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            Neutron Diffraction Residual Strain Measurements of Molybdenum Carbide-Based Solid Oxide Fuel Cell Anode Layers with Metal Oxides on Hastelloy X N.H. Faisal 1 & R. Ahmed 2 & A.K. Prathuru 1 & S.P. Katikaneni 3 & M.F.A. Goosen 4 & S.Y. Zhang 5 Received: 10 June 2016 /Accepted: 15 May 2017 # The Author(s) 2017. This article is an open access publication Abstract Thermal spray deposition processes impart residual stress in layered Solid Oxide Fuel Cells (SOFC) materials and hence influence the durability and efficiency of the cell. The current study which is the first of its kind in published litera- ture, reports results on using a neutron diffraction technique, to non-destructively evaluate the through thickness strain measurement in plasma sprayed (as-sprayed) anode layer coatings on a Hastelloy®X substrate. Through thickness neu- tron diffraction residual strain measurements were done on three different anode coatings (Mo-Mo 2 C/Al 2 O 3 , Mo-Mo 2 C/ ZrO 2 and Mo-Mo 2 C/TiO 2 ) using the vertical scan mode. The three anode coatings (developed through optimised process parameters) investigated had porosities as high as 20%, with thicknesses between 200 μm to 300 μm deposited on 4.76 mm thick Hastelloy®X substrate discs of 20 mm diameter. The results showed that while the through thickness residual strain in all three anodes was dissimilar for the inves- tigated crystallographic planes, on average it was tensile. Other measurements include X-ray diffraction, nanoindenta- tion and SEM microscopy. As the anode layer microstructures are complex (includes bi-layer alternate phases), non- destructive characterisation of residual strain, e.g. using neu- tron diffraction, provides a useful measure of through thick- ness strain profile without altering the stress field in the SOFC electrode assembly. Keywords SOFC . Neutron scattering . Residual strain . Plasma spray . Nanoindentation Introduction The development of anode materials with high durability and lower operating temperatures is a key technical challenge fac- ing solid oxide fuel cell (SOFC) technology [1]. Low mechan- ical strength and anode deterioration represent some of these inherent challenges. The high operating temperatures (e.g. 800 °C to 1000 °C) place additional durability requirements on SOFCs materials [1]. The change of residual stresses in SOFC electrode materials while in operation at high tempera- ture is related to the changes in the Young’ s modulus, thermal expansion mismatch, micro-defects and possible creeping of porous substrate [2]. Reducing the operating temperature to intermediate range can lower the cost but also reduce the re- action rate [1]. Recent articles [3] summarised most of the known SOFC materials (anode, electrolytes, cathodes, inter- connects) and their manufacturing alternatives, relevant to modern requirements. It is important to note that techniques such as tape casting, screen printing, and co-sintering of layers are the state-of-the- art processing methods for the production of SOFC single cells, and therefore widely adopted and intensively investigat- ed [3]. However, these techniques face some problems e.g. increased capital cost due to high temperature firing, thermal expansion mismatch strain and cracking during high- * N.H. Faisal [email protected] 1 School of Engineering, Robert Gordon University, Garthdee Road, Aberdeen AB10 7GJ, UK 2 School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh EH14 4AS, UK 3 Research & Development Centre, Saudi Aramco, Dhahran 31311, Saudi Arabia 4 Office of Research & Graduate Studies, Alfaisal University, P.O. Box 50927, Riyadh 11533, Saudi Arabia 5 ISIS Neutron Source, Science and Technology Facilities Council (STFC), Rutherford Appleton Laboratory, Didcot OX11 0QX, UK Experimental Mechanics DOI 10.1007/s11340-017-0298-7 
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Neutron Diffraction Residual Strain Measurementsof Molybdenum Carbide-Based Solid Oxide Fuel CellAnode Layers with Metal Oxides on Hastelloy X
 N.H. Faisal1 & R. Ahmed2& A.K. Prathuru1
 & S.P. Katikaneni3 &
 M.F.A. Goosen4& S.Y. Zhang5
 Received: 10 June 2016 /Accepted: 15 May 2017# The Author(s) 2017. This article is an open access publication
 Abstract Thermal spray deposition processes impart residualstress in layered Solid Oxide Fuel Cells (SOFC) materials andhence influence the durability and efficiency of the cell. Thecurrent study which is the first of its kind in published litera-ture, reports results on using a neutron diffraction technique,to non-destructively evaluate the through thickness strainmeasurement in plasma sprayed (as-sprayed) anode layercoatings on a Hastelloy®X substrate. Through thickness neu-tron diffraction residual strain measurements were done onthree different anode coatings (Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2 and Mo-Mo2C/TiO2) using the vertical scan mode. Thethree anode coatings (developed through optimised processparameters) investigated had porosities as high as 20%, withthicknesses between 200 μm to 300 μm deposited on4.76 mm thick Hastelloy®X substrate discs of 20 mmdiameter. The results showed that while the through thicknessresidual strain in all three anodes was dissimilar for the inves-tigated crystallographic planes, on average it was tensile.Other measurements include X-ray diffraction, nanoindenta-tion and SEMmicroscopy. As the anode layer microstructures
 are complex (includes bi-layer alternate phases), non-destructive characterisation of residual strain, e.g. using neu-tron diffraction, provides a useful measure of through thick-ness strain profile without altering the stress field in the SOFCelectrode assembly.
 Keywords SOFC . Neutron scattering . Residual strain .
 Plasma spray . Nanoindentation
 Introduction
 The development of anode materials with high durability andlower operating temperatures is a key technical challenge fac-ing solid oxide fuel cell (SOFC) technology [1]. Lowmechan-ical strength and anode deterioration represent some of theseinherent challenges. The high operating temperatures (e.g.800 °C to 1000 °C) place additional durability requirementson SOFCs materials [1]. The change of residual stresses inSOFC electrode materials while in operation at high tempera-ture is related to the changes in the Young’s modulus, thermalexpansion mismatch, micro-defects and possible creeping ofporous substrate [2]. Reducing the operating temperature tointermediate range can lower the cost but also reduce the re-action rate [1]. Recent articles [3] summarised most of theknown SOFC materials (anode, electrolytes, cathodes, inter-connects) and their manufacturing alternatives, relevant tomodern requirements.
 It is important to note that techniques such as tape casting,screen printing, and co-sintering of layers are the state-of-the-art processing methods for the production of SOFC singlecells, and therefore widely adopted and intensively investigat-ed [3]. However, these techniques face some problems e.g.increased capital cost due to high temperature firing, thermalexpansion mismatch strain and cracking during high-
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temperature firing steps, inter-reaction between adjacent celllayers at high-temperature firing steps, and limitation of high-temperature sintering of anode and metallic interconnect ma-terials. But in recent times, alternative methods are in use e.g.thermal spray technique [2] has been considered to manufac-ture electrode layers in SOFCs. One of the key factorsinfluencing the durability of thermally sprayed SOFCs is thethrough thickness residual stress profile in the coating sub-strate system. It is also known that the residual stress valuesof SOFC electrodes (or any other materials) are very muchdependent upon the measurement method (e.g. X-ray diffrac-tion [2, 4–17], synchrotron X-ray radiation [18–21], curvaturemethod [15, 22–26], finite element [27, 28], numerical [16,29], focused ion beam milling and digital image correlation[30], white light interferometry [25], nanoindentation [25, 28],and neutron diffraction [31] methods). Furthermore, thermalspray deposition processes due to high cooling rates of theimpacting particles (lamella) impart residual stress in the lay-ered SOFC materials and hence influence the durability andefficiency of the cell. The residual stresses in plasma sprayedcoatings can be sub-divided into two main contributions:quenching stress or primary stress at the lamella level, andthermal mismatch stress or secondary stress.
