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Abstract 

The relationships between microstructural characteristics and electrical as well as mechanical 

properties of La5.4WO12-δ (LWO54) materials were studied. Polycrystalline LWO54 samples 

revealed identical transport mechanisms regardless of the sample microstructure. The studied 

samples show predominately proton conductor behaviour below 800 ºC and become 

predominant n-type and oxygen ion conductors above this temperature. The magnitude of the 

total conductivity is enhanced with larger grain size and lower porosity. Young’s modulus 
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decreased by 20% with increasing temperature up to 1000 °C regardless of grain size and 

atmosphere. Fracture strength was determined via ring-on-ring bending tests, yielding values 

that strongly depended on microstructural characteristics and homogeneity of the 

microstructure. Elevated temperature deformation studies revealed that creep is governed by 

cation diffusion mechanism.  

Keywords: proton-conducting ceramic membranes; lanthanum tungstate; mechanical properties; 

conductivity; strength; creep; 

 Introduction  

Hydrogen-related technologies receive growing attention due to the increasing importance of 

hydrogen as potential environmentally friendly energy carrier of the future with great social impact 

and economical relevance [1,2,3,4,5,6]. Therefore, proton conducting oxide ceramics 

[7,8,9,10,11,12,13] are at the emerging focus of materials science and process engineering.  

Metal-based alloys [14], including also precious metals such as Pd and Ag [15], yielding H2-

permeation in the range of few l/cm2·min at temperatures T ≤ 500 °C. Microporous inorganic 

membranes [16,17] are typically used in low temperature H2-separation tasks. Dense ceramic 

membranes as studied in this work are suitable candidates, especially for applications requiring 

elevated temperatures (600-800 °C). First identified as mixed proton-electronic conductor by 

Shimura et al. [18], lanthanum tungstate LaxWO3+1.5x (𝑥 < 6, LWO) has been an object of intensive 

research during the past few years as membrane material for H2 separation tasks or membrane 

reactor applications in intermediate to high temperature range [19,20,21,22,23,24,25,26,27,28,29]. 

In particular, LWO displays appreciable chemical and (hydro-) thermal stability [24,25], as well as 

relatively high values of mixed proton-electronic conductivity, after appropriate substitution, in 

comparison to other ceramic materials [20,23,24]. Such properties are advantageous for application, 

especially under highly reducing and even sulphur-containing gas environments (e.g. H2, H2O, CO, 

CO2, CH4, H2S, and dust) at elevated temperatures.   

In the past years, certain phase purity [21,23,30] and structural issues [31,32,33,34,35] related to 

this material have been identified and successfully resolved. Lanthanum tungstate was formerly 

referred to as La6WO12, a compound formed in the La2O3-WO3 system, which was considered stable 

from room temperature to ~2150 °C according to [36] or existing only as a high temperature phase 

at T higher than ~1740 °C according to [37]. In 2001 Diot et al. [38] described the crystal structure as 

ordered defective fluorite (or disordered pyrochlores) for tungstates with small cations (such as Y 

and Ho) by a model applicable for RE6WO12 (where RE means rare earth). However, lanthanum 

tungstate with 6-1-12 stoichiometry could not be synthesised as a stable compound as already 

reported in [21,22,23] and it finally revealed a much more complex structure for which Diot’s model 

appeared to be unrealistic. Continuous works of Scherb  [31] and Fantin et al.  [39], independently 

from Magraso et al.  [32] and Erdal et al. 2012 [33], have thrown light in particular on the structure 

of La-tungstate leading to a validated structural model of this complex compound. In addition to the 

electrical characteristics upon W-substitution explored in literature [23][24], structural 

characteristics and hydration behaviour of Re and Mo-substituted LWOs with different substitution 

concentration up to their solubility limits has been furthermore elucidated in a series of recent 

works [39] However, any further structure-related details are omitted here, reader can refer to the 

corresponding works. An important stoichiometry- and structure-related aspect is that the single 

phase region is relatively narrow (5.3-5.8 in [21]; 5.2-5.5 in [22,23]) and it reveals strong T-
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dependent shift to higher W concentrations reflected by the increased W solubility in the La2 sites 

