion, two light atoms reacts to give a heavier atom, 

producing a higher amount of energy than in the case of fission. The example of reaction 

which takes place inside a nuclear fusion reactor is represented in Figure 1.2. 

 

Figure 1.2: General scheme of nuclear fusion reaction (image from (3.0, no date)) 

For the massive production of energy, the nuclear fusion reaction that has been proposed 

is the union of two isotopes of hydrogen (deuterium and tritium), which will produce a 

helium (He) atom, a neutron and a huge amount of energy (17.6 eV). The neutron, which 

is only one of the secondary products of the reaction, can be harnessed due to its reactivity 
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with lithium. This produces tritium, which is finally reincorporated to the reaction chain. 

Because of all this, as well as the null production of contaminant agents as a collateral 

products, the nuclear fusion is considered by many experts as a new and innovative clean 

energy source, which could palliate the global energy shortage problems described in the 

European Green Deal. 

After the failure of the first lab scale nuclear fusion reactor JET, the first big scale 

prototype of nuclear fusion reactor ITER, from its acronym in English (International 

Experimental Thermonuclear Reactor), is designed. This project is a global collaboration 

of eight members (USA, China, Europe, United Kingdom, Russia, India, South Korea 

and Japan), transforming it in one of the most expensive projects of all the humanity 

history, such as the particles accelerator. As it was designed, in ITER the nuclear fusion 

reaction takes place inside a Tokamak reactor, where a plasma is confined by the action 

of strong magnetic fields, levitating and rotating around a large toroid, where the fusion 

reaction is carried out.  

It is vital to find suitable materials to build the different parts of these type of reactors, 

especially the divertor or waste collector of a Tokamak, which is observed in Figure 1.3. 

 

Figure 1.3: Schematic view of the ITER Tokamak reactor divertor or waste collector 

(Hirai et al., 2013) 

 

In fact, the divertor is located at the bottom of the vacuum vessel, and its main functions 

will be the heat and ash extraction, as well as avoiding plasma contamination, and 

protecting the surrounding walls of the reactor from thermal and neutronic radiation 
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(ITER Organization, 2021). First, the divertor walls were meant to be made of carbon and 

tungsten, but there will be massive costs saving if its composition is just limited to 

metallic tungsten, as it has been proposed by some researchers (Pitts et al., 2013). The 

divertor is divided in three different parts: the inner and the outer vertical targets, and the 

dome, and all the structure is supported by stainless steel structures. All these parts are 

known as “plasma facing components” (PFCs). PFCs are situated in the area where the 

work conditions of plasma, as well as the microprojections from it, are the most intense. 

The plasma is heated until 100-200 million of Celsius degrees, and that would be the main 

reason why the purposed material for the construction of the divertor (or waste collector) 

of this reactor is always tungsten (W). The PFCs should fulfil some basic requirements: 

they must absorb radiation, be a good conductor of heat from plasma and absorb the 

neutronic heating, as well as minimise plasma impurities and contribute the plasma 

stabilization, among others. For these reasons, the proposed materials for ITER divertor 

were, at first, low-Z plasma facing materials (PFMs), such as beryllium (Be), graphite (C) 

or boron (B). In fact, one of the initial and relatively recent material selection, i.e Be on 

the main vessel walls, W on the divertor, and carbon fibre composite around the strike 

points on the divertor plates, results both from the attempt to reduce the tritium radiation 

impact and to optimize the lifetime of the PFCs (Roth et al., 2008). However, the use of 

Be is not the best option as a PFM, due to its low power handling capacity and its high 

physical sputtering yields at low particle energies. Besides, Be has other important 

disadvantages, such as a low melting point (1250oC), a reported toxicity for humans 

(Ulrickson et al., 1995). On the other hand, C seemed to be one of the greatest options, 

due to its high melting point (the highest of the periodic table) and its good 

thermomechanical properties. However, its bigger disadvantage would be the easiness for 

erosion under normal operating conditions, as well as neutron damage to the graphite can 

result in substantial bulk tritium retention (Causey, Brooks and Federici, 2002). Finally, 

to avoid all the previous disadvantages, in November 2013 the ITER Council decided to 

focus the construction of a full-tungsten armoured divertor for the reactor (Durocher et 

al., 2014).  

Despite the good properties of metallic tungsten, there are many investigations focused 

on its partial substitution for other materials, such as some other high-Z metals like 

zirconium, molybdenum, tantalum, hafnium, niobium, etc.) (Makhlai et al., 2018) (Maier 

et al., 2016), to avoid the strong dependence on just one single material sources. However, 
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given the high strength and temperature resistance, and low tritium permeability of some 

oxidic and non-oxidic ceramics, these materials could present a better protection 

performance than metal and glass components and being, thus, considered ideal materials 

for tritium permeation barriers. 

Before ITER project will be finished probably during the 2020-2030’s, another nuclear 

fusion reactor construction will be proposed, whose name is DEMO. A comparative draft 

of both them is shown in Figure 1.4.  

 

 

 

Figure 1.4: Main features of ITER vs. DEMO (Dubus, 2014) 

 

DEMO project would be even more ambitious and expensive than ITER, and thus much 

more powerful. It will consist of a demonstration fusion power plant, capable of 

producing electricity. However, it is expected to be finished and operating by 2060. 

  



Chapter 1: Introduction 

- 6 - 

 

1.2. High temperature and refractory metals 

 

Refractory metals are well-known for their very high melting points, compared to 

common transition metals. Generally, a metal can be called refractory when its melting 

point exceeds 2000oC. Some examples are tungsten (W, 3420°C), molybdenum (Mo, 

2620°C) and rhenium (Re, 3180°C). This is the main reason why they have been normally 

applied in some different fields, such as aircraft engineering, lighting (Schade, Ortner and 

Smid, 2015) and military uses. A table including some of the characteristics of refractory 

metals is shown below (see Table 1.1). 

Although they have numerous advantages, refractory metals present a severe 

inconvenient: because of their high melting point, some other metallic species are needed 

as sintering aids to achieve a final material with a consolidated final microstructure and 

Table 1.1: Summary of the most relevant refractory metals and their properties 

(Ultramet, 2021) 
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density. This makes some traditional techniques, such as liquid phase sintering (LPS), as 

well as some novel ones (pressure-assisted sintering, microwave sintering, etc.) (Mondal, 

Agrawal and Upadhyaya, 2010), extremely important to achieve the greatest version of 

these materials. 

For the applications already mentioned and many more, tungsten is one of the more 

relevant and used refractory metals. Its melting temperature (3422oC) is the highest of all 

the transition metals in the periodic table, which makes it a perfect option for high 

temperatures applications. In the case of future nuclear fusion reactors, such as ITER or 

DEMO, tungsten could be used in the components of some of the more exposed parts 

because of its good mechanical resistance, as well as the good radiation shielding due to 

the high density of this material (19.25 g/cm3), one of the highest of the periodic table. 

Some other refractory composites and alloys have been proposed, like W-Ta materials 

for nuclear applications. Gonderman prepared W-based metallic composites, by adding 

1, 3 or 5 wt.% of tantalum (Gonderman et al., 2017). In that work, they checked the use 

of small amounts of Ta had a beneficious effect in the He damage resistance over the 

tungsten structures destined to form the inner walls of the nuclear fusion reactors (from 

60% to 90% protection). Some other works are focused on W-Mo materials. In the case 

of Wright (Wright et al., 2010), although molybdenum melting temperature is lower than 

tungsten’s, it was proved that it plays an important role in the retention of deuterium, for 

which it is also considered an adequate refractory material for nuclear fusion. 

In the case of ITER, the working temperature of some of its parts, like the divertor or 

waste collector, is ranged between 1200 and 2400oC, so it is necessary not only a good 

radiation shielding behaviour of these refractory metals, which is directly related to their 

density, but also an extremely high melting point, and thus their ability to resist especially 

high temperatures and severe conditions.  

 

1.3. Ceramics for nuclear applications 

Some of the most frequently studied ceramic materials for high temperature, such as SiC 

and BC, have been traditionally proposed as ideal candidates for nuclear applications 

(Thévenot, 1990). Furthermore, ceramic-matrix composites based on these carbides with 

the addition of C or SiC fibres reinforcements have also widely investigated during the 
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last years, due to their capability of reduce the cracks produced on the carbide pure 

materials when used at temperatures up to 1500oC, because of their brittle behaviour. 

Nuclear ceramics are generally prepared by the conventional metallurgical powder and 

standard sintering processes, but some other methods have been lately exposed, such as 

microwave sintering (Naslain, 2004), among other more novel sintering methods. These 

ceramics for nuclear applications are thought to be part of the composition of materials 

used in the first wall, blanket and divertor of the nuclear fission and fusion reactors. They 

have some special requirements, like a high thermal conductivity, good hermeticity to 

gases, and low or null radioactivity. This last requirement makes some ceramic-metal 

composites for high temperatures, such as WC-Co or WC-Ni, being discarded because 

they are activated against radiation. Besides, these ceramic materials are also well-known 

due to their capacity as neutronic isolators, as shown in Tokaimura (1999) or Fukushima 

(2011) catastrophes. 

Since metallic W is the traditionally proposed material for nuclear applications, it is not 

surprising that some of the most studied tungsten ceramic compounds, like WC and WB, 

are presented as powerful alternatives (Humphry-Baker and Smith, 2019), due to their 

similar properties, in terms of mechanical behaviour, heat flux and plasma-surface 

interaction with some of the already mentioned refractory materials (W, SiC, etc.). 

Moreover, ceramic-based materials with non-active metallic binders have been analysed 

for their use in nuclear applications, such as WC-FeCr. 

1.4. Colloidal processing 

In Powder Metallurgy, the most frequent procedure to obtain a composite material is a 

dry mixing of powders, a shaping step through pressing techniques and finally some 

sintering methodologies. In some cases, and especially for very covalent materials, 

enhanced results in terms of density and microstructure of the final material are achieved 

by alternative sintering techniques, such as Spark Plasma Sintering (SPS) or Hot-Press 

Sintering (HPS) (Bajpai, Chandrasekhar and Arankalle, 2014) (Elsayed et al., 2015). 

Some other important issues should be mentioned, like the agglomeration trend of small 

particles and a lower mixing capacity achieved using dry processing techniques. Against 

all the previously problematic exposed, another processing technique is proposed: the 

colloidal processing of powders (Lange, 1998), which is a liquid-assisted method of 
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powder preparation that can avoid or minimize the already mentioned problems. The 

presence of a solvent reduces the surface reactivity of powder particles because it avoids 

most of the contact with oxygen molecules, as it happens when milling of powders is 

carried out under inert atmosphere conditions. This can be translated in a safer and more 

efficient way to process materials with a great variety of applications, as well as a good 

fluidity of powders into the liquid media. 

A colloid consists of two different phases: a continuous phase (referred to as the medium) 

and a dispersed particulate phase (the disperse phase). In general, the two phases may be 

either solids, liquids, or gases, giving rise to various types of colloidal systems. The type 

of systems, known as “suspensions”, consist of a liquid medium and dispersed solid 

particles. The use of suspensions has been widely utilised for processing of ceramics, and 

more recently for metals and cermets (ceramic-metal composites). This implies the study 

of surface behaviour of solid particles suspended into the liquid. To achieve a better 

stability of suspended particles, interparticle repulsive forces must be developed. This can 

be achieved by changing the conditions of the medium or adding a determined quantity 

of some polymers/surfactants, acting as dispersants. Compared to powder consolidation 

in the dry state, colloidal methods can lead to a better dispersion of phases, as well as a 

better packing uniformity in the green body which, in turn, leads to a better 

microstructural control during the thermal treatment.  

Colloidal processing is considered one of the most adequate techniques to achieve a good 

homogeneity of the final material due to the intimate mixture of starting materials. With 

the incorporation of processing additives controlled by rheological measurements, the 

slurries can also be used for the preparation of complex-shaped samples, because of their 

capability of adopting many different conformations and shapes. This is especially 

relevant in some materials preparation procedures, such as in additive manufacturing 

(AM) (Franks et al., 2017), where the processed powders must flow and create an intimate 

bond with other polymeric materials.  

Colloidal processing techniques can use organic solvents (ethanol and other alcohols, 

ethers, chloride hydro-carbides, etc.). However, due to their toxicity for the environment, 

the use of organic solvents is limited and substituted when possible by water. The use of 

water allows the transfer of some colloidal techniques to the industrial sector. However, 

the problem with water is its high tendency to react, especially with metals, provoking 

their oxidation/corrosion. This is the most important issue to consider when some metal 
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powders, like tungsten in this case, are introduced in water to prepare colloidal systems. 

This has also been studied for many other transition metals, such as nickel (Gonzalo-Juan 

et al., 2010), iron or titanium (Neves et al., 2012) (Molero et al., 2017), but also cermets 

(Dios et al., 2017). 

 

1.4.1.  Chemical stability: Pourbaix diagrams 

One of the most relevant tools to evaluate the electrochemical stability of metals in water 

was developed by Marcel Pourbaix in 1938. A Pourbaix diagram represents the 

equilibrium potential (E) between a metal and its oxidised species as a function of pH. 

This type of diagrams can be considered as analogous to a phase diagram of an alloy, 

which plots the lines of equilibrium between different phases as temperature and 

composition are varied. The tungsten Pourbaix diagram for metallic tungsten is shown in 

Figure 1.5. 

 

Figure 1.5: Pourbaix stability diagram for W (E vs. pH) 

 

In this diagram, three different zones can be observed: immunity area, passivity area and 

corrosion area. In the case of tungsten, the passivity area is located at acid pHs, for values 

lower than pH=4. The passivation of tungsten in this zone of the diagram implies the 

formation of an external layer made of oxides, which protects the metallic tungsten 

particles from further oxidation. From pH 4 to more basic values, W remains in the 

corrosion area, where the metallic species is not stable and oxidizes, generating tungstates 

as a result, which dissolve in the media. 



Chapter 1: Introduction 

 

- 11 - 

 

Generally, Pourbaix diagrams for metals presents the corrosion area at lower pHs, and a 

passivity zone at neutral and/or basic pH values. Tungsten could make an exception, 

showing exactly the opposite behaviour. This fact will be analysed later. 

1.4.2.  Dispersion and stabilization of particles 

A colloidal suspension consists of solid particles dispersed and suspended in a liquid 

media. The interactions taking place in them can be divided in the solvent-particles 

interactions, and particle-particle interactions. The colloidal stability of a suspension is 

defined by this potential generated between particles, that can be repulsive or attractive. 

The total interparticle potential energy (Vtotal) is the sum of both groups of interactions, 

as it is shown in Equation 1.1. 

𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑉𝑎𝑡𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + 𝑉𝑟𝑒𝑝𝑢𝑙𝑠𝑖𝑜𝑛 

Equation 1.1: Total interparticle potential energy for a colloidal suspension 

A suspension is considered stable when the repulsion potential is higher than attraction. 

In the attractive interactions group, some forces, like the van der Waals interactions (Vvdw) 

are present, which are formed due to the induced instantaneous dipoles in particles charge. 

These vdW forces are especially relevant in short distances. On the other hand, the 

repulsive potential interactions groups, which stabilize particles in suspension, would be 

composed by the electrostatic energy of particles (Velectrostatic), and by the steric repulsion 

energy (Vsteric). The potential energy resulting from the presence of non-adsorbed species 

in solution (Vstructural), although it is less relevant than the other two mentioned potentials, 

must be considered (Lewis, 2004). 

1.4.3.  Zeta potential 

The vdW forces and the repulsion energies already mentioned are regrouped to constitute 

the DLVO theory, which is the electrical double layer theory (Masliyah, 2005). This 

theory stablishes that, when an inorganic particle is introduced in a polar medium, it 

acquires certain surface charge due to ionization or ions adsorption processes (Zhou et 

al., 2018) (Naguib and Cui, 2014). Therefore, and to keep the electroneutrality, a double 

ionic layer is formed, whose objective is to equilibrate charges. A scheme of this double 

layer is shown in Figure 1.6. 
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Figure 1.6: Representative scheme of a double electrical layer after the addition of a 

particle to an aqueous medium 

If a particle with a, for instance, negative surface charge is suspended in water, the first 

layer formed is known as rigid or Stern layer, and it is composed by the counter-ions 

adsorbed to the particle surface, displacing the co-ions. This narrow layer is limited to 

one monolayer of counter-ions, which is not enough to achieve a full electroneutrality of 

the system. For this reason, a second parallel layer is formed, called diffuse layer. The 

diffuse layer is like a surrounding atmosphere composed by counter-ions and co-ions, 

which compensate the surface charge.  

To determine the stability of a suspension, a reference parameter which indicates the 

actual value of surface charge of the colloidal particles is needed. This is the Zeta 

Potential (ZP), that can be defined as the value of the electrical potential in the plane 

between the Stern layer and the diffuse layer, easily observed in Figure 1.6. Zeta potential 

is determined by measurements of electrokinetic mobility by the Helmholtz-

Smoluchowski equation (see Equation 1.2). 

휁 =
휂 𝜇𝑒

𝜖 휀0 휀𝑠
 𝑓(𝑎) 

Equation 1.2: Zeta potential (ζ) value depending on the Helmholtz-Smoluchowski 

equation 

Where η is the viscosity in the continuous medium, ϵ is the applied electric field, which 

also depends on the sample conductivity, ε0 is the permittivity in vacuum, εs is the 

a 
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permittivity of the continuous medium, and f(a) is an algorithm which depends on the 

particle. The value of ZP has a strong dependency on the particle nature, as well as on the 

conditions of the dispersion medium. It is considered that a higher value of ZP implies a 

higher width of the particle double layer, and thus a higher repulsion and stability of the 

suspension. ZP also depends on the reactivity of the suspended particle’s surface, so it 

can vary with the pH of the medium. In fact, there are two characteristic points which 

define the superficial state of the particle dispersed in the liquid medium: the isoelectric 

point and the null charge point. The isoelectric point is known as the pH value when the 

ZP is 0. On the other hand, the null charge point is the value of pH where the positive and 

negative charges of the particles are compensated, so it would imply the point of 

maximum instability of the colloidal system (Parks, 1965). 

1.4.3.1. Mechanisms of stabilization 

There are three different types of stabilization mechanisms for suspended solid particles 

in a polar liquid medium, which are the next: electrostatic, steric and electrosteric (see 

Figure 1.7). 

• Electrostatic mechanism: as seen in 1.4.2., the stability of colloids can be 

controlled by generating charges in particles’ surface. Velect shows an exponential 

dependence on the distance, as well as the dielectric constant of the medium where 

particles are suspended (Verwey, 1947). This is easily observed by having a look 

to Figure 1.6. 

• Steric mechanism: organic molecules are adsorbed to the particles’ surface to 

induce a steric repulsive interaction. These layers must be of sufficient thickness 

to overcome the attraction energy between particles, and thus prevent their 

flocculation, as well as keeping strongly attached to the surface during particle 

collision. This mechanism normally implies the use of neutrally charged 

polymeric dispersants and organic solvents. 

• Electrosteric mechanism: it combines the electrostatic and steric mechanisms, 

and it is shown by some polymers with surface charge in some of their external 

functional groups, which are known as polyelectrolytes. There are different types 

of polyelectrolytes: anionic (PAA), cationic (PEI) or zwitterionic (surfactants). 

These polyelectrolytes adsorption strongly depends on the chemical and physical 

properties of the solid surfaces and solvent medium.  
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Figure 1.7: Mechanisms of stabilization of particles suspended in a liquid media: 

electrostatic (a), steric (b) and electrosteric (c) mechanisms 

Attraction forces induce the presence of two different energy minimum: the primary one 

(VP) and the secondary one (VS). At the primary minimum, particles flocculate, which 

means they are in an intimate contact with each other and form agglomerates. At the 

secondary minimum, also known as coagulation minimum, particles kept separated from 

each other because of the presence of the ionic layer or rigid layer, forming soft 

agglomerates easy to re-disperse. The repulsion of particles, and thus the stability of the 

colloid, would be optimum at the maximum of the curve, which indicates the effective 

activation energy for aggregation. The system would remain stable longer the larger this 

energy barrier is. As mentioned before, to control the stability of the colloidal suspension, 

additives adsorbed in particles’ surface provide a steric impediment, which eliminates the 
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primary minimum and creating an energy barrier of maximum repulsion between 

particles. 

1.4.4.  Aqueous colloidal processing of cermets 

Due to its ability to create intimate powders mixtures and adjust the electrostatic 

interactions between suspended particles, colloidal processing has been a relevant 

technique for the preparation of ceramic composite materials. Colloidal routes of 

processing involve the use of different types of solvents, such as polar and organic ones. 

However, to make this method eco-friendlier and also more economic, water has been 

widely proposed as the ideal solvent. But for metals, the use of water has some 

disadvantages, being the most important one its high tendency to react with metals (Saadi, 

Hassan and Karabacak, 2017), where the pH of the medium and the use of dispersants 

can also have a vital role. This is the case of many works reported in the literature, for 

example, some of them involving cermets, composed by phases with different working 

pHs and conditions: Ti(C,N) and Fe (Escribano et al., 2013), Ti and Al2O3 (Neves et al., 

2013), or WC and W (Garcia-Ayala et al., 2019). 

Electrokinetic studies of the particles’ surface can be also used to give place to novel 

attachment phenomena, such as the heterocoagulation. As it was reported by Dios et al. 

(Dios et al., 2016), the electric affinity of the different powder particles of a suspension 

was forced inducing electrostatic interactions between a positively charged surface of 

ceramic particles against the negatively charged metallic particle’s surface. This type of 

interactions can be also created by the addition of polyelectrolytes, which are able to 

modify the sign of the electrical charge on the surface of suspended particles (Garcia-

Ayala et al., 2019). 

1.5. Rheology of suspensions 

Rheology is defined as the science which studies the behaviour of a fluid in response to 

an applied force. In suspensions, the flow characteristics are strongly affected by 

modifications in the colloidal stability, such as medium pH, presence of dispersants, etc., 

as well as to the mixing technique, the particle shape and size distribution or the solid 

content. Rheological studies are vital in two senses while processing from powders to 

slurries: in one side, the flow behaviour controls most of the comminution and 

benefaction processes, such as milling, floating, mixing and drying; on the other side, the 
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rheology governs the shaping processes, determining the contacts of processing additives 

(binders, gelling agents, spacers, etc.), and equipment settings (feeding speed, nozzle 

opening size, blades gap, etc.). 

In basic flow behaviour, three different parameters are usually analysed: the shear rate 

(ẏ), the shear stress (τ), and the apparent viscosity (η). They are interrelated by Newton 

Law (Equation 1.3), shown below. 

τ = η · ẏ 

Equation 1.3: Newtonian relation between rheological parameters (η, ẏ and τ) 

A Newtonian fluid represents the simplest and more ideal model of rheological behaviour. 

This type of fluids are the ones for which the viscosity can vary with temperature and 

pressure but does not vary with deformation rate or time (Scriven, 1960). They would not 

present any elastic properties either, which means this model could be hardly applied to 

any suspension. Among the non-Newtonian behaviours, the more common one shown by 

the colloidal suspensions is a shear-thinning behaviour, also known as pseudo-plastic 

behaviour, where the viscosity increases when the shear rate increases. Here the concept 

of “yield stress”, which is defined as the minimum shear stress required to initiate the 

flow, is highly relevant because it determines the plastic behaviour of suspensions. If 

there is a linear behaviour, the fluid is called a Bingham plastic. Finally, if a suspension 

increases its viscosity as the shear rate increases, the fluid behaviour is known as shear-

thickening or dilatant, which is the case of some suspensions with determined organic 

additives and dispersants (Hojjat et al., 2011). Figure 1.8 schematizes the different flow 

behaviours. 

Important concepts in rheology are the terms “thixotropy”, referred to a system which 

shows a decreasing apparent viscosity with time under shear, but the viscosity values 

recover when flow ceases. All this implies a time dependent viscosity. When the colloidal 

suspensions behaviour is not time dependent, the term used would be “rheopexy”.  

Depending on a considerable variety of suspension parameters, such as its composition, 

solid content or stability, a classification of suspension rheological behaviours can be 

done.  