 There are a few literature reports where residual stresseshave been investigated using only X-ray diffraction (XRD)technique in the layered SOFC materials deposited throughthermal spray method [2, 4, 5]. It has been argued that X-ray(synchrotron) techniques results in radiation that does not pen-etrate very well into the SOFC electrode subsurface layersincluding the bottom porous substrate support [2, 4, 5].However, more recently in-situ neutron diffraction technique[31] was used to do visualization of the phase evolutions inSOFC materials at high temperatures, along with the analysisof the diffusion activities of transition metal ions that revealthe reaction mechanism and kinetics in the composite cathodefor SOFC. Likewise, neutron diffraction has been argued to besuperior for characterisation purposes as the high flux anddeep penetration of neutrons facilitate the study of bulk mate-rials at elevated temperatures, enabling it to derive the struc-tural evolution during heating, annealing and cooling [31].Although neutron diffraction has been used to investigatestrain in the past in thermally sprayed coating-substrate sys-tems [32–34], through thickness evaluation of strains in thethermally sprayed SOFC anode/interconnect system has notyet been realized.
 Molybdenum-carbide based layers can be employed in an-odes for hydrocarbon oxidation, as it shows good tolerancetowards sulfidation and carbon deposition. It has been dem-onstrated that at elevated pressure, the choice of the supportfor the Mo2C dry reforming catalyst is crucial to catalyst sta-bility. The order of catalyst stability was found to be Mo2C-Al2O3 > Mo2C-ZrO2 > Mo2C-TiO2, with the first being themost stable. Considering such key factors, these composite
 materials can potentially be used for an improved anode per-formance in SOFCs [35] as previously indicated by the au-thors. It is important to note that in anode layer, the depositedsplats play a crucial role in determining the physical propertiesof the coatings. Furthermore, molybdenum-carbide based an-ode materials with various metal oxide precursors offer majoradvantages of higher mechanical strength and improved ther-mal and wear resistance properties in comparison to othermaterials. Therefore, the scope of such work includes the needto characterise the residual strain in molybdenum carbide-based SOFC anode layers with various metal oxides onHastelloy substrate (normally used as interconnect in SOFCs).
 The aim of the current study, which is the first detailedinvestigation of its kind in published literature, was to non-destructively investigate, using neutron diffraction, the rela-tive changes in the through thickness residual strain and stressprofile in an anode (deposited using air plasma spray (APS)technique) and interconnect system. Three different anodecoatings were deposited on Hastelloy®X substrate and thenstrain measurements were conducted in the as-sprayed condi-tions, including detailed analysis of structure-propertyrelationship.
 Methodology
 Materials
 Three composite feedstock powders (Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2, Mo-Mo2C/TiO2) were fabricated from carbide ofmolybdenum powder catalyst (Mo-Mo2C) and three metaloxides (e.g. Al2O3, ZrO2, TiO2, each favourable for catalyststability). The powders were subsequently employed to fabri-cate three diverse anodes [36]. Each of the adjusted composi-tion anode feedstock powders was comprised of 80% Mo-Mo2C and 20% metal oxides (i.e. Al2O3, ZrO2, TiO2). It isnoteworthy that a lower bound weight metal oxide was select-ed for this study to enable it to act as a catalyst with themolybdenum carbide powder. Nonetheless, research on theeffects of varied weight composition can be part of an upcom-ing enquiry.
 The selected substrates (Hastelloy®X, 20 mm diameterand 4.7 mm thick) were provided by Haynes InternationalLimited, Manchester, UK. As a metallic matrix with carbide,the Mo with Mo2C (i.e. Mo-Mo2C, melting point was2620 °C) feedstock powder material (Fig. 1(a, b)) was anagglomerated and sintered spheroidal powder designed forcoating applications using atmospheric plasma spray (APS).The powder material (Metco 64, nominal particle size distri-bution −90 + 38 μm, provided by Sulzer Metco, Germany)had an elemental composition consisting of 97.3% Mo, 2.1%C, 0.1% O and 1% others. It is important to note that a B+^sign before the sieve mesh indicates the particles are retained
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by the sieve, whereas, a B-^ sign before the sieve mesh indi-cates the particles pass through the sieve, and typically, 90%or more of the particles will lie within the indicated range. Forexample, if the particle size of Mo-Mo2C is described as−90 + 38 mesh, then 90% or more of the material will passthrough a 90-mesh sieve and be retained by a 38-mesh sieve.
 The titanium oxide (TiO2, melting point of 1843 °C) feed-stock powder material was available in a wide variety of col-ours and shapes ranging from dark grey to black, fused andcrushed or agglomerated and sintered, and sizes with angular,blocky or spheroidal morphology, respectively. Thisagglomerated/sintered and spheroidal powder material(METCO-6231A) was supplied by Sulzer Metco, Germanyand had elemental composition incorporating TiO2 (balancewt.%), Al2O3 (<0.1 wt.%), Fe2O3 (<0.1 wt.%), SiO2
 (<0.1 wt.%) and others (<0.5 wt.%); the normal particle sizedistribution was −105 + 32 μm.
 The white alumina (Al2O3, melting point of 2054 °C) feed-stock powder material (METCO-105SFP supplied by SulzerMetco, Germany) was fused and crushed with resulting in arandom angular morphology (Fig. 1(c)). The elemental com-position of the powder material (particle size distribution−31 + 3.9 μm) consisted of Al2O3 (99.5 wt.%), Fe2O3
 (0.03 wt.%), Na2O (0.15 wt.%), SiO2 (0.01 wt.%) and CaO(0.01 wt.%). The Zirconia (ZrO2, melting point of 2700 °C)feedstock powder material which was available in a wide va-riety of shapes and sizes, Fig. 1(d) was supplied by Alfa Aesar
 (40453), UK and consisted of Zirconium(IV) oxide, calciastabilized, 99.4% (metals basis excluding Hf). The powdermaterial elemental composition encompassed 96% ZrO2 and4% CaO, whereas, the normal particle size distribution was−100 + 325 μm.
