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Abstract 

Sintering and laser are a remarkable technology with a broad range of applications especially 

material processing. It offers a wide variety of desired surface properties depending on the 

type of usage. Sintering allows high reliability and repeatability to the large mass 

production. Laser benefits in the aspect of energy saving compared to conventional surface 

heat treatment due to the heating is restricted and localized only to the required area. 

Therefore, this research aims to develop a silica-glass-layer onto a porous non-oxide, 

Zirconium Diboride -Silicon Carbide (ZrB2-SiC) and Titanium Diboride -Silicon Carbide (TiB2-

SiC) ceramic composites by sintering and laser surface treatment for potential application in 

the Low-Temperature Protonic Fuel Cells (LTPCFCs). ZrB2-SiC and TiB2-SiC mixed powders 

at different composition were cold -pressed around 40 MPa under ambient environment. 

Next, the composites were pressureless sintered at 1900 °C and 2100 °C for 2.5 h dwell time 

under argon atmosphere, respectively. The pressureless sintering was conducted by 

Nabertherm furnac e and followed by surface treatment via an ytterbium fibre laser (Yb). A 

new round spiral laser pattern was inspired, designed and scanned onto the surface of 

pellets to obtain a smooth glass surface layer that acted as proton-conducting (electrolyte) 

whil e preserving the beneath structures of laser-treated pellets that served as an electrode. 

Characterization techniques such as Scanning Electron Microscope (SEM) equipped with 

Energy Dispersive X-Ray Spectroscopy (EDS) and X-ray Diffraction (XRD) were perfo rmed 

accordingly onto the samples. Pressureless sintering of 61 mol.% ZrB2-SiC and 61 mol.% 

TiB2-SiC pellets at 1900 °C exhibited ca. 29% porosity. The resulting porosity was in the best 

range of effectiveness for gas diffusion. SEM micrographs revealed the formation of semi-

glassy layer on the surface of sintered 61 mol.% ZrB2-SiC pellets. The bulk structures 

remained unaffected and unoxidized. SEM micrographs and EDS patterns displayed that 

silica (SiO2) at a thickness of 8 µm, presence on the surface of ZrB2-SiC structures. It 

demonstrated that the surface treatment by Yb-fibre laser on sintered ZrB2-SiC ceramic 

composites at 1900 °C had accomplished. The laser surface treatment was ineffective for TiB2-

SiC pellets due to several bubbles formation and crack deflection. Nevertheless, at higher 

magnification of the SEM for laser-treated ZrB2-SiC ceramic composites, cracks were 

observed. Therefore, the pressureless sintering at high temperature was conducted to 

improve the ZrB 2-SiC structural properties. Sintering at 2100 °C had demonstrated increment 

of density and at 80 mol.% ZrB2-SiC sintered pellet unpredictably exhibited the presence of 

boron carbide (B4C) compounds. SEM micrographs revealed the dark cuboidal shapes and 
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XRD patterns identified as B4C peaks. The reactions of B4C formation were proposed and 

supported by thermodynamic analysis. In conclusion, the present research had developed a 

glassy layer on the surface of ZrB2-SiC ceramic composites which has potential in the 

application of LTPCFCs. It pr oved that B4C was possible to be developed by pressureless 

sintering at 2100 °C and it might assist in developing better morphology for ZrB 2-SiC ceramic 

composites. 

Keywords: Sintering, Ceramic, Boron Carbide, Laser, Oxidation   
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GENERAL INTRODUCTION  

Research Background 

As reported by Enerdata Global Energy Statistical Yearbook 2016, the total world energy 

consumption in creases every year. Since 2015, Malaysia population is about 30.7 million, and 

the total energy consumption grew at the rapid pace of 4.5%/year, on average from 2000 to 

2015 (Enerdata 2016). An agency which  is known as Sustainable Energy Development 

Association Malaysia (SEDA) is aware of the importance of alternative energy. Therefore, the 

objective is to increase alternative energy contribution to the national power generation mix. 

Meanwhile, for the Europ ean Commission, their focus is to find a sustainable energy source 

as it is the basis for all human progress besides the global warming and the tightening 

supplies of energy (Fabbri et al. 2012). Moreover, it is the biggest European Union (EU)  

research program that is known as Horizon 2020 to support the transition of a reliable, 

sustainable, and competitive energy system. In summary, the development of alternative 

energy in the global arena is crucial due to the depletion of hydrocarbon resour ces, need for 

emission reduction and the efficient production of electricity.  

The alternative energy consists of solar, wind, hydropower, geothermal, bioenergy, ocean 

energy and fuel cell technology. The fuel cell is one of the reliable alternative sources due to 

its ability to convert fuel to power with higher conversion efficiency compared to the 

conventional combustion engines, clean and eco-friendly, installation simplicity, operation 

stability and ease of maintenance (Evans et al. 2011; Novaresio et al. 2012). Moreover, it is the 

best choice because of its quiet (stealth vehicles), flexible (portable power systems), and 

energy-efficient operation. Principally, classified by the electrolyte type and also by the 

material of construction or fabrication techniques and system requirements (Holland et al. 

2001), it remains attractive as an alternative energy and interesting to be studied.  

Solid oxide fuel cell (SOFC) has been on top of the list of fuel cells. It is mainly due to its 

outstanding capability in achieving larger electrical efficiencies and fuel flexibility compared 

to other fuel cell types (Evans et al. 2011; Tseronis et al. 2008; Richter et al. 2009; Spivey & 

Edgar 2012; Napoli et al. 2015). It emits only power, heat, and water as the emission. The 

power and heat can be fully utilized with the existing of cogeneration. It comprises of a solid 
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However, studies by Tiez et al. (2002) differed from other researchers (Huijsmans, 2001; 

Menzler et al., 2010; Saigal, 2007; Wachsman et al., 2011). They mentioned that the 

contribution of ohmic losses from the thinner electrolyte had been rather small. In agreement 

with Ralph et al. (2001), it is hard to fabricate thinner electrolyte below 1 µm without forming 

small pinholes or cracks during cross mixing of gases. Therefore, they suggested improving 

the electrode performance by lowering the operating temperature (Tietz et al. 2002). 

The fuel cell electrode comprised of two porous structures; cathode and anode, which allow 

gas transport to the reaction sites. For anode, accessible materials such as nickel (Ni), copper 

(Cu), and lanthanum (La) are typically employed for the fuel cell. The most commo n anode 

for SOFC is Ni/YSZ cermet (Badwal et al., 1996; Menzler et al., 2010; Minh, 2004; Zhu et al., 

2003). It is because of its low cost and stability. However, Ni -based anode has a low tolerance 

toward sulphur poisoning, poor redox stability, and ca rbon deposition (Jiang 2012; Sun & 

Stimming 2007).  