[21,32]. W6+ partially substituted on La3+ cause a decrease in oxygen vacancies concentration and 

leads to a structure stabilization. In this context, the total electrical conductivity of LWO increases 

with increasing the La/W ratio as a result of the raised oxygen vacancy concentration, but the 

stability of main phase suffers. Outside the aforementioned ranges of single phase stability, 

undesired secondary phases are typically formed e.g. free La2O3 at higher La/W ratios [21,22,23], 

and La6W2O15 phase at lower La/W [22,23,30,40], both having negative impact on LWO material 

integrity and performance [21,22,23,30].  

Apart from the complexity of composition-structure-defects-transport properties relation, partially 

elucidated but still requiring massive exploration effort, mechanical properties of this class of 

materials are scarcely considered. Various studies exist on the mechanical properties of membrane 

materials focusing mainly on oxygen conducting mixed ion electron conductors [41,42,43,44,45,46] 

but very limited contributions have been published on mechanical properties of LWO. An early study 

by Roa et al. [47] reported material hardness and Young’s modulus of LWO materials with La/W ratio 

in the range of 4.8 - 6. The main conclusion of their work was the independence of these properties 

on chemical composition and sintering temperature. Furthermore the densification and variation of 

the particle size during sintering seems not to vary for different LWO compositions (even though 

containing secondary phase segregations).  

As an attractive candidate for H2 technology related applications, LWO needs to be manufactured as 

a membrane, often as an asymmetric structure with a porous substrate and furthermore fabricated 

in useful geometry and dimensions for later application. Scalable and cost effective methods for 

fabrication such as tape casting are more and more employed to fabricate LWO membrane 

components [48] and supporting components for LWO membranes [49][50]. However, for 

developing and optimising the procedure to fabricate defect-free components, in depth knowledge 

on the influence of the starting powder characteristics on the overall behaviour of ceramic body and 

furthermore component is required. 

Similar to our earlier study on mechanical properties of tape cast porous LWO substrates [26], 

LWO54 will be employed as a reference composition in the present work. LWO54 stays for La28-

xW4+xO54+δv2-δ material with 𝑥 = 1 (La/W = 5.4) and 𝛿 = 1.5, resulting in a nominal stoichiometry 

La27W5O55.5v0.5 (simplified from now on as La5.4WO11.1v0.1 and abbreviated as LWO54). Considering 

different compositional and structural aspects already addressed above, it was selected as an 

optimal compromise between structural stability, sintering parameters and electrical behaviour 

amongst the range of possible LWOs with different La/W ratio. Ceramic powder with this 

stoichiometry is also commercially available, which makes it easily accessible for large scale 

fabrication routes as the tape casting. Therefore, a study has emerged which was carried out 

addressing LWO54 mechanical and electrical properties as a function of the characteristics of 

starting ceramic powder and respectively the microstructure of sintered ceramic body. 

 Experimental 

  Powder synthesis and sample preparation 

Two different batches of LWO54 powders were used to prepare sintered samples with variable 

microstructure for further structural, electrical and mechanical investigations in the current work: (1) 

powder produced via the solid state reaction of mixed oxides and (2) commercially available powder 

produced by means of the spray pyrolysis with one calcination step at 600 °C in the as delivered 

state (Cerpotech AS, Norway).  

ACCEPTED M
ANUSCRIP

T



 

4 

 

The first LWO54 powder was synthesized following the solid state reaction (SSR) using La2O3 and 

WO3 as starting oxides (samples labelled LWO54-SSR with a number indicating different batches). 

For La2O3 a preliminary heat treatment step was carried out at 1000 °C for two hours and the 

powder was weighed at a temperature of 200 °C. The oxides were then mixed in the corresponding 

stoichiometric ratio and heated to 1500 °C for 12 h for completion of solid state synthesis and phase 

formation. The resulting powder was ball-milled (24 h) and sieved afterwards. 