Chapter 1: Introduction 

 

- 17 - 

 

 

Figure 1.8: Classification of rheological behaviour under steady-shear state, plotting 

shear stress vs. shear rate (Lee, Ko and Kim, 2017) 

 

1.5.1.  Rheological behaviour models and adjustments 

To adjust the different suspension behaviours, there are some mathematical models or 

equations proposed for each of these behaviours. They are presented in Table 1.2. 

 

Table 1.2: Mathematical models for rheological behaviour 

 Flow Model Equation 

Linear 
Newtonian Newton 𝜏 = 휂 · ẏ 

Bingham plastic Bingham 𝜏 = 𝜏0 + 휂 · ẏ 

Non-linear 

Plastic Casson 𝜏 = [𝜏0 + (휂𝑃 · ẏ)1/2]
2
 

Plastic with yield 

point 
Herschel-Bulkey 𝜏 = 𝜏0 + 𝐾 · 𝑦𝑛 

Dilatant 
Ostwald de 

Waele 
𝜏 = 𝐾 · 𝑦𝑛 

Pseudo-plastic Cross 𝜏 = ẏ[휂∞ + [
𝜂0−𝜂∞

(1+(
ẏ

ẏ𝑏
)

𝑛

)
]] 

Since almost all highly concentrated suspensions with spherical particles studied exhibit 

a pseudo-plastic behaviour, the Cross mathematic model is the most used to take a reliable 

approximation (Cross, 1965). It allows the analysis of flux behaviour between low and 
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high shear. It also includes some “new” terms related to the shear limits of the suspension. 

Those are the zero-shear viscosity, η0, which extrapolates the value of viscosity close to 

the steady-state, and is related to the stability of the suspension against phase segregation 

and sedimentation of heavy particles; and the infinite shear viscosity parameter 휂∞, which 

indicates the viscosity value at very high shear rates and the effectiveness of the 

homogenization and dispersion of particles in the suspension. The higher η0, the lower 

the mobility of the particles at the steady state, so the more stable the suspension is at rest. 

However, a lower value of 휂∞ means a greater the milling and homogenization capacity 

of the suspensions in high shear stage. Other parameters considered in Cross equation is 

ẏb, which is the consistency index, and n, which indicates the degree of pseudoplasticity 

of the suspension: n=0 for Newtonian fluids and n≠0 for pseudo-plastics fluids. 

1.5.2.  Maximum packing density: The Krieger Dougherty Model 

As it is well-known, in a sphere-packing system with the same diameter, the maximum 

packing degree could be 0.74, organized in a face-centered cubic lattice or a hexagonal 

close-packed (hcp). In a colloidal suspension, the maximum packing density implies the 

minimum distance between particles, and this is the reason why the maximum volume 

fraction of solids (Φm) is desired. Despite these assumptions, in real colloidal systems the 

shape of particles, as well as the adsorption of polymers in particles’ surface, make them 

be further from the already mentioned idealized model. So, in general, it can be said that 

there are a great variety of factors that can affect this Φm, thus its ideal value for a solid 

spheres system. 

Once the experimental measurements are carried out, several approaches have been 

developed to evaluate the behaviour of concentrated suspensions, like the one reported 

by Quemada. In this line, the experimental points can be fitted to the Krieger–Dougherty 

model (Krieger and Dougherty, 1959), which is developed based on empirical 

observations, and is shown in Equation 1.4. 

휂𝑟 = (1 −
𝜙

𝜙𝑚
)

−𝑛

 

Equation 1.4: Krieger-Dougherty equation 

where η is the intrinsic viscosity (Pa·s), Φ the volumetric fraction of particles in the 

suspension, and Φm the maximum volumetric packing fraction without any aggregation 
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or agglomeration phenomena between suspended particles. Finally, the parameter n in the 

exponent depends on the shape of the particle. 

Although there are other methods to determine the maximum packing density adjustment, 

such as Einstein (Herschel and Bulkley, 1926), Quemada (Quemada, 1977), Batchelor 

(Batchelor, 1970), etc., all of them shown in Figure 1.9, Krieger-Dougherty mathematic 

adjustment describes rather well the volume fraction dependence of the limiting high-

shear viscosity, and that is the main reason why it is the most frequently used model to 

adjust the rheological measurements in many suspensions, such as the ones prepared to 

create intimate mixtures of ceramic and metallic particles which will be slip-casted to 

obtain solid and dried green pieces. In the case of those reported by Dios (Dios et al., 

2017), this Krieger-Dougherty adjustment could predict the maximum solid content for 

Ti(C,N) slurries, which was 45 vol.% at a relatively low viscosity (30 MPa) to avoid the 

rheological effect of Fe and Ni suspensions addition, whose solid content was fixed in 35 

vol.% by the same KD model. 

1.6. Crystallography and surface analysis 

To understand the surface behaviour and possible reactivity of particles in water, it is 

necessary to study their crystallography and also their reactivity in liquid media. 

 

Figure 1.9: Schematic representation of Krieger-Dougherty, Einstein, Quemada and 

Batchelor adjustment curves for maximum packing determination 
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1.6.1.  Tungsten (W) 

1.6.1.1. Crystal structure 

Tungsten is a third-row transition metal, whose electronic configuration is [Xe] 6s² 4f¹⁴ 

5d⁴. Among its main characteristics, it should be highlighted its high melting point 

(3422oC, the highest of all the periodic table after C), one of the highest densities (19.25 

g/cm3) and a high tensile strength. In some occasions, tungsten properties and behaviour 

are more similar to ceramics’, and that is why it is known as the most ceramic of the 

metals. Because of its particular properties, metallic tungsten is widely used in some 

different applications, such as electronic devices, armour, radiation shielding, jewellery, 

etc. 

Metallic tungsten is thus considered a refractory metal, which presents a body centred 

cubic crystalline (bcc) structure as shown in Figure 1.10 (Lassner, 1999). 

 

 

Figure 1.10: Unit cell arrangement - bcc crystalline structure of W, represented in a 

3D scheme (a), big spheres model (b) and after the repetition of “n” numbers of unit 

cells (c) 

 

1.6.1.2. Surface behaviour and Zeta Potential 

Related to its surface reactivity, tungsten is relatively easy to oxidize in air at high 

temperatures (Anik and Cansizoglu, 2006), so it was necessary to carry out some 

oxidation resistance studies of metallic tungsten in water. To understand the great 

complexity of co-existing tungsten species when W powders are suspended in water, a 

species diagram is introduced in Figure 1.11. 
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Figure 1.11: Concentration of tungsten species dissolved in water depending on the 

pH  

  

As mentioned above, when a suspension of metallic tungsten in water is studied, it reacts 

depending on the pH of the aqueous medium, as widely commented in the bibliography 

(Weidman et al., 2010), and also with metallic tungsten concentration in water (Nave and 

Kornev, 2017). At acidic pH, lower than 3-4, tungsten surface is oxidized to WO3 and 

passivates, being difficult to find any other species in the suspension. As the pH increases, 

other soluble tungsten oxides and anions, such as W7O24
6- or tungstic acid, are present 

and dissolved in water. As the pH reaches its neutral value (pH=7), a great variety of these 

anions appear. However, this tendency starts to vanish at pH higher than 8-9, when the 

hydroxide anions concentration increases. From that point on, the oxidation of tungsten 

is complete, so the dominant species would be the tungstate anion (WO4
2-), which is also 

dissolved in the aqueous medium. 

As seen in 1.4.3, ZP is a parameter which gives an approximation of the surface charge 

of the particles suspended in a liquid medium. To analyse the case of metallic tungsten 

particles, it is necessary to determine the nature of the surface particle charge, which 

would be negative in this case. Being the Zeta Potential always negative, as previously 

reported by some different works (Kędzierska-Sar, Falkowski and Szafran, 2016), its 

absolute value should be especially high at pH=3, which can be explained because of the 

electro-chemical stability of particles in suspension. At this pH, tungsten particles would 
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be surrounded by an oxide layer (WO3, but also W2O5 and WO2 as studied by Anik (Anik 

and Osseo-Asare, 2002), which protects them from further oxidation, and all those facts 

are vital to stablish an optimum working pH at 3-4. The work of Anik et. al. also includes 

a table (see Table 1.3) where the dominant reactions of W in water can present. 

 

Table 1.3: Summary of reactions of tungsten and its oxides in water (Anik and Osseo-

Asare, 2002) 

At higher pH values, it is expected that a great variety of ions are dissolved in water, so 

the electrochemical nature of the suspension might be strongly affected, as observed by 

Park et al. (Park, 2000), who studied ZP for W powders in water as a function of pH, 

determining the absolute value of the always negative ZP for W was higher the more 

basic the pH was (see Figure 1.12). This is due to the existence of an increasing number 

of tungsten and tungsten oxide species dissolved in water, which present different charges 

that destabilizes the electrochemical system and increase the repulsion, and thus the ZP, 

of suspended W particles.  

 

Figure 1.12: Zeta potential of W particles suspended in 10-3N KCl as a function of 

pH (Park, 2000) 
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1.6.2.  Tungsten Carbide (WC) 

1.6.2.1. Crystallinity 

Tungsten carbide is the most relevant and used tungsten compound in the industrial field. 

As mentioned in 1.3, α-WC presents a hexagonal structure, showing a space group P-

6m2. However, there is another well-known W-richer tungsten carbide structure, known 

as β-W2C, which exhibits also a hexagonal structure, but with a space group P63/mmc 

(Paquin et al., 2015), although it is not thermodynamically stable at room temperature 

and needs special conditions to be synthesized. Both crystal structures are shown in 

Figure 1.13. 

 

 

Figure 1.13: Crystalline structure of α-WC (a) and β-W2C (b) 

  

1.6.2.2. Surface behaviour and Zeta Potential 

Even though its oxidation in air with temperature is relatively easy (Kurlov and Gusev, 

2013), the stability of tungsten carbide in water is a point of a great interest. Due to their 

higher stability in this media, tungsten carbide particles in water show a notably different 

behaviour compared to metallic tungsten particles, which were easily dissolved in water 

from pH=3. In the case of WC, there is almost no oxidation for powders in water at acid 

pHs, so a slight reactivity in water is found at pH=6. This soft oxidation increases when 

the pH becomes more basic, which was also reported by Andersson (Andersson and 

Bergström, 2000) (see Figure 1.14), but almost no dissolution occurs, so it can be said 

that WC particles are able to remain in water without a direct dependence on the medium 

pH value. This study also did a deep revision of all the reactions carried out during the 
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oxidation of WC powders in water, highlighting the role of WO3 as the main oxidized 

species. 

 

Figure 1.14: Concentration of W dissolved in the aqueous media of a WC suspension 

at different initial pH values (Andersson and Bergström, 2000) 

Tungsten carbide particles, as it happened for tungsten, also show negative surface 

charges. However, Zeta Potential shows lower absolute values compared to metallic 

tungsten at acid pHs of around 20-30 mV (Hedberg et al., 2017), implying a lower 

stability of particles in suspension. Although ZP presents some little changes when the 

particle size increases, as reported by Freemantle et. al. (Freemantle and Sacks, 2015), no 

clear relation could be stablished between those two parameters.  In fact, the ZP value 

almost does not change in all the pH range, so under determined circumstances, it can be 

considered a stable suspension with independency on the pH of the liquid medium where 

the particles are dissolved in. 

1.7. Sintering 

Sintering is the process of compacting and forming a solid mass of material by heat and/or 

pressure, normally without achieving the melting temperature of the treated material. It 

starts with a green sample, where the particles are pressed together and joined by van der 

Waals forces and/or the use of a binder. As the temperature arises, the atomic mobility 
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and diffusion mechanisms start to bond the particles between them, reducing porosity and 

thus providing consistency to the sintered sample. After thermal treatment of the green 

sample, a determined microstructure is expected, which would provide the final 

properties to the sintered material. Final microstructure and its properties depend on the 

composition and characteristics of the green sample (density and phase distribution), as 

well as the sintering parameters themselves. 

When a material is designed, some required final properties must be considered. This is 

the main reason why a determined microstructure is expected after the thermal treatment 

of a green sample. During the sintering process, the parameters to be controlled are the 

sintering temperature, applied mechanical pressure and gaseous atmosphere. However, 

there are other parameters more difficult to control, like the final sintered sample 

composition. All of them have a strong influence on the characteristics of the final 

sintered material. 

Sintering process is an irreversible phenomenon accompanied by a lowering of the free 

energy of the system. The sources that give rise to this lowering of the free energy are 

commonly referred to as the driving forces for sintering. The curvature of the particle 

surfaces, an externally applied pressure or a chemical reaction during the sintering step 

can be classified as driving forces for sintering. 

1.7.1.  Sintering types 

Depending on the physicochemical status of the materials during the sintering step, a 

general classification can be made by differentiating three different types of sintering 

processes: solid-state sintering, liquid phase sintering and reactive sintering. 

1.7.1.1. Solid-state sintering 

In solid-state sintering, the melting point of the material(s) is not achieved. The full 

densification is reached by diffusion of atoms, of the particles in either volume diffusion, 

surface diffusion, or boundary diffusion. The diffusion gives rise to the formation of neck 

at the boundary of two powders, which gets extended, fills the space with further 

diffusion, and binds the powders. This process is driven by the energy reduction achieved 

by elimination of the solid-gas interface and its replacement by a solid-solid interface. A 
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good solid-state sintering example is the one carried out for the thermal treatment of most 

of the oxides, such as Al2O3, Y2O3 or ZrO2. 

A solid-state sintering process can be divided itself in three different stages, depending 

on the phenomena taking place for each one of them: the initial stage, the intermediate 

stage and the final stage (see Figure 1.15). 

 

Figure 1.15: The three different stages of a sintering process in a dilatometry with 

time 

 

• Initial stage: rapid interparticle neck growth between particles by diffusion, vapor 

transport, plastic flow or viscous flow. Shrinkage and densification also take place 

in this step, as it can be differentiated from Figure 1.16a to Figure 1.16b. 

• Intermediate stage: densification occurs by pores shrinking to reduce their cross 

section. Eventually, the pores become unstable and pinch off, leaving isolated 

pores, as seen in Figure 1.16c. 

• Final stage: when the pores are already isolated, they start to shrink continuously 

and may disappear at the end of this process, as shown in Figure 1.16d. 
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Figure 1.16: Idealized models for the three stages of sintering: Initial stage, at the 

beginning (a) and in the end (b), Intermediate stage (c) and Final stage (d) 

(Rahaman, 2001) 

 

1.7.1.2. Liquid phase sintering 

The liquid phase sintering requires the presence of liquid phase or phases from a melt at 

a determined temperature (German, Suri and Park, 2009). Generally, the process includes 

solid grains are soluble in the liquid. This provokes the liquid to wet the solid, providing 

a capillary force that pulls the grains together. Simultaneously, the high temperature 

achieved softens the solid, assisting further densification. High-diffusion rates are 

associated with liquids, which can be translate in fast sintering or lower sintering 

temperatures. Since its excellent efficient as a sintering technique to obtain dense 

materials, liquid phase sintering is the dominant commercial sintering process. This is the 

type of sintering which occurs for some cermet composite materials, such as Ti(C,N)-

FeNi (Dios et al., 2017). In this case, a phenomenon known as Ostwald Ripening takes 

place, which is defined by IUPAC as the “dissolution of small crystals or sol particles and 

the re-deposition of the dissolved species on the surfaces of larger crystals or sol particles” 

(Liu and Hu, 2019). In this case, this process consists of a diffusive transfer of the 

dispersed phase from the smaller to the larger droplets. 
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Figure 1.17: The three mechanisms of grain shape accommodation and neck growth 

during solution re-precipitation controlled LPS densification: (a) contact flattening, 

(b) dissolution of small grains (Ostwald-ripening) and (c) solid-state bonding 

For Ti(C, N)-FeNi, the solution and later precipitation of Ti(C,N) over the Ni metallic 

matrix occurs while the thermal treatment is taking place. This has direct consequences 

on the microstructure and properties of the sintered materials, like the decreasing of grain 

size, being able to get even smaller than the original powder particle size.   

1.7.1.3. Reactive sintering 

It is defined as a particular type of sintering process in which, in a single heat treatment 

step, the chemical reaction of a mixture of starting materials and the densification of the 

powder compact are both achieved. These systems can be divided into two main classes 

depending on whether single-phase solids or composite materials are produced. In this 

type of sintering, it would be very desirable if the free energy of the reaction could be 

used to drive the densification process, but unfortunately there is no evidence that it 

actually happens (Rahaman, 2001). In practice, reactive sintering has some important 

disadvantages because of the difficulty to control the reactivity and final microstructure 

or the inhomogeneity, so the process usually finds little use in the production of single-

phase solids. This is the type of sintering which happens for ZnO-Fe2O3 composites, 

which reacts during the thermal cycle to give ZnFe2O4, a polycrystalline single-phase 

solid. Another example of reactive sintering takes place during the thermal treatment of 
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zircon-dolomite composites, which give magnesia – calcium zirconate – dicalcium 

silicate materials (Castro, 2001). 

1.7.2.  Sintering techniques 

Nowadays, the amount of different sintering techniques used in the Materials Science 

field is huge, which makes the experts elaborate a general classification of them. Thus, 

sintering techniques can be divided in two major groups: pressure-less sintering and 

pressure-assisted sintering. A general classification can be observed in the scheme of 

Figure 1.18. 

 

Figure 1.18: General classification of sintering techniques 

 

1.7.2.1. Pressureless sintering (PLS) 

It is defined as the conventional sintering method, which does not imply the use of any 

external pressure applied to the green body during the firing process, discarding a possible 

flow gaseous pressure, like an inert (Ar, N2, etc.) or a reducing (N2/H2, CO/CO2, NH3, 

etc.) atmosphere if needed. Despite PLS is the preferred sintering technique due to its 

easiness and its reduced costs, the microstructure desired on the final material is often not 

achieved because of the need of an external force to compact the sample during the 

thermal treatment to obtain an optimal result in terms of density and microstructure. It 

should take place in conventional furnaces, which can be tubular-shaped and made of 

alumina or with a graphite chamber, depending on the maximum temperature they are 

going to reach. 
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There are some different types of PLS techniques, but one of the most used is known as 

Vacuum Sintering (VS) (Harrigan, 1998). Although the normal PLS method implies the 

sintering of a sample under a determined atmosphere conditions, VS is focused on the use 

of a vacuum pump to create a low pressure inside the oven chamber. If the isolation of 

the chamber is full, the main advantage of VS is the impossibility for the sample to 

oxidize, as well as the obtention of a better coalescence of particles in the final material. 

VS is also indicated in the case of pre-sintering treatments or previous calcinations or 

debindings to eliminate secondary products, especially those which have an organic 

nature, avoiding latter impurities. Vacuum, as an excellent thermal insulator, considerably 

reduces the heat necessary to heat the chamber, so the process is efficient and saves 

energy. However, VS is a technique that generates additional costs compared to other 

PLS methods applied in the industrial field, mainly because of the need to pump out the 

gas inside the furnace chamber. However, VS implies a sintering aid because there is no 

gas or evaporation losses. The main effect of vacuum on the sintered sample occurs at the 

final step of the sintering process, being able to close the grain boundaries pores and 

achieving a further densification than in the case of PLS (Heaney, 2010).  

1.7.2.2. Pressure-assisted sintering 

If an external pressure is present during the thermal cycle, it is normally expected to 

improve densification through plastic deformation and grain boundary sliding. This 

process reduces the pores volume and the dependence of the densification from bulk 

diffusion. As a result, also grain growth is generally reduced by applying pressure. 

As it happens with PLS, there are many pressure-assisted sintering techniques available, 

but three of the most important ones are: Hot-Isostatic Pressing (HIP), Hot-Press 

Sintering (HPS) and the more novel Spark Plasma Sintering (SPS), where in addition to 

the pressure, a DC current is forced to pass through the material, which leads to a more 

rapid sintering process of the green sample. A scheme comparing HIP and HPS is shown 

in Figure 1.19. 

• Hot-Press Sintering (HPS): also known as “Hot-Pressing”, defines a sintering 

technique where the external applied pressure is uniaxial, commonly generated by 

the action of pistons made of alumina or graphite. Since the external pressure is 

applied in only one preference direction, the contraction of the sample during the 
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thermal treatment is also taking place preferentially in that direction. This process 

can also take place under inert atmosphere conditions, as well as under vacuum. 

In HPS, the mass M of the powder and the cross-section area A of the die, are 

constants. This implies that while the density D of the sample increases, the 

sample thickness L decreases. The variables D and L are related by the basic 

formula in HPS process, shown in Equation 1.5. 

 

 

Equation 1.5: General HPS equation which relates the sample thickness with 

the sample density 

 

The development of these equation by introducing the Creep’s equations 

(Rahaman, 2001), gives as a result some more complex equations which describe 

the different mechanisms of Hot-Pressing: lattice diffusion, grain boundary 

diffusion and dislocation motion. 

HPS uses much shorter sintering times compared to traditional pressureless 

sintering techniques, and it brings the possibility of carrying out a more rapid and 

efficient sintering process, achieving a better densification of sintered samples. 

Due to the system used in HPS, the shape and the sample perpendicular length are 

both kept thanks to the utilisation of a determined graphite die. 

• Hot-Isostatic Pressing (HIP): while the sample is located and protected by a sheath 

inside the system, the external pressure is executed by a fluid, normally an inert 

gas like argon, which is simultaneously heating the sample, enhancing the good 

properties of the final material in terms of density and microstructure. Since the 

gas is pressing the sample with no preferential direction, the strength applied 

during sintering provokes the contraction of all sample equally from all sides. 
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Due to the application of an equal external gaseous pressure from all sides, the 

hot-isostatic pressed sintered sample experiments a uniform shrinkage in all its 

dimensions, on the contrary of what happens with HPS. 

• Spark Plasma Sintering (SPS): also called Field Assisted Sintering Technique 

(FAST), is a more novel technique which uses a continuous or discontinuous 

electric current that breaks through the sample, inducing the heating through the 

Joule effect, and thus sintering of the material, also with the help of uniaxial 

applied pressure as seen in Figure 1.20. In SPS, the heating system comes directly 

from the electric current, and not from external heating using resistances, like for 

HPS or HIP. The pass of current provokes a rapid coalescence of particles, which 

implies there is not time enough to reach larger grain growth. This can be 

interpreted as an opportunity to sinter, under quite softer conditions, ceramic, 

metallic or composite materials with a smaller grain size, which is eventually 

translated in better mechanical properties. 

 

Figure 1.19: General scheme of Hot-Press Sintering (a) and Hot-Isostatic Pressing 

systems (b) (Dobrzanski et al., 2017) 
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Although SPS is considered one of the most efficient techniques to sinter 

materials, it is limited to a small sample size and it is one of the most expensive 

technics. For example, with a cylindric-shape green piece, the maximum diameter 

permitted could be not larger than 30 mm. This contrasts with the previously 

mentioned pressure-assisted techniques (HPS and HIP), which allows the work 

with bigger dies, and thus larger samples, but especially with presureless sintering 

techniques, where the samples’ dimensions are only limited by the size of the 

furnace chamber. In the case of SPS process, there are three different mechanisms 

taking place: mechanical, thermal, and electrical. Furthermore, it is considered 

one of the most ideal sintering methods for refractory metals and ceramics, as well 

as for those whose melting point is extremely high (Guillon et al., 2014). One of 

the most general and complete equations of the densification of the sintered 

sample by SPS is shown in Equation 1.6. 

 

 

Equation 1.6: General equation of the densification during Spark Plasma 

Sintering process, where ·θ is the densification rate (1/s), G is the shear 

modulus (MPa), d is the grain size (m), p is the grain size exponent, T is the 

absolute temperature (K), b is the Burgers vector (m), Q is the creep 

activation energy (kJ/mol), and R is the gas constant (J/mol·K), σz is the Z-

 

Figure 1.20:  General scheme of Spark Plasma Sintering (SPS) system (Dobrzanski
et al., 2017)
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axis applied stress (MPa), m is the strain rate sensitivity, A0 is the creep 

parameter (Pa·s/K), β is the electric current effect coefficient, ω is the electric 

current sensitivity exponent, t0, tf is the starting and final time, respectively 

(s), θ is the porosity and λ is the electrical resistivity of the powder (Ω·cm). 
  