 The powders were sprayed on to the grit blastedHastelloy®X substrate and no bond coating was used. Airplasma spray (APS) deposition was carried out at an industrialthermal spray facility (Monitor Coating Limited, UK), using aspray system (Table 1). Trials were directed to define the
 Fig. 1 SEM images of testedpowders: (a) agglomerated andsintered Mo-Mo2C powder: (b)corresponding zoomed view of aMo-Mo2C powder surfaceshowing high porosity, (c) Al2O3
 powder, and (d) ZrO2 powder
 Table 1 Thermal spray conditions and powders
 Process parameter Anode layer
 Current 500 A
 Voltage 60–70 V
 Primary gas (Argon) 100 psi (0.68 MPa); 42.08 lpm
 Secondary gas (Hydrogen) 50 psi (0.34 MPa); 34.2 lpm
 Carrier gas (Argon) 100 psi (0.68 MPa); 19.4 lpm
 Spray distance 100 mm
 Feed rate 70 g/m
 Spray angle 60°
 Coating thickness 200 to 300 μm
 APS gun Metco 3 MB gun
 APS nozzle Metco 3M7A-GP (small bore)
 Exp Mech
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operational range of the process parameters. The range ofcontrollable factors were identified specifically feed rate, cur-rent, hydrogen flow, spray distance and spray angle. To deter-mine the limits of the investigational factors, a key criterionwas assumed that the anode layer must have high porosity.Additionally, the alteration in melting temperatures of themain feed-stock powder Mo-Mo2C (2620 °C) and precursors[Al2O3 (2054 °C), ZrO2 (2700 °C), TiO2 (1843 °C)] can pres-ent a challenge for plasma spray deposition. Though, anoptimised process parameter was chosen for each of the anodelayers (Table 1).
 Microstructural Characterisation
 The surface characterisation of materials included scanningelectron microscope (SEM) imaging using Karl Zeiss EVOLS10 and JEOL JSM 6010 LA, whereas, the X-ray diffraction(XRD) analysis using Empyrean diffractometer (PANalytical,NL) with Copper kα radiation (1.54 Å) was employed toreveal the crystalline phase composition of the coatings. Thegeometry employed was a standard Bragg - Brentano reflec-tance geometry (ω - 2θ) in conjunction with a sample stagedesigned for solid objects. Patterns were acquired over therange (2θ = 10–75°) with a step size of 0.026° and a totalcollection time of 30 min.
 The total porosity of coating surface (using athresholding at 65% in the image processing software)was evaluated as the average of five area-normalizedregions each from optical microscope and image analy-sis (IA) software (release 6.3, Lumenera Corporation).This measures all open, closed, connected elongated po-rosity and cannot distinguish the type, and are easilydetected by image analysis due to the high degree ofcontrast between the dark pores (voids) and the morehighly reflective coating material. It is important to notethat the cross-sectional image analysis for porosityquantification is not ideal method as polished sample(intrusive method) could smear cross-section with im-paired (not true representative) porosity.
 Nanoindentation Tests for Hardness and Elasticity
 Nanoindentation trials for hardness and elastic modulus (at 30mN load, instrument chamber temperature 300 K) of the an-ode and substrate cross-sections were performed using a cal-ibrated NanoTest™ system (Micromaterials Limited, UK)with a diamond Berkovich tip. The nanoindentation tech-niques were programmed as three sections of a trapezoidalshape; the first segment increased the capacity to a maximumvalue at a loading rate of 10 mN/s, followed by a 30-s holdingsection at the maximum load, and the third segmentretrieved the indenter tip from the sample at an unloading rateof 10 mN/s.
 Overall twenty-five assessments were done on each coatingcross-section, which were dispersed in five lines of 5 measure-ment points each, at a specific space from the boundary, (i.e.coating surface). Depressions were spaced 22 μm apart, tocircumvent any interaction of adjacent indentations. By thesame token, the 10 measurements spread in two lines of 5measurement points apiece were accomplished on each sub-strate cross section near the interface, at a specific distancefrom the interface. The force-displacement contours were ex-amined by means of typical approaches with the area functionfor the Berkovich indenter whereas the modulus and hardnesswere investigated according to the Oliver and Pharr scheme[36]. The elastic modulus (Ei) and Poisson’s ratio (νi) of thediamond indenter were taken as 1140 GPa and 0.07 at roomtemperature, whereas to calculate the elastic modulus (Es) ofthe specimen, the Poisson ratio for the anode layer (νs) wasassumed as 0.30 (Mo [37, 38]) and for the substrate (νs) waspresumed to be 0.32 (Hastelloy [39]). Post-test residual im-pressions were mapped by means of an SEM.
 Assessing Neutron Diffraction Residual Strain
 Neutron diffraction strain measurements were implemented atthe UK’s Science and Technology Facilities Council’s (STFC)laboratory, by means of the ENGIN-X strain diffractometer atISIS facility [32–34]. These tests were completed at roomtemperature on three anode coatings (Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2, Mo-Mo2C/TiO2) put down by air plasma spray(APS). The trials were conducted in a vertical scan mode witha slit gap of 200 μm in order to determine the through thick-ness residual strain profile of the anode-substrate system. Toachieve a through-thickness residual strain profile with highresolution, a partially-submerged beam was used for measure-ments near the coating surface, as well as a beam submergedin the coating and substrate materials near the coating-substrate interface. A gauge volume of 0.2 × 8 × 4 mm wasemployed [34]. Strain checks were executed at the geometriccentre of the specimen. Specifics of the vertical scan techniqueare described in previous work [32–34].
 It has been argued that if the incident beam is scannedvertically out of a horizontal surface, there is no change indiffraction angle and, hence, no pseudo-strains generated asthe gauge volume moves out of the surface. It is important tonote that the specimen positioner has three orthogonal linearmotor drives (with nominal accuracy of 5 μm): X and Y (hor-izontal), and Z (vertical). The coated specimen was moved upor down in the Z-direction by at least 50 μm for depth profil-ing of strain in the coating and by at least 25 μm for depthprofiling of strain in substrate materials (i.e. closer to inter-face). The incident beam was passed through a vertical andhorizontal slit assembly to give a beam height at the slits of0.2 mm. Partially submerging the gauge volume allowed thestrain in the coated material (Mo-Mo2C/Al2O3 with coating
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thickness 250 μm), Mo-Mo2C/TiO2 with coating thickness300 μm and Mo-Mo2C/ZrO2 with coating thickness:220 μm) to be measured, whereas the substrate strain wasmostly measured using a fully submerged gauge volume.Longer measurement times were therefore required as manymeasurements as necessary for strain measurement in thecoating material and near interface in substrate (3 h pervertical depth).
 The peaks selected for the strain examination within eachanode material were such that there was minimal overlap withother crests. The strain was obtained from the shift in individ-ual points for the anode and substrate materials using a singlepeak fitting routine [40, 41]. The strain free lattice parameter
 (d0hkl ) for the coating material was found from originallymixed powder (i.e. Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2 andMo-Mo2C/TiO2). These powders were then put in a vanadiumtube and their lattice factors determined. The strain free latticeparameter for the Hastelloy®X was assessed at the surface ofthe uncoated substrate disc. The direct elastic strain in thematerial in the measured path was calculated as (equation (1)):
 εhkl ¼ dhkl−d0hkld0hkl
 ð1Þ
 where dhkl is the measured interplanar spacing and d0hkl is thestress-free interplanar spacing for the given material. The elas-tic stress values were determined from the strain values bymeans of the appropriate elastic modulus (i.e. values at appro-priate depth measured with a nanoindentation technique)("Nanoindentation Tests For Hardness and Elasticity" section).