As a second type of powder, commercially available LWO54 (Cerpotech, Norway) was used (labelled 

LWO54-SP). This powder was produced by spray pyrolysis and exhibited very fine particle size with a 

large surface area in as delivered state (labelled as LWO54-SP-1). It was additionally heat treated at 

1100 °C to reduce its sintering activity for further processing (labelled LWO54-SP-2). The 

temperature was correspondingly selected based on the powder sintering behaviour reported 

elsewhere [26]. 

From these starting LWO54 powders samples were manufactured by isostatic pressing (pressure 400 

MPa, 2 min) and sintered at 1500 °C and dwelling times up to 15 h with heating and cooling ramp of 

5 K/min. All microstructural characterisations were performed with the LWO54-SSR and the LWO54-

SP-2 powder because they are considered to be most relevant for future manufacturing by 

sequential tape casting and application. 

  Characterization techniques  

The chemical composition of the two starting LWO54 powders was monitored by means of the 

Inductively-Coupled Plasma Optical Emission Spectroscopy (ICP-OES) with a device of Thermo Fisher 

Scientific (Germany). 

The particle size distribution of the starting powders was analysed by means of laser scattering, 

Horiba LA-950 V2 (Horiba Europe GmbH, Germany).  

Additionally, the specific surface area of the powders was determined via the BET method [51] using 

an AREAmeter II (Ströhlein Instruments, Germany).  

Powder X-Ray diffraction (XRD) patterns were recorded in the 2θ range from 10° to 80° using D4 

ENDEAVOR diffractometer by Bruker with CuKα radiation. Phase identification was carried out with 

ICDD PDF2-Database (Release 2004) and X′Pert Highscore Plus (PANalytical). Crystal structures were 

obtained from the Inorganic Crystal Structure Database (ICSD). XRD analysis was also used to 

monitor the samples subjected to conductivity measurements for possible structural changes in a 

post-mortem state. For this purpose, XRD patterns were recorded in the 2θ range from 20 to 90º on 

a PANalytical CubiX FAST equipment using CuKα radiation. 

Microstructural analysis of sintered LWO54 samples were performed either via the SEM using a 

“Phenom” (FEI) with a backscattered electron detector and acceleration voltage of 5 kV. To analyse 

the porosity of the sintered LWO54 specimens, multiple SEM images of sample cross-sections were 

recorded and analysed by means of AnalysisPro image analysis software (Olympus).  

The sintering behaviour of the different LWO54 pressed powder samples was investigated by means 

of an optical dilatometer “TOMMI plus” from Fraunhofer ISC Würzburg, Germany. The basic 

principle of the instrument is to record images of the samples’ silhouette by a CCD-camera during 

the heat treatment. To achieve a high contrast, a monochromatic light source is mounted opposite 

to the camera. For the measurements, a heating ramp of 5 K/min and temperature of 1500 °C with 

dwelling times of up to 15 h were used. Pictures of the samples silhouettes were taken every 60 s 

during the heat treatments and data were analysed by means of specialized software “TOMMI 

online”. 

Electrical conductivity measurements were performed by four-point DC technique supplying a 

constant current by a programmable current source (Keithley 2601), while the voltage drop through 
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the sample was detected by a multimeter (Keithley 3706). Bars were contacted with silver paste and 

wire. Conductivity tests were performed in different atmospheres studying the hydration and H/D 

isotopic effect in reducing conditions using 5 % H2 in He (dry conditions), 5 % H2 in He saturated in 

H2O (2.5 %), 5 % D2 in He (dry conditions) and 5 % D2 in He saturated in D2O (2.5 %). 

In order to investigate the effect of temperature and atmosphere on dense LWO54 material, 

extended analysis of Young’s modulus was performed with various tests, namely indentation, 

impulse excitation and ring-on-ring bending tests, see also [52,53,54,55,56].  

The indentation tests were carried out using a Fischer HC100 (Helmut Fischer KG, Sindelfingen) 

indentation system. A load of 1 N was applied to test the materials properties. The analysis was 

carried out based on the DIN ISO 14577-1. An impulse excitation instrument (GrindoSonic J.W. 

Lemmens N.V, Belgium) was used for elastic modulus determination using bar-shaped specimens. 