1.7.3. Phase diagrams as sintering tools 

A phase diagram is a map to understand the relationship between sintering conditions and 

the final structure and composition in equilibrium of the sintered sample. It stablishes the 

equilibrium species at the different temperatures, the pressure of liquids formed, and the 

path followed by materials during heating and cooling processes. In a binary phase 

diagram like the one shown in Figure 1.21, usually seen in the case of composites, two 

different parameters are plotted: temperature versus the starting material composition or 

proportion. Thus, these binary phase diagrams reveal valuable information about the 

formation, decomposition or transformation of a present phase in the treated sample 

which occurs when the temperature is modified.  

 

 

Figure 1.21: Example of binary phase diagram , where A and B  are the  starting 
species, AB2

 
is  a  new  species  generated  and  L  is  the  liquidus  where  A  and  B  are  

mixed  and melted
 

In the case of a reactive  sintering , the phase  diagram  of species  is an essential  tool to 

specify  which  species  are present  before  and after the thermal  treatment , and also the 

crystallinity of them. Phase diagrams are the result of experiments which have been 
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reported in the bibliography, so they can be built from all this information. This is the 

main reason why they are always being developed and actualized to their last versions. 

If the red dot over the diagram in Figure 1.21 is considered, at that temperature, clearly 

under the first eutectic temperature (TE), the material would be composed by A-α and the 

new species AB2 in a proportion revealed by the lever rule. This means that, if the 

maximum sintering temperature is known, the chemical composition of the sintered 

material can be predicted, as well as its crystal structure in most of the cases. 

On the other hand, there are the so-called ternary diagrams, where three different atomic 

species are present. They can be plotted by 3D representation, but in practical work they 

tend to be simplified, so one of their parameters should be fixed, either the temperature 

or the concentration of one of the species. When the temperature is fixed, the triangular 

ternary diagrams are the more frequent tool to determine the proportions for a ternary 

alloy mixture. However, when the concentration of one species is fixed, ternary diagrams 

can be simplified to binary diagrams, where the temperature is plotted against the 

concentration of the other two elements. An example will be shown in 1.7.4.3. 

1.7.4.  Sintering of W and WC-based materials 

Along this work, three different types of sintering for W and WC-based materials are 

going to be described, depending on their initial composition: WC-W, W-Ni and WC-Ni. 

1.7.4.1. Sintering of WC-W composites 

Sintering of a tungsten carbide-based material with different proportions of metallic 

tungsten can be classified as a solid-state sintering, because both starting materials remain 

solid during the full sintering process. This is basically due to the high melting point for 

both WC and W (2870 and 3422oC, respectively), the high cohesive energy of W and the 

covalent bond strength of WC, so the difficult to compact these types of samples to dense 

materials is extremely high (Li et al., 2015). 

It has been demonstrated that conventional liquid phase sintering techniques requires a 

maximum temperature of almost 2800oC considering the W-C phase diagram (Figure 

1.22), so the strategy followed to sinter WC-W materials should imply some other 

sintering factors, such as the application of an external pressure. 
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Figure 1.22: W-C phase diagram 

 

As it is appreciated, it must be considered that, depending on the conditions of sintering, 

four different solid species can be present at the end of the process: the two starting 

materials (W and WC), but also C and the metastable tungsten carbide W2C, also known 

as tungsten semicarbide or tungsten hemicarbide. W2C is always formed when there is an 

excess of C in the mixture, as reported by Oliveira (Almeida Costa Oliveira et al., 2007), 

who prepared W2C from their starting components, which are W and C. Tungsten 

semicarbide is formed at relatively low temperatures (1250oC) considering the 

temperature “limits” of the W-C system, being present in two different conformations: α-

W2C at lower temperatures, and β-W2C at higher ones, although there are other crystalline 

structures which have also been reported (Kurlov and Gusev, 2006). It should be 

mentioned that, if pressure is applied during the thermal cycle, the effect of that pressure 

acts as a high increasing of the temperature or sintering times, so it is reflected in the 

composition of the sintered material. For example, if the starting material is 25% W and 

it is sintered at 2000oC, it is expected that the final composition was W+αW2C. However, 

if external pressure is applied, the conditions of the sintering should be considered as 
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stronger, and it has direct consequences in the composition, which could be W+βW2C if 

that pressure reaches a determined value. 

Tungsten semicarbide is a ceramic material that has been widely prepared and studied all 

over the last decades, and some recent works have been focused on their preparation by 

alternative routes, such as the carbothermal reduction method utilised by Mitran (Mitran 

et al., 2016), who achieved a successful synthesis of W2C at lower temperatures (less than 

1100oC) by also using palladium nanoparticles, or Hugot (Hugot et al., 2012), who did it 

by solid-state chemistry methods. Finally, and under the correct conditions, W2C can 

decompose and give WC, the thermodynamically stable phase of tungsten carbide (Cai et 

al., 2018). 

1.7.4.2. Sintering of W-Ni 

When a metal-metal tungsten-based composite is planned to be sinter, it is important to 

consider the possible reactivity between W and that metal, which acts as an activator of 

sintering process. This fact, summarized by Reiser et al. (Reiser et al., 2013), implies that 

tungsten would be non-reactive with some transition metals (Cu, Ag, Au), reactive by 

forming a solid solution (Pd, Ti, V) and reactive by giving place to new species called 

“intermetallics” (Ni, Fe, Rh, Ru, etc.) (Cinca, Lima and Guilemany, 2013). A table 

included in this work is presented in Table 1.4. 

The main difference between a solid solution and an intermetallic is the deformation of 

the matrix crystalline network. In the case of a solid solution, the binder atom deforms 

the crystalline structure of tungsten and remain, but the chemical nature of the material 

does not change. However, an intermetallic is considered a totally new species, because 

of not only the deformation of the crystalline structure, but also because of a chemical 

change of the compound.  

In the case of Ni doped W materials, new intermetallic species, NixWy, are formed, as it 

can be observed in the phase diagram represented in Figure 1.23. In this case, these 

intermetallics are reported to be Ni4W, NiW and NiW2, which are formed depending on 

the initial W and Ni composition and proportions. 
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Table 1.4: Possible interlayer with melting temperature and reaction with tungsten 

(Reiser et al., 2013) 

 

 

As mentioned in the bibliography by some different studies, as the one carried out by Mi 

(Mi and Courtney, 1998), the deformation of the crystalline structure is evidenced by 

 

Figure 1.23: Schematic phase diagram of W-Ni (Obradović et al., 2006)  
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XRD characterization techniques, where some peaks from Ni disappeared due to the 

amorphization produced by the chemical reaction to give the intermetallic NiW species. 

Other researchers, as Cury (Cury et al., 2009), have noticed that there would be a 

coexistence between NiW and Ni2W, depending on the nickel concentration of the 

sample. However, this study also recognized these two phases were evidenced only in 

sintered alloys and diffusion couples, which present a higher risk of surface 

contaminations of the sample. In fact, this work stablished that both NiW and Ni2W are 

the ternary carbides Ni6W6C and Ni2W4C. Other authors, like Isomäki et al., made a 

deeper and more recent research about the different NixWy species found in the literature, 

including quite valuable information about “new” W-Ni intermetallic species, such as 

Ni6W, Ni8W or the richer W-based alloy NiW2 (Isomäki et al., 2017), although the 

existence of this last species was already reported by Poulsen in the 1970s (Poulsen, 

Rubæk and Langer, 1974). They also indicate the technique(s) used to characterize these 

species. As it happens in Cury’s work, and despite the evidences shown in the 

bibliography, not all the W-Ni species were adequately determined, so a further 

characterization of them is still needed. Although there are many different studies focused 

on this topic, the existence of different W-Ni phases is still a controversial issue in 

Research. 

Another widely studied formulation is the ternary system formed by W-Fe-Ni. Iron can 

also act as a sintering activator and assist the sintering process of metallic tungsten, while 

the use of nickel increases its wettability. These composites, as well as others with 

different transition metals with lower melting point than tungsten form the tungsten heavy 

alloys (WHA), which have been investigated for a long time (Şahin, 2014) 

(Senthilnathan, Annamalai and Venkatachalam, 2018) (Cury et al., 2013). 

1.7.4.3. Sintering of WC-Ni 

The toxicity of cobalt has been widely reported lately, so nickel has been proposed as its 

best alternative. In general, their properties and crystal structure are very similar, so nickel 

can be the ideal cobalt substituent in cemented carbides (WC-Co) compositions. 

However, despite the lower melting temperature of Ni compared to Co (1450 vs. 1495oC), 

higher sintering temperature would be needed to densificate WC-Ni composites 

(Fernandes and Senos, 2011). 
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To facilitate the understanding of the W-C-Ni system during the thermal cycle, its phases 

diagram is shown in Figure 1.24, where the temperature is plotted against the carbon (C) 

weight percentage, so the proportion of Ni is fixed in a 10 wt.%. 

 

Figure 1.24: Ternary phase diagram for W-C-Ni, assuming a 10 wt.% Ni (Fernandes 

and Senos, 2011) 

It is appreciable that, when the amount of carbon in weight remains over 5.25%, graphite 

is present all over the sample. Thus, in the WC-Ni composites sintering and according to 

the previous phase diagram, there are two main disadvantages: 

- At sintering temperatures, which are usually even higher than 1400oC, the loss of 

metallic nickel has been reported to be up to 10 wt.% of the initial content. 

- After the thermal treatment, WC-Ni composites tend to diffuse carbon from the 

dies and the oven chamber system, which implies not only the formation of 

carbonated species, but also the graphite precipitation, especially after rapid 

cooling steps. This can punish the further mechanical properties of the material. 

There are some works, like the one carried out by Phuong (Phuong et al., 2016), which 

focuses on the preparation, via powder metallurgy route, of a WC-Ni composite material, 

with an 8 wt.% of metallic nickel in the formulation. A decreasing in the sintering 

temperature was checked, while a simple vacuum sintering method was proved to be 
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enough to achieve a density higher than 99% at 1425oC, registering a slight increase of 

density as the temperature became higher. 

Some studies are also being focused on the use of a combination of nickel and other 

metallic binders, such as Fe-Ni or even Fe-Ni-X, where X = another transition metal. 

Chang et al. (Chang, Chang and Huang, 2015) compared the effect in sintering and 

mechanical properties of WC-Co against WC doped with a 15 wt.% of metallic composite 

binder Fe-Ni-Co. In that work, they determined a lower sintering temperature needed for 

WC-FeNiCo than for the traditional WC-Co, as well as the mechanical properties of the 

new composite. It is highlighted the fact that, under relatively mild conditions of sintering 

temperatures and times, a complete liquid phase sintering of WC-FeNiCo could be 

achieved, something that did not happen for WC-Co. Previously, similar sintering 

behaviour, final microstructure and density for WC-FeNi compared to WC-Co had been 

reported in other works (Chang and Chen, 2014), being both Ni and FeNi adequate 

binders for a liquid phase sintering process for WC-based materials. 

Some other transition metals combinations have been also proved to be successful 

sintering aids for these materials, such as Fe-Ni-Cr as Fernandes demonstrated (Fernandes 

and Senos, 2011) (Fernandes et al., 2008), although mechanical properties might have 

been affected.  

1.8. Mechanical properties 

Mechanical properties of materials are the characteristics which describe the behaviour 

of a determined material to the stress applied over it. They also can be defined as the 

properties related to their capacity to transmit and resist external pressure, stress, and 

deformations. To analyse these mechanical properties, some carefully prepared 

experiments are carried out in the lab, which can reproduce the real service conditions for 

those materials. 

1.8.1.  Mechanical properties of W and WC 

To measure all these mechanical properties, different types of tests are planned and 

carried out. Two of the most relevant ones are the flexural three or four-point bending 

tests, to measure the mechanical resistance of materials, and the indentations, to measure 

some other mechanical properties such as hardness and toughness. 
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The use of tungsten has been generalised due to its superior thermo-mechanical 

properties, which include one of the highest melting points of the periodic table (more 

than 3400oC), good thermal conductivity (155 W/mK), low vapour pressure (1.3·10-7 Pa), 

low thermal expansion compared to other metals (4.6·10-6 K-1), high creep resistance and 

high temperature strength, as well as good neutronic radiation shielding properties. 

However, tungsten applications might be punished by its brittleness. In fact, for the 

construction of nuclear fusion reactors, it is necessary to decrease the ductile-to-brittle-

transition temperature (DBTT), to avoid a brittle fracture while the material is being used 

under the operation temperature window conditions. DBTT for metallic tungsten ranges 

between 200 and 400oC, so the main objective for tungsten-based materials for these 

applications is to lower that DBTT. This is the reason why last investigations are focused 

on the search of W alloys with different binders which can provoke the decrease of DBTT 

of the final material (Reiser et al., 2013) to improve tungsten mechanical properties at 

room and high temperatures. 

On the other hand, even though tungsten carbide is a ceramic material, shares some of its 

main properties with metallic tungsten, as a high density, high melting point (2870oC), a 

lower thermal conductivity (110 W/mK), a higher thermal expansion coefficient (5.5·10-

6 K-1), which can give the idea of WC being also utilised for nuclear applications. Another 

difference with W is that, since WC is a ceramic, and its hardness is one of the highest 

known, the fracture of this material is always brittle. Because of its high melting point 

and particular properties, WC is also generally alloyed with transition metals (Fernandes 

and Senos, 2011), which can enhance the microstructure, density and thus the final 

mechanical properties of the WC-based composite, as it happens with metallic tungsten. 

 

 

The main mechanical properties measured for these materials are the next: their 

mechanical resistance at room and high temperatures, which is carried out through stress-

Table 1.5: Summary of W and WC properties  

 

Nature 

of 

material 

Density 

(g/cm3) 

Melting 

point 

(oC) 

Thermal 

conduct. 

(W/mK) 

Thermal 

exp. coef. 

(K-1) 

Type of 

rupture 

W Metal 19.3 3420 155 4.6·10-6 Brittle/Ductile 

WC Ceramic 15.6 2870 110 5.5·10-6 Brittle 
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strain tests; their hardness, which is measured by indentation; and fracture toughness, that 

can be measured by both stress-strain tests or indentation. 

1.8.2. Stress-strain 

If a load is static or varying slowly with time and is uniformly applied to the transversal 

section or surface of a determined material, its mechanical behaviour can be defined by a 

simple stress-strain test.  

1.8.2.1. Types of stress-strain tests 

There are some different types of stress-strain tests, but the more important three are the 

next: tensile, compression, and shear tests. They are all shown in Figure 1.25. 

• Tensile tests: a sample is deformed normally until it fractures, under the 

application of a gradual traction load, applied uniaxially along the sample axis. 

The sample is generally dog-bone-shaped to present a surface enough to get fixed 

to the system clamps, as well as to make the deformation appear in the middle of 

I, which reduces the possibility of a fracture in one of the sample extremes. This 

test is catalogued as destructive, because of the irreversible rupture of the sample 

during the procedure. Data from this type of tests are collected and registered as 

applied load against elongation of the sample. 

• Compression tests: it is similar to a traction test, but the force applied is 

compressive, so the sample does not elongate, but contracts uniaxially along the 

compression axis. Since the applied strength is compressive, its sign is always 

noted as negative. This type of test is useful to reproduce the service conditions 

for many materials. 

• Shear tests: in this case, the sample suffers lateral slides because of the application 

of a force in a tangential direction. It has some variables, such as the torsion tests, 

which are basically shear tests where the sample experiments a rotational 

deformation. 
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Figure 1.25:  Deformation after a traction test (a), compression test (b), shear test (c) 
and torsion test (d)  

 

1.8.2.2. Elastic deformation 

The deformation degree of a structure depends on the magnitude of an induced tension. 

In this case, it could be generally said that some materials, like metals in a traction test, 

agree with the “Hooke’s Law”, which is indicated in Equation 1.7. 

 

𝜎 =  𝐸 𝜖 

Equation 1.7: Hooke’s law: relationship between applied strength and deformation 

 

where σ is the applied force, ϵ is the deformation, and E is a constant of proportionality 

called elastic module or Young module, which is a characteristic parameter for each 

material. 

When Hooke’s law is fulfilled, the kind of deformation that the material experiments is 

known as elastic deformation, whose plotting in a graph gives as a result a perfect linear 

relation, whose slope is the elasticity module. The higher the elastic module, the more 

rigid the material is, which means the lower the deformation after the application of a 

determined force. In this case, the deformation is not permanent, so when the application 

of load ceases, the materials readopts its initial state. 

For some materials, the elastic zone of the stress-strain curve is not linear, so it is not easy 

to determine the elastic module as described before. Instead of it, the parameter to be 

determined would be the tangent module or the secant module. The tangent module is the 
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slope of the stress-strain curve for a concrete tension value, while the secant module 

represents the slope of a secant line drawn from the origin to a determined point of the 

curve. Despite the different behaviour, it is known that the elastic module values are 

similar for metals and ceramics, but normally lower for polymers. 

1.8.2.3. Plastic deformation 

In most metals, once the material exceeds a deformation value, the tension is no longer 

proportional to the deformation, so the Hooke’s law is not been fulfilled anymore. This 

produces a permanent and non-reversible plastic deformation. The transition between an 

elastic and a plastic behaviour is generally gradual, being a slight bending of the structure 

noticed. However, as the load is increased, the plastic deformation shoots up abruptly. 

On the other hand, the phenomenon which describes the beginning of a plastic 

deformation is known as fluency, so the load and deformation values where this happens 

determine the so-called fluency point. This point is difficult to determine, so the normal 

procedure is based on a line, parallel to the elastic part of the σ-ϵ curve, displaced by a 

determined deformation (0.002 is the standard). This stress point is known as elastic limit, 

σy. As it happens with the elastic module, this is also a parameter which depends directly 

of the material nature and composition. 

A schematic graph showing both elastic and plastic deformation of a general material, as 

well as some of the most important points of these phenomena are observed in Figure 

1.26. 

 

 

Figure 1.26: General stress-strain plotting of a material, showing both the elastic and 

plastic behaviour during the application of a determined load 
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1.8.2.4. Three-point bending flexural tests: a combination of traction and compression 

In ceramic materials, the stress-strain curve is not usually determined by traction tests, 

because of many reasons: the difficulty on sample preparation with the required geometry, 

the complexity of fixing fragile materials to the clamps without breaking them, and the 

easiness for a ceramic to break at especially low deformations (normally 0.1%), which 

requires that samples are perfectly lined to avoid the presence of flexion stress, which are 

not easy to calculate. For these reasons, transversal flexion tests are more convenient. In 

this type of tests, a long sample with a circular or rectangular section is bent until rupture 

utilising a technique which applies a determine load in three different equidistant points 

of the sample. A representation of the system used for three-point bending flexural tests 

is included in Figure 1.27. 

 

Figure 1.27: Three-point bending tests system for a rectangular sample. The load (P) 

is applied in the perpendicular direction of the sample axis  

 

As illustrate in the scheme, the superior surface of the sample is under compression, while 

the inferior surface is subjected to traction, and thus this type of test can be a reasonable 

substituent for traction or compression general tests for a great variety of materials. 

The tension at which the sample collapse and breaks, experimentally obtained from the 

bending tests is known as flexural strength, but also as rupture module or fracture 

strength. The flexural strength (σfs) is calculated from different parameters, as shown in 

Equation 1.8. 

𝜎𝑓𝑠 =
3𝐹𝑟𝐿

2𝐵𝑊2
 

Equation 1.8: Flexural strength expression for a rectangular sample 
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where Fr is the rupture load, L is the distance between the points of support, and B and W 

are the dimensions of the sample cross-section, as indicated in Figure 1.27. 

It is also worth to highlight the influence of another characteristic parameter: the porosity. 

It is sometimes generated because of the shaping process of the sample, as well as for an 

incomplete thermal treatment. Any residual porosity has a negative effect both in the 

elasticity and the mechanical resistance of the sample. Considering this, the elastic 

module for a material should be reformulated as observed in Equation 1.9. 

 

𝐸 = 𝐸0(1 − 1.9𝑃 + 0.9𝑃2) 

Equation 1.9: Relationship of elastic module with the volume fraction of porosity 

 

where E0 is the elasticity module of the non-porous material and P is the volume porous 

fraction. Porosity is a great disadvantage for the mechanical resistance of a material due 

to two facts: i) pores reduce the cross-section area where the load is applied through. ii) 

pores act as tension concentrators, which leads to an easy collapse of the sample. 

1.8.2.5. Influence of temperature in flexural bending tests for W and WC materials 

Pure sintered tungsten mechanical resistance at room and high temperatures has been 

widely studied for many years. Some of the most recent works, like the one carried out 

by Matejicek (Matějíček et al., 2020) determined there is an important plastic deformation 

taking place from 400oC, which becomes more relevant the more the temperature during 

the test increases. This fact coincides with the DBTT reported for W in many other 

researches. However, and as mentioned before, DBTT can vary by the addition of ceramic 

or metallic particles. The main disadvantage of the use of other metals for sintering 

activation would be, in some cases, the decrease in the elastic or Young module, which 

can be easily translated in a detriment of mechanical resistance of materials (Fang et al., 

2020). In some other works, there are different W-based alloys doped with transition 

metals, like titanium, or ceramic materials, like titanium carbide. Tejado et al. (Tejado, 

Martin and Pastor, 2019) reported an enhancement of mechanical resistance of tungsten-

based composites with both materials, highlighting the role of TiC as grain growth 

inhibitor, which is translated in an important improvement of tungsten mechanical 

properties at high temperature in the final material. However, the DBTT of these 
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composites were not decreased, which clearly leaves an open door the further 

investigation.  

On the other hand, tungsten carbide confers a higher mechanical resistance compared to 

pure tungsten, as well as to W-based materials. In fact, there are many works that used 

WC as a carbon source to avoid the “weakening” of tungsten materials microstructure 

(Jenuš et al., 2019), and thus their mechanical properties, because of the presence of 

tungsten oxides. Novak (Novak et al., 2020) reported a beneficial effect of WC small 

additions (5-10 vol.%) at the mechanical tests results (flexural strength at 600oC <1500 

MPa for W-10WC vol.), especially comparing them not only to pure tungsten reference 

material, but also with TiC-doped tungsten composites with same proportions of binder. 

The results are shown in Figure 1.28. 

 

Figure 1.28: Results of mechanical resistance tests of W-based materials (Novak et 

al., 2020), compared to W and W-TiC (Tejado Garrido, 2017) as references 

The formation of the metastable tungsten semicarbide, W2C, which occurs after sintering 

by SPS for five minutes at 1900oC, is linked to the enhancement of mechanical properties 

of W composites. However, from a determined temperature, this mechanical behaviour 

is being punished because of the “ductilisation” of the material because of their high 

proportion of metallic tungsten in their compositions. 
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In the case of WC-based materials, the mechanical response is quite different, because of 

their ceramic nature and their tendency to brittle fracture. This can be also neutralised by 

the utilization of different binders. Silvestroni (Silvestroni et al., 2020) used 5% SiC as a 

binder for metal-free WC. Although sintering conditions were hard (high temperatures 

and hot-press sintering technique) to achieve a good density, the results in terms of 

mechanical properties were remarkably good, even at high temperatures (1000 GPa at 

1500oC), which can be translated in the use of pure ceramic materials for high temperature 

applications. However, the more frequent binders for WC consist of transition metals, 

especially due to the great mechanical behaviour of WC-Co structures.  It should be 

considered that, as it has been mentioned before, an equilibrium in the use of metallic aids 

for WC materials should be achieved, considering their possible negative influence in 

mechanical properties due to their melting or rapid degradation of microstructure at high 

temperatures. Despite this, ductilisation of WC at high temperatures is desirable for its 

use as a construction material for future nuclear fusion rectors, thus avoiding the collapse 

of the structure under service conditions, so the determination of the quantity of metallic 

binder used is vital. 