 Results
 Microstructure of the Anode Layer
 The porosity was controlled by a selection of APS processparameters (Table 1) devoid of the need for adding a pore-forming material. The anode surfaces showed final splat struc-tures presumably resulting from the impact of molten andsemi or partially molten particles during APS thermalspraying. Additionally, SEM images of anode surfaces andcross-sections are presented in Fig. 2. In the image inFig. 2(I), the occurrence of high density surface connectedporosity was observed for all three specimens. The currentstudy found that the anode layers had a volumetric porosityas high as 19 ± 1% for both Mo-Mo2C/Al2O3 (coating thick-ness: 250 μm) and Mo-Mo2C/TiO2 (coating thickness:300 μm) and around 16 ± 1% for Mo-Mo2C/ZrO2 (coatingthickness: 220 μm).
 Substantial surface coarseness was seen in all three anodes.Furthermore, anode layer cross-sections of the samples
 (Fig. 2(II)) showed more detailed features which suggest thepresence of relatively high porosity for Mo-Mo2C/Al2O3 andMo-Mo2C/TiO2. The observed structures included very dis-tinct alternate layers ranging from light to dark grey in Mo-Mo2C/Al2O3 and Mo-Mo2C/TiO2 anode layers and relativelyless distinct layers in the case of Mo-Mo2C/ZrO2. Micro-cracks were also observed on the surface (Fig. 2(I) (a)).
 X-ray Diffraction Analysis
 The XRD spectrum of the anode surface showed the presenceof dominant phase (Fig. 3). It is important to note that theinfinite orientations criterion of powder diffraction may notbe satisfied and so there may be pronounced textural effectsobserved in the XRD data; therefore, relative intensities ofpeaks may not match reference data and it is possible thatsome peaks of a phase are missing entirely due to their orien-tation. However, all major peaks have been clearly identifiedusing the International Centre for Diffraction Data (ICDD)software Powder Diffraction File™ (PDF) number (00-004-0809 for Mo, 00-011-0680 for Mo2C, 00-036-0863 forMo0.42C0.58, 00-030-0029 for Al2Mo3C, 01-078-1070 forMoO2, 00–049-1642 for ZrO2, 01-083-2242 for TiO2) usedin this analysis. The Mo peak for all powders is clearly iden-tified in Fig. 3, which was the main peak used for the strainmeasurements (Neutron Diffraction Measurements section).XRD analysis of anode layers in Fig. 3 indicates that Mo-Mo2C undergoes some oxidation and decarburisation formingMoO2 and Mo0.42 C0.58, because of high temperature andoxygen environment during APS spraying process. This phe-nomenon is also frequently reported for other carbides e.g.WC-Co where oxidation and decarburisation occurs duringthermal spraying process [42–44]. For specimen with blendof Mo-Mo2C and Al2O3, there was some evidence of limitedformation of intermetallic compound (Al2Mo3C). Formationof these compounds is possible due to high temperature inplasma stream, however as the dwell time (time powderspends in the heating zone) is very short, there is very littletime for the formation of intermetallics. Formation of nano-crystals or amorphous phases can however result due to hightemperatures and very high heating and cooling rates in plas-ma spraying, which normally lead to broadening of XRDpeaks. However, these changes were minimal in the currentstudy. The configuration was dominated by three strong re-flections corresponding to metallic molybdenum. The seg-ments identified in the Mo-Mo2C/Al2O3 anode layer includedMo, Mo2C, Mo0.42C0.58, Al2Mo3C and MoO2 (Fig. 3(A)).The phases recognized in the Mo-Mo2C/ZrO2 anode layerencompassed Mo, MoO2, Mo2C, Mo0.42C0.58 and ZrO2
 (Fig. 3(B)). The phases identified in the Mo-Mo2C/TiO2 an-ode layer involved Mo, MoO2 and TiO2 (Fig. 3(C)).Also, shown in Fig. 3(C) for the Mo-Mo2C/TiO2 anodelayer, the main phase by a considerable margin was metallic
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Fig. 3 X-ray diffraction of APScoated anode layers (coatingsurface): (A) Mo-Mo2C/Al2O3,(B) Mo-Mo2C/ZrO2 and (C)Mo-Mo2C/TiO2 [three intensereflections corresponds tometallic molybdenum, Mo, ineach pattern]
 Fig. 2 SEM images of APScoated anode layer surfacesshowing surface connectedporosities and unmolten powderparticle and cross-sectionsdisplaying features near thesurfaces: (a) Mo-Mo2C/Al2O3,(b) Mo-Mo2C/ZrO2 and (c) Mo-Mo2C/TiO2
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molybdenum (Mo). Unlike the previous two samples (Mo-Mo2C/Al2O3 and Mo-Mo2C/ZrO2), there were no species ofmolybdenum carbide (Mo2C) detected.
 Nanoindentation Testing
 The hardness results (Fig. 4(a)) principally showed that theupper layers of the coatings had higher average values than
 the lower subsurface layers, with significantly high standarddeviations in coating zones (e.g. Mo-Mo2C/TiO2) and lowstandard deviations in substrate zones. Each data point repre-sented an average of 5 tests. The measurements of the elasticmodulus of sample, Es (Fig. 4(b)) indicated that overall thevalues were very similar for each coating with significantlyhigher standard deviations in coating zones (e.g. Mo-Mo2C/TiO2) and lower standard deviations in substrate zones.
 Fig. 4 Nanoindentation resultson the cross-section of APScoated anode layer specimens(Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2 and Mo-Mo2C/TiO2) onHastelloy®X substrates: (a)hardness, (b) elastic modulus, and(c) SEM image showing fiveBerkovich nanoindentationresidual impressions (alongyellow line) on Hastelloy®Xsubstrate near the coating-substrate interface (shown forMo-Mo2C/TiO2 anode specimen)
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Neutron Diffraction Measurements
 The Fig. 5 presents neutron diffraction patterns near the anode-substrate interface in the anode layer (also includes hkl peakswhich were identified and analysed) for Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2, and Mo-Mo2C/TiO2, and in the substrateHastelloy®X of the anode Mo-Mo2C/Al2O3 layer. It is impor-tant to note that the (hkl) peaks identified and analysed includefour molybdenum (Mo) peaks (body-centred cubic or bcc) foreach anode layers [(110), (200), (211) and (220)] and five Ni(gamma phase, is a face-centred cubic or fcc) peaks for eachHastelloy®X substrates [(111), (200), (220), (311) and (222)].