The anode can be fabricated with various techniques such as screen printing (3-7 µm; 30-60 

µm), painting (150 µm), vacuum slip casting (5-15 µm), slurry coating (80-100 µm) and EVD 

(100 µm) (Mahato et al. 2015). The anode is least studied compared to cathode and 

electrolyte. It still needs to be further improved by extending the anode material at different 

operating temperatures.  

Several types of cathode materials are lanthanum (La), gadolinium (Gd), praseodymium (Pr), 

strontium (Sr) and yttria (Y 2O3). Lanthanum manganite (LaMnO 3) with substitutions of 

strontium or calcium at the A -site is frequently employed as the cathode (Badwal & Foger 

1996; Minh 2004; Menzler et al. 2010; Huijsmans 2001; Jeffrey W. Fergus 2006; Ralph et al. 

2001). It is due to its stability in an oxidizing atmosphere. Also, it has electrical conductivity 

and thermal expansion that match YSZ electrolyte (Ralph et al. 2001).  

At the lower operating temperature, the cathode has encountered the polari zation loss issue. 

To tackle this problem, incorporation of electrolyte material is necessary without 

performance loss. The electrolyte material will be forming oxygen conducting for oxygen 

ions between the lanthanum strontium manganite (LSM) cathode mater ials. Huijsmans 

(2001) has determined that an optimum thickness of this structure should be around 15 µm 

to ensure the transfer of oxygen charge carriers into the electrolyte. This thickness is applied 
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in the porous zirconia network. Several cathode fabrication techniques emplo yed are screen 

printing (50 -150 µm), sputtering, painting (150 µm), wet powder spraying (50 µm), extrusion 

and sintering (2200 µm-cathode tube) and atmosphere plasma spraying (150-200 µm) 

(Mahato et al. 2015). 

This research has been actively pursued to ensure the achievement of improved electrolyte 

and electrode either by exploring the new material or innovating the existing content or 

upgrading the fabrication techniques to cope with the present challenges in more efficient 

and intelligent approach. Therefore, for better understanding of the fuel cell material, an 

intensive study of favourable ceramic composites and the development of ceramic structures 

that contributes to the lower operating temperature and investigation of a dynamic range 

(efficient) of substrate porosity are further required. Hence, the identification of the problem 

statements is described in the next section. 

Problem Statements  

Solid oxide fuel cell (SOFC) is a promising candidate to be commercialized as an alternative 

energy as they have cheaper catalyst (nickel electrode cheaper than platinum) and larger 

electrical efficiencies (Tseronis et al. 2008). However, operating at high temperature (500-1000 

ºC) has led to the problem of preheating the cell. If hydrogen leaks and exposes to an ignition 

source, it can create an explosion. Moreover, it limits the selection of material (Zhi et al. 2012) 

as well as increases the difficulty of the fabrication process. In the case of low conductivity 

electrolyte, it might decrease the performance of the cell. The ohmic losses over the 

electrolyte are also the reason of the cell performance inefficiency (Huijsmans 2001).  

To be feasible for SOFC to operate at low temperature, it requires a desirable ceramic that 

exhibits higher oxygen conductivity and thinner electrolyte structures to reduce ohmic 

losses. Besides that, high cost, operating complexities, and shorter operational life have also 

been constraining the SOFC to be employed widespread. To compensate the real drawbacks, 

numerous efforts to reduce the SOFC operating temperature are still being developed, such 

as thin-film  technology for the electrolyte, alternative electrolyte and electrode materials, 

hybrid and nano -composites material and much more (Huijsmans, 2001; Zhu et al., 2003). 

These efforts will significantly extend the fuel cell lifetime, provide better flexibility in 

materials selection and then reduce the overall system cost (Zhi et al. 2012).  
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Meanwhile, a study b y Lonné et al. (2011) has shown the glass-coated electrodes exhibited 

features such as the small thickness of 3.5 µm and high protonic conductivity ca. 2 mScm-1. 

Also, the electrode formation is rich in ZrB 2, electronically conductive, porous and has an 

oxygen concentration gradient. It indicates that the classical furnace oxidation developed a 

protonic conducting SiO 2-rich glass layer which can be fabricated and applied as proton-

conducting fuel cell or protonic ceramic fuel cell (PCFC). Nevertheless, this process is 

causing the oxidation of the whole area of the sample.  

The hot pressing technique is a typical fabrication process for the ceramic composites to 

achieve higher densification (Appetecchi et al., 2003; Huang et al., 2006; Xie et al., 2006; Zhu, 

2003). Even so, extreme conditions are required at a higher temperature and moderate 

pressures or vice-versa (Fahrenholtz et al. 2008). Meanwhile, pressureless sintering is 

regularly employed for ZrB 2-SiC ceramic processing. It is commonly provided by 

incorporation of si ntering aids, or additives such as TiB2, Si3N4, SiC, MoSi2, Mo, Fe, Ni, B4C 

and C (Mallik et al., 2017; Mashhadi et al., 2015; Peng, 2008; Zhang et al., 2009a). 

Other researchers presented the laser studies for a variety of treatments such as surface 

densification of porous ZrC and still maintain the beneath structure without traces of 

oxidation into zirconia or oxycarbide  (Bacciochini et al. 2009). Surface densification of 

porous ZrB2-39 mol.% SiC ceramic composites have also proven the capability of the laser as 

there are no traces of carbon and oxygen beneath the samples. It is suggested to be employed 

for low temperature protonic ceramic fuel cells (Lonné et al., 2011, Lonné et al., 2012a, Lonné 

et al., 2012b). This previous research represented reliability of laser for the surface oxidation 

process. The majority of them is utilizing the similar design, scanning patterns (Kido et al., 

2011; Kido et al., 2014a; Kido et al., 2014b; Lonné et al., 2011, Lonné et al., 2012a). 