1.8.3.  Indentation 

1.8.3.1. Hardness (HV) 

In the field of metals, tungsten is highlighted because of its high hardness, which is 

reported to be 3.4 - 4.6 GPa, a much greater value if compared with other transition metals 

(0.4 GPa for Cu, 1.1 GPa for Cr, 1.0 GPa for Co, 0.6 for Fe, 0.6 for Ni, etc.). Some works 

focused on the processing and study of mechanical properties of pure tungsten revealed 

the hardness value for tungsten is higher (4.5 GPa) when it is prepared by more novel 

techniques, such as Selective Laser Melting (SLM) (Tan et al., 2018), compared to other 

better-known and more extended methods, like Powder Metallury or SPS (usually less 

than 4 GPa) (German et al., 2006) (Pintsuk et al., 2018). As the temperature increases, 

the gradually more ductile component of tungsten behaviour is reflected also in the rest 

of mechanical properties studied, especially in hardness value, which has been proven to 

decrease as the temperature becomes higher (Beake et al., 2018). When combined with 

other metals (Ni, Fe, Cr, Co, Cu, etc.), the ductile component seems to vary due to their 

more or less brittle contribution to mechanical behaviour, which is also observed in their 

lower or higher hardness values (Senthilnathan, Annamalai and Venkatachalam, 2018) 
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(Şahin, 2014). However, Mi et al. reported there were differences in hardness value of W 

alloys depending on the processing method, which was related to the formation of a 

determined quantity of W-X intermetallics (X = transition metal) or solid solution, as it 

happens with W-Ni. In fact, they observed the hardness values were higher for mechanical 

alloys than for liquid phase sintered tungsten-based composites (Mi and Courtney, 1998). 

On the other hand, tungsten carbide shows a pure ceramic mechanical behaviour in all 

senses. Its hardness has been reported many times and considered one of the highest (20-

25 GPa), similar to the diamond’s. Although indentation hardness value is directly 

dependable of the material processing, many authors have described similar values by 

using different preparation techniques (Gubernat et al., 2014) (Cheng et al., 2020). As it 

happened with metallic tungsten, WC-based materials with metallic binders normally 

reach better densities, but their hardness value is normally punished because of the 

presence of a soft phase in the microstructure. This is easily observed in some works, 

such as the one carried out by Ghasali (Ghasali et al., 2018), where WC-Ni and WC-Mo 

materials were prepared, giving both lower Vickers hardness values (18 and 22 GPa, 

respectively) than binderless WC. However, there are other studies that revealed an 

increase of the hardness by the addition of ceramic binders (Silvestroni et al., 2020), with 

the consequent decrease of toughness of the final sintered material. 

1.8.3.2. Fracture toughness (KIC) determined by Single-Edge Notched beam 

Due to the difficulty of finding cracks induced by indentation for some materials, such as 

metals, even tungsten, which present high ductility compared to ceramics, this type of 

mechanical tests is especially carried out in tungsten-based materials and composites. In 

most of metals, a plastic deformation occurs during the indentation, so no cracks are 

observed, but a deeper indentation print. 

Bonnekoh et al. (Bonnekoh, Hoffmann and Reiser, 2018) determined the fracture through 

the use of tensile tests and concluded that tungsten has a tendency to increase its toughness 

value as its structure is mechanically deformed, varying in the range of 70-160 MPa·m1/2 

at the DBTT. Other authors (Ast et al., 2018) has reported especially low values of 

fracture toughness at low temperatures (3.2 MPa·m1/2 at -90oC), which are very similar 

to those reached by ceramic materials. Finally, there are other studies that determined a 

clear dependence of fracture toughness value not only on the deformation degree (Levin 
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et al., 2018), but also on the test temperature (Yin et al., 2019): the more the temperature 

increases, the more the tungsten toughness results. 

The determination of fracture toughness by a great variation of methods were also carried 

out in W-based composite materials. To be more concrete, Tejado et al. (Tejado et al., 

2018) used the Single-Edge Notched beam method to measure and calculate fracture 

toughness value for W-Cu and W-CuCrZr metallic alloys. Despite the difficulty to find 

W-Ni fracture toughness measurements in the literature, some authors like Alam et al. 

(Alam and Odette, 2020) study the variation of KIC for W-FeNi under different 

temperature conditions, stablishing these composites toughness values slightly higher 

than pure metallic tungsten tested at the same conditions. 

On the other hand, a ceramic material as WC is expected to present a much lower fracture 

toughness value, due to its brittle mechanical behaviour. In fact, WC materials doped with 

a small amount of SiC, such as the one reported by Silvestroni et al. (Silvestroni et al., 

2020) has presented a fracture toughness value of 7-15 MPa·m1/2, even higher than in the 

case of binderless WC, which is proved to be around 6 MPa·m1/2 (Cheng et al., 2020). 

However, WC-based composites doped with metals are expected to reinforce their 

ductility and thus present higher fracture toughness values (Shatov, Ponomarev and 

Firstov, 2009). This fact has been reported in many cases, such as for WC-Ni, whose 

toughness value has been proved to be higher than 17 MPa·m1/2 (Ghasali et al., 2018). 

However, when the amount of Ni in WC-Ni composites is especially low (0.25-1 wt.%), 

the value of fracture toughness decreases up to 4-5 MPa·m1/2 (Lyu et al., 2020). Some 

other studies show the dependence of fracture toughness of WC-Ni on the sintering 

temperature of materials (Phuong et al., 2016), but it is very difficult to find any study 

focused on the influence of the tests temperature in fracture toughness value of WC-Ni 

composites. 
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Chapter 2 

2. Objectives 

The main objective of this doctoral thesis is the preparation of new W and WC-based 

materials through aqueous colloidal routes of processing, to achieve dense compacts for 

their future use in applications which require extreme conditions (high temperatures, high 

pressures, neutronic radiation, etc.). The addition small quantities of highly dispersed 

nickel particles as binder and/or sintering aid is also pursued. To achieve this general 

objective the following partial objectives has been proposed: 

i) Study of physical, chemical, and surface behaviour of metallic W and WC 

powders suspended in water.  

a. Physical, chemical, and surface behaviour of bare powder in water at 

different pH conditions  

b. Effect of the addition of cationic polyelectrolytes (PEI) as a dispersant in 

the chemical and colloidal stability of powder in water.  

ii) Rheological characterization of high solids content suspensions of the 

mixtures of powders. Determination of maximum solid contents. 

iii) Dynamic sintering studies of the W and WC based composites prepared 

through the mentioned colloidal approach. Chemical, crystallographic and 

microstructural characterization of dense compact after reactive sintering by: 

1. Spark Plasma Sintering (SPS) 

2. Hot-Press Sintering (HPS) 

3. Vacuum Sintering (VS) 

iv) Determine the thermo-mechanical behaviour of the materials at room 

conditions and evolution with high temperature (until emulating conditions 

inside a nuclear fusion reactor).  

i. Hardness and toughness at room temperature (Vickers indentation) 

ii. Bending test at 25, 600, 800, 1000 and 1200 ºC 

1. Flexural elastic modulus and fracture strength. 

2. Fracture toughness (Single-Edge-Notched-Beams 
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Chapter 3 

3. Experimental 

3.1. Starting powder characterization 

3.1.1. Starting powders and materials 

All this work has been developed using starting commercial powders from the following 

suppliers: metallic tungsten from H. C. Starck, Germany; tungsten carbide from Hyperion 

Materials & Technologies, Spain; metallic nickel from INCO, Canada; and tungsten 

oxide from Sigma-Aldrich, USA. One more nickel powder from our lab synthesis was 

used, which will be also described deeper in this chapter. The main characteristics of these 

commercial powders are included in Table 3.1. 

Table 3.1: Characterization of starting powders 

 

Specific 

surface 

(m2/g) 

DBET (μm) 

Primary 

particle 

size (μm) 

Density 

(g/cm3) 

Agglomeration 

factor (Faggl) 

WC 0.14 2.74 3.44 15.65 1.3 

W 2.58 0.12 7.90 19.25 74 

WO3 3.89 0.21 2.64 7.16 13 

Ni 4.0 0.17 1.70 8.90 10 

Note: Due to Non-Disclosure Agreement with some providers, the commercial grade of the powders 

has not been included, but the main characteristics 

As a dispersant, two different types of branched polyethyleneimine (PEI) were used: a 

larger PEI (MW=25000, Sigma-Aldrich, USA), and a shorter chain PEI 

(Polyethyleneimine solution 50 wt% H2O, MW=2000, Sigma-Aldrich, USA). 

Polyethyleneimine is a positively charged polyelectrolyte with primary, secondary and 

tertiary amine groups as can be seen in Figure 3.1. 
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Figure 3.1: Structure of polyethyleneimine, used as a dispersant 

3.1.1.1. Specific surface area, mean particle size and density measurements 

Density of the starting powders was measured by helium pycnometry using a Monosorb 

Multipycnometer (Quantachrome Corporation, USA). This system bases all the 

calculation on the ideal gases law, which allows the determination of the volume of the 

sample through the injection of a known helium pressure inside a chamber with a sample 

of a weight already known. 

The specific surface area of the starting powders and products was measured by a one-

point N2 adsorption (Monosorb Surface Area, Quantachrome Corporation, USA), under 

degasification conditions of 100-150oC for 2 hours. The technique is based on the 

calculation of adsorbed/desorbed nitrogen on the solid surface, through the variation of 

the thermal conductivity of the gas during the process. It is calculated by the isotherm 

model developed by Brunauer, Emmer and Teller (BET), S0 is the surface occupied by 1 

cm3 of adsorbant in m2, and P is the weight of the sample in g. Specific surface area (SSA) 

is determined from the formula included in Equation 3.1. 

𝑆𝑆𝐴 =
𝑣𝑚 · 𝑆0

𝑃
 

Equation 3.1: Formula for specific surface area calculation 

Where Vm is the monolayer volume of nitrogen adsorbed in cm3.  

The particle size determination was carried out using two different methodologies: one 

was a laser diffraction analyser system using a Mastersizer S (Malvern Instruments Ldt., 

United Kingdom). This system uses the relationship between the particle size and the 

diffraction angle of the light produced by a determined particles flux when they pass 

through a laser source. The mean primary particle size can be calculated through the 

Stokes-Einstein equation, shown in Equation 3.2. 
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𝑑(𝐻) =
𝑘𝑇

3𝜋휂𝐷
 

Equation 3.2: Formula for mean particle size calculation 

 

Where d(H) is the hydrodynamic radius of particles, k is the Bolztmann, T is the 

temperature in kelvin, η is the medium viscosity, and D is the translational diffusion 

coefficient. This equipment uses the Fraunhoffer model, where the particle size is given 

as distribution curves where the portion of number or volume of particles with different 

particle size is presented. 

An indirect method to estimate the spherical equivalent particle size is the determination 

of dBET. This method assumes the spherical shape of particles, and stablishes the 

relationship between the volume, and thus the particle size, and the specific surface. The 

formula which co-relates both concepts is shown in Equation 3.3. 

𝑑𝐵𝐸𝑇 =
6

𝑆𝑆𝐴 · 𝜌
 

Equation 3.3: Brunauere-Emmette-Teller equation for the determination of mean 

particle size (dBET) based on the specific surface area 

 

Being SSA the specific surface area of particles, and ρ the density of the material. 

The relation between mean particle size and dBET is considered the agglomeration degree 

of particles in the powder, obviously known as “agglomeration factor”, Faggl. If the 

agglomeration factor is low, close to 1, the particles can be considered well separated and 

dispersed. On the contrary, if Faggl reaches a higher number, or even higher magnitude 

orders, powder particles can be treated as they form important agglomerates. 

3.1.1.2. SEM 

Scanning Electron Microscopy (SEM) was carried out by using two different field 

emission microscopes (FE-SEM): a Hitachi S-4700 (Japan) and an Auriga Series (Zeiss, 

Germany), both equipped with an energy dispersive X-ray spectroscopy system (EDX). 
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3.2. Characterization of powders suspended in water 

3.2.1. Solubility in water 

To analyse the stability of starting powders in water, aqueous suspensions of tungsten, 

tungsten carbide and tungsten oxide with solid contents of 1 g/L were prepared. The pH 

was adjusted to 3 by using nitric acid. Powders were added to the liquid under magnetic 

stirring. After all the powder was added, suspensions were stirred for 1 h more. pH of 

each suspension was then readjusted by using nitric acid and hydroxytetramethylamine 

(HTMA), to acidify or basify the medium, respectively. The pH values were measured at 

increasing intervals for the first hour, and later these measurements were repeated after 

24 and 48 h. After 72 h stirring, the suspensions were filtered. Tungsten content in the 

supernatant liquid of the filtered slurries were determined by the induced-coupled plasma 

(ICP) technique, using an Agilent Technologies 700 Series ICP-OES system. 

After that, the powder composition and crystallinity were also examined by X-ray 

diffraction (XRD) techniques, using a D8 Advance (Bruker) system, equipped with a 

monochromatic laser (Bruker AXS, C79298-A3244-B348 model) with the Cu-α 

radiation. 

3.2.2. Zeta Potential measurements 

Surface potential of suspended particles was determined by measuring “Zeta Potential” 

(ζ). The Henry’s equation relates the electrophoretic mobility of particles with the zeta 

potential value, and this is shown in Equation 3.4. 

 

Equation 3.4: Henry’s equation, used to determine the value of Zeta Potential 

Where η is the viscosity of the medium, μe is the electrophoretic mobility of a particle, ϵ 

is the electric field applied to the sample, ε0 is the permittivity in vacuum, εs is the 

permittivity in the dispersion medium, and f(k,a) is an algorithm which depends on the 

relationship between the double layer width and the particle radius. 

Zeta potential was measured by using a ZetaSizer equipment from Malvern Panalytical 

(United Kingdom). 1 g/mL suspensions in a 10-2N KCl medium were prepared. The 
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amount of PEI and even the size of PEI (MW= 2000 and 20000-25000) were the 

parameters varied during the study. Furthermore, when the optimum proportion of 

dispersant is found, new experiments with this determined amount of PEI, but modifying 

the pH of suspensions were carried out, as well as chemical stability analysis as explained 

in 3.2.1. ICP and XRD studies were also repeated after dispersant additions. 

The cell used for Zeta Potential measurements is shown in Figure 3.2. It is equipped with 

electrodes and a chamber where the suspension is injected. 

  

 

Figure 3.2: Picture of the cell used for Zeta Potential measurements 

3.3. Preparation of composite powders from high solid content 

suspensions 

In addition to zeta potential measurements, the solid content and dispersant amount was 

optimized by rheological measurements. Process to prepare slurries started from distilled 

water at pH=7 and the corresponding amount of PEI. Then the minor metallic binder (if 

needed) and finally the base material (W or WC) powders were added with stirring. 

Suspensions were ball-milled for 1-2 hours using Si3Ni4 balls of two different diameters 

in a plastic jar. Finally, milled suspensions were dried by a rotatory evaporator, and 

resulting powders were crashed with an agate mortar and sieved.  

3.3.1. Rheology of suspensions with high solid content 

Rheology was studied by using a Haake Mars 60 rheometer (Haake Thermo Scientific, 

Germany) with a double-cone plate fix of 60 mm of diameter and an angle of 2o (DC60-
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2o), as schematized in Figure 3.3. Measurements were made in two different control 

modes: control rate (CR) and control stress (CS) mode. For CR tests, shearing rate was 

increased from 0 to 1000 s-1 in 3 min, presenting a dwell at 1000 s-1 for 1 min and shearing 

down to 0 s-1 in 3 min. For CS tests, shear stress was increased from 0 to 6 Pa in 2 min 

and down to 0 Pa in the same time, without any stress dwell. All tests were carried out at 

a constant temperature of 23 ± 0.5oC. 

 

Figure 3.3: Scheme of the cone-plate double sensor used 

The optimization of the amount of dispersant used was carried out by rheological studies 

through the measurement of apparent viscosity (η) against shear rate (γ), when different 

amounts of dispersant were added to the suspensions. Secondly, the optimal solid content 

amount for both W and WC-based slurries was found by the same type of rheological 

measurements, but varying the solid content, and thus remaining the dispersant amount 

constant for all of them. 

3.4. Shaping and sintering 

3.4.1. Shaping of green pieces 

After preparation, the powders were compacted by uniaxial pressing at 60-250 MP using 

a hydraulic press. The diameters of the cylindrical green pieces vary between 10 and 30 

mm, and heights are in the range of 3-10 mm. 

3.4.2. Dilatometry 

By using a DTA-TG system (Perkin Elmer, USA), but equipped with a vertical rod 

pushing fixture, the dilatometric curves for W, WC, W-Ni and WC-Ni samples were 
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registered. The conditions of the measurements were a maximum temperature of 1500oC, 

10oC/min of heating and cooling rate, and inert atmosphere conditions. 

3.4.3. Sintering of samples 

Three different furnaces are used: Spark Plasma for SPS, Hot-Press (HP), Vacuum 

Sintering (VS) and a tubular furnace for vacuum sintering. All of them are briefly 

explained next. 

3.4.3.1. Spark Plasma Sintering (SPS) 

Powders, without any previous shaping or pressing step, were sintered by SPS using a Dr 

Sinter furnace system, SPS-51 ̊CE; Fuji Electronic Industrial Co. Ltd (Japan). The 

diameter of the die used was 10 mm and 30 mm. Larger pieces were processed to prepare 

beams for the bending tests. The conditions for the sintering cycle were temperatures 

between 1400 and 1800°C, 10 min of dwell time, 100°C/min ramp for heating and 

cooling, and 60 MPa of pressure. A scheme of the complete system is included in Figure 

3.4. 

 

Figure 3.4: Scheme of the full Spark Plasma Sintering (SPS) system (Kawagoe et al., 

2003) 

 

The contraction of the sample is monitored by the displacement of the upper punch, and 

the recorded data are used to analyse the dilatometric behaviour of the sample during the 

thermal treatment. 
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Due to the high density obtained after quite short sintering times compared to other more 

traditional techniques, SPS is considered one of the most innovative and useful techniques 

to sinter materials with high covalent bonds, also keeping a small average grain size. This 

happens because of the quickness of this sintering technique, due to the presence of not 

only an external pressure applied, but also a direct current pulse. In the case of conductive 

samples, the current is transmitted through the sample by Joules heating, while in non-

conducting samples the heat is transferred to the material by heating of the graphite die 

surrounding it. 

3.4.3.2. Hot-Press Sintering (HPS) 

Hot-press is another non-conventional sintering technique. In this case, the green pellets 

were placed into a graphite die, inside the vacuum chamber of the hot-press furnace, 

which can be observed in Figure 3.5a. The inner walls of the graphite die was coated by 

a sprayed foil of graphitized BN. Green pieces, with 30 mm diameter size and 20-40 mm 

high, were sintered under medium vacuum (10 Pa) by using an induction-heated graphite 

die and applying a constant uniaxial pressure of 30-40 MPa during the heating ramp to 

the maximum temperature, at a maximum temperature in the range 1450-1900oC, with 

15-20°C/min heating rate. A general scheme of the HPS system can be appreciated in 

Figure 3.5b. After a noticeable shrinkage, the sintered pieces reached 10 mm high. 

  

Figure 3.5: Picture of inner vacuum graphite chamber of the HPS furnace, including 

its refrigeration loop system (a) and a schematic general view of an HPS with its 

different parts (b) 
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Once the target temperature was reached, the dwell time was set according to the 

shrinkage behaviour criteria of each sample. As it can be observed in Figure 3.6, there 

are some important parameters which should be considered: TON is the temperature at 

which the densification of the sample starts; T1 is the temperature at which the 

densification rate of the sample is the maximum. The slope of this curve in that point 

indicates maximum temperature of the sintering process, at which the heating stops. The 

maximum temperature remains constant until the theoretical 100% densification of the 

sample is reached. In that moment, cooling process starts, and the sintering process can 

be concluded. The application of this criteria instead of using general fixed parameters 

for all samples explains why the sintering conditions change from a sample to another. 

 

Figure 3.6: General graphical scheme of a densification HPS curve and its 

parameters for shrinkage criteria application 

3.4.3.3. Vacuum Sintering (Pressureless Sintering) 

Pressureless sintering techniques are based on non-assisted pressure methods of sintering 

materials, on the contrary of other pressure-assisted techniques, such as HPS or SPS. 

Green samples were also sintered in two different conventional alumina tubular furnace 

(one for low temperatures, up to 1300oC; and the other one for higher temperatures, from 

1300 to 1500oC). The high temperature furnace is equipped with SiC resistances, while 

the low temperature furnace has resistances made of Kanthal. The high temperature 

pressureless furnace is shown in Figure 3.7, where sintering was carried out under 

vacuum atmosphere (10 mbar), at temperatures ranging from 1300 to 1350oC. Heating 

rate was 10oC/min and dwell times were fixed in 60 min. 
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Figure 3.7: Conventional alumina tubular furnace used for Vacuum Sintering of the 

green pieces 

 

3.5. Characterization of sintered samples 

3.5.1. Density 

The experimental density s of the already sintered composites samples was determined 

in two different ways: by dimensional calculations and by immersion in a liquid media 

(Archimedes’ method). On the one hand, dimensional measurements in regular and 

homogeneous shaped samples allow the calculations for determining a geometrical 

density. On the other hand, for Archimedes’ density samples were weight dry (m1). Later 

samples were immersed in the liquid of a density l and weight suspended on that (m2). 

Finally, the sample saturated with the liquid was weighted in air (m3)  

Volume (V) of the sample in cubic centimetres was V=(m3-m2)l. Open porosity was 

V0=(m3-m1)l and density of the sample s = m1/V. 

Additionally, three other different methods are considered to determine the theoretical 

density of the sample based on the crystallographic density:  

3.5.1.1. Density calculated from mixtures rule 

It is defined as the density calculated from the combination of both the proportions and 

densities from the starting materials used for every composite. For this reason, it does not 

consider any type of reactivity in water or during the thermal treatment. 
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3.5.1.2. Density calculated from the phase diagram 

Once the proportions of starting materials are known, the density determination can also 

be carried out considering the information given by the phase diagrams. They indicate the 

species present in the samples after the thermal treatment at a determined temperature and 

with an initial composition. This type of density determination is especially useful in the 

case of reactive sintering cycles. 

3.5.1.3. Density calculated from XRD compositional analysis 

When the sintered samples are examined by XRD, a determination of the proportions of 

phases present in weight can be carried out by considering the relative intensity of the 

peaks from the detected species. These proportions can be used to determine a new 

calculation method for density, which is based in the previous experimental results from 

compositional and crystallographic analysis. 

Moreover, the general XRD study of the sintered samples was also carried out, by 

studying the crystallography in the polished cross-section of the sintered samples. 

3.5.2. Microstructural characterization 

The preparation of samples was made by two different methods: electrocuting or 

mechanical cutting with a diamond saw. After cutting, samples were polished by using 6, 

3 and 1 μm diamond polishing pads, and etched by Murakami reagent (potassium 

ferricyanide, sodium hydroxide and distilled water) to reveal grain boundaries. 

The study of the microstructure was carried out by FE-SEM and EDX analysis using the 

equipment previously described in this chapter. To be more specific, the EDX mapping 

marked in different colours the list of elements presents in the samples. Some EDX 

punctual analysis were also carried out to determine the elemental composition of the 

different grains in the samples’ polished cross-section. 

3.6. Mechanical properties 

3.6.1. Vickers indentation tests 

Vickers indentation was used to determine hardness and toughness on polished samples. 

Two different durometers were used: a Falcon 500 Micro and Macro Hardness Tester 
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(InnovaTest, The Netherlands) controlled by a computer, and a V-100A Hardness 

Tester (LECO, The Netherlands). The measurements were carried out according to the 

European standard prEN 843-4, so ten indentations for hardness calculation were done.  

3.6.1.1. Vicker´s hardness 

The formula to calculate Vickers hardness HV in GPa was: 

𝐻𝑉 = 0.001854
𝑃

(2𝑎)2
 

where P is the applied load in N; a is the mean half-length diagonal value in mm. 

3.6.1.2. Vicker´s toughness 

The fracture toughness (Kic), in MPa, was calculated using the Anstis equation (Anstis 

GR, 1981): 

𝐾𝐼𝑐 = 0.016 (
𝐸

𝐻𝑉
)

0.5

(
𝑃

𝑐1.5
) 

where E is the elastic modulus in GPa; c is the diagonal half-length of the crack. The 

number of indentations is five for toughness tests, where the load is 10 kg. 