 As shown in Fig. 6, the residual strain measurements wereperformed through thickness of specimens using a fully sub-merged gauge volume for deeper beam penetration and a par-tially submerged volume for near surface analysis [32–34].Individual diffraction peaks corresponding to crystallographicplanes (110), (200), (211) and (220) were employed to measurethe average residual strain in each of the three anode layers,whereas, diffraction peaks corresponding to crystallographicplanes (111), (200), (220), (311) and (222) were used to mea-sure the average residual strain in the Hastelloy®X substrate.The x-axis of these plots was analysed on a logarithmic scale tohighlight the variation in the anode-substrate strain.
 Fig. 5 Neutron diffractionpattern near the anode-substrateinterface in the anode layer part(including hkl peaks identifiedand analysed): (a) Mo-Mo2C/Al2O3, (b) Mo-Mo2C/ZrO2, (c)Mo-Mo2C/TiO2, and dHastelloy®X substrate of anodeMo-Mo2C/Al2O3 coating (used asd0hkl for Hastelloy®X substrate);[Note: inbox in (a) shows anexample of single peak fit curve(pseudo-Voigt function)]
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The trends of residual strain in each of the three anodelayers for diffraction peaks corresponding to crystallographicplanes (110), (200), (211) and (220) were largely tensile with
 some compression near the interface (e.g. in Mo-Mo2C/TiO2)for planes (211) and (200). The trends of residual strain ineach of the three Hastelloy®X substrates for diffraction peaks
 Fig. 6 Single peak fitting routineanalysis for neutron diffractionresidual strain in anodes (forplanes: (110), (220), (211), (220))and 4.67 mm thick Hastelloy®Xsubstrate (for planes: (111), (200),(220), (311), (222)): (a) Mo-Mo2C/Al2O3 (250 μm thick), (b)Mo-Mo2C/ZrO2 (220 μm thick),and (c) Mo-Mo2C/TiO2 (300 μmthick)
 Exp Mech

Page 10
						

corresponding to crystallographic planes (111), (200), (220),(311) and (222) were highly compressive stress at the interface(except for plane (200) in Hastelloy®X substrates with Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2 anode layers), including somerelatively high tensile residual strain away from the interfacein the Hastelloy®X substrate for plane (222).
 While analysing the residual strain results obtained from anaverage of individual diffraction peaks, it can be seen that thetrends of residual strain in each of the three anode layers fordiffraction peaks corresponding to crystallographic planes(110), (200), (211) and (220) were mainly tensile (Fig. 7(a)).Results indicated that the average trends of residual strain ineach of the three Hastelloy®X substrates for diffraction peakscorresponding to crystallographic planes (111), (200), (220),(311) and (222) were compressive at the interface, includingsome high tensile average residual strain away from the inter-face in the substrate, for example, for the Mo-Mo2C/Al2O3
 anode substrate. To convert the through thickness residualstrain data to analyse the corresponding residual stress
 distribution (Fig. 7(b)), an average value of measured elasticmodulus (Fig. 4) was utilized where measurement depth loca-tion of residual strain and elastic modulus did not match. Thisportion of the investigation indicated that the anode and sub-strate individual peaks or average residual strain/stress variedsignificantly with the anode coating conditions.
 Discussion
 Analysis of Anode Morphology and NanoindentationTesting
 As mentioned earlier, anode layers of 200 μm to 300 μmthicknesses and with a volumetric porosity as high as 20%could be produced by selecting the proper atmospheric plasmaspray (APS) process parameters without the need for the ad-dition of a pore-forming material. For example, Fig. 2(I)showed the coating’s surface, which was mainly composed
 Fig. 7 Neutron diffractionmeasurements and comparison:(a) residual strain comparison(based on average of allindividual peak routine analysis)of plasma sprayed SOFC anodeson 4.76 mm thick Hastelloy®Xsubstrates, and (b) correspondingresidual stress [Mo-Mo2C/Al2O3
 (250 μm thick), Mo-Mo2C/ZrO2
 (220 μm thick), Mo-Mo2C/TiO2
 (300 μm thick)]
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of splats with some semi- or partially-molten granules, includ-ing surface connected macro-pores and cracks in splats (butvery little in Mo-Mo2C/Al2O3, Fig. 2(I) (a). This suggests thatthe pores formed as a result of reduced bonding between ad-jacent splats, while micro-cracking arose from contraction ofthe splat in the course of quenching and succeeding differen-tial thermal contraction between substrate and coating. Thisconfirms previous related results from our investigations[32–35]. For the anode cross-section surfaces (Fig. 2(II)), thesplat thickness and features within appeared more or less verysimilar for all three anode layers (Mo-Mo2C/Al2O3, Mo-Mo2C/TiO2 and Mo-Mo2C/ZrO2) with distinct layer gaps be-tween splats (i.e. the splat does not appear to have dissolved).It can be argued that the slight variance in splat structures maybe due to dissimilar powder shape and sizes.
 In the XRD pattern, though the main phase was metallicmolybdenum (Mo), considering some unique phase, as shownin Fig. 3 for the Mo-Mo2C/Al2O3 anode layer, there was asmall amount of aluminium-molybdenum-carbide(Al2Mo3C). Al2Mo3C is known to be a superconductor at aspecific temperature as mentioned byWeil [45]. One can spec-ulate that one possible area for further study is an SOFC coat-ing as a superconductor.
 Overall hardness results indicated that the upper layers ofthe anode surface have higher average values than the subsur-face layers in the anode layer with some effect of APS hightemperature deposition on the substrate (i.e. higher bound atthe interface for each specimens). The average hardness mea-sured using nanoindentation technique for the anode layercross-section surface (Fig. 4(a)) in the current investigationwas found to lie within the range 5 GPa to 9 GPa (for Mo-Mo2C/Al2O3 anode layer), 5 GPa and 10 GPa (for Mo-Mo2C/ZrO2 anode layer), 7 GPa and 14 GPa (for Mo-Mo2C/TiO2
 anode layer), with a significantly high standard deviationwithin coating and low standard deviation in the substrate(Hastelloy®X). The small differences in the average hardnesscan be attributed to the lower degree of phase transformationin APS during deposition of Mo-Mo2C/ZrO2 and Mo-Mo2C/TiO2. This could also lead to potential differences between themeasured elastic values. Other factors, such as inter-splatbonding, residual stress and porosity may also contribute tothe differences in the elastic modulus of the three anode layercoatings. In addition, high standard deviations in throughthickness nanoindentation measurements (i.e. hardness, elas-tic modulus) also suggest an important effect of the compoundanode morphology (Fig. 4(b)). For example, the average elas-tic modulus measured for anode layer cross-section surfaceranged between 283 GPa to 305 GPa (for Mo-Mo2C/Al2O3
 anode layer), 134 GPa and 244 GPa (for Mo-Mo2C/ZrO2
 anode layer), 171 GPa and 275 GPa (for Mo-Mo2C/TiO2 an-ode layer), with a significantly high standard deviation in thecoating zones and a low standard deviation in the substrate(Hastelloy®X) zones.