Nonetheless, the study of laser oxidation to promote a glassy layer act as a protonic 

conduction property is still lacking. After considering the topic, it is compelling to conduct 

research to further investigate the ceramic material properties and structures fabricated by 

laser. Since the existing materials are susceptible to high operating temperature, an in-depth 

study on the laser formation layers and substrates in term of structural and chemical analysis 

are conducted. 
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Research Gap 

From the problem statements, the research gaps are described: 

a) The investigation on the microstructural devel opment of ZrB 2 and TiB2 ceramic 

were mostly conducted by hot pressing with additives and sintering aids (Buyakova 

et al., 2016; Chao et al., 2015; Eakins et al., 2011; Guo, 2014; Patel et al., 2012; Sai 

Krupa et al., 2013; Shahedi Asl et al., 2016; Zhao et al., 2014b). The present study 

investigates ZrB2 (100 mol.%), ZrB2-SiC (10 to 30 mol.% SiC) and TiB2-SiC (39 mol.% 

SiC) ceramic composites of various compositions by pressureless sintering (sintering 

that performs just using temperature) at different sintering temperatures (1900 °C 

and 2100 °C). 

b) Previous research also widely studied the oxidation process by the furnace. This 

process tend to oxidize the whole substrates (Beauvais-Réveillon et al., 1995; 

Blokhina et al., 2014; Guo et al., 2010; Ivanov et al., 2014; Karlsdottir et al., 2009a, 

Karlsdottir et al., 2009b; Qu et al., 2016; C. Tian et al., 2011; Zhang et al., 2011). In the 

present study, the oxidation process of sintered ZrB2-SiC and TiB2-SiC ceramic 

composites were conducted via ytterbium fibre laser that produced localized heat 

under ambient surrounding.  

c) In recent years, the reported studies employed several scanning patterns to modify 

the ceramic properties. Among them are the single spot, lattice pattern, stripe hatch, 

meander hatch and chess board hatch (Cui et al., 2015; Jwad et al., 2016; Kido et al., 

2011; Kido et al., 2014a; Lonné, 2011; Qian et al., 2013). A different scanning pattern 

was configured and employed for laser oxidation to promote the glassy layer on the 

surface of ceramic composites. 
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Research Hypotheses 

There are two significant hypotheses to be investigated: 

a) The pressureless sintering of ZrB2-SiC and TiB2-SiC ceramic composites without any 

sintering additives, at 1900 °C and above is expected to produce adequate porosity 

in the range of 20% to 40% that is suitable for gas diffusion in the protonic 

conducting/ceramic fuel cell.  

b) High -temperature pressureless sintered ceramics for the system of ZrB2-SiC and 

TiB2-SiC would result in suitable density, which is favourable to be laser -treated to 

obtain a continuous glassy layer on the substrate for protonic conduction.  

Research Objectives 

To fulfil the research hypothe ses, identification of research objectives are as follows:   

a) To sinter ZrB2-SiC and TiB2-SiC ceramic composites by pressureless sintering at 

different temperatures under argon flow and to study and compare sintered ZrB 2-

SiC and TiB2-SiC ceramic composites properties and select the desirable one to be 

laser-treated. 

b) To treat the selected sintered ceramic composites by ytterbium fibre laser under 

ambient surrounding using a new laser scanning pattern, optimal scanning rate, and 

laser power to promote continuo us semi-molten/molten surface layer.  

c) To characterize and investigate the characteristics of ceramic composite substrates 

and molten/semi -molten layer based on the morphological, structural,  and chemical 

analyses. 

d) To propose the reaction mechanism occurring in the ZrB2-SiC ceramic composite 

system at the temperature above 1900 °C depending on the results and 

thermodynamic analyses. 
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CHAPTER 1   

Literature Review 

The chapter describes the concept of alternative energy exclusively for the solid oxide fuel 

cells (SOFCs), and protonic ceramic fuel cells (PCFCs) that include the basic configurations, 

benefits, challenges, and applications. It also provides the bibliography related to the ceramic 

composite system to be proposed and used in the fuel cell. Moreover, it discusses the 

previous and potential tre atment approaches for oxidation, thus determining the central 

focus of sintering and laser treatment in the process of producing molten/semi -molten 

surface layer. 

1.1 Sintering of Ceramics 

Sintering is a treatment, when thermal energy is applied to a powde r compact, and it is 

densified, and the average grain size increases. The process involves the heat treatment of 

powder compacts at elevated temperatures. It is usually at T > 0.5Tm [K], in the temperature 

range where diffusional mass transport is appreciable. Tm is the melting temperature in 

Kelvin. For monolithic material, sintering temperature should be greater than half the 

melting point for solid state sintering. The sintering is an essential step for ceramic 

fabrication due to their high melting point . The brittleness of ceramics causes the solidified 

microstructures cannot be modified through additional plastic deformation and re -

crystallization. Also, the resulting coarse grains would act as fracture initiation sites whereby 

during an impact event, t he point at which the first crack begins to form in the test specimen. 

Low thermal conductivities of ceramics, in contrast to metals, cause large temperature 

gradient, thus thermal stress and shock in melting -solidification of ceramics.  
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1.1.1 Sintering Fundamental  

Two notable sintering variables are material variables; (i) powder: chemical composition of 

the powder compact, powder size, powder shape, powder size distribution, the degree of 

powder agglomeration etc., (ii) chemistry: composition, impurity,  non-stoichiometry, 

homogeneity, etc. It influences the powder compressibility and sinterability (densification 

and grain growth). Secondly are thermodynamic variables such as temperature, time, 

atmosphere, pressure , heating, and cooling rate and etc. (Rahaman, 2003). 

Figure 1.1 displays the six distinct mechanisms that contribute to the sintering of crystalline 

particles. It represents a clearer version of the occurrence of sintering mechanism. For 

sintering to be conducted, there are a few criteria that are required to make it happen. First, 

the presence of mechanism for material transport, which are diffusion and viscous  flow. 

Secondly, heat is a source of energy to activate and sustain this material transport. The most 

important and beneficial uses of sintering in the modern era are the fabrication of sintered 

parts of all kinds, including powder -metallurgical parts and bulk ceramic components. 

All the mechanisms can be classified into two groups: (i) densifying mechanisms and (ii) 

non-densifying mechanisms, depending on whether they can cause shrinkage or 

densification of the compact. Non -densifying mechanisms include surface diffusion, lattice 

diffusion from the particle surfaces to the neck, and vapor transport, i.e. mechanisms 1,2, and 

3 which leads to neck growth without densification. In contrast, grain boundary diffusion 

and lattice diffusion from the grain boundary  to the pore, i.e., mechanisms 4 and 5, are 

densifying mechanisms, which are the most important contributions to the densification of 

polycrystalline ceramics. Diffusion from the grain boundary to the pore is beneficial to both 

neck growth and densificatio n. Mechanism 6, also leads to neck growth and densification, 

but it is more pronounced in the sintering of metal powders.  