3.6.2. Flexural bending tests 

Three-point bending tests were performed on bars obtained from the sintered samples to 

determine both flexural strength and fracture toughness with spawns of 20 and 10 mm, 

respectively. Specimens with nominal dimensions of 2 x 3.5 x 25-30 mm were tested 

under high vacuum (10-6 mbar). The test jig was made of high purity alumina bars to carry 

out the mechanical tests. The pre-load used was -10 N, and the head displacement rate 

was programmed at 0.1 mm/min. Tests were performed at 25, 600, 800, 1000 and 1200oC, 

where high temperature tests have a variable heating speed due to the higher or shorter 

stability periods of the vacuum atmosphere inside the furnace chamber. Tests were carried 

out in an Instron 8501 equipped with a high temperature furnace  

3.6.2.1. Flexural elastic modulus 

With the displacement (mm) vs force (N) plot, the flexural elastic modulus (Ef) was 

calculated for by the following equation: 
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𝐸𝑓 =
𝐿𝑠

3𝑚

4𝐵𝐷3
 

 

where Ls is the length of span (mm), m is the slope of the initial straight-line portion of 

the load deflection curve, (N/mm), B and D are the depth and height of the test bar (mm) 

respectively. 

3.6.2.2. Flexural strength 

Flexural strength of the sintered materials was performed in smooth specimens with a 

load span (i. e.: separation between the alumina bars during the test, Ls in the scheme) of 

20 mm. A schematic view of the three-point bending system is shown in Figure 3.8. 

 

Figure 3.8: Scheme of the system used for three-point bending tests for flexural 

strength determination at room and high temperature under vacuum 

Where D is the height, B is the depth, and L is the width of the sample before the 

mechanical test. 

As a result, σ-ϵ curves were registered. Using the standard Eurler-Bernoulli equations 

(see Equation 3.5), the maximum tensile strength at the fracture point could be 

determined. 

𝜎𝑓 =
3

2

𝐹𝑚𝑎𝑥𝐿𝑠

𝐵𝐷2
 ϵ =

6𝛿𝐷

𝐿𝑠
2

 

Equation 3.5: Eurler-Bernoulli standard equations for slender beams until failure 

This method is restricted to elastic-behaviour materials, so the 0.2% yield strength offset 

criteria was considered when ductile materials were tested. 
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3.6.2.3. Fracture toughness by single-edge-notched-beams (SENB) 

Fracture toughness by SENB tests was carried out by three-point bending flexural tests 

using laser-notched samples with Ls = 10 mm under vacuum atmosphere (10-6 mbar) and 

in the range of temperatures (600-1200oC). A scheme showing the system for this type of 

mechanical tests is observed in Figure 3.9. 

 

Figure 3.9: Scheme of the system used for three-point bending tests for flexural 

strength determination at room and high temperature under vacuum 

Where a is the notch length measured by image software from SEM micrographs. 

The formula for the calculation of fracture toughness, KIC, was given by Guinea et al. 

(Guinea et al., 1998) and is shown in Equation 3.6. 

 

 

Equation 3.6: Calculation of KIC through Guinea’s formulation 

Where Fmax corresponds to the failure load, and D is the height of the sample. 
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Chapter 4 

4. Summary of results 

The results here presented summarize the surface and physical-chemical studies on W, 

WC and Ni powders, as well as their optimal dispersion and fabrication of materials using 

these processed powders. Finally, they also include the later characterization of sintered 

materials and their mechanical behaviour analysis in a wide range of temperatures, from 

25 to 1200oC. 

These results are classified in four different sections, depending on the topic and type of 

composite material prepared and studied. Thus, these four different chapters will be: 

1. Physical-chemistry behaviour study of starting powders suspended in water: W, 

WC and Ni 

2. WC-W materials sintering, characterization and mechanical properties 

3. WC-Ni composites: sintering and mechanical behaviour 

4. W-Ni alloys: sintering and mechanical behaviour 

The scientific publications of the works included in this thesis are presented: 

Paper 1 

E. M. Garcia-Ayala, Z. Gonzalez, B. Ferrari, J. Y. Pastor, A. J. Sanchez-

Herencia, Colloidal Approach to the Additive Manufacturing of W-based 

Materials, in: EuroPM 2018 Proceedings (2020) ISBN: 978-1-899072-50-7, peer-

reviewed 

 

Paper 2 

E. M. Garcia-Ayala, S. Tarancon, Z. Gonzalez, B. Ferrari, J. Y. Pastor, A. J. 

Sanchez-Herencia, Processing of WC/W composites for extreme environments 

by colloidal dispersion of powders and SPS sintering, Int. J. Refract. Met. Hard 

Mater. 84, 105026 (2019). 

https://doi.org/10.1016/j.ijrmhm.2019.105026 

 

Paper 3 

E. M. Garcia-Ayala, S. Tarancon, B. Ferrari, J. Y. Pastor, A. J. Sanchez-

Herencia, Thermomechanical behaviour of WC-W2C composites at first wall in 

fusion conditions, Int. J. Refract. Met. Hard Mater. 98, 105565 (2021). 

https://doi.org/10.1016/j.ijrmhm.2021.105565 

 

Paper 4 

E. M. Garcia-Ayala, L. Silvestroni, J. Yus, B. Ferrari, J. Y. Pastor, A. J. Sanchez-

Herencia, Colloidal processing and sintering of WC-based ceramics with low Ni 

content as sintering aid, J. Eur. Ceram. Soc. 41, 1848–1858 (2020). 

https://doi.org/10.1016/j.jeurceramsoc.2020.10.038 

 

https://doi.org/10.1016/j.ijrmhm.2019.105026
https://doi.org/10.1016/j.ijrmhm.2021.105565
https://doi.org/10.1016/j.jeurceramsoc.2020.10.038
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4.1. Physical-chemistry behaviour study of starting powders 

suspended in water: W, WC and Ni 

In this chapter, a deep study of the physical-chemical and surface behaviour on the 

starting powders used all over this research (W, WC, WO3, and Ni) is carried out. As also 

seen in Paper 1 and in 4.4, the conditions to prepare aqueous suspensions of these powders 

in water are here settled with a double purpose of detect the working pH areas for each 

one of them, and define the conditions for a good dispersion of particles in suspension. 

The use of selected polyelectrolytes allows the management of these suspensions under 

different pH conditions. 

4.1.1.  Surface characterization of starting powders W, WC, WO3 and Ni powders 

in water 

The first objective has been to achieve a deeper knowledge in the surface behaviour of 

commercial starting powders (W, WC and WO3) in aqueous suspensions, besides their 

further colloidal processing of mixtures, sintering and study of the microstructure and 

mechanical properties at both room and high temperatures. Same studies are carried out 

for Ni powders synthesized in the lab (nNi) according to a previously reported 

methodology (Gonzalez et al., 2015). 

First, a complete morphological characterization of the starting powders is carried out 

(see Table 4.1). These three powders also show very different specific surface values, 

which is in concordance with the different particle sizes. It reveals that the spherically 

equivalent particle size (dBET) for W, WC and nNi is quite different: it ranges from 120 

nm for metallic tungsten, almost 3 μm for tungsten carbide, to 10 nm for nNi. It should 

be highlighted the high tendency of metallic powders to agglomerate, which gives a 

significant error in the measurement of primary particle size (dv50), as well as a large 

agglomeration factor (66 for W and 74 for nNi, but only 1.3 for WC). By SEM, it is 

appreciated that the particle size of nNi aggregations is around 300 nm of diameter and 

20-30 nm of thickness, but the extremely high specific surface area of these powders due 

to internal porosity present in the Ni nanoplates make the dBET have an also high value, 

even much higher than the one reported by SEM image analysis. Data from He 

pycnometry revealed high values of density (19.3 g/cm3 for W, 8.9 g/cm3 for both Ni, and 

15.6 g/cm3 for WC). 
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Table 4.1: Characterization of starting commercial and synthesized powders 

Powder 
Dv50 

(µm) 

SSA 

(m2/g) 

Density 

(g/m3) 

dBET 

(nm) 

Fagl  

(Dv50/ 

dBET) 

W 7.90 2.6 19.25 120 66 

WC 3.44 0.14 15.63 2740 1.3 

WO3 2.64 3.9 7.16 210 13 

cNi 1.70 4.0 8.90 170 10 

nNi 0.27 76.4 8.90 10 74 

To select the ideal conditions to minimize the reactivity of powders in water, Pourbaix 

diagrams were used. The tungsten Pourbaix diagram (see Figure 1.5) reveals there is an 

optimal working pH range for W powder in water, up to pH 3-4. Thus, at these pH values, 

tungsten is coated by a WO3 layer, which prevents particles from further oxidation and 

avoids the dissolution of tungsten in water. However, when pH is higher than 3-4, the 

corrosion of the metal occurs, and this tendency remains at more basic pHs. The main 

conclusion is that, at first sight, working with suspensions with a pH higher than 3 of 

metallic tungsten would be a great challenge due to the uncontrolled dissolution of the 

metal in water under those unstable chemical conditions. For Ni, the working pH is 

situated at basic pH values, from 8-9, so the oxidation and dissolution of nickel particles 

takes place under acidic medium conditions (see 4.4). In the case of WC, the presence of 

C in the composition marks a huge difference, compared to metallic W, in terms of 

oxidation and corrosion rates. However, WC optimal working pHs are pH<6, similar to 

the ideal conditions for W suspended particles. 
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Figure 4.1: Evolution of pH with time for W (a), WC (b) and WO3 (c) powders 

suspended in water (1 g/L) 
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To follow the surface reactivity of powders in water, the evolution of medium pH with 

time for W and WC suspensions (1 g/L) was followed (see Figure 4.1). As a reference, 

the same test was recorded for WO3. As it was predicted by the metallic tungsten Pourbaix 

diagram, pH values remain stable until pH=4. From that point, reactivity increases, and it 

does more and more while pH is becoming more basic. In fact, after a 48-hour-study, the 

data collected indicate a clear tendency to oxidize the powder until the pH gets back to 

stable working pHs around 4 [see 4.4]. For WC, the chemical stability of particles’ surface 

in all the pH range is noticeable. After 48 hours stirring, initial pH values do not change 

in the cases of 1<pH<6. From pH 6, the reactivity increases slightly, being especially 

evident at longer times (from 24 h), but these changes of pH cannot be compared with 

those from metallic W [see Paper 4]. Finally, in the case of referential WO3 powders 

suspended in water, the chemical stability is also observed at acid pHs, but reactivity 

abruptly increases from pH 6 to more basic ones, presenting a similar behaviour to the 

one shown by W. 

After 72 hours stirring, suspensions were filtered, so the supernatant was analysed by 

induced-coupled plasma technique, to carry out a quantitative determination of tungstates 

dissolved in water. Data from Figure 4.2 shows that the amount of tungstates dissolved 

in water for tungsten powders is neglectable at pH values under pH 4. From that point on, 

the concentration of tungstates in the medium increases exponentially, which indicates 

the instability of metallic tungsten particles in basic aqueous suspensions. In fact, it could 

also be checked that the more the pH value increases, the more the metal particles dissolve 

in water. This implies that, at especially basic pHs such as pH 12, the initial amount of 

tungsten must be all transformed in WmOn
k+ ions. On the other hand, tungsten carbide 

particles’ surface remains much more stable when suspended in water than in the case of 

tungsten metal. As mentioned before, WC surface remain stable in a wider range of pH 

(until pH 8). From that point, the reactivity of powders slightly increases. However, if 

those data are compared to the same chemical analysis from W powders, the higher 

chemical and surface stability of WC in water is noticeable. Finally, the chemical stability 

of WO3 is proved to be in an intermediate level until neutral pH values compared to W 

and WC suspended in water. 



Chapter 4: Summary of results 

 

- 80 - 

 

 

Figure 4.2: ICP chemical analysis results: determination of the concentration of 

tungstate anions dissolved in water for W, WC and WO3 1 g/L suspensions after 72 h 

stirring 

Furthermore, an XRD analysis of treated W and WC after 72 hours was carried out, to 

detect the possible reactivity of the filtered powder. For W samples, the two peaks which 

correspond to metallic tungsten (2θ = 41.5o and 58o) are present at every pH value. 

However, there are some other peaks corresponding to tungsten oxides, especially the 

ones related to WO3. These peaks are frequently detected at pHs surrounding the neutral 

pH, at which reactivity of W is particularly high. At more basic pHs, tungsten powder is 

almost fully dissolved in water by forming tungstates, which make the oxides peaks 

disappear. In the case of WC particles suspended in water, the high surface stability of 

solid particles is noticeable once again, being reflected in the only presence of the typical 

peaks for tungsten carbide in the XRD analysis. There is no signal of tungsten oxides, 

indicating no oxidation is detected while the suspension is being stirred for 72 hours. 
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Figure 4.3: Zeta potential vs. pH for W, WC and WO3 1 g/L suspensions in KCl 10-3N 

after 1 h stirring 

Zeta Potential measurements, which is considered as indirect measurements of the surface 

charge of the particles in suspension, are carried out for W, WC and WO3 1 g/L 

suspensions. Usually, a suspension is considered as stabilized when its Zeta Potential (ZP) 

is higher than 30 mV. In this sense, both W and WC particles can be considered well-

dispersed in the medium at a wide range of pH as seen in Figure 4.3. However, and due 

to the high density, especially of W particles, they tend to settle, which does not allow a 

permanent stability of the suspensions. In the case of WC suspensions, despite the lower 

absolute value of ZP in all the pH range studied, the suspensions remain stable and no 

particle seems to sediment, which can be related to their higher particle size, and thus 

their lower specific surface area. Related to WO3, ZP sign is also negative in all the range 

studied, achieving higher absolute values of ZP when pH is 4, stabilizing from that point. 

Zeta Potential measurements for basic pH suspensions are not carried out in this case. 

 

4.1.2.  Use of dispersants 

To achieve a better dispersion of particles and stability of suspensions, the addition of a 

determined amount of dispersant is sometimes proposed. In this work, two different 

polyethyleneimine (PEI) are used: one with high molecular weight (MW=25000, named 
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“long PEI”) and another one with lower molecular weight (MW=2000, named “short 

PEI”). 

 

Figure 4.4: Zeta potential vs. %wt. short chain PEI for the three starting powders 

(W, WC and nNi) after 1 h stirring 

First, a study to determine the optimum amount of PEI (see Figure 4.4) is carried out. In 

the case of tungsten suspensions, the two different types of PEI (large and short chain) 

were tested. For all situations, once a little amount of PEI was added, the sign of ZP was 

changed from negative to positive, keeping a still high absolute value. By comparison of 

the two different types of PEI used, the highest values of ZP were obtained for short PEI, 

which makes it the best dispersant for tungsten particles in suspension. As already 

mentioned, these particles present a mean particle size located in the nanometric range, 

and thus the dispersive action of a larger chain PEI can be detrimental for the stabilization 

of suspended particles.  

This study fixes the optimal concentration of both short and large PEI in 2 wt%. On the 

other hand, a similar study is also carried out for nNi suspensions. In this case, 

surprisingly, it is observed how the ZP value, instead of increasing with the addition of 

PEI, slightly diminishes as higher concentrations of PEI are added. This is explained due 

to the change of conformation of the dispersant chain, which is produced in that same pH 

range. Despite this, the optimal amount of PEI added to these nickel suspensions is 7 

wt.%, from which the ZP value is stabilized, because of the higher specific surface area 
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of these particles, which explains that the required amount to stabilize ZP value is much 

higher [see 4.4]. Finally, absolute values of ZP for WC suspensions are always smaller 

than for W. However, the concentration at which ZP value is stabilized is clearly lower, 

being fixed in 1 wt%. [see Paper 4] The chemical ICP analysis of low solid content 

suspensions (1 g/L) containing variable amounts of PEI was repeated, demonstrating the 

superior action of short PEI against large PEI to stabilize the particles in suspension, as 

well as to protect them against further oxidation [see 4.4]. 

 

Figure 4.5: Zeta Potential vs. pH for W+2% PEI and WC+1% PEI suspensions, 

measurements taken after 1 h stirring 

Furthermore, a further study of ZP for W and WC suspensions with the addition of the 

optimal amount for each one of them is carried out. Results shown in Figure 4.5 

demonstrate that isoelectric point for both suspensions is close (9.7 for W and 10 for WC). 

However, absolute values of ZP reached by W+2%PEI suspension are very high, and also 

much higher than for WC+1%PEI. All this indicates the electrosteric stability of W 

particles in suspension should be higher than in the case of WC, whose range of ZP is 

thinner. It is important to highlight that the addition of PEI has a clear influence in the pH 

of the suspension. 
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Figure 4.6: ICP chemical analysis results: determination of the concentration of 

tungstate anions dissolved in water for W and W+2% PEI 1 g/L suspensions after 72 

h stirring 

Finally, another ICP chemical analysis of the presence of tungstate anions dissolved in 

water is carried out. Results shown in Figure 4.6 demonstrate that, while W without the 

addition of a dispersant is almost completely solved in water when the pH increases, the 

presence of only a 2 wt.% of PEI prevents the corrosion of the powder particles. Thus, it 

is considered that PEI does not act only as a good dispersant, but also as a protector against 

the oxidation of particles in water, even out of the working pH range of these powders. 

This will allow the use of different pH conditions for the high solid content suspensions 

in the future. 

4.1.3. Final remarks 

The main conclusions extracted from this first chapter of results are the next: 

- Characterization of the starting powders revealed that W particles are located on 

the nanometric particle size range, presenting a greater specific surface area than 

in the case of micronic WC particles. DBET data determined an important tendency 

of W to agglomerate, not so relevant for WC. Both cNi and nNi have nanometric 

particle size, even though nNi presents a huge specific surface area compared to 

cNi particles. 
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- As predicted by W Pourbaix diagrams, at acidic pHs under pH 3-4, W particles 

are passivated, so their reactivity is not relevant. However, at more basic pH 

tungsten suffers an oxidation process, which becomes more and more important 

as the pH increases. This did not happen for WC, which experiment a much lesser 

reactivity only at basic pHs, almost neglectable if compared with W. WO3 always 

showed an intermediate behaviour between W and WC.  

- Zeta Potential measurements indicated that the three powders suspended in water 

have a negative sign of ZP, while it changes to positive when a small amount of 

PEI is added. Its value stabilizes when 1% (WC), 2% (W) and 7% (nNi) PEI in 

weight was added. 

- PEI has two complementary effects to formulate suspensions. Firstly, it acts as a 

dispersant for W and WC suspensions in water. Additionally, it acts as an 

important protector against the oxidation of particles for W, which allows to work 

with the metal in a wide range of pH. 
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4.2. WC-W materials sintering, characterization and mechanical 

properties 

In this chapter, the processing of consolidated WC-based materials with variable amounts 

of metallic W (0, 10, 20, 50 and 100 vol.%) is carried out. Intimate mixtures of the starting 

powders are formulated by using colloidal routes of processing, incorporating dispersants 

to optimize the stability of particles in suspension. For these reasons, refractory materials 

with high oxidation and abrasion resistance were produced, without the use of a metallic 

binder which negatively affects the later mechanical properties. 

4.2.1. High solid content suspensions and sintering of processed powders 

One of the most important issues when formulating a composite material is to ensure a 

good dispersion of the phases. In the case here presented, there are many difficulties in 

achieving an intimate mixing of both tungsten and tungsten carbide powders, due to the 

differences between them in terms of particle size, agglomeration factor, etc. An accurate 

method to solve this this problem is the colloidal processing, which implies the 

development of repulsive forces between particles to achieve a good dispersion. This is 

the reason why a cationic polyelectrolyte as PEI was used as a dispersant for metallic 

tungsten at pH=3, which makes the W particles’ surface change from negative to 

positively charged. As seen in Paper 2, when no PEI is added, the Zeta Potential (ZP) 

value is always negative (-70 mV at pH=3), and the addition of a small amount of PEI 

modifies the surface charge of W particles and makes its sign be positive, achieving 

absolute values of ZP higher than 80 mV. The optimal concentration of PEI used for 

tungsten suspensions is determined to be 2 wt%, referred to powders. This value indicates 

the complete coverage of the nanoparticles’ surface by the polyelectrolyte, and no ZP 

modifications are observed when superior amounts of PEI are added. 
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Figure 4.7: Zeta potential evolution for W + 2 wt% PEI and bare WC high solid 

content suspensions with the pH (a) and heterocoagulation phenomena (b) 

As observed in Figure 4.7a, PEI addition modifies the W surface making the powders 

exhibit an isoelectric point at pH 9-10. At lower pHs, W + PEI Zeta Potential sign remains 

always positive, while WC shows negative ZP values in all the range of pH studied. As a 

consequence, when both suspensions are finally mixed, which means the W suspension 

is dropped into the WC slurry, the positively charged tungsten particles are 

electrostatically attracted to the negatively charged tungsten carbide particles, which 

provokes a complete and homogeneous coating of them, as it is also represented in Figure 

4.7b. 

Related to rheology, it was determined that the maximum solid content for W and WC 

suspensions would be 15 and 40 vol.%, respectively. At higher solid contents, an abruptly 

increasing of viscosity of the suspension was observed, so it became unmanageable, and 

thus no apt for its processing. Five different materials were formulated: 100%WC, 

90%WC-10%W, 80%WC-20%, 50%WC-50W and 100%W, all in volume. The optimal 

ball-milling time was fixed in 2 hours. 

 

Milled powders were dried in a rotatory evaporator, crashed, and sieved, and finally fed 

directly into the graphite die for Spark Plasma Sintering (SPS). Figure 4.8 shows the 

 

Figure 4.8:
  
SEM micrographs of the dry powders after mixing by the colloidal 

methodology. (a) 50%WC-50W; (b) 80%WC-20%; (c) 90%WC-10%W.
 



Chapter 4: Summary of results 

 

- 88 - 

 

micrographs of the mixture of the powders that were sintered. It can be observed the high 

dispersion of the micronic and submicronic powders. The sintering temperatures were in 

the range of 1700-1800oC, 10 min at the maximum dwell temperature, and 60 MPa of 

pressure, as well as heating and cooling rates of 100oC/min. This process is monitored, 

so the data are represented in dilatometric curves. As seen in Figure 4.9a, these curves 

show the sintering process is complete for 100%W even at 1700oC, despite the density of 

the sample is not higher than 90% due to the crust from the reactivity of graphite die with 

tungsten. The sintering process is not fully complete for the rest of samples at 1700oC, 

especially for 100%WC, whose contraction is not enough to achieve a dense final sintered 

material. In the case of the three mixtures, 50%WC-50%W is practically sintered, and 

only a residual internal porosity can be found. For 80%WC-20%W and 90%WC-10%, 

the sintering is not complete. However, when the maximum temperature is increased, 

some relevant changes take place.  

The SPS dilatometries of the samples treated at 1800oC are shown in Figure 4.9. The 

curves for 1800oC treated samples reveal that, while the sintering step is complete for 

50WC-50W and practically for 80WC-20W, 90WC-10W sample may still require higher 

temperatures, pressures, or longer dwell times at the maximum temperature to complete 

the densification of the sample. However, even for that sample, this process is more 

advanced in comparison to the sintering at 1700oC, and almost full density materials are 

obtained. There is a total shrinkage of 35% for 100WC, while this shrinkage is higher for 

the mixtures: for 90WC-10W and 80WC-20W, the contraction registered is 38 and 40%, 

respectively. Finally, for 50WC-50W, the total shrinkage of the sample was almost 50%. 

In this sense, a direct relationship between the initial amount of metallic phase and the 

contraction of the sample during the thermal treatment is evidenced, as previously seen 

in samples sintered at 1700oC. However, the increase of maximum dwell temperature 

during the sintering step induces a clear increment of the contraction capability of the 

samples. 
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Figure 4.9:  Dilatometric curves for WC-W samples at Tmax=1700oC (a) and 1800oC 

(b) 
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Derivative curves of dimensional changes during sintering up to 1700 ºC are included in 

Figure 4.10. As it is discussed in Paper 2, these curves reveal the different processes 

during the sintering at SPS conditions. At 930º C the tungsten started to sinter, between 

1220 and 1300 ºC the reactive sintering happens with the formation of W2C. Later on, 

between 1520 and 1620 ºC, the processes associated t the sintering of WC is observed. 

4.2.2.  Microstructural and compositional characterization of the sintered samples 

In SEM micrographs, the microstructure of sintered samples at 1700oC (see Figure 4.11) 

is also affected by the presence of external graphite used during the sintering processed, 

as explained in Paper 2. Being more specific, in the case of 100W sample, a C-richer 

external layer composed by external tabular WC and an inferior W2C layer, is present. 