Measurements were carried out in air and Ar/4% H2 atmospheres, in a temperature range from 

room temperature to 1000 °C with heating rate of 5 K/min. The calculations of elastic modulus were 

based on ASTM standard E 1876-01 [57]. 

Elastic modulus and fracture stresses from RT up to 1000 °C were determined using bi-axial ring-on-

ring bending test following ASTM C1499 [58]. Fractography was also applied to the broken tested 

pieces to characterize the failure origins. Fracture surfaces were analysed by SEM Zeiss SUPRA 50VP. 

Details of the ring-on-ring fracture tests along with the equations used for evaluation have been 

reported elsewhere [59]. The experiments were carried out with an electromechanical testing 

machine (Instron 1362). The central displacement was measured with a sensor attached to the 

tensile-loaded sample surface. A ceramic extension rod connected to a linear variable differential 

transformer (Sangamo, range ±1 mm, precision 1.25 µm) provided the value of actual displacement. 

The load measurements were performed with a 1.5 kN load cell (Interface 1210 BLR). The loading 

rates were between 1 and 1000 N/min for room temperature measurements in air. For tests at 

temperatures between 400 and 1000 °C the loading rate was kept constant at 100 N/min. Samples 

dimensions were according to DIN 51105:2010-08 [60]. Tests were performed from room 

temperature up to 1000 °C with a heating rate of 8 K/min. Characteristic strength σ0 and Weibull 

modulus m were derived using a maximum likelihood method according to ASTM C1239-07 [61]. 

Fractography was applied according to ASTM 1322 [62]. 

Compressive creep tests were performed at applied stresses σ between 20 and 63 MPa. The tests 

were carried out in air (pO2 of 200 mbar) at selected temperatures in the range from 700 °C to 1450 

°C with temperature increments of 100 K or 150 K. Characteristics of the samples tested for creep in 

compression are listed in Table 1. The experimental setup as well as the evaluation procedure are 

described elsewhere [63].Each creep measurement was terminated after at least 24 h of a steady-

state deformation or until an integral deformation of 100 μm was reached. 

 Results and Discussion 

  Powder characterisation 

The two methods of powder preparation led to different powder properties with respect to particle 

size, specific surface area, and particle morphology, on which the sintering behaviour and finally the 

microstructure in sintered state are strongly dependent. 

The particle size distributions of the in-house synthesised LWO54-SSR-1 powder and the commercial 

LWO54-SP-2 powder (calcined at 1100 ºC) are shown in Figure 1, while powder properties are listed 

in Table 2. Although the D50 value is almost the same for both powders, the particle size distribution 
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and the specific surface area are different. Higher surface area usually leads to a stronger 

densification during sintering. 

 Sintering studies 

3.2.1 Shrinkage measurements 

Shrinkage measurements were performed with an optical dilatometer as outlined in the 

experimental part. The results obtained for the two powders LWO54-SSR and LWO54-SP are shown 

in Figure 2. The samples were heated up to 1500 °C and held at this temperature for 10 h. The 

shrinkage of the LWO54-SP powder was 20 % and thus higher and it started earlier than the LWO54-

SSR (shrinkage ca. 10 %) due to the higher sintering activity. This is a consequence of the synthesis 

method, which led to a higher specific area of the powder (Table 2). After about two hours of 

holding time the maximum density (of about 98%) of both powders was reached.  

 

3.2.2 Microstructure 

The porosity development during the sintering of LWO54-SSR and LWO54-SP-2 is shown in Figure 3. 

For this purpose, SEM and image analysis software were employed to analyse cross-sections of 

multiple pellets sintered at different temperatures or holding times. Samples prepared from LWO54-

SP powder showed a faster densification behaviour attributed to the higher sintering activity related 

to the synthesis process. A gradual porosity decrease of around 10% is observed for both samples in 

the temperature range 1200 °C -1400 °C. The major densification stage takes place at temperatures 

above 1400 °C. Above this temperature, a significant drop in porosity from 30 to 13% and from 25 to 

3% is observed for the SSR and SP samples, respectively. In the isothermal domain, the first 3 hours 

play an important role, especially in the case of the SSR samples.  Longer dwell times are not 

beneficial for further decrease of porosity. Figure 4 shows selected SEM-images of the 

microstructure of polished sintered SSR- and SP-derived samples. 