The objectives of sintering are to produce sintered parts with reproducible and if possible, 

designed microstructure through control o f sintering variables. Micro -structural control 

means the control of grain size, sintered density, and size and distribution of other phases 

including pores. In most cases, the final goal of micro-structural control is to prepare a fully 

dense body with a fine grain structure.  
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Figure 1.1: Six distinct mechanisms contribute to the sintering of a consolidated  

mass of crystalline particles: (1) surface diffusion, (2) lattice diffusion from the surface, (3) 

vapor transport, (4) grain boundary diffusion, (5) lattice diffusion from the grain  

boundary, and (6) plastic flow. Only mechanisms 4 to 6 lead to densification, but all cause 

the necks to grow and so influence the rate of densification (Rahaman, 2003). 

The powder does not melt; instead, the joining together of the particles and the reduction in 

the porosity (i.e., densificati on) of the body, as required in the fabrication process, occurs by 

atomic diffusion in the solid state. This type of sintering is usually referred to as solid state 

sintering . It is the simplest case of sintering, the processes occurring, and their interaction can 

be complex. The driving force for sintering is the reduction in surface free energy of the 

consolidated mass of particles. This reduction in energy can be accomplished by atom 

diffusion processes that lead to either densification of the body (by t ransport matter from 

inside the grains into the pores) or coarsening of the microstructure (by rearrangement of 

matter between different parts of the pore surfaces without leading to a decrease in the pore 

volume).  

The effects of key material and processing parameters such as temperature, particle (or 

grain) size, applied pressure, and the gaseous atmosphere on the densification and 

coarsening processes are well understood. The rates of these processes are enhanced by 

Mechanism 1 to 3 
Lead to neck growth without 
densification (non -densifying).  
 
Mechanism 4 to 5  
Diffusion from the grain 
boundary to the pore permits 
neck growth as well as 
densification.  
 
Mechanism 6  
Lead to neck growth and 
densification (Common in metal 
powder sintering).  
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higher sintering temperature and by fi ne particle size. Densification is further enhanced by 

the application of an external pressure. A key issue that has received increasing attention in 

recent years is the effect of micro-structural inhomogeneities present in the green body (e.g., 

density, grain size, and compositional variations) (Rahaman, 2017; Shojai and Mäntylä, 2001). 

It is now well recognized that inhomogeneities can seriously hinder the ability to achieve 

high density and to adequately control the fabricated microstructure.  

Ostwald ri pening is an observed phenomenon in solid (or liquid) solutions which describes 

the evolution of an inhomogeneous structure over time.  When a phase precipitates out of a 

solid, energetic factor will cause large precipitates to grow, drawing material from t he 

smaller precipitates, which shrink. Ostwald ripening (or disproportionation) is the process of 

disappearance of small particles or droplets by dissolution and deposition on the larger 

particles or droplets. The driving force for Ostwald ripening is the difference in solubility 

between the small and the large particles. The smaller particles (with higher radius of 

curvature) are more soluble than the larger ones (with lower radius of curvature). With time, 

the smaller particles or droplets dissolve, and their molecules diffuse in the bulk and become 

deposited on the larger ones. This results in a shift of the particle or droplet size distribution 

to larger values (Tadros 2013). 

1.1.2 Pressureless Sintering   

There are two types of sintering, which are solid state sintering and liquid phase sintering. 

Other than that, is activated sintering . A method used to create objects from metal powders. 

It is performed in the gaseous atmosphere which enhances aggregation of metal particles 

and hot consolidation. Hot consolidation methods are applied to obtain fully dense metal 

powder compacts with controlled microstructures. This encompasses many diverse 

operations, including uniaxial ho t pressing and pressure sintering, hot isostatic pressing, hot 

extrusion and hot forging. These types are known as conventional sintering processes. 

Others are the rate-controlled sintering, plasma sintering, and microwave sintering and cold 

sintering (Thi s technology is a protocol to achieve dense ceramic solids at extremely low 

temperatures (< 300 °C) via integrating particle, particle -fluid interface control, and external 

pressure to allow the cold sintering process (CSP). The major variables which determine 

sinterability and the sintered microstructure of a powder compact may be divided into two 

categories: material variables and process variables. Here, the focus is on pressureless 
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governing this process are the different ceramic properties such as reflectivity, thermal 

conductivity, specific heat and latent heats of melting and evaporation.  

 

Figure 1.2: Operational regimes for various processing techniques. high-powered (HP), laser 

chemical vapour deposition (LCVD) (Steen & Mazumder 2010). 

 

Figure 1.3: Interactions of incident laser beam with material (Dahotre et al., 2008; Samant et 

al., 2009b). 
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Apart from all the physical phenomena, absorption is significant as it is the interaction of the 

electromagnetic radiation with the electrons of the m aterial. It depends on both the 

wavelength of the material and the spectral absorptivity characteristics of the ceramic being 

machined (Samant & Dahotre 2009). An important characteristic of the laser source is the 

wavelength, which should be well -matched to the absorption characteristics of the powder 

material (Stotko, 2009). The excitation energy from the laser is rapidly converted into heat 

and this is followed by various heat transfer processes. Conduction into the materials, 

convection, and radiation from the surface are the heat transfer processes. The temperature 

distribution within the material because of these heat transfer processes depends on the 

thermo-physical properties of the material (density, emissivity, thermal conductivity, specific 

heat, thermal diffusivity), dimensions of the sample (thickness) and lase r processing 

parameters (absorbed energy, beam cross-sectional area). The magnitude of temperature rise 

due to heating governs the different physical effects in the material such as melting, 

sublimation, vaporization, dissociation, plasma formation and abl ation, which are 

responsible for material removal/machining as presented in Figure 1.4. 
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Figure 1.6: SEM images (A) Surface image of TiO2 at 2 W, (B) Cross-sectional of TiO2 at 2 W, 

and (C) Cross-sectional of ZnO irradiated at 126 W (Kido et al., 2011; Kido et al., 2014a). 

 

(A)     (B) 

 
(C)     (D)             (E) 

Figure 1.7: Laser scanning patterns (A) Lattice pattern (Kido et al., 2011; Kido et al., 2014b; 

Lonné et al., 2012b), (B) Stripe hatch with either a continue wiring mode, (C) Pulse mode, (D) 

Meander hatch, and (E) Chess board hatch (Qian & Shen 2013). 

(A) (B) 

(C) 

40 µm 

100 µm 10 µm 
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Meanwhile, Lusquiños et al. (2008) reported that Nd:YAG pulsed laser could be used for 

repairing surface defects of silicon infiltrated silicon carbide ceramics (Si -SiC) by coating 

using the powder blowing technique (Laser cladding using the powder blowing technique 

comprises a fusion of an alloy powder layer to a substrate with minimum melting of the 

substrate. Melting starts at the surface and the particles being heated and melted when 

passing the laser beam are trapped in the melt pool. This technique is used for the deposition 

of alloys on turbine blades, engine valves, valve seats and drilling components). 