The inner microstructure of the sample shows the pure tungsten rounded grains, which 

present a massive grain growth (15 μm) compared to those forming the exterior WC-W2C 

layer. Additionally, the porosity is well distributed all over the microstructure. In the 

opposite side, 100WC sample cannot even be considered as fully sintered, and thus it 

shows a homogeneous intergranular porosity, while, due to this unfinished sintering step, 

the average grain size (3 μm) is very similar to the starting WC powder particle size. 

However, 50WC-50W composition did achieve a full densification, exhibiting a 7.5 μm 

mean grain size in its microstructural analysis, finding a rounded intergranular porosity. 

 

Figure 4.10:
  
Derivate of the dilatometric curves for the plain and mixture powders
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Figure 4.11: SEM micrographs of 1700oC sintered WC-W samples: 100WC (a), 

90WC-10W (b), 80WC-20W (c), 50WC-50W (d) and 100W (e)
 

Finally, for both 90WC-10W and 80WC-20W, SEM micrographs showed two different 
types of grains: larger ones with intragranular  rounded porosity, as observed in 50WC-

50W initial composition, and smaller ones, which do not present intragranular porosity, 

but define intergranular pores. 

These smaller grains are related to WC which has not reacted with W during the sintering 

step, so the larger grains are tagged as W2C which remains quenched in the microstructure 

due to the rapid SPS cooling process after the thermal treatment. In 90WC-10W sample, 

it is observed that the sintering process is not even finished. Also, the intragranular 

porosity, as well as the presence of W2C formed, is lower than in the case of 80WC-20W, 

where the initial amount of metallic is higher. 
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SEM micrographs from sintered samples at 1800oC are shown in Figure 4.12, except for 

100W pure material. At this new and higher maximum temperature, a full densification 

for both 50WC-50W and 80WC-20W is achieved, while 90WC-10W sample still shows 

the same intergranular porosity, which might lead to “harden” the sintering conditions to 

produce fully dense materials, although its microstructure looks denser than in 1700oC 

thermal treatment. As it was observed for 1700oC treated samples, rounded internal 

porosity is always present, being more frequent in samples with a higher initial W content, 

such as 50WC-50W and 80WC-20W, because of the higher reactivity registered at higher 

sintering temperatures. For 100WC, it is noticeable once again that the sintering 

conditions are insufficient to achieve a complete densification of the sample, so there is 

an intergranular porosity distributed all over the microstructure. The grain size becomes 

smaller in each one of the samples, being 4.5 μm for 50WC-50W, and around 1.4-1.6 μm 

for the other three sintered samples. In general, all these results demonstrate the great 

difficulty to sinter WC, and how the small particle size of W has a beneficial effect on the 

WC-based materials treatment, allowing to achieve a denser (even full density) at 

temperatures lower than 2000oC.  

  

  

Figure 4.12: SEM micrographs of 1800oC sintered WC-W samples: 100WC (a), 

90WC-10W (b), 80WC-20W (c) and 50WC-50W (d) 
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XRD analysis was carried out over the cross-section of the sintered pieces. Due to the 

similarity of the compositional and crystallographic results for 1700 and 1800oC samples, 

only the results for 1800oC sintered pieces are shown in Figure 4.13. 

 
Figure 4.13: XRD analysis of the cross-section of the sintered WC-W samples (SPS, 

1800oC) 

For both samples treated at 1700 and 1800oC, all diffraction peaks of the XRD analysis 

of the four samples were consistent with WC and W2C, and they were indexed according 

with JCPDS Card file 025-1047 and 035-0776, respectively. For 100WC, the only visible 

peaks correspond to tungsten carbide crystallographic planes, while 50WC-50W sample 

exclusively exhibits the five typical peaks of tungsten semicarbide in the examined range 

2θ = 30-70o, although some metallic tungsten was expected according to the W-C diagram 

at that composition. Finally, for 80WC-20W and 90WC-10W, both WC and W2C peaks 

are present. Through a correlation between the peaks’ intensity and the different phases’ 

proportions, it was detected that 100WC sample is 100% composed of WC as expected, 

while the WC-W samples present different proportions of WC and W2C. Additionally, 

the density of the 1700 and 1800oC sintered pieces is shown in Table 4.2. Real density 

measured by Archimedes’ method is ranging between 91 and 96%, with the only 

exception of 100%W sintered at 1700oC, because of the intergranular porosity, as well as 

the graphite crust from the SPS system die. Two different theoretical or semi-theoretical 

densities are determined: “ρ th diag.”, which is related to the phases’ proportions expected 

by analysing the W-C phase diagram, and “ρ th XRD”, calculated from the intensity of 
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the diffractogram peaks for each phase. Thus, relative density values are calculated from 

the relationship between real Archimedes density and XRD density. As expected, the 

composition of all WC-W samples, treated at any temperature, change. It is basically due 

to the already mentioned reactivity of WC and W, to give the metastable W-richer carbide 

phase: tungsten semicarbide or hemicarbide (W2C).  

   

Table 4.2: Summary of the densities measured for the samples, as well as the phases 

expected and registered for the nine samples after sintering 

Max. 

T 
Sample 

ρ real 

Arch. 

(g/cm3) 

%vol. diag. 
ρ th diag. 

(g/cm3) 

%vol. 

XRD 

ρ th 

XRD 

(g/cm3) 

ρ 

relat. 

(%) 

1700oC 

100WC 14.9 100% WC 15.6 100% WC 15.6 96 % 

90WC-10W 14.3 

0 %W 

80.7 % WC 

19.3 % W2C 

15.8 

0 % W 

72.7 % WC 

27.3 % 

W2C 

15.9 91 % 

80WC-20W 14.8 

0 % W 

63.4 % WC 

36.6 % W2C 

16.0 

0 % W 

51.1 % WC 

48.9 % 

W2C 

16.0 93 % 

50WC-50W 
15.7 

 

3.9 % W 

0 % WC 

96.1 % W2C 

16.6 

0 % W 

1.3 % WC 

98.7 % 

W2C 

16.3 96 % 

100W 17.1 100% W 19.3 100% W 19.3 89 % 

        

1800oC 

100WC 14.8 100 % WC 15.6 100% WC 15.6 95 % 

90WC-10W 14.8 

0% W 

80.8% WC 

19.2% W2C 

15.8 

0% W 

69.6% WC 

30.4% 

W2C 

15.9 93 % 

80WC-20W 14.8 

0 % W 

58.8 % WC 

41.2 % W2C 

16.0 

0% W 

41.6% WC 

58.4% 

W2C 

16.1 93 % 

50WC-50W 15.3 

2.8 % W 

0 % WC 

97.2 % W2C 

16.6 

0% W 

0% WC 

100% W2C 

16.3 94 % 

As previously discussed, the higher the initial amount of metallic W in the green sample, 

the higher the amount of W2C, and thus the more frequent intragranular rounded porosity 

from reactivity is. The changes in theoretical density values from 1700 to 1800oC reside 

in the different proportions of the phases after thermal treatments at different maximum 

temperatures. However, the real density values reveal that sintering of 90WC-10W is 



Chapter 4: Summary of results 

 

- 95 - 

 

more advanced when the temperature increases from 1700 to 1800oC, despite not showing 

relevant differences for 100WC and 80WC-20W. On the other hand, Archimedes real 

density of 50WC-50W is much lower when the sample is sintered at 1800oC, which 

explains a detrimental effect of the temperature increasing in the sample microstructure 

as well (Figure 4.12d), compared to the same sample sintered at 1700oC [Paper 2]. 

4.2.3.  Mechanical properties studies at high temperature 

4.2.3.1. Bending tests: flexural strength 

To examine the mechanical resistance of the 1700oC sintered samples, three-point 

bending flexural tests were carried out. In this sense, both flexural strength and fracture 

toughness at room and high temperatures (up to 1200oC) are determined. Mechanical tests 

for samples sintered at 1800oC are still in progress. 

First, bending tests determined the stress-strain curves (σ-ϵ), for the five compositions: 

100WC, 75WC-25W2C (90WC-10W before sintering), 50WC-50W2C (80WC-20W), 

100W2C (50WC-50W) and 100W. All the samples present a brittle fracture. However, 

the elastic modulus of a material is the lowest of all the compositions, and thus it exhibits 

the lowest value for that sample. 100W2C is a 100% ceramic material, which leads to a 

higher slope in the stress-strain curve. At the operating temperature during the tests, the 

slopes for 75WC-25W2C and 50WC-50W2C do not vary much from 100WC sample, 

mainly due to their still ceramic nature, so it is considered that the presence of W2C does 

not suppose a relevant effect over the elastic modulus value [Paper 2]. 

To test the mechanical behaviour evolution of these pure and composite materials with 

temperature, three-point bending flexural tests are also carried out at 600, 800, 1000 and 

1200oC. While the fracture of 100W is brittle at room temperature, its behaviour changes 

radically from 600oC, where the brittle-to-ductile transition temperature (BTDTT) is 

achieved, which also implies important changes in the σ-ϵ curve slope. As seen in Figure 

4.14, the tendency shows that, when the temperature of the test increases, the maximum 

stress (fracture strength) is lower and lower, achieving values of 400 MPa at 600oC, 300 

MPa at 800oC, and less than 200 MPa for higher temperatures. For 100W2C (initial 

50WC-50W) tests, the lowest values of maximum strength of all the composites are 

registered, in concordance to the presence of metallic tungsten found by XRD 

characterization studies carried out of the tested samples. This metallic tungsten 
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“appears” because of the decomposition of the metastable W2C phase during this second 

heating at temperatures higher than 1000oC, which gives the thermodynamically stable 

WC and W phases again. Fracture stress values for 100WC, 75WC-25W2C and 50WC-

50W2C follow a similar increasing tendency, which leads to a clear improvement of the 

mechanical properties as the temperature of the tests increases. In some cases, such as for 

100WC and 75WC-25W2C, the fracture stress is even higher than 1 GPa. This 

reinforcement mechanism with temperature is explained also by the formation of metallic 

tungsten, detected by XRD, because of the degradation of tungsten semicarbide, which 

also provokes a ductilization of these materials at high temperatures, easily visible in σ-ϵ 

curves included in Paper 3. 

 

 
Figure 4.14: Fracture strength for the five compositions at different testing 

temperatures (25-1200oC) 

Table 4.3: KIC values (in MPa·m1/2) by SENB at different temperatures of the WC-W 

sintered samples at 1700oC 

 600oC 800oC 1000oC 1200oC 

100WC 6.3 6.4 5.9 6.6 

75WC-25W2C 7.1 6.5 6.7 12.4 

50WC-50W2C 7.6 8.2 7.6 10.6 

100W2C 7.2 5.6 4.1 3.6 
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Furthermore, fracture toughness tests by SENB at room and high temperatures of these 

same materials are carried out. Results in Table 4.3 show that this metallic tungsten 

emerging after the second heating of samples “ductilise” the materials behaviour, which 

has direct implications in their fracture surfaces. At lower temperatures, toughness values 

for all the samples are similar, while these values increase when tested at high 

temperatures, especially for 75WC-25W2C and 50WC-50W2C, where a mixture of phases 

is found. This is also well explained by the study of their fractography by SEM images, 

an information included in Paper 3. However, in the case of monophasic samples, values 

of fracture toughness with temperature almost do not vary, like for 100WC, or are even 

negatively affected, as it happens for the ceramic 100W2C sample.  

4.2.4. Final remarks 

The main conclusions after this deep sintering, characterization, and mechanical studies 

of WC-based samples with different contents of metallic W are the next: 

- Colloidal processing and Zeta Potential studies allowed the preparation of WC-W 

mixtures through heterocoagulation of W over WC particles. Five compositions 

were formulated: 100WC, 90WC-10W, 80WC-20W, 50WC-50W and 100W. 

- Sintering of the treated and dried powders by SPS method allow to dense samples 

where the W completely reacts with WC to form W2C in a reactive sintering 

process  

- Dimensional changes recorded during SPS showed that, W and WC sinters at very 

different temperatures (930 and 1600 ºC respectively), under this conditions, 

reactive sintering happens between 1220 and 1300 ºC.  

- Microstructural characterization revealed the presence of higher porosities and 

slightly smaller densities for 1700oC sintered samples, and XRD studies proved 

the modification of the WC-W compositions after the thermal treatment: initial 

90WC-10W was 75WC-25W2C, 80WC-20W was 50WC-50W2C, and 50WC-

50W was 100W2C. 

- Bending tests showed an improvement of mechanical resistance of materials at 

the highest temperatures (1000 and 1200oC), mainly exhibited by 100WC and 

50WC-50W2C (initial 80WC-20W). Fracture toughness tests evidenced the 

ductilisation of samples with the increase of temperature, due to the presence of 
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metallic tungsten in the tested samples at high temperature, detected by XRD 

analysis.  
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4.3. WC-Ni composites: sintering and mechanical behaviour 

In this chapter, the preparation through colloidal routes of WC-based materials with small 

content of nickel metallic binder is developed. Through the study of the behaviour of 

starting powders in water, as seen in 4.1, and the following analysis of the viscosity of 

high solid content suspensions by rheological analysis, composite processed powders are 

prepared. These powders are pressed and sintered to consolidate robust microstructures 

and dense final materials, whose mechanical properties are examined later in a wide range 

of temperatures. 

Once stablished this previous summary, the main objectives of this chapter are: 

- Determination of the optimal conditions for the colloidal processing of WC and 

mixtures WC-Ni, in terms of working pH and amount of dispersant to stabilize 

low solid content suspensions. 

- Preparation of high solid content suspensions of WC and WC with the addition of 

3 wt.% (5 vol.%) metallic Ni, and the study of their rheology to confirm the 

adequate dispersant amount and the optimal solid content, to achieve an easy 

management of these suspensions. 

- Evaluation of the influence on the sintering step of two different nickel particles 

used as binders: one micronic, filament-shaped commercial powder (cNi); and the 

other one nanometric, flake-shaped and synthesized in the lab (nNi). 

- Sintering of the green pieces conformed from the composite dried powders, 

carried out by three different methods: Hot-Press Sintering (HPS), Vacuum 

Sintering (VS) and Spark Plasma Sintering (SPS). 

- Microstructural study of the sintered pieces, as well as mechanical behaviour 

analysis of the final materials at both room and high temperatures, up to 1000oC. 

4.3.1. Colloidal processing of composite powders 

As mentioned in previous chapters, the stability of powders suspended in water depends 

on the chemical behaviour of particles’ surfaces in suspension and their electrosterical 

stability. In this case, mixtures of 95%WC and 5%Ni, both in volume, were prepared. For 

tungsten carbide (WC), a surface oxide layer is coating the inside of particles and 

protecting them from further oxidative processes. As it can be observed in Table 4.4, pH 

values remain stable with time at acidic initial pHs, almost not changing its value after 
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stirring in water for 48 hours. From pH0=8, pH values tend to decrease with time due to 

the formation of tungsten oxides (mostly WO3). At pH=12, the oxide layer is so consistent 

that can avoid this reactivity in alkaline pHs, which can be translated in a remarkable 

stability of initial pH with time. 

Table 4.4: pH evolution with time for WC suspensions with different initial pHs (pH0) 

after 48 h stirring in water 

pH0 pH0=1 pH0=2 pH0=3 pH0=4 pH0=6 pH0=7 pH0=8 pH0=10 pH0=12 

pHf 1.01 1.99 3.04 4.43 5.12 6.66 6.38 7.24 12.03 

The chemical ICP analysis, included in 4.1 and Paper 1, reveals that, despite there is 

certain oxidation in the particles’ surface, it is not as relevant as for metallic tungsten 

suspended in water, so the reactivity can be considered minimum in terms of oxides 

formation and dissolution, especially at pHs lower than 8. In terms of colloidal stability, 

the variation of ZP with the addition of increasing amounts of PEI was studied for WC 

(see also 4.1 and 4.2), so the optimal amount of PEI used for WC high solid content 

formulations was determined to be 1 wt.%. For larger PEI amounts, the ZP value remains 

stable, which indicates WC particles are totally covered by the polyelectrolyte dispersant. 

 
Figure 4.15: Variation of ZP for WC + 1 wt.% PEI suspension as a function of the 

pH 

ZP measurements were also carried out with variable initial pH values for WC 

suspensions with the addition of 1 wt.%. The results, observed in Figure 4.15 (Paper 4), 

show the particles’ surface already covered by PEI exhibit a positive charge, while the 

polymer chains are still ionised at pH=8. The isoelectric point for WC in suspension is 

then found at pH=10, condition at which the net surface charge of the particle is null. 
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As the optimization of colloidal parameters for WC powders in suspension was carried 

out, it is also necessary to achieve a good dispersion of Ni powders in water, which is the 

minor phase. Two different types of Ni were used: one micronic commercial Ni powder 

(cNi, 2.5 μm), and nanometric synthesized Ni powders (nNi, 300 nm). The synthesis of 

nNi was made by using a process already described in the literature (Gonzalez et al., 

2015).  

For nNi powders, ZP versus % wt. PEI is also measured. The results, shown in Figure 

4.16, demonstrate that ZP values decreases as the amount of dispersant is increased. The 

decreasing of ZP is explained by the changes in the medium pH, which leads to a change 

in the charge of the polymer, and thus a modification in its configuration, from protonated 

and extended to train and neutrally charged. All this also explains a noticeable decrease 

in the mean particle size, also reported in Figure 4.16. For PEI concentrations higher than 

7 wt.%, there is no further benefit for the dispersion of nNi particles in aqueous 

suspensions. This relevant data makes the optimal amount of dispersant for nNi 

suspensions be fixed at 7 wt.%. However, for cNi, previous studies determined the 

optimal PEI amount for high solid content suspensions’ preparation is 1 wt.%. This 

significant difference, compared to the 7 wt.% PEI for nNi, is based on the remarkably 

different specific surface area of these two powders. 

 
Figure 4.16: Zeta potential and mean particle size plots against %wt. PEI for nNi 

powders suspended in water 
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4.3.2.  Rheology of high solid content suspensions 

In general, slurries are supposed to be formulated with the highest solid content possible, 

to diminish the energy and time necessary for water removal step. Despite the 

determination of the dispersant optimal amount by ZP measurements techniques is very 

accurate for low solid content suspensions, the different conditions in high solid content 

suspensions make some further studies necessary, such as a rheological behaviour 

analysis. For this reason, the optimal PEI amount for 95%WC-5%Ni vol. slurry was 

determined in terms of viscosity by the study of this suspension’s rheology. The flow 

curves, measured in both CR and CS modes (viscosity vs. shear rate) for suspensions of 

WC with high solid contents, and which are included in Paper 4, show in all cases a shear 

thinning effect which prevents segregation and precipitation of particles. The values of 

viscosity for a shear rate of 100 s-1 are included in the graph of Figure 4.17, confirming 

once again the optimal amount of 1 wt.% PEI also for high solid content suspensions of 

WC-Ni. Because of the dilution of commercial PEI used (50 wt.% H2O), the solid content 

of suspensions suffers important variations with the addition of increasing amounts of the 

dispersant, as it is also appreciated in the graph. 

 
Figure 4.17: Viscosity values (recorded at 100 s-1) of WC-Ni high solid content 

suspension with different dispersant contents 

Before the drying process, the composite powders are ball-milled to break soft 

agglomerates and to ensure a homogeneous mixture, and dispersion of the phases. Figure 

4.18 shows the viscosity values at 100 s-1 vs. the solid content. By using the Krieger-
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Dougherty approach (Paper 4). The solid content was fixed at 0.30, which is the point for 

both WC-cNi and WC-nNi suspensions where the viscosity starts an exponential 

increasing. KD adjustment is proved to be highly precise (R is higher than 0.99 for both 

WC-cNi and WC-nNi suspensions, while ϕmax is 0.42 and 0.43 for these slurries, 

respectively). 

  
Figure 4.18: Krieger-Dougherty adjustments for the determination of maximum solid 

contents of WC-cNi (a) and WC-nNi (b) slurries 

4.3.3. Sintering of WC-Ni samples  

The ball-milled suspensions were dried under low pressures in a rotatory evaporator and 

the obtained composite powders examined by SEM and EDX. It can be observed in 

Figure 4.19 that the EDX mapping analysis for both WC-cNi and WC-nNi powders show 

a homogeneous and well-dispersed distribution of Ni powders all over the samples. In 

these micrographs, there are two phases easily distinguished: bigger rounded WC 

particles, surrounded by cNi and nNi smaller particles. WC particles are denser because 

of their spherical shape and their large size compared to Ni, whose density is smaller due 

to its metallic nature and complex shapes (filaments, flakes, etc.), as shown in SEM 

images from Paper 4. 
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Figure 4.19:
 
SEM-EDX images of WC-cNi (a) and WC-nNi (b) composite powders, 

where W is marked in red and Ni in green
 

4.3.3.1.

  

Hot-Press Sintering (HPS)

 

First step before Hot-Press Sintering is the shaping of green pieces. They are uniaxially 

pressed at 25 MPa, in a 30 mm diameter die, achieving green densities around 60%. 

Sintering conditions are shown in Paper 4.

 

Figure 4.20

 

presents the sintering curves 

recorded for three different materials: WC-cNi, WC-nNi and WC, used as a reference. As 

it is shown in the graphs, the densification process for pure WC is quite slow. After 20 

minutes at temperatures close to 2000oC, with a pressure of 30 MPa, the shrinkage of the 

sample was 21.3%, achieving a density of 89%, which is a relatively low value for a 

ceramic compact. However, when a 3 wt.% (5 vol.%) of Ni is added to WC, the sintering 

conditions are drastically softened, which means lowering the 2000oC needed for 

sintering pure WC to 1530 and 1450oC for WC-cNi and WC-nNi, respectively. Also, the 

sintering times are lowered to 10 min for WC-cNi and 6.7 min for WC-nNi. At

 

these 

sintering conditions, the addition of nickel yield to a higher densification of the samples, 

achieving a shrinkage of the green samples of 47.8 and 41.1%, and a final density of 95.6 

and 98.3% for WC-cNi and WC-nNi, respectively. 
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Figure 4.20: Sintering curves of WC (a), WC-cNi and WC-nNi (b) 

SEM-EDX microstructural and elemental analysis of the three sintered samples (Figure 

4.21) was carried out, specifically over their polished cross-section surface. In the case of 

WC (Figure 4.21a), the sintering process is clearly not complete, so a significant porosity 

is present all over the microstructure, easily distinguishable with dark contrast. It is 

remarkable how close the mean grain size (5.2 μm) and the mean particle size of the 

starting WC powders (3.4 μm) are. XRD analysis, included in Paper 4, shows no other 

species than WC for this sample. 
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Figure 4.21: SEM images of WC (a), WC-cNi (b) and WC-nNi (d), besides EDX 

mapping analysis of WC-cNi (c) and WC-nNi (e) 

On the other hand, both WC-Ni composites show less porosity on their microstructural 

analysis because of the liquid phase sintering produced, but with some large black areas 

homogeneously distributed. In the case of WC-cNi (Figure 4.21b and c), the average 

grain size is 2.9 μm, despite the irregular and wide grain size distribution due to the 

solution-precipitation process for WC and cNi. XRD analysis, also found in Paper 4, only 

detects the typical peaks for WC and Ni, as expected. This information leads to the 

conclusion of neglectable reactivity between the ceramic and metallic phases during the 

thermal cycle. EDX studies reveal that those large black areas found in the microstructure 

correspond to carbon. This is explained by looking at the W-C-Ni phase diagram, where 

a precipitation of carbon occurs as a consequence of a rapid cooling when the thermal 



Chapter 4: Summary of results 

 

- 107 - 

 

treatment is finished, especially considering the presence of graphite dies during the 

sintering process, which can influence some compositional changes. Taking the presence 

of this trapped graphite into account, it is expected to find a final density lower than the 

theoretical 100%. Moreover, nickel is clearly located in the grain junctions, and no 

agglomerates of cNi are found, which is a direct consequence of the good dispersion 

achieved in the slurries processing. 