 The complex anode coating cross-sectional morphology isbest expressed in Fig. 8 which presents an example ofBerkovich nanoindentation at 30 mN load for the anodecross-section in Mo-Mo2C/TiO2. Here the indent line shownin the Hastelloy®X substrate cross-section (i.e. 100 μm awayfrom the coating-substrate interface in substrate, Fig. 8(a)),suggests a moderately uniform microstructure, leading to alow standard deviation in the substrate (Hastelloy®X) zones,as seen in Fig. 4. For the indent mark presented for the anodecross-section in Mo-Mo2C/TiO2 (220 μm away from thecoating-substrate interface in coating, Fig. 8(b)), showing in-dentation of non-uniform microstructure (surface), leading tohigh standard deviation in anode zones, seen in Fig. 4. TheFig. 8(c) presents the corresponding P-h profiles for the anodecross-section in Mo-Mo2C/TiO2 including the inbox in P-hprofiles which indicate that each anode coating forms distinctalternating layers of the two materials (identifiable largely bylight grey and also by dark grey lamellar structures) in eachanode coatings (e.g. Fig. 8(d, e) for Mo-Mo2C/TiO2). Also,evident from XRD pattern in Fig. 3 for Mo-Mo2C/TiO2 anodelayer, the main phase by a considerable margin was lightergrey metallic molybdenum (Mo) including the high tempera-ture polymorph of darker grey titania (TiO2, rutile) was pres-ent. The Fig. 8(d) shows a zoomed view of Berkovich inden-tation for indent 5 (on darker phase with hardness (7.6 GPa),reduced elastic modulus (128GPa)), and for a zoomed view ofBerkovich indentation for indent 4 (on darker phase with im-paired indenter landing). The indent 1 (on lighter grey phase)suggests higher hardness (9.6 GPa) and reduced elastic mod-ulus (218 GPa) compared to the darker grey phase. The valuesfor indent 4 (hardness = 2.1 GPa; reduced elasticmodulus = 42 GPa) is much low possibly because it landedon the edge.
 In the current investigation, the Poisson ratio for the anodelayer was taken as 0.30 (Mo [37], due to dominant phaseobserved in X-ray and neutron diffraction), however, the elas-tic modulus values can be influenced by the Poison’s ratio (νs)of the specimen. Some references recommended a Poisson’sratio value as high as 0.32 for Mo [38]. From the presentinvestigation, a sensitivity analysis indicated that the averagemodulus will change (i.e. decrease) by about 1.36% if ahigher Poisson’s ratio value of 0.32 is used. Consideringthe sensitivity of Mo2C, Nino et al. [39] suggested avalue of 0.28, which is very similar to the Poisson ratiofor the Hastelloy [39], the average modulus will change(i.e. increase) by about 1.08%.
 The APS spraying conditions appeared to have only aslight effect on the average modulus (Fig. 4(b)). Also, thehigher magnification images of the Hastelloy®X substratenear the interface indicated negligible differences inthe microstructure. The hardness did not show substan-tial differences between the near-interface hardness ofthe Hastelloy®X between the anode materials, indicating that
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microstructural transformation was not substantial, which wasconsistent with the observed microstructure (Fig. 4(b)).Hence, it was difficult to relate this small change in modulusand no change in hardness of near coating-substrate interfacemodulus of Hastelloy®X on possible microstructuraltransformations in Hastelloy®X during APS coating de-position. As shown in Fig. 4(c), it possible that nearinterface nanoindentation may land in the gaps (non inthis case) or either on the substrate or coatings andhence some results may have been related to coatingand other to the substrate.
 Assessment of Anode Residual Strain and Residual StressProfiles
 The residual strain and stress results (presented in Fig. 7) in-dicated that, with all other factors constant, the measuredstrain is dependent upon the depth of measurement. This inturn is suggestive of the combined effect of thermal mismatchbased on the difference in the coefficient of thermal expansion(αCTE) of the anode coating and substrate system, the role ofquenching stress in individual lamellae, and the effect of phasetransformations [32–34]. Furthermore, residual stress
 Fig. 8 Berkovichnanoindentation at 30 mN load:(a) indent line shown inHastelloy®X substrate cross-section (100 μm away from thecoating-substrate interface insubstrate), and inbox shows thescheme of indentation array, (b)indent line shown here for anodecross-section in Mo-Mo2C/TiO2
 (220 μm away from the coating-substrate interface in coating), (c)corresponding P-h profiles of (b),(d) zoomed view of Berkovichindentation for indent 5, and (e)zoomed view of Berkovichindentation for indent 4
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measurement of the molybdenum (bcc) structure in Mo-Mo2C/Al2O3 anode layer (for planes: (110), (220), (211),(220)) indicated largely tensile residual strains, whereasplanes ((111), (200), (220), (311), (222)) in Hastelloy®X sub-strate which are Ni (gamma, are face-centred cubic or fcc)peaks indicating compressive strain values at the interfacefor all measured planes except (200) which was tensile strainthroughout the substrate thickness. This dependency of mea-sured values on the plane is not unusual on the basis of volumeconservation and Poisson’s ratio. However, it does indicatethat when a single peak fitting analysis is used (e.g. in thesin2ψ technique in X-ray measurements), the results will besensitive to the designated peak, and hence reported stressvalues are not uncommon, indicating not only the difficultyof residual strain measurement in these complex materials butalso that the multiple peak through thickness analysis via neu-tron diffraction provides a more detailed strain analysis.
 As summarised above in BAssessing Neutron DiffractionResidual Strain^ section, the strain was obtained from the shiftin individual peaks for the coating and substrate materialsobtained using a single-peak fitting. Single-peak fits use apeak profile consisting of the convolution of a truncated ex-ponential with a pseudo-Voigt function (note: pseudo-Voigtpart is a convolution of Gaussian and Lorentzian curves)shown in Fig. 5(a) routine. The quality of single peak fittingto the neutron diffraction is shown in the zoomed window forthe Mo (110 bcc) peak in Fig. 5(a) which has resulted instandard deviations of strain measurements (Fig. 7) whichare consistent with previous studies on thermal spray coatings[e.g. 32–35].
 In general, for simple crystal structures Rietveld refinementanalysis can be applied which considers multiple peaks in thespectra to evaluate lattice parameters. However, Rietveld re-finement can be difficult to apply where the spectra has over-lapping peaks. In the current study overlapping peaks are pos-sible due to submergence of the beam in both coating andsubstrate materials and formation of other compounds, whichreduces the reliability of Rietveld refinement. As the Mo peakin the current study had no overlapping peaks (Figs. 3 and 5),a single peak fitting refinement was used, which is consistentwith previous studies of thermal spray coatings [32–35]. AtEngin-X neutron scattering facility, peak positions can be pre-cisely determined by Bleast-squares^ refinement of the peaks,with a typical sensitivity of 50 με (1 με = 10−6). Least-squaresmeans that the overall solution minimizes the sum of thesquares of the errors made in the results of every single equa-tion. Each diffraction peak provides information from only asmall fraction of the crystallites within the sampled volume,i.e. those oriented to fulfil the Bragg condition. Assummarised by Santisteban et al. [46], a good approximationto the macroscopic (engineering) elastic strain is usually givenby a weighted average of several single-peak strains (εhkl). Insuch time-of-flight (TOF) based neutron scattering
 instruments, the engineering strain can also be approximatedfrom the change in the average lattice parameters fromRietveld or Pawley refinements of the complete diffractionspectrum.