In summary, laser research can be conducted to achieve various objectives for a variety of 

applications. However, to achieve those objectives, trial and errors on miscellaneous 

materials, laser types and fresh ideas for laser execution and etc. is necessary. The full 

meaning of this research might not find its answer today, but will be shown in the future.  

1.2.2 Laser Surface Treatment  

One of the processes that is able to be conducted by laser is surface treatment or precisely 

surface heating. It offers a wide range of possibilities to achieve desired surface properties in 

order to enhance their performance for a variety of applications. This process has its own 

various advantages compared to conventional processing techniques such as minimizing the 

chemical cleanliness, controlled thermal penetration (distortion) and controlled thermal 

profile (shape and heat-affected zone (HAZ) location), less after-machining, remote non-

contact processing and easily automated (Steen & Mazumder 2010).  

Figure 1.8 illustrates the principle of laser surface treatment which has been taken from 

Handbook of the EuroLaser Academy, Volume 2  edited by Dieter Schuöcker. The principle 

of laser surface treatment is the modification of a surface as a result of interaction between a 

beam of coherent light, with high power density, and the surface within a specified 

atmosphere (vacuum, protective or processing gases). The light generated in a resonator is 

directed onto the surface of a sample via an optical transmission system (mirror systems or 

fibre optics). Starting from a given mean optical output power, the required power density, 

which is the ratio of power to a focused spot area, and intensity distribution throughout the 

beam is modified by beam focusing and/or beam shaping optics such as lenses, mirrors, 

scanner units or beam integrators. During the movement of the laser beam over the 

workpiece, a track pattern can be successively generated at the surface of a component. 
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Figure 1.8: Principle of laser surface treatment (University of Miskolc 2014) . 

The interaction time is then determined by the cross-section of the beam and the feed rate. 

Depending on the type of process and the workpiece geometry translation stages, portal 

systems or robots can be used by which such relative movement is achieved. The section of a 

suitable handling system for the beam and/or workpiece depends primarily on the precision 

required, the processing speed and the masses that should be handled. The time for fastening 

and alignment of the workpiece as well as the investment costs are other important 

considerations (University of Miskolc 2014) . A variety of laser usage in surface treatment 

such as surface heating for transformation hardening or annealing, scabbling, surface 

melting, surface alloying, surface cladding and many more. The laser surface melting is an 

interesting subject to be studied. An overview of several researches on laser oxidation is 

presented in Table 1.1. 
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low heat evolution and high beam quali ty (M 2 = 1.1) represents the degree of variation of a 

beam from an ideal Gaussian beam. It is calculated from the ratio of the beam parameter 

product (BPP) of the beam to that of a Gaussian beam with the same wavelength. It relates 

the beam divergence of a laser beam to the minimum focused spot size that can be achieved. 

For a single mode TEM00 (Gaussian) laser beam, M2 is exactly one. The M2 value for a laser 

beam is widely used in the laser industry as a specification, and its method of measurement 

is regulated as an ISO Standard (Bacciochini et al., 2009; Kido et al., 2011; Kido et al., 2014a; 

Lonné et al., 2012b; Mahmod et al., 2015). Apart from Yb -fibre laser benefits are ensuring the 

absence of mechanical contact between the machining tool and the ceramic workpiece and a 

high degree of treatment localization (restrict something to a particular place). This makes 

laser treatment the only contact-free technique for formation of holes, cavities and other 

elements in ceramics (Krasnikov et al. 1999). Furthermore, rapidity is increased, energy 

consumption is reduced, and the cost is cheaper than the conventional sintering equipment 

(Lonné et al., 2012a; Lonné et al., 2012b). Table 1.2 represents some of the research overview 

of ytterbium fibre laser according to the recent and previous years.  
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Table 1.2: Research overview of ytterbium fibre laser.  

Years Topics Main F indings  Future Prospects References 

2015 Ytterbium fibre laser welding of 
Ti6Al 4V alloy.  

The weld pool was efficiently 
shielded by adopting a reliable 
system of gas supplying. 
Contaminations and oxidations 
were adequately prevented. 

Industries for which 
fuel consumption and 
resistance to severe 
working conditions 
are critical aspects. 

(Casalino et al. 2015) 

2015 

Surface oxidation of porous ZrB2-
SiC ceramic composites by 
continuous-wave ytterbium fibre 
laser. 

At laser power of 70 W, the sample 
exhibits a dense glassy SiO2-rich 
layer prevents the inward oxygen 
diffusion into the inner bulk hence 
enhances the oxidation resistance. 

 

Fuel cell application. (Mahmod et al. 2015) 

2014 

Modelling of ytterbium fibre laser 
parameters during m icro 
machining of Al -15 wt%Al 2O3-
MMC.  

Material removal rate (MRR) is 
increased with the decrease of wait 
time and laser power. At wait time 
17.5 s and laser power 500 w the 
MRR is maximum i.e 0.23 g/s. Due 
to less wait time, the possibility of 
heat loss is less so MRR increases. 

Drilling machining.  (Ghosal et al. 2014) 
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Table 1.2 continued. 

2014 Modification of electrical properties 
of TiO2. 

Modified electrical properties.  
Microelectronic 
devices, sensors, 
catalysts. 

(Kido et al., 2014b) 

2014 
Laser patterning of thermoelectric 
iron silicide (FeSi) on alumina 
substrates.  

Iron silicide thermoelectric devices 
were successfully fabricated by 
direct patterning with a 
continuous-wave Yb-fibre laser.  

Microelectronic 
devices, sensors, 
catalysts. 

(Kido et al., 2014a) 

2013 
Synthesis of titanium oxide 
nanoparticles by Ytterbium fibre 
laser ablation 

The produced titanium oxide 
crystalline nanoparticles show the  
spherical shape and are 
polycrystalline, exhibiting anatase 
as well as rutile phases. 

Catalysis and 
biomedical 
engineering. 

(Boutinguiza et al. 
2013) 

2013 Laser sintering of ceramics. 

Laser sintering technology 
allowing net shape production of 
customized 3D parts in a single 
manufacturing operation but also a 
promising way for developing 
ceramics with structures that can 
hardly be made by conventional 
processing methods. 

Construction of 
complicated 3D 
bodies. 