Finally, WC-nNi (Figure 4.21d and e) also shows almost no porosity, but with the same 

large black areas. The average grain size is 2.0 μm, slightly lower than for WC-cNi, and 

the grain size distribution is not as wide as in the other composite. After XRD studies 

confirms the WC+Ni composition, some of the peaks are now missing, which can explain 

some preferential orientation of the crystallographic planes, due to the effects of thermal 

treatment. EDX analysis reveals the presence of black graphite areas, as well as nickel 

located in the triple points. 

4.3.3.2.  Vacuum Sintering (VS) 

With the aim of having a deeper knowledge about the sintering conditions, a dilatometric 

study of WC-nNi was carried out on green samples pressed at 250 MPa and 10 mm of 

diameter, achieving a 60.0% green density. The results, shown in Figure 4.22, determine 

that the temperature at which the sintering starts is 1250oC, much lower than the 

temperature for pure WC sintering process. It is also appreciable that the temperature at 

which the maximum shrinkage rate is achieved is 1370oC. At 1500oC, sintering process 

does not advance any further in terms of density. For this sintering method, only WC and 

WC-nNi were used. 
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Figure 4.22: Dilatometric study of WC-nNi  

For VS sintered samples, two different maximum temperatures are used: 1300 and 

1350oC, both treatments applying a dwell time at the maximum temperature of 60 min. 

After the sintering cycle, samples sintered by VS are studied in terms of density. While 

WC does not achieve a density of 61.8%, WC-nNi samples reach slightly higher densities 

(64.2 and 66.4%) for VS. From this data, it can be concluded that the sintering of WC is 

partial and obviously not complete for every sample sintered by VS, as it was expected 

by having a look to the dilatometric curves registered at that temperature (Figure 4.22). 

On the contrary, a different situation is found for WC-nNi samples: samples are partially 

sintered, which is justified with a low final density value at both 1300 and 1350oC.  

Microstructural characterization of VS sample sintered at 1350oC is carried out by SEM 

analysis (see Figure 4.23a and Figure 4.23b). In this case, the mean grain size is quite 

difficult to determine in the case of C, due to the uncomplete densification and 

consolidation of the microstructure. As it can be clearly observed, not even sintering 

necks can be observed. In the case of WC-nNi, the mean grain size is 5.1 μm, presenting 

a microstructure with areas denser than WC, as a consequence of the nickel presence. The 

EDX mapping analysis (Figure 4.23c) reveals a massive presence of holes and porosity, 

which has not been observed in previous WC-Ni samples sintered by HPS (Figure 4.21). 

This explains the extremely low final density of the VS sintered WC-nNi composite, 
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where nickel melting point is not reached, and consequently no liquid phase sintering 

carried out. As it also happens for HPS, metallic nickel is located in the grain boundaries. 

 

  

Figure 4.23: SEM images of WC (a) and WC-nNi VS sintered samples at 1350oC: 

secondary electrons (b) and EDX mapping analysis (c) 

4.3.3.3. Spark Plasma Sintering (SPS) 

In SPS, the parameters obtained from the sintering process are monitored. They are 

represented in Figure 4.24, where it can be observed that WC almost does not experiment 

any contraction during the thermal cycle, not even when reaching de maximum 

temperature of this set of experiments (1400oC), as previously observed in Figure 4.9. 

The total shrinkage for WC is only 2.5%, indicating an uncomplete sintering process, 

with a final density of 63.3%. However, WC-nNi does suffer important changes during 

the thermal treatment in this same temperature range, achieving a density of 92.1%. At 

700oC, contraction starts to be detected, due to the softening of nickel which rearranges 

the samples, allowing a better contact between particles. At 1100oC, the sintering process 

of the sample starts, achieving a maximum densification rate at 1289oC. At 1320oC, the 

densification process finishes, achieving a contraction value of 40%, demonstrating once 

again that the addition of small quantities of metallic nickel changes drastically the 

conditions of sintering process in the solid state.  
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Figure 4.24: Sintering curves for SPS sintered samples, plotting the sample 

contraction (dL/L0) against the temperature 

SPS sample exhibits a higher density, confirming that the absence of an external pressure 

during the thermal treatment is necessary to achieve higher density values, as well as 

harder conditions (i. e.: current and Joule effect heating of the sample) used in SPS, but 

not in other conventional sintering processes. At temperatures higher than 1320 ºC, only 

small dimensional changes are observed. 

4.3.4. Mechanical properties 

The thermo-mechanical study of sintered WC-Ni composites were studied only for Hot-

Press sintered samples. The reason to refer only to this sintering technique is, in case of 

technical application of these materials, extended and developed enough to provide sizes 

and rates of productions technologically valid.  

4.3.4.1.  Vickers indentation: hardness and toughness determination 

Hardness and toughness of the sintered pieces were studied by Vickers microindentation. 

The results obtained are shown in Table 4.5. 
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Table 4.5: Relative density, hardness, and toughness values from Vickers 

microindentation measurements of WC, WC-cNi and WC-nNi sintered by HPS 

Sample Density (%) Hardness (GPa) 
Toughness 

(MPa·m1/2) 

WC 89.9 9.5±0.1 7.1±0.2 

WC-cNi 96.0 16.4±0.4 11.4±1.2 

WC-nNi 98.3 19.5±0.5 12.4±1.9 

Despite the non-complete sintering process, WC exhibits a hardness value comparable 

with those reported in the bibliography, as mentioned in Paper 4. For WC-Ni composites, 

hardness values are higher than for WC due to their more densified and consolidated 

microstructure.  

Toughness values also show a clear dependency on the sample final density. In the case 

of WC, toughness value reported is higher than the ones from literature, even those 

measured and calculated by the same method (Anstis). For WC-cNi and WC-nNi, the 

value of toughness is slightly higher than 10 MPa·m1/2, which is higher than the ones 

reported by other authors, as also seen in Paper 4. This is attributed to the better dispersion 

of the metallic binder in these samples due to their more optimized colloidal processing 

method of the materials. 

4.3.4.2.  Bending tests at high temperature 

To determine the mechanical resistance of the HPS sintered samples, three-point bending 

flexural tests were carried out. In this case, some important parameters to evaluate the 

mechanical behaviour of materials, such as flexural strengths and modules, at room and 

high temperatures (up to 1000oC) are examined, as shown in Figure 4.25. 
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Figure 4.25: Strain-stress curves for WC (a), WC-cNi (b) and WC-nNi (c) 
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Bending tests are monitored, determining the stress-strain curves (σ-ϵ), as it has been 

previously mentioned in 4.2.  These tests are carried out at 25, 600, 800 and 1000oC for 

the three studied compositions: WC, WC-cNi and WC-nNi. As it is appreciated in Figure 

4.26, WC presents the highest flexural modules (related to the slope of the σ-ϵ curve), 

which is almost not modified with the increasing of temperature. As it is expected for a 

ceramic material, the fracture for WC is always brittle. In the case of the WC-Ni samples, 

the addition of a metallic phase, even though it is in a small quantity, is generally 

detrimental for mechanical resistance of the sintered samples. For WC-cNi at room 

temperature, the flexural module is even higher than the binderless WC, and the fracture 

strength achieved is higher as well (more than 800 MPa), as a consequence of the 

reinforcement effect of Ni. However, when the temperature is increased, the mechanical 

behaviour of WC-cNi is related to a more and more ductile behaviour. In fact, at 1000oC 

the sample never achieves a catastrophic fracture before the test ends. Finally, for WC-

nNi, the flexural modules are even lower than for the other two previously examined 

samples. In terms of fracture strength, its value is not higher than 400 MPa at room 

temperature, which makes a noticeable difference with WC-cNi. When temperature is 

increased to 600oC, and despite the elastic module is practically the same, the fracture 

strength increases up to 600 MPa. This presents an important improvement compared to 

the mixture with commercial nickel, but it does not achieve the values from WC. Finally, 

as the temperature increases to 800 and 1000oC, the ductile behaviour is more evident, 

negatively affecting the mechanical behaviour of the material. This deterioration of 

mechanical properties is easily explained because of the presence of a metallic phase as 

nickel, which reduces the elastic component on the mechanical behaviour of the WC-Ni 

composites. The reduction of metallic phase proportion, while keeping the mechanical 

response, or further improvements on the sintering process. 
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Figure 4.26:
 
Flexural elastic modulus Ef

 
[GPa] for the ceramic samples at 

temperatures of test
 

Micrographs from the fracture surface of the three compositions are included in Figure 

4.27, where the fractography of all of them is shown at room temperature (25oC) and at 

the higher temperature where the fracture of the material is still catastrophic. This is 

1000oC for 100WC, but
 
800oC for the mixtures with Ni.

 

  

  

0 200 400 600 800 1000

0

100

200

300

400

F
le

x
u
ra

l 
m

o
d
u
lu

s
 (

G
P

a
)

Temperature (ºC)

 100WC

 WC-cNi

 WC-nNi



Chapter 4: Summary of results 

 

- 115 - 

 

  

Figure 4.27: SEM images of fracture surfaces for 100WC (a, b), 95WC-5cNi (c, d), 

and 95WC-5nNi (e, f), at 25 (left) and 1000 (b) and 800oC (d, f) (right) 

In the case of WC, fractures are similar at both room and high temperature (Figure 4.27a 

and b), showing an intergranular fracture and a huge porosity which does not seem to 

diminish with the temperature increasing. On the other hand, the fractographies for WC-

cNi and WC-nNi are quite different. For WC-cNi, the fracture is a combination between 

intergranular and transgranular, where Ni areas can be detected, slightly agglomerated, 

and located in the grain junctions. However, when 1000oC test is carried out, the fracture 

becomes intergranular. Ni tends to abandon the grain boundaries and forms rounded 

bigger agglomerates, provoking a detrimental effect in mechanical resistance of the 

material, as shown in Figure 4.25. Finally, WC-nNi exhibits a similar fractography to 

WC-cNi at room temperature, with evidence of both inter- and transgranular fracture. In 

this case, Ni is again located in the grain junctions, but better distributed than in the case 

of WC-cNi. As it happened for WC-cNi, when higher temperatures (1000oC) are 

achieved, the fracture is mainly intergranular, but in this case, Ni is still detected in the 

grain boundaries. This fact can be related to the higher deterioration of mechanical 

properties of this material at high temperatures. 

4.3.5. Final remarks 

The main conclusions from this chapter are: 

- The presence of a small amount of Ni (3 wt.%, 5 vol.%) softens WC sintering 

conditions, by inducing a liquid phase sintering. 

- Through the colloidal processing, the dispersion of Ni particles, both commercial 

(cNi) and synthesized (nNi), in the ceramic WC matrix is highly homogeneous. 
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- The HPS technique to sinter WC-Ni gives successful results in terms of final 

sintered density and microstructure of the samples. VS and SPS need further 

studies focused on the sintering cycle design. 

- Densities of 96% and 98% are achieved for WC-cNi and WC-nNi, respectively, 

indicating that smaller particle size of nNi better activates the sintering.  

- SEM and EDX analysis exhibit the absence of porosity in composites, but also the 

presence of carbon all over the SPS and HPS microstructures. After sintering, 

metallic nickel is always located on the grain junctions. 

- All the previous conclusions demonstrate the successful work of small quantities 

of Ni powder as a sintering aid for WC-based materials, because of their good 

distribution conditions. 

- Hardness and toughness values are consequent with the ones reported in the 

literature for similar formulations. Mechanical tests at high temperatures proved 

that metallic Ni determines the response over 800ºC conferring a plastic behaviour 

to the composite. Improvements on the mechanical response at high temperature 

would require of lower content of the metallic phase and also in the composition 

of the binder. 
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4.4. W-Ni alloys: sintering and mechanical behaviour 

This chapter is focused on the colloidal processing of W-based materials with the addition 

of a minor phase of nickel, used lately as a sintering activator to achieve greater densities 

and microstructures without extreme conditions. Besides the rheology, analysed in this 

chapter, previous studies examined in 4.1 settled some of the optimal parameters to 

prepare the high solid content suspensions, with the later drying, shaping and thermal 

treatment of samples to consolidate the final compositions. Finally, both microstructural 

and mechanical properties (hardness, toughness, and flexural strength) are determined. 

In this sense, the main objectives of this chapter are: 

- Determination of the optimal parameters (working pH, dispersant quantities, etc.) 

for the preparation of W and W-Ni stable suspensions. For W-Ni mixtures, two 

types of Ni (like in 4.3) are used: commercial nickel (cNi) and synthesized nickel 

(nNi), to examine the influence of different shapes and particle sizes. 

- Preparation of suspensions of W and W + 3 wt.% Ni (5 vol.%), and the study of 

their rheology to determine the optimal dispersant amount and maximum solid 

content, to make these suspensions manageable. 

- After drying and shaping, study of sintering of the green pieces from W and W-

Ni composite processed powders, by three different methods: two pressure 

assisted (HPS and SPS), and one pressureless process (VS). 

- Microstructural characterization of the sintered samples, and basic mechanical 

properties determination (hardness, toughness, and flexural strength) of the final 

materials at both room and high temperatures (1000oC). 

 

4.4.1. Colloidal processing of W and W-Ni suspensions 

Colloidal routes of processing allow the final composite powders to present an intimate 

mixture of phases, difficult to achieve by dry techniques. In this work, mixtures of 95%W 

and 5%Ni, both in volume, are prepared. As reflected in Chapter 1, the as-received 

tungsten powders were characterized, presenting a specific surface of 2.6 m2/g and a 

density of 19.3 g/cm3, forming some agglomerates with a micronic size. On the other 

hand, both cNi and nNi were also characterized. Data obtained from the characterization 

of the three starting powders are summarized in Table 4.6. 
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Table 4.6: Characterization of the three starting powders: W, cNi and nNi 

Powder D50 (μm) SSA (m2/g) 
Density 

(g/cm3) 
DBET (μm) 

Fagl 

(SSA/DBET) 

W 7.90 2.58 19.25 0.12 66 

cNi 1.70 4.0 8.90 0.17 10 

nNi 0.65 76.35 8.90 0.01 74 

cNi and nNi powders have been already described in 4.3. The synthesis of nNi 

nanoparticles is carried out by thermal reduction under H2/N2 of nickel hydroxide powder 

plates, also synthesized in the lab according to a specific ultrasounds-assisted 

precipitation process, reported in previous works (Gonzalez et al., 2015) (Garcia-Ayala 

et al., 2020). 

 
Figure 4.28: Superposition of both W and Ni Pourbaix stability diagrams 

Considering a mixed Pourbaix diagram of W and Ni, shown in Figure 4.28, it is clear 

that tungsten is dissolved at pHs higher than 4, in the neutral and basic area passivating 

at acid pHs (pH<4). On the contrary, Ni behaviour is only stable at basic pH values. There 

is not any overlapping passivation area of both W and Ni. This absence of common pH 

range of passivation for both metals forbids common pH conditions for aqueous 

processing of the mixtures of W and Ni. However, with the use of dispersants, passivation 

areas can be augmented, and thus it allows working conditions in which both are stable, 

to prepare a combined aqueous suspension with high solid contents of both W and Ni. 
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As mentioned in Chapter 1, when the initial pH (pH0) evolution with time is recorded, it 

is highlighted that, for metallic tungsten, the pH evolution at pH0 ≤ 4 is almost 

neglectable, but from that pH value a huge decay of pH0 is observed, being higher as the 

pH0 increases. This tendency is confirmed by ICP chemical analysis and XRD for metallic 

tungsten after being treated in water at different pHs, being related to an increasing 

corrosion of W powders in water. On the other hand, when PEI is added as a dispersant, 

W corrosion is inhibited at a wide range of pHs (see Paper 1), allowing to work at also 

neutral and slightly basic pH values. In the case of Ni powders, chemical protection action 

of PEI is also extended at neutral pH values. So, the preparation of a mixed W-Ni slurry 

can be possible due to the possibility of working at pH values where both metallic species 

coexist. 

Related to colloidal stability, the variation of Zeta Potential with pH of the medium was 

studied. As seen in Figure 4.29a, the ZP value remains negative in all the pH range, due 

to the negatively charged surface of metallic tungsten particles in water. There are two 

critical points at this curve: at pH 3, an absolute value higher than 80 mV of ZP is reached, 

which is explained by a maximum stability of W nanoparticles in water; and at pH 10, 

condition at which the ZP measurement of the suspension is highly affected by the 

massive tungsten oxidation and thus, the presence of tungstate anions dissolved in water. 

As mentioned before, the addition of a dispersant should be studied to formulate W-based 

slurries in water in a wider range of pH. In addition to the corrosion inhibition, PEI 

develops modifications in the surface charge, as reported in 4.1. A study, plotted in 

Figure 4.29b, determined that, despite the negative value of ZP when no dispersant is 

added, the sign of ZP changes radically when a small amount of PEI is added. In fact, the 

optimal amount of PEI used for W high solid content formulations is 2 wt.%, so it was 

checked that ZP values remain constant from that PEI concentration. All this indicates a 

complete coverage of W particles surface by the polymeric dispersant. 
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Figure 4.29: Zeta Potential measurements for W suspensions without PEI vs. pH (a), 

and vs. concentration of dispersant at pH=3 (b) 

Summarizing these results and those included in 4.1, PEI has a great performance and 

efficiency not only as a dispersant, but also as a protector against the oxidation of particles 

in water. This allows the preparation of suspensions even at neutral or slightly basic pH, 

avoiding the corrosion of particles and its transformation in soluble tungstates. 

Once the optimization of colloidal parameters for W powders in suspension is completed, 

it is also necessary to achieve a good dispersion of Ni powders in water. The same two 

different types of Ni, previously utilized in 4.3, were used: one micronic commercial Ni 

powder (cNi, 2.5 μm), and nanometric synthesized Ni powders (nNi, 300 nm). The 

synthesis of nNi was made by using a process already described in the literature 
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(Gonzalez et al., 2015). As mentioned in last chapter, the studies of ZP versus PEI content 

stablished the optimal amount of PEI for cNi is 1 wt.%, while in the case of nNi it reaches 

to a 7 wt.%, mainly due to its huge specific surface area in comparison with cNi. 

4.4.2.  Rheology of high solid content suspensions 

To have an accurate determination of the dispersant optimal amount for W-Ni 

suspensions, rheological behaviour analysis is proposed. Thus, the concentration of PEI 

for 95%W-5%Ni vol. suspensions was determined in terms of viscosity, in both CR and 

CS modes. Flux curves, which plot viscosity against shear rate, for W-cNi are observed 

in Figure 4.30.  

 
Figure 4.30: Flow curves (η vs. γ) for 95W-5cNi suspensions at different PEI 

concentrations 

The rheology analysis reveals in all cases a shear thinning effect, which prevents 

segregation and sedimentation of particles in suspension. These curves exhibit a clear 

lower viscosity at 10 s-1 for 2 wt.% (0.2 Pa·s) than for the rest PEI concentrations (0.5 

Pa·s in all cases). This study corroborates the optimal amount of 2 wt.% PEI also for W-

Ni high solid content suspensions, despite the high influence of the commercial PEI 

dilution used (50 wt.% H2O) over the final solid content of the studied suspensions. At 

higher concentrations of the polyelectrolyte, the viscosity of the suspension increases, 

indicating a clear oversaturation of the dispersant. 
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To ensure the most homogeneous mixture, disperse the particles and unpack the 

agglomerates of powder, the composite powders are ball-milled for 1 hour before the 

drying process. To diminish the energy and time spent to remove the water and to obtain 

the final mix of powder, it is necessary to achieve the maximum solid content possible 

for the slurries’ formulation. For that reason, the flow curves are registered at different 

solid contents. The viscosity values registered at 100 s-1 were used to calculate the 

maximum solids content according to the Krieger-Dougherty model for both W and W-

nNi slurries, as can be seen in Figure 4.31. This adjustment reveals the maximum solid 

content (φmax) is 0.23 for W and 0.29 for W-nNi, due to the abrupt increasing of the 

slurries’ viscosity at higher solid contents. A solid content of 15 vol.% was finally 

selected for milling processes, for both W and W-Ni slurries. 

 
Figure 4.31: Krieger-Dougherty adjustments for the determination of maximum solid 

contents of W (a) and W-nNi (b) slurries 

4.4.3. Sintering of W-Ni samples  

4.4.3.1.  Characterization of processed powders 

After rheology and milling, slurries are dried under vacuum in a rotatory evaporator, and 

the obtained composite powders are examined by SEM using EDX analysis to 

differentiate the different phases present. As shown in Figure 4.32, SEM-EDX mapping 

analysis for both W-cNi and W-nNi powders show a homogeneous and well-dispersed 

distribution of Ni powders all over the samples. 
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Figure 4.32:
 
SEM-EDX images of W-cNi (a) and W-nNi (b) composite powders, 

where W is red and Ni green
 

To determine the optimal sintering conditions used for the next thermal treatment step in 

the consolidation of the composites, a dilatometric study of W and W-nNi was carried 

out. The results, shown in Figure 4.33, determine that sintering starts at 910 oC for W-

nNi, much lower than the temperature required for W sintering process, at 1290 oC. 

According to the dilatometric derivative graph, the maximum shrinkage rate is achieved 

at 1410 oC for W, while it is 1200oC for W-nNi, as a consequence of the activation effect 

of nickel. At 1350 oC, sintering process of W-nNi can be considered complete, easily seen 

in the abrupt decrease of shrinkage rate of the sample, with a total shrinkage of 26%. 

However, the sintering of W cannot be completed at the studied temperatures, and only a 

value of 7% is achieved for the shrinkage of this sample. 
 

 
Figure 4.33: Dilatometric study of W and W-nNi under Ar atmosphere 
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4.4.3.2. Vacuum Sintering (VS) and Spark Plasma Sintering (SPS) 

For VS, powders were uniaxially pressed at 250 MPa, using a 10 mm die to achieve green 

densities of about 40.4 and 38.5 th% for W and W-nNi respectively. Related to the 

samples processed by SPS, powders are directly shaped in the die inside the furnace 

chamber. In these two sintering methods, W-nNi was utilised, besides W without Ni 

addition as a reference material. 

While the SPS process, temperature, displacement of the piston and pressure inside the 

furnace chamber are monitored. Thus, the dilatometric curves for both W and W-nNi 

during SPS process up to 1400 oC, with a dwell time at maximum temperature of 10 min, 

is obtained, as can be seen in Figure 4.34. 

 
Figure 4.34: Sintering curves for SPS sintered W and W-nNi samples, plotting the 

sample contraction (dL/L0) against the temperature 

Both W and W-nNi samples experiment a significant contraction during the thermal 

treatment. To be more concrete, the total shrinkage for the samples is higher than 60%. 

In the case of W, sintering starts at 800 oC, detecting two zones of maximum shrinkage 

(minimun in derivative curve), one at 910 ºC and a second at 1105 oC. The lower point 

corresponds to the readjusting of the agglomerated W particles, while the second one has 

600 800 1000 1200 1400

-0,6

-0,5

-0,4

-0,3

-0,2

-0,1

0,0

(l
-l

o
)/

l o

Temperature (ºC)

L/L
0

 W

 W-nNi

dL/dL
0

 W 

 W-nNi

-0,005

-0,004

-0,003

-0,002

-0,001

0,000

0,001

d
((

l-
l o

)/
l o

)/
d

T



Chapter 4: Summary of results 

 

- 125 - 

 

to be associated to the sintering. The low definition of these minium indicates that 

diffusion processes are not clearly activated. For the W-nNi experiments an earlier 

contraction, which starts at 730 oC, as a consequence of the presence of the softer n-Ni 

particles. The derivative curve shows a first peak at 980º that can be associated to the 

formation of the NiW alloy and a more pronounced second peak at 1060 ºC corresponding 

to the activated sintering process. This explains the also earlier end of the sintering 

process for this W-nNi sample, which happens at 1250 oC, confirming that in the case of 

W-nNi, sintering processed has been completed, achieving its maximum shrinkage, while 

it was not for W sample. 