 The neutron scattering for strain measurement is conceptu-ally very simple but its practical application can be time-con-suming. Very long counting times are required when smallgauge volumes and large penetration depths are involved[46]. In the current investigation, large counting times forcoatings and in substrate near interface (3 h per vertical depth)and short counting times for substrates away from interface(1 h per vertical depth) were used to ensure data quality.
 Surface properties (e.g. texture) in thermal spray coatingscan originate from quenching of lamellae and plastic deforma-tion of un-molten coating particles [32, 47]. Thermo-mechanical characteristics of anode particles during deposi-tion therefore control the degree of texturing in thermal spraycoatings. The analysis of multiple peaks presented in this in-vestigation (Fig. 6(a)) therefore highlights this dependency oftexture, which can form during coating formation in APS, onresidual strain. This anode texturing and its influence on re-sidual strain will also influence its thermo-mechanical perfor-mance, which will improve in grains that are oriented suchthat they carry a compressive residual strain near anode layer/substrate interface.
 For bulk (macro) mechanical property evaluations, an av-eraged value of strain, e.g. as indicated in Fig. 7 can be used tointerpret the macro-strain in the anode specimens. Such de-tailed strain analysis is currently not possible using other tech-niques e.g. sin2ψ where a single peak is measured or hole-drilling or curvature techniques where an averaged stress isestimated. Even for neutron based residual strain measure-ments, complications do arise. For example, the gauge volumecontains diffraction peaks from both the coating and substratematerials, which overlap and reduce the accuracy of Rietveldpeak refinement [32–34].
 As was seen in Fig. 7, the measurements of the averageresidual strain/stress profile in the anode layer varied signifi-cantly with the coating conditions. The average residual strainand residual stress in the Mo-Mo2C/Al2O3 anode layer andMo-Mo2C/TiO2 anode layer changed from tensile near thesurface to compressive at the interface, whereas the averageresidual strain/stress in the Mo-Mo2C/ZrO2 anode layer wasslightly tensile. These residual strain values revealed the col-lective outcome of a thermal mismatch founded on the dis-similarity in the coefficient of thermal expansion (αCTE) of theanode layer/substrate system, the role of quenching stress inspecific lamellae, and the influence of phase changes [32–34].These factors have been discussed in detail by Ahmed et al.[32] on the basis of physical mechanisms dictating the residualstress behaviour. Additionally, residual stresses within a coat-ing can disturb the coating bond on a substrate, predominantlyfor cyclical temperature operation [48], especially in SOFC. It
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can be argued that the reduction of the residual stress andenhanced bonding between the anode layers should diminishthe trend to delaminate, especially during thermal cycling infuel cell operation.
 Comparison with the coefficient of thermal expansion model
 Estimates of the macro-residual stresses due to thermal expan-sion mismatch in a two-layer system can be based on equation(2) assuming that the linear coefficient of thermal expansion(CTE) does not vary within ΔT [48, 49]:
 σA ¼ 1
 dA⋅
 αB−αAð Þ⋅ΔT1−νAdA⋅EA
 þ 1−νBdB⋅EB
 0BB@
 1CCA ð2Þ
 where σ, E, v, α and ΔT are the thermal stress, elastic modu-lus, Poisson’s ratio, CTE, and the temperature change, respec-tively (see Tables 2 and 3) [50, 51]. In the equation (2), thesubscripts BA^ and BB^ refer to the anode layer coating and thesubstrate, respectively. It is known that the particle tempera-ture upon impact during air plasma spraying can be around1873 ± 473 K [52].
 Thermal stress which was calculated using equation (2)with a temperature change, ΔT = 1573 K and assumedcooling to room temperature, 300 K, and CTE values fromTable 2, were consistent with the averaged residual tensilestrain and stress values in the anode layers and the averagedresidual compressive strain and stress values in the substratenear interface (Fig. 7 and Table 3). It can be reasoned thatthermal stress and strain values calculated by equation (2)however may not be accurate as it assumes perfect (i.e. defectfree) bonding at the anode layer/substrate interface [53, 54].Phase changes are also not considered. Moreover, the neutrondiffraction analysis evaluated the strain in the molybdenumcrystals which formed most of the anode layer. The atomicpercent of Mo was however relatively low at 45%. Hence thestrain in the Mo crystal will be effected by the CTE value
 difference between Mo (5.3 × 10−6 (20 °C)) and Mo2C(7.8 × 10−6 (20 °C) and other constituents such as Al2O3
 (5.5 × 10−6 (20 °C)), ZrO2 (7.0 × 10−6 (20 °C)), TiO2
 (7.1 × 10−6 (20 °C)), as shown in Table 2. Therefore, there isstrain in Mo caused by the CTE difference between the coat-ing and substrate material and the CTE difference amongst thecrystalline phases of the layer. These variances, in addition tothe quenching stresses will lead to a diverse assessment be-tween the stress values calculated from equation (2) and theneutron scattering results. As the coating composition is large-ly Mo, the neutron scattering analysis of Mo peaks can beassumed to represent the overall stress state of the coating.
 The quenching stress, which appears within differentsplats, is caused by constrained contraction of the solidifyingsplat during cooling process, since its shrinkage is inhibited bythe underlying lamella. This again is a function of the temper-ature of individually sprayed splats. As previously mentioned[2, 34], quenching stress is always tensile, while thermal mis-match stress can be tensile or compressive. The tensile natureof the residual stress suggests that the quenching stress com-ponent is larger than the thermal mismatch stress factor. Thisoutcome is likely partially due to the great variances amongstthe coefficient of thermal expansion (CTE) of each componentin the anode layers and the substrate (Table 3). As indicated inFig. 3, there was a higher degree of crystallinity in each of theanode layers. Although the influence of these transformationsis appreciable between different planes of strain measurement(Fig. 7), when compared to the differences between the Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2 anode, and the Mo-Mo2C/TiO2 anode specimens, the overall influence on the averagedstrain and stress values (Fig. 7) is minor.
 Influence of coating morphology
 Two types of microstructural flaws were found to be present inthe materials: micro-cracks (i.e. very little in Mo-Mo2C/Al2O3,to almost none in Mo-Mo2C/ZrO2 and Mo-Mo2C/TiO2), andpores, as indicated by arrows in Fig. 2. The extent to whichboth defect types occur can be changed (i.e. enhanced/reduced)
 Table 2 Materials properties
 Material αCTE (K−1) Elastic modulus
 (GPa)Tensile strength(MPa)
 Hardness (GPa) Melting temperature(°C)
 Ref.