(Qian & Shen 2013) 

2012 Laser densification of porous ZrB 2-
SiC composites. 

Dense layer was developed on top 
of the porous structures. 
Formation of the SiO2-rich glass 
layer by furnace (conventional 
method). 

Aerospace and 
ceramic fuel cells. 

(Lonné, N. Glandut, 
et al. 2012) 
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1.3 Ceramics 

1.3.1 Zirconium Diboride (ZrB 2) 

Zirconium diboride (ZrB 2) is a transition metal boride compound and classified as an ultra -

high temperature ceramics (UHTCs) -borides, carbides, and nitrides of group IV and V 

elements in the Periodic Table (Gonzalez-Julian et al. 2014; He et al. 2012). It is a highly 

covalent refractory ceramic material with a hexagonal crystal structure. Figure 1.9 represents 

the crystal structure of ZrB 2 (Fahrenholtz et al., 2007; Li et al., 2010; Lonné, 2011). The crystal 

structure of ZrB 2 is designated as AlB2-type transition metal diborides with the space group 

symmetry P6/mmm. It is simply a hexagonal lattice in which close packed TM (transition 

metal) layers are present alternative with graphite - like B layers. Choosing appropriate 

primitive lattice vectors, the atoms are positioned at TM (0,0,0), B (1/3, 1/6, 1/2), in the unit 

cell (Fu et al. 2010). 

 

Figure 1.9: Schematic ZrB2 crystal structure (Fahrenholtz et al., 2007; Li et al., 2010; Lonné, 

2011). 
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b) The addition of SiC to ZrB 2-based ceramic provides enhanced mechanical properties 

and thermal conductivities (Kim et al. 2014). 

c) SiC reinforced ZrB2 composites possess remarkable anti-ablation capability (Hu et 

al., 2010). 

d) The addition of SiC particles into ZrB 2 matrix enhances the fracture toughness of 

composites from 2-4 MPa1/2  which upgrade the use reliability (Hu et al., 2010). 

1.3.8 Titanium Diboride -Silicon Carbide (TiB 2-SiC) Ceramic Composites  

Like Like other types of ceramics, monolithic TiB 2 has the same drawback which is poor 

sinterability, exaggerated grain growth at high temperature and poor oxidation  resistance 

(Zhao et al. 2014b). Grain growth occurs at high temperature, instead of densification and 

therefore, pressure is required for densification. To avoid the grain growth, sintering 

aid/additive is necessary. Previous research has shown that SiC addition is very effective in 

improving the sinterability of TiB 2. As presented in the reaction equation (1.3), the overall 

reaction of TiB2 and reaction equations (1.4) to (1.6) shows SiC reacts with the TiO2, that is on 

the surface of the TiB2 powder to form an amorphous SiO 2 layer. The amorphous SiO2 phase 

is liquid during sintering (Torizuka et al. 1995). The reaction is as shown in the reaction 

equation (1.7): 

   ���‹�� �6�:�O�; E�����‹���:�O�; �\ ���‹���6���:�H�; E���‹���:�O�;  (1.7) 

   ����  = - 697 kJ/mol at 1200 °C 

Generally, SiC is employed to improve the oxidation resistance and mechanical properties of 

TiB2. The sinterability of TiB 2, was dramatically improved by the addition of 1.5 -5.0 wt.% SiC 

and it is due to liquid -phase sintering (Torizuka et al. 1995). 

Besides that, the increase of SiC content from 10 to 20 wt.%, the fracture toughness increased 

while the hardness decreased. The composite containing 20 wt.% SiC had the optimum 

comprehensive mechanical properties with flexural strength of 797 ± 21 MPa, fracture 

toughness of 6.97 ± 0.5 MPa m1/2 and Vickers hardness of 19.47 ± 0.6 GPa (Zhao et al. 2014b). 
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corrosion resistance, sufficient mechanical strength, reasonable tolerance to vibration and 

flexural damage and high reactivity for the electrode reaction  (Reed & Brodd 1965). The 

electrode structure requires porous structure, to resist corrosion and chemically inert and 

also electronically conducting. It is  crucial for gas diffusion. Therefore, a very porous 

electrode with a spherical microstructure (spherical particles will provide the highest energy 

densities) is optimal so that penetration by the electrolyte and gas can occur (Rayment & 

Sherwin 2003).  

Meanwhile, for the electrolyte, it is significant since most of the fuel cell is classified by its 

electrolyte type. The electrolyte type is affecting the characteristic properties of the fuel cell 

such as operating temperature and mechanism of conductivity. Typically, an electrolyte 

should be fabricated from solid materials due to practical applications. The most common 

electrolyte is produced either from polymers or ceramics. Several electrolyte criteria are that 

it should be dense, leak-tight and good ionic conductivity at the operating temperature. The 

electrolyte structure should be a thin layer to reduce ionic resistance, thermal shock 

resistance and economically processable (Singhal et al., 2003). Most of the requirements are 

not easily compatible. The scientists globally are in the effort of producing the most 

economical fuel cell in the overall system. Figure 1.13 represents the schematic diagram of 

the basic principle of a fuel cell for a better view and process understanding on the oxygen-

ion/oxide conducting and hydrogen -ion/proton conducting electrolyte.  

Fuel cells are mainly classified by the selection of electrolyte and fuel. Further, fuel cells are 

classified based on the operating temperature. Mostly, electrolyte type determines the kind 

of chemical reaction, type of catalyst needed, temperature range and fuel type. These 

characteristics are affecting the suitability of application types . Others can also be 

differentiated by the materials of construction, the fabrication techniques, and the system 

requirements. According to Steele and Heinzel (2001), Figure 1.14 summarizes several types 

of fuel cells under active development. There are as follows:  

a) Solid oxide fuel cell (SOFC).  

b) Molten carbonate fuel cell (MCFC).  

c) Phosphoric acid fuel cell (PAFC). 

d) Polymer exchange membrane fuel (PEMFC).  

e) Alkaline fuel cell (AFC).   
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(A)      

   

 

 

 

(B) 

 

 

 

  

  

(C) 

 

 

 

 

 

 

 

Figure 1.13: Basic principle of the fuel cell. (A) General operating principle of the fuel cell 

(Ormerod 2003), (B) Oxygen-ion/oxide conducting (CLEFS CEA -No.50/51 2005) and (C) 

Hydrogen -ion/proton conducting (Andujar & Segura 2009). 
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Figure 1.14: Summary of fuel cell types (Steele & Heinzel 2001). 

Exclusively, two types of fuel cells are discussed in the next sub-topics. These sub-topics are 

chosen since they are related to the investigation conducted. They are SOFC and protonic 

ceramic fuel cell (PCFC). PCFC is still at the early age of research and development. 