For VS sintered samples, two different maximum temperatures are used, which were also 

used in the work developed in 4.3: 1300 and 1350 oC, both treatments applying a dwell 

time of 60 min, below the liquid line for the W-Ni phase diagram (Tang et al., 2020). For 

SPS sintered samples, the final sintered density achieved is 90.6 th% for W, and 95.1 th% 

for W-nNi, which confirms to the idea of a successful use of a small quantity (3 wt.%) of 

metallic nickel colloidally dispersed to sinter W-based materials. On the other hand, VS 

sintered samples achieve even higher densities than those sintered by SPS: in the case of 

W, samples have a density of 95.4% (1300 oC) and 95.9% (1350 oC). Besides, densities 

obtained for W-nNi VS sintered samples are even higher: 95.6 and 96.6% for 1300 and 

1350 oC, respectively. In conclusion, activated conventional sintering method without the 

application of external pressure is enough and even better than more novel and extreme 

sintering techniques, such as Spark Plasma Sintering, which implies not only the use of a 

pressure-assisted technique, but also the presence of a current which heats the sample by 

the Joule effect because of the presence of carbon. 

  

Figure 4.35: SEM (a) and EDX (b) analysis of W-nNi sample sintered by SPS 
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Microstructure and elemental composition of the SPS W-nNi sintered sample were 

carried out by SEM-EDX analysis. As it can be appreciated in Figure 4.35a, large darker 

areas are homogeneously distributed all over the microstructure, while no porosity is 

found. In this case, there are some other dark areas detected as oxygen by the EDX 

mapping analysis (Figure 4.35b), coloured in green. It can be explained due to the use of 

nanosized Ni, which carries a high amount of oxygen in the surface, while cNi is 

chemically more stable, with a much lower surface area. 

 
Figure 4.36: XRD diffractogram of W-nNi sample sintered by SPS 

To check the presence of oxides inside the sintered sample, an XRD study was carried 

out. The diffractogram, shown in Figure 4.36, exhibits the typical peaks for metallic 

tungsten, as well as two slight signals detected as NiW alloy. In this sense, the presence 

of WO3 or other any oxide is not found, on the contrary of what was expected by 

observing the EDX analysis in Figure 4.35b. The quantitative analysis carried out from 

XRD intensity of the peaks revealed there is 97.5 wt.% W and 2.5 wt.% NiW. 

Microstructural characterization of VS sample sintered at 1350 oC is carried out by SEM 

analysis (see Figure 4.37a, and Figure 4.37b). For W, the mean grain size is lower than 

1 μm, which is almost one magnitude order higher than the mean particle size of the 

starting W powder (0.12 μm). On the other hand, for W-nNi, the grain size grows until 

being in the range of 10 μm for the sample sintered at 1350 oC. However, despite the 

similar values of sintered density for both samples, higher values are obtained for W-nNi, 

30 40 50 60 70







In
te

n
s
it
y
 (

a
rb

it
ra

ry
 u

n
it
s
)

2 (º)

 W

 NiW



Chapter 4: Summary of results 

 

- 127 - 

 

indicating the activation effect of nickel for W-based materials sintering. Additionally, 

the EDX mapping analysis for W-nNi (Figure 4.37b) reveals the presence of some pure 

nickel agglomerates in the microstructure. 

 

  

Figure 4.37: SEM images of W (a) and W-nNi VS sintered samples at 1350 oC: 

secondary electrons (b) and EDX mapping analysis (c) 

 
Figure 4.38: XRD diffractogram of W-nNi sample sintered by VS 
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To corroborate the presence of NiW alloy in the W-nNi sample sintered by VS, same 

XRD experiments were carried out. As it can be observed in Figure 4.38, besides the two 

typical peaks for metallic tungsten, two additional peaks are found. They are detected as 

NiW, so it can be deduced a reactivity between Ni and W, during the sintering step, as it 

happened previously with the same sample sintered by SPS. A XRD quantitative analysis 

indicates that there is 97.3 wt.% W and 2.7 wt.% NiW, not being detected any other phase. 

4.4.3.3.  Hot-Press Sintering (HPS) and microstructural characterization 

In the case of Hot-Press Sintering, the shaping step of green pieces is carried out by 

uniaxial pressing at 25 MPa, in a 30 mm diameter die. The conditions for sintering cycles 

are fixed according to the conditions determined by a shrinkage criterion for every one of 

the samples.  

 

 
Figure 4.39: Sintering curves of W (a), W-cNi and W-nNi (b) 
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Figure 4.39 presents the sintering curves recorded for three different compositions: W, 

W-cNi and W-nNi. For W, densification is a slow process. After more than 20 minutes at 

very high temperature (1800 oC), with a maintained pressure of 30 MPa, the final sintered 

relative density is higher than 95%. When a 3 wt.% (5 vol.%) of Ni is added to W, 

sintering conditions can be softer, achieving greater densities, like in the case of W-cNi 

(97.4%). However, and despite the election of sintering conditions by applying the same 

shrinkage method than for the other two samples, thermal cycle for W-nNi does not 

achieve good densities (only 83.2%) due to a problem in the criterion for selecting the 

temperature of the maximum shrinkage. 

Moreover, a microstructural and elemental analysis by SEM-EDX of the three sintered 

samples (Figure 4.40) is carried out, over their polished cross-section surface. In the case 

of W, a fully densified material is obtained, so almost no porosity is detected all over the 

microstructure. Due to the damaged microstructure because of the chemical etching 

(Murakami reagent), which is too aggressive for these samples, it is not possible to 

measure the grain size, but it can be perceived as higher than in the case of W-cNi and 

W-nNi. For both W-Ni composites, it can be seen the same Ni agglomerates than for the 

VS sintered samples, but in this case the agglomerates present a stick-shape. In both cases, 

mean particle size is lower than 1 μm, much smaller than for W, as mentioned before. 
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Figure 4.40:
 
SEM images of W (a), W-cNi (b) and W-nNi (d), besides EDX mapping 

analysis of W-cNi (c) and W-nNi (e)
 

Still related to EDX analysis, it is important to highlight the presence of Ni agglomeration 

areas with two different zones. This might give the idea of having different phases due to 

the reactivity of W and Ni during the sintering cycle: a nickel inner darker area, and a 

nickel-tungsten alloy external brighter area. Studying the composition and crystallinity of 

the sintered samples, a XRD analysis was carried out. Results, shown in Figure 4.41, 

exhibit, besides the typical peaks for W, some other corresponding to three different 

species. In both Figure 4.41a and b, the NiW alloy is detected. For W-cNi, a third alloy 

phase is present: Ni2W4C, which is also known as NiW2, because of the reactivity of NiW 

alloy with residual carbon from the graphite die in the furnace. In 
 
Figure 4.41b, that 

carbonated phase is gone, but
 
the presence of tungsten oxide (WO3) becomes evident, 
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although no oxygen is detected by EDX elemental analysis. This presence of oxides in 

the sample is explained due to the higher reactivity of nNi compared to cNi. For W-cNi 

sample, 94.8 wt.% W and 5.2% Ni2W4C are detected, not being identified any quantity 

of W-Ni, although it is clearly detected by XRD. On the other hand, for W-nNi sample, 

97.4 wt.% W and 2.6 wt.% NiW are detected. 

 

 
Figure 4.41: XRD of W-cNi (a) and W-nNi (b) HPS sintered samples 

 

4.4.4. Mechanical properties 

4.4.4.1.  Vickers indentation: hardness and toughness determination 

Hardness and toughness of the sintered W and W-Ni samples were studied by Vickers 

microindentation. The results obtained are shown in Table 4.7. 
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Table 4.7: Relative density and hardness values from Vickers microindentation 

measurements of W, W-cNi and W-nNi sintered by SPS, VS and HPS 

Sample Sintering method Density (%) Hardness (GPa) 

W 

SPS 90.3 4.6 ± 0.6 

VS 95.9 2.4 ± 0.3 

HPS 95.6 4.1 ± 0.1 

W-cNi HPS 97.4 5.2 ± 0.1 

W-nNi 

SPS 95.1 4.8 ± 0.2 

VS 96.6 3.1 ± 0.5 

HPS 83.2 4.4 ± 0.1 

As it is expected, there is a clear relationship between the density of the final sintered 

material and the value of hardness for anyone of them, as well as between the hardness 

and the fact of using a carbon die during the sintering cycle or not. In this sense, metallic 

tungsten achieves greater densities when sintered by VS and HPS, but its highest value 

of hardness are presented for W sintered by SPS and HPS, higher than 4 GPa in any 

sample, which seems to mark a difference between the use of pressure-assisted sintering 

techniques against a pressureless sintering like VS. On the other hand, the same issue is 

observed for W-nNi: while the greater densities are obtained for SPS and VS (higher than 

95 and 96%, respectively), the highest hardness values are registered for the pressure-

assisted sintering techniques SPS and HPS, also higher than 4 GPa, possibly due to the 

presence of carbon from the dies, which forms a semicarbide phase. Finally, W-cNi 

sintered by HPS presents the highest density (97.4%), which fits perfectly with its 

hardness value, higher than 5 GPa, being the highest hardness registered for all of these 

materials.  

4.4.4.2.  Bending high temperature tests 

To determine the mechanical resistance of the HPS W and W-Ni sintered samples, three-

point bending flexural tests were carried out. In this case, flexural strength and elastic 

modules, at room and high temperatures (up to 1000 oC) were examined. 
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Figure 4.42: Strain-stress curves for W (a), W-cNi (b) and W-nNi (c) samples, 

sintered by HPS 
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Bending tests are performed at 25, 600, 800 and 1000 oC, as well as 1200 oC if possible. 

As it is observed in Figure 4.42, tungsten exhibits an especially high Young modulus at 

room temperature (25 oC). This sample also presents the highest flexural strength of the 

three samples, about 600 MPa, while W-Ni composite samples much lower elastic 

modules and a flexural strength lower than 400 MPa. Despite the metallic nature of the 

three samples, all the fractures are brittle at those conditions. When the temperature is 

increased to 600 oC, mechanical behaviour of W starts to change, becoming more ductile 

until its fracture, and even presenting a higher flexural strength than for 25 oC (more than 

600 MPa). Mechanical behaviour is also improved for W-cNi, which exhibits a similar 

Young module than at room temperature, but a much higher flexural strength (almost 600 

MPa), with a similar value to the one showed by W. On the contrary, the effect of 

temperature is detrimental for W-nNi, which presents an even lower fracture modulus 

than for 25 oC (less than 300 MPa). While all fracture is still brittle at 600 oC, the 

behaviour of W-cNi changes to ductile when heated at 800 oC, so no fracture takes place 

and the sample simply bends. This did not happen for W and W-nNi, which follows the 

same tendency as before, but showing a noticeable ductilisation of the material before the 

fragile rupture. Mechanical behaviour data registered at higher temperatures (1000-12000 

oC) reveal that both W and W-Ni composites present a deterioration of their mechanical 

performance, being still better in the case of W than W-Ni. 

4.4.5. Final remarks 

To conclude the fourth chapter, some final remarks summarized the main results: 

- As it happened for WC in 4.2 and 4.3, W sintering requires extreme temperatures 

and pressures during the thermal cycle. 

- 3 wt.% (5 vol.%) Ni is added as a sintering activator for W. 

- Due to the colloidal routes of processing, the dispersion of Ni particles, both 

commercial (cNi) and synthesized (nNi), in the W matrix is homogeneous. 

- VS has been proved to be strong alternatives to more expensive and exclusive 

pressure-assisted sintering techniques, like HPS or SPS, achieving densities 

higher than 96%. 

- SEM and EDX analysis exhibit the presence of Ni agglomerates in the 

composites’ microstructures. XRD revealed this nickel might be NiW alloy. Some 

other species were found: carbonated NiW for W-cNi, and some tungsten oxide 

for W-nNi, due to the higher reactivity of nNi compared to cNi. 
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- All the previous points demonstrate the successful work, in terms of densification 

and microstructure, of Ni powder as a sintering aid for W-based materials, as it 

was also reported in 4.3 for WC-based materials. 

- Although hardness is usually consequent with density values of the sintered 

sample, the main parameter that govern this phenomenon seem to be the presence 

of graphite in the thermal treatment. 

- Mechanical performance of the HPS sintered W and W-Ni compositions reveal 

that Ni impoverishes the mechanical resistance, especially at high temperature, 

over 800 oC. The future solution would be the decreasing of Ni content or the 

improvement of the sintering step. 
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Chapter 5 

5. Conclusions 

The scientific results presented in this doctoral thesis lead to the capacity of design dense 

ceramic-ceramic, ceramic-metal and metal-metal composites/alloys based on W2C, WC 

and/or W, with extraordinary thermo-mechanical properties, making them ideal 

candidates for many extreme working conditions’ applications, such as for the future 

fusion nuclear reactor components the GenIV fission reactors, or cutting tools at high 

speed and temperatures.  

In general, the final remarks from all this thesis can be summarized in the following 

points: 

a) Stabilization of particles in water: 

From the analysis of starting powders behaviour in water, it can be concluded that: 

- At acidic pHs under pH 3-4, W particles are in their passivation area, where they 

remain with a tungsten oxide layer on the surface which prevents them from 

further oxidation, and thus further reactivity in presence of water. At basic pH, W 

oxidizes and dissolve in the media, becomes this effect more relevant as the pH 

increases. 

- In the case of WC, it slightly presents some reactivity at basic pHs, almost 

neglectable if compared with W. Its working pH is located at acidic pHs, but up 

to pH 6. 

- Zeta Potential measurements indicated that the all the starting powders used along 

this thesis, suspended bare in water, presented a negative sign of ZP. 

- The addition of a cationic polyelectrolyte (PEI) as a dispersant modifies the sign 

of the zeta potential of the powders to positive and stabilizes the surface at 

contents of 1 wt.% for WC, at 2% for W, and at 7% for nNi. 

- It has been proved that PEI has complementary effects in the slurries’ formulation, 

acting as a remarkable protector against oxidation of particles in water, allowing 

to work with the mentioned powders in a wide range of pH. These synergic effects 
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of the PEI allow the formulation of slurries of Ni and W at pH ranges otherwise 

incompatibles.  

 

b) Preparation of WC-W, WC-Ni and W-Ni slurries: 

Colloidal processing and rheological results determined the optimal parameters for 

slurries preparation. It is remarked that: 

- Rheology analysis, as well as the Krieger-Dougherty adjustment, revealed that the 

maximum solid content for W-based slurries was 15 vol.%. On the other hand, 

WC-based slurries present a higher maximum solid content of 40 vol.%. 

- The optimal amount of PEI added to the suspensions was also determined by 

rheological studies, which leaded to the use of 2 wt.% PEI for W-based aqueous 

suspensions, and 1 wt.% PEI for WC-based suspensions. With the addition of 5 

vol.% Ni, the rheology almost does not change, so the same parameters for 

slurries’ preparation are considered. 

 

c) Design of thermal treatment: 

Once the powders were dried and pressed, if needed, different sintering methods were 

proposed to achieve the optimal results in terms of densification of sample and 

consolidated microstructure. It is concluded that: 

- Spark Plasma Sintering (SPS) is a suitable technique to sinter WC-W composites.  

- The reaction between W and WC during SPS sintering is detected at temperatures 

between 1220 and 1300 ºC, forming the W-richer carbide: tungsten semicarbide 

(W2C), that remains stable after cooling. The amount of W2C is directly 

proportional to the amount of W in the initial mixture. 

- By the formulation of different W/WC compositional ratios in the starting 

powders, a wide range of W2C/WC composites have been achieved, according to 

the equilibrium diagram phase. 

- At 1700 ºC for 10 min and a pressure of 60 MPa, densities achieved were higher 

than 90% for all the composites, but the microstructures presented high porosities, 

showing a non-complete sintering process coincident with the sintering curves 

data. Samples sintered at 1800ºC showed a denser microstructure in all the cases 

indicating a more advanced sintering process.  
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- WC-Ni composites by Hot-Press Sintering (HPS) exhibited a density higher than 

98% for WC-nNi and 96% for WC-cNi, showing the better roll of nNi as a 

sintering aid compared to cNi.  

- Vacuum Sintering (VS) proved to be a valid sintering method for a W-nNi 

composite with density higher than 96%. This activated sintering is a valid 

alternative to other sintering techniques, such as HPS or SPS. In this case, XRD 

and SEM/EDX studies revealed the formation of an NiW intermetallic during the 

thermal treatment. 

- In general, it was checked the success of the addition of a 5 vol.% (3 wt.%) of 

metallic nickel for both WC and W-based materials, as it is a great binder and 

sintering activator, respectively. This is translated in the softening of sintering 

conditions (time and temperatures) and thus the consequent decreasing of energy 

and economical costs for this process. 

 

d) Mechanical properties studies: 

The sintered materials were mechanically tested to check their ability to work under 

severe conditions. For this reason, two different types of mechanical tests were carried 

out: 

- For WC-Ni and W-Ni, Vickers microindentation tests were carried out. In both 

cases, the presence of a metallic nickel phase increases toughness of the sintered 

material, while hardness values are also affected by the microstructure 

consolidation of the samples. In general, all the hardness and toughness values 

coincide with those reported in the bibliography. 

- Three-point bending tests were performed for WC-W, WC-Ni and W-Ni 

composites. In the case of WC-W compacts, they showed a self-reinforcement 

behaviour as the toughness increases with the temperature increases. This is 

explained due to the formation of metallic W from the W2C decomposition. For 

WC-Ni composites and W-Ni alloys, the presence of Ni in the microstructure 

provokes a ductilisation of the sintered material, which becomes more evident as 

the temperature rises. The solution to this issue might evolve the formulation of 

new composites and alloys with a lower amount of nickel phase. 
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Conclusiones 
Los resultados científicos presentados en esta tesis doctoral condujeron al diseño de 

materiales cerámica-cerámica, cerámica-metal y aleaciones metal-metal basadas en W2C, 

WC y/o W, con propiedades termo-mecánicas extraordinarias, haciéndolos candidatos 

ideales para aplicaciones en condiciones extremas de trabajo, tales como las presentes en 

los futuros reactores de fusión nuclear y en los de fisión de cuarta generación (GenIV), 

así como en herramientas de corte. 

En general, las conclusiones finales de toda esta tesis doctoral pueden resumirse en los 

siguientes puntos:  

a) Estabilización de las partículas en agua: 

Del análisis del comportamiento de los polvos de partida en agua, se puede deducir que: 

- A pHs ácidos por debajo de 3-4, las partículas de W se encuentran en el área de 

pasivación, donde permanecen formando una capa superficial de óxido, la cual 

previene a las partículas de una oxidación completa, y por tanto de una reactividad 

aún mayor en presencia de agua. A pHs básicos, el W se oxida y disuelve en el 

medio, convirtiéndose este efecto en cada vez más relevante a medida que 

aumenta el valor de pH. 

- En el caso del WC, este presenta una reactividad casi residual a pHs básicos, casi 

despreciable en comparación con el W metálico. Su pH de trabajo también se 

localiza a pHs ácidos, pero en esta ocasión hasta pH 6. 

- Las medidas de potencial zeta indicaron que todos los polvos de partida 

empleados durante este proyecto, suspendidos en agua, presentaron un signo 

negativo de PZ. 

- La adición de polielectrolito catiónico (PEI) como dispersante modifica el signo 

del potencial zeta de los polvos a positivo, y estabiliza la superficie con contenidos 

del 1 wt.% para el WC, del 2 wt.% para el W, y del 7 wt.% para el nNi. 

- Se probó que la polietilenimina posee efectos complementarios en la formulación 

de las suspensiones, actuando como un buen protector frente a la oxidación de las 

partículas en agua, permitiendo trabajar con los polvos mencionados en un amplio 

rango de pH. Estos efectos sinérgicos de la PEI permiten la formulación de 
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suspensiones de Ni y W a pHs que, de cualquier otra forma, resultarían 

incompatibles. 

 

b) Preparación de suspensiones de WC-W, WC-Ni y W-Ni: 

El procesamiento coloidal y los resultados de Reología determinaron los parámetros 

óptimos para la preparación de las suspensiones con alto contenido en sólidos. Se subraya 

que: 

- El análisis reológico, así como el ajuste de Krieger-Dougherty, revelaron que el 

máximo contenido en sólido para las suspensiones basadas en W fue del 15 vol.%. 

Por otra parte, las suspensiones en base WC presentaron un mayor máximo 

contenido en sólidos, concretamente del 40 vol.%. 

- La cantidad óptima de PEI añadida a las suspensiones se determinó también 

mediante estudios reológicos, los cuales llevaron al uso de un 2 wt.% PEI para las 

suspensiones acuosas de W, y un 1 wt.% PEI para las suspensiones en base WC. 

Con la adición de un 5 vol.% de Ni, la reología prácticamente no varía, por lo que 

se consideran los mismos parámetros para la preparación de las suspensiones. 

 

c) Diseño del tratamiento térmico: 

Una vez que los polvos se secaron y prensaron (si fuese necesario), se proponen diferentes 

técnicas de sinterización para alcanzar resultados óptimos en términos de densificación 

de la muestra y consolidación de la microestructura. Se concluye que: 

- La sinterización asistida por corriente pulsada (SPS) es una técnica viable para la 

sinterización de los composites WC-W.  

- La reacción entre W y WC durante la sinterización por SPS se detecta a 

temperaturas entre los 1220 y los 1300 oC, formando un carburo rico en W: el 

semicarburo de wolframio (W2C), que se estabiliza tras el enfriamiento. La 

cantidad de W2C es directamente proporcional a la cantidad inicial de W en la 

muestra. 

- Mediante la formulación de diferentes composiciones W/WC en los polvos de 

partida, se logra la preparación de diferentes composites W2C/WC, de acuerdo 

con el diagrama de equilibrio de fases. 
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- A 1700 oC durante 10 min y una presión de 60 MPa, las densidades alcanzadas 

fueron superiores al 90% para todos los materiales compuestos sinterizados, 

aunque las microestructuras presentaron elevadas porosidades, mostrando una 

sinterización no completa que coincide con los datos observados en las curvas de 

sinterización. Las muestras sinterizadas a 1800 oC exhibieron una microestructura 

más densificada en todos los casos, indicando un proceso de sinterización más 

avanzado. 

- Los compuestos WC-Ni sinterizados por HPS mostraron una densidad mayor al 

98% para el WC-nNi, y al 96% para el WC-cNi, exhibiendo el efecto de ayuda a 

la sinterización superior del nNi en comparación con el cNi.  

- La sinterización a vacío (VS) probó ser un método de sinterización válido para la 

consolidación de W-nNi, con densidades superiores al 96%. Esta activación de la 

sinterización se presenta como una alternativa válida a otras técnicas de 

sinterización, como el HPS o el SPS. En este caso, los estudios de DRX y 

SEM/EDX revelaron la formación del intermetálico NiW durante el tratamiento 

térmico. 

- En general, se comprobó el rotundo éxito de la adición de un 5 vol.% (3 wt.%) de 

níquel metálico para ambos materiales en base WC y W, ya que es un excelente 

binder y activador de la sinterización, respectivamente. Esto se traduce en la 

capacidad de suavizar las condiciones de sinterización (tiempos y temperaturas), 

y, por tanto, la consecuente disminución de energía y costes económicos para este 

proceso. 

 

d) Estudio de las propiedades mecánicas: 

La sinterización de los materiales se comprobó mecáncamente para demostrar sus 

habilidades para trabajar bajo condiciones severas de servicio. Por esta razón, dos tipos 

diferentes de ensayos mecánicos fueron llevados a cabo: 

- Para WC-Ni y W-Ni, se realizaron ensayos de microindentación Vickers. En 

ambos casos, la presencia de una fase de níquel metálico incrementó la tenacidad 

de los materiales sinterizados, mientras que los valores de dureza se vieron 

también afectados por la consolidación de la microestructura de las muestras. En 

general, los valores de dureza y tenacidad obtenidos experimentalmente coinciden 

con aquellos reportados en la bibliografía. 
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- Los ensayos de flexión a tres puntos se llevaron a cabo para los composites de 

WC-W, WC-Ni y W-Ni. En el caso de los materiales WC-W, estos mostraron un 

mecanismo de reforzamiento, al mismo tiempo que un aumento notable de la 

tenacidad, debido a la aparición de W proveniente de la descomposición del W2C. 

Para los compuestos WC-Ni y las aleaciones W-Ni, la presencia de níquel en la 

microestructura provoca la ductilización de los materiales sinterizados, cada vez 

más evidente cuando se incrementa la temperatura. La solución a este problema 

incluiría la formulación de nuevos composites y aleaciones que contengan una 

menor cantidad inicial de fase níquel.  
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