 Mo 5.3 × 10−6 (20 °C) 330 324 2.2 2617 [46]
 Mo2C 7.8 × 10−6 (20 °C) 227–553 Not available 19 2505–2692 [46]
 Mo-Mo2C Not available Not available Not available Not available 2620 Metco 64
 Al2O3 5.5 × 10−6 (20 °C) 215–413 300 5.5–22.0 2054 [46, 47]
 ZrO2 7.0 × 10−6 (20 °C) 100–250 711 5.5–15.7 2700 [46, 47]
 TiO2 7.1 × 10−6 (20 °C) 230–288 367 9.3–10.2 1843 [46, 47]
 Hastelloy®X 13.8 × 10−6 (25–300 °C) 205 245 3.6–3.8 (current measurement) 1260–1355 [39, 47]
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by modifying thermal spraying processing parameters andpowder composition. Micro-cracks are generated duringquenching of the molten splats to relieve the tensile stresses[2] and are undesirable. On the other hand, pores are formedby a number of mechanisms (e.g. incomplete penetration ofmolten splats into surface crevices and the inclusion of partiallymelted particles in the coating [55]) need to be controlled toimprove the efficiency of the SOFC. Cracks which can runthrough most or all of the anode layer thicknesses can form torelieve tensile stress. Micro-cracks and pores relax stresses lo-cally, while the other cracks provide stress relief for larger sec-tions of the anode layers. Both of these features i.e. cracks andpores reduce the mechanical integrity of the SOFC. Likewise, itis important to note that fissures provide good stress relief in theanode layers, resulting in residual stress levels in the anodelayers that are smaller (Fig. 7(b)) than the tensile strength ofbulk molybdenum (324MPa [50, 51], and not necessarily ther-mally sprayed Mo coatings), including other materials in theanode composition (Table 3).
 Comparison with previous studies
 A comparison (i.e. only three literature papers could be found)of published literature on the residual stress values of thermal-ly sprayed electrodes in SOFC indicated that the residualstress values are very much dependent upon the material andthe measurement methods (Table 4). The X-ray diffractionvalues of measured residual stress using the sin2ψ techniquefor SOFC electrodes indicated that the stress is always tensileor compressive at the coating surface (Table 4) dependingupon the coating substrate combination. As discussed earlier,this is inconsistent with the mechanisms of residual stressgeneration on the basis of the coefficient of thermal expansion(CTE) difference and also the role of quenching stresses (andcan also depend on the X-ray beam penetration depth of mea-surements, about 6 μm reported by Heimann et al. [56]). Thevalues quoted from the synchrotron X-ray method largely in-dicated very high compressive residual stress values (between−0.59 GPa to −2.1 GPa) varying through the plasma sprayedanode layer thickness (e.g. [4]). Similarly, the measuredstrains in the plasma-sprayed NiO/LDC anode layer on Nisubstrate (with LSCMbuffer) were in compressive states, withno obvious differences of residual strains between the speci-mens with various coating thicknesses of NiO/LDC [5].However, the compressive residual strain in the NiO/LDCanode layer coating can be reduced with increasing substratetemperature during the plasma spraying. It has been reportedthat the higher compressive residual strain can lessen thebonding strength between coating and substrate [4, 5].Therefore, the heating of the substrate in the course ofplasma spraying is a significant issue for achieving goodmechanical stability of the NiO/LDC anode on the porousNi substrate for SOFC [5].T
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 LDC(Ce0.55L
 a0.45O
 3−δ),
 LSG
 M(La0.8Sr0.2G
 a0.8Mg0.2O3−δ),
 LSC
 F(La0.58S
 r0.4Co0.2Fe0.8O
 3−δ).
 --
 PorousNi
 (size:100mm
 (l)×10
 mm(w)×1mm(t))
 Residualstrains,%
 (as-sprayed)
 −0.48(LSC
 M);Su
 rfaceside
 −0.27(N
 iO);Bufferside
 −0.79(N
 iO);Surface
 side
 −0.32(LDC);Anode
 side
 −1.48(LDC);
 −0.46(N
 iO);
 −0.72(LSG
 M);
 −0.59(LSC
 F);
 As-sprayedteststrippresents
 compressive
 residualstrain.T
 heteststriprevealscompressive
 residualstrain
 incooling
 process.LSCM
 bufferreverses
 intotensile
 residualstrainifitis
 sprayedwith
 ananodecoating.
 [5]
 Exp Mech

Page 17
						

Residual stress and durability of SOFCs
 Neutron diffraction due to its high beam penetration, unlikeother measurement techniques (e.g. X-ray synchrotron radia-tion [2, 19, 20, 57]), offers the opportunity to non-destructivelymeasure the through thickness stress profile. It is also importantto note that there is no well-established model for the relation-ships between anode layer degradation, failure and total stressdistribution during usage of SOFC at high temperatures. Sincethe SOFC electrodes can degrade faster at elevated temperatureor those subjected to higher levels of loading, the combinedloading stress during operation and pre-existing residual stressin electrodes can significantly affect the response of the overallelectrode materials. Considering a similar level of loading dur-ing fuel cell operation, the magnitude and nature of pre-existingresidual tensile stress in the SOFC system is expected to impactthe electrode (i.e. anode, electrolyte, and cathode) degradationand failure with time. Nevertheless, thermal spraying such asair plasma spray is an important manufacturing method forSOFCs because it permits direct deposition of the functionalanode layers on metal supports and may offer cost advantagesover conventional manufacturingmethod [2, 4, 5]. The primarysignificance of this study is that it will aid in the electrodedevelopment process by providing practical information aboutthermo-mechanical properties such as flexural strength, frac-ture toughness and adhesion strength.
 Conclusions
 Anode layers of thicknesses between 200 μm to 300 μm andwith porosities as high as 20% for Mo-Mo2C/Al2O3 (250 μmthick layer) and Mo-Mo2C/TiO2 (300 μm thick layer) andaround 17% for Mo-Mo2C/ZrO2 (220 μm thick layer), canbe obtained in a controllable manner by selection appropriateair plasma spray (APS) process parameters without the needfor addition of pore-forming material. The process parametersdeveloped and structural analysis performed through the cur-rent work have paved the way for further development ofother composite layers for a complete solid oxide fuel cell(SOFC). The following conclusions can be drawn:
 a. The through thickness residual stress profiles in the anodelayers (Mo-Mo2C/Al2O3, Mo-Mo2C/ZrO2 anode, andMo-Mo2C/TiO2 specimens) were mainly tensile, beinglowest at the interface with the substrate.
 b. Comparison of the residual average strain (and stress) pro-file indicated that the average tensile residual strain (andstress) in the Mo-Mo2C/TiO2 anode is the lowest, with thepossible effect of metal oxide particle size and shape.
 c. The measured values of residual strain were not sensitiveto the plane of strain measurement which explains thesmall influence of metal oxides in the anode layers.
 d. Anode layer residual stress affects microstructure condi-tions and nanoindentation based hardness results point tothe upper layers of the anodes having higher values thanthe subsurface layers with some effect of the depositionon the substrate.
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