Fuel cells have a huge potential for power generation in stationary, portable and transport 

applications and our increasing need for sustainable energy resources (Ormerod 2003). They 

offer high efficiency and environmental advantages (nearly zero -greenhouse emissions) 

(Mohamed et al. 2009) which  means lower emissions of sulphur and nitrogen oxides and 

hydro carbon pollutants and significantly reduced CO 2 emission (Ormerod 2003). In terms of 

design, they are highly scalable, modular and compact design based on power requirements 

(Badwal & Foger 1996; Mohamed et al. 2009). There are numerous types of potential fuel 

sources available; mainly pure hydrogen, natural gas and methanol (fuel flexibility). 

Furthermore, the fuel cells themselves do not have any moving parts, allowing for quiet and 

highly reliable operation. In addition, they have nearly instantaneous recharge  capability 

compared to batteries (Mohamed et al. 2009). 

A common limitation of all  fuel cells is the cost of fuel cell technology (Ormerod 2003; 

Mohamed et al. 2009; Rayment & Sherwin 2003). It has been an obstacle for worldwide for 

promoting the widespread fuel cell applicat ion. Table 1.5 presents the advantages and 

disadvantages of fuel cell types.  
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Table 1.5: Advantages and disadvantages of fuel cell types (Andujar & Segura 2009). 

Fuel Cell Types  Advantages Disadvantages 

 

Solid Oxide Fuel 
Cell (SOFC) 

 
�x Allow spontaneous internal 

reforming fuel. Because the oxide 
ions travel through the electrolyte, 
the fuel cell can be used to oxidize 
any combustible gas. 

�x Generate a lot of heat.  
�x Chemical reactions are very fast.  
�x High efficiency.  
�x Current densities higher than 

MCFC. 
�x Solid electrolyte. 
�x No need a noble metal catalyst. 

 
�x Not a mature technology.  
�x Moderate intolerance to 

sulphur (50 ppm).  

 

 

Molten Carbonate 
Fuel Cell (MCFC) 

 
�x Allow spontaneous internal 

reforming fuel.  
�x Generate a lot of heat. 
�x High -speed reactions. 
�x High efficiency.  
�x No need for a noble metal catalyst 

(cost reduction). 

 
�x Need to be designed using 

materials resistant to 
corrosion and 
dimensionally stable and 
resistant. 

�x High intolerance to 
sulphur.  

�x Liquid electrolyte 
(handling problems).  

�x Require preheating before 
starting work.  

 

Alkaline Fuel Cell 
(AFC) 

 
�x Low temperature o peration. 
�x A fast start. 
�x High efficiency.  
�x Usage of a very little amount of 

catalyst, and thereby lowers costs. 
�x Do not have corrosion problems.  
�x A simple operation.  
�x Have low weight and volume.  

 
�x Extremely intolerant to 

CO2 (up to 350 ppm). 
�x Liquid electrolyt e 

(handling problems).  
�x Require an evacuation of 

the water treatment 
complex. 

�x Relatively short lifetime.  
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Table 1.5 continued. 

 

Polymer Electrolyte 
Membrane Fuel 
Cell (PEMFC) 

 
�x The cell operates at relatively low 

temperature; aspects such as 
handling, assembly or tightness 
are less complex than in most 
other types of cells. 

�x Usage of a non-corrosive 
electrolyte.  

�x Remove the need to handle acid 
or any other corrosive, increasing 
security. 

�x Tolerant of CO2; so they can use 
the atmospheric air.  

�x Employ a solid  and dry electrolyte 
so it eliminates the handling of 
liquids and the problems of 
resupply.  

�x High voltage, current and power 
density. - They can work at low 
pressure (1 or 2 bars), which adds 
security. 

�x A good tolerance to the difference 
of pressure of the reactants. 

�x Compact and robust and yet have 
a simple mechanical design. 

�x Stable building materials.  

 
�x Sensitive to impurities of 

hydrogen.  
�x Do not tolerate more than 

50 ppm of CO and have a 
low tolerance to sulphur 
particles. 

�x Need humidification units 
of reactive gases. 

�x Usage of catalyst 
(platinum) and a 
membrane (solid polymer) 
very expensive. 

 

Phosphoric Acid 
Fuel Cell (PAFC) 

 
�x Tolerate up to 30% CO2. 
�x Usage of waste heat for 

cogeneration. 
�x Usage of an electrolyte with stable 

characteristics, low volatility eve n 
for temperatures above 200°C. 

 
�x Have a maximum tolerance 

of 2% CO. 
�x Utilize liquid electrolyte, 

which is corrosive to 
average temperatures, 
which involves handling 
and safety problems. 

�x Allow the entry of water 
that can dilute the acid 
electrolyte.  

�x Big and heavy. 
�x Cannot auto reform fuel.  
�x Need to reach a certain 

temperature before starting 
to work (Slow start -up). 
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Another parameter is the availability of fuel. From the electrochemical point of view, 

hydrogen is the best fuel as its direct reaction gives the high power density, but using 

hydrogen leads to logistic challenges in fuel supply. Therefore, liquid fuels are preferable. 

Among liquid fuels, methanol reacts directly electrochemically at reasonable rates, however, 

with a much lower power density than a direct hydrogen FC (< 20% of H2) as reported by 

Garche et al. (2015). Nonetheless, every FC type has their own various power ranges to 

support different type of applications. The SOFCs application is considered , ranging from 

portable devices (e.g., 500 W battery chargers), small power systems (e.g., 5 kW residential 

power or automobile auxiliary power units) to distributed generation power plants (e.g., 100 -

500 kW systems). They can also be integrated with a gas turbine to form large (several 

hundred kW to multi -MW) pressurized hybrid systems. SOFC is the only type that has the 

potential for such a wide range of applications (Minh 2004). 

Meanwhile, for PEMFC, there are three major applications such as transportation, stationary, 

and portable power generations. Transportation is in the range of 20 to 250 kW. Stationary 

power is 1-50 MW and portable power is in the range of 5-50 W (Wang et al., 2011). 

Specifically, the HT-PEMFC application focuses on automotive and stationary power  

(Lilavivat et al. 2015). Overall, PEMFC is more on transportation (automotive) application 

due to its potential impact on the environment, unfortunately, the high cost is still 

challenging for large -scale commercialization (Guerrero Moreno et al. 2015). 

Currently, the PCFCs are still new technology. They have not been used to their full 

potential. The PCFCs application might be similar to SOFCs which is small to the large 

range; mobile, heavy transport and stationary. Table 1.6 presents the comparison of SOFC, 

PEMFC and PCFC types for immediate review.  
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Table 1.6: Comparison of SOFC, PEMFC and PCFC types. 

Features SOFC PEMFC PCFC 

Operating 
Temperature  

800-1000 °C (Mougin et al. 2009) 
600 °C (Duan et al. 2015) 30-100 °C (Guan & Alvfors 2015) 

500-700 °C (Frontera et al. 2010) 
250 -550 °C (Duan et al. 2015) 

Electrolyte  Oxide-ion conducting (O 2-) 
(Frontera et al. 2010; Nasani et al. 
2013) 

�x yttria -stabilized zirconia (YSZ) 
(1st generation). 

�x Samarium-doped ceria (SDC) 
(2nd generation).  

�x Nanostructured incorporating 
rare-earth elements (Eu or Ru) 
(3rd generation) (Duan et al. 
2015). 

Hydro gen-ion conducting  
 (H+)/Protonic (Frontera et al. 2010; 
Nasani et al. 2013) 

�x fluorinated sulfonic acid 
polymer (Nafion®) (Dayton et 
al. 2001). 

Hydrogen -ion conducting (H +)/Prot onic 
(Frontera et al. 2010; Nasani et al. 2013) 

�x Ba-based perovskite-structured 
materials such as BaZrO3 and BaCeO3 
doped by selected rare earth elements 
(Choi et al. 2013). 

Electrical 
Efficiency  45-55% (Coors 2003) 35-45% (Coors 2003) 55-65% (Coors 2003) 
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Table 1.6 continued.  

Main Advantages  �x Fuel flexibility.  
�x High efficiency.  
�x Absence of precious-metal catalyst. 

(Duan et al. 2015). 

�x Operate at low temperature 
and high curren t densities. 

�x Smallest, lightest and most 
durable tolerant o f shock 
and vibration (Guerrero 
Moreno et al. 2015). 

�x Higher fuel conversion efficiency.  
�x Fuel flexibility. (Nasani et al. 2014). 
�x Water formation at the cathode and non-

dilution fuel during cell operation. 
(Nasani et al., 2013a; Nasani et al., 2014b). 

�x An excellent chemical stability against 
H 2O and CO2, as well as high bulk proton 
conductivity (Nasani et al. 2013). 

�x Higher CH 4 conversion (direct proton 
(hydrogen removal from the anode).  

�x Higher carbon coking resistance (Duan et 
al. 2015). 

Main Challenges  �x High costs and material 
compatibility challenges (Duan et 
al. 2015). 

�x Presence of water vapor at one of 
the electrodes lowers the 
performance. (Gawel et al. 2014). 

�x Main current limitations of SOFCs 
lie in their reliability and durability, 
directly linked to the high 
operating temperature needed to 
limit ohmic losses across the 
electrolyte and ranging typically 
between 800 and 1,000 °C (Mougin 
et al. 2009). 

�x Reduced performance at low 
humidity.  

�x Thermal and water 
management. 

�x Limited operating 
temperature. 

�x Large fuel crossover (Loong 
2014). 

 

�x Presence of water vapor at one of the 
electrodes lowers the performance (Gawel 
et al. 2014). 
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1.4.1 Solid Oxide Fuel Cells (SOFCs)  

Solid oxide fuel cells (SOFCs) are also identified as ceramic fuel cell (third generation fuel 

cell) (Badwal & Foger 1996) due to their material consisting of ceramics which can handle 

high temperature (>1000 ºC) and therefore facilitate rapid electrode kinetics resulting in the 

use of no precious materials (Jiang 2012; Richter et al. 2009). It comprises of the cathode and 

anode as the electrode and an electrolyte. The structure of electrolyte is a dense structure and 

gas tight (Richter et al. 2009) and the charge carrier in an electrolyte is mostly oxygen species 

and some of it is used proton-conducting materials.  

 

Figure 1.15: Concept diagram of SOFC based on oxygen-ion conductors (Stambouli & 

Traversa 2002). 

The SOFC conceptual diagram for oxide -ion conducting is shown in Figure 1.15 (Stambouli 

& Traversa 2002). At the cathode (oxidant electrode), the oxygen (O2) is reduced and become 

oxygen ions (O2-) when reacted with the electrons from the external load. The oxygen ions 

are then transported through the electrolyte. At the anode, the fuel is oxidized by the oxygen 

ions and released electrons (e-) to the external electrical circuit (Huijsmans, 2001; Wachsman 

et al., 2011; Zhu et al., 2003). More detail version can be seen in Figure 1.16. 
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Figure 1.16: Operating principle of SOFC (Badwal & Foger 1996). 

Figure 1.16 displays the operating principle diagram of SOFC. It operates at 1000 ºC or below 

(Huijsmans 2001; Saigal 2007; Shao & Haile 2004; Badwal & Foger 1996). The electrode 

structure is porous precisely for gas diffusion. The character of the electrode is electronic 

conducting. The simplified explanation of SOFC process at the cathode, the reduction of 

oxygen occurs and passes through the electrolyte membrane via a vacancy mechanism to the 

anode. At the anode, oxidation of hydrogen occurs from the directed reformed natural gas or 

other hydrocarbons (Huijsmans 2001). It is well -known as an electrochemical device that 

generates clean, highly-efficient power on site from a wide range of fuel sources. It can be 

powered by using hydrogen and combustible fuel, including natural gas, liquid 

hydrocarbons and even solid derived from coal or biomass (Gorte & Vohs 2009). 

Conventional SOFC is composed of yttria-stabilized zirconia (YSZ) as an electrolyte which 

requires an operating temperature of over 800 °C.  

An established high-temperature SOFC (HT-SOFC) offers a clean, pollution-free technology 

to electrochemically generate electricity at high efficiencies and with lower emissions than 

conventional power generation technologies (Li et al., 2012; Singhal, 2000). However, recent 

research progress in reducing operating temperature would benefit the system. Reduction of 

operating temperature below 800 ºC will significantly extend the lifetime, provide flexibility 

in materials selection, and reduce the cost (Zhi et al. 2012; Souza et al. 1997).  

Several types of SOFCs have been identified and classified into three types according to its 

operating temperatur e: Low temperature, intermediate temperature, and high temperature 

SOFC. Basically, the HT-SOFC operates at 600 to 1000 ºC (Richter et al. 2009; Jiang 2012). 

Some of the researchers indicate that high temperature is in the range of 700-950 °C (CLEFS 

CEA -No.50/51 2005). It can be fuelled up with hydrogen, natural gas and hydrocarbons. At 
































































































































































