 

The evolution of the grain sizes is illustrated in Figure 5, as derived from SEM analysis by the line 

intercept method. Starting at 1500 °C with no holding time, the grain size of samples derived from 

both powders increases with the dwell time up to 13-15 μm. After 15 h the LWO54-SP-2 sample 

revealed a slightly higher average grain size than the LWO54-SSR sample. A massive grain growth is 

visible during the given dwell time so that porosity is entrapped within the grains. 

 Electrical conductivity 

Total conductivity under reducing conditions for the samples LWO54-SSR-1, LWO54-SSR-2 and 

LWO54-SP-2 was studied, aiming to discern the effect of the microstructure on the transport 

processes. Table 3 summarizes the sintering temperature and the microstructural data of the 

employed samples. 

Figure 6 shows the total conductivity as a function of the inverse temperature in dry and wet H2 and 

D2 atmospheres (where H2 and D2 are diluted in 95 % helium and wet means pH2O and pD2O values 

of 0.025 atm). 

The predominant transport mechanisms depending on the temperature appear to be the same, 

irrespectively of the microstructure properties. Indeed, the three compounds present a prevailing 

proton transport up to 800 ºC, as inferred from the isotopic effect ( ODDOHH 2222   ) and the 

hydration effect (
222 HOHH   and 

222 DODD   ), in agreement with previous reports 
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[20,34,27]. Both n-type and oxygen-ion conduction become predominant with respect to the proton 

conduction at higher temperatures as can be deduced from the negligible isotopic and hydration 

effect above 800 ºC and this is in line with the progressive oxide dehydration at high temperatures. 

 

A comparison of the conductivity under wet H2 and D2 is presented in Figure 7.The highest 

conductivity is observed for LWO54-SSR-2 and this is ascribed to both, larger grain size and lower 

porosity than LWO54-SSR-1. On the other hand, LWO54-SP-2 presents slightly higher conductivities 

than LWO54-SSR-1, especially at low temperature, which can also be related to the lower porosity 

and larger grain size of LWO54-SP-2. These results evidence the relevance of microstructural aspects 

on conduction behaviour in this kind of materials. 

 

XRD was used to characterize the phase composition and structural characteristics of the LWO54 

samples after conductivity measurements and the results are shown in Figure 8 (logarithmic scale in 

y-axis). For all samples a cubic fluorite structure could be confirmed. Minor diffraction peaks related 

to different impurities such as La2O3 and La6W2O15 were also be detected but an important influence 

on the conductivity values cannot be expected. Diffraction peaks corresponding to the sample 

holder and silver from the contacts are labelled as * and +, respectively. 

 

 Mechanical properties 

3.4.1  Elastic modulus 

The samples were tested regarding Young’s Modulus via the three different methods, indentation 

testing, impulse excitation technique (IET) and ring-on-ring bending (R-o-R). All samples were tested 

via indentation test and R-o-R, while LWO54-SSR-1 and LWO54-SP-2 specimens were also tested by 

impulse excitation technique in air to derive representative data for the temperature dependency of 

the elastic modulus. In addition, LWO54-SSR-2 was also tested in Ar/4% H2. The derived data are 

compiled in Table 4. The elastic modulus was independent on the grain size with a value of ~ 140 

GPa at room temperature, as can be seen in Figure 9. Overall, the values at room temperature are in 

good agreement with the results obtained via the indentation technique (see Table 4, Figure 9 and 

Figure 10) and also those quoted in literature [47], although for LWO54-SP-2 the impulse excitation 

technique yielded a slightly higher value than the indentation test method, probably due to the 

lower porosity of that sample (Table 3). 

Generally, the elastic modulus of polycrystalline ceramics, without grain boundary softening, is 

expected to decrease by ~ 1 % per hundred Kelvin [64]. For LWO54 a decrease by ~ 20 % up to 1000 

°C is observed for both samples independent on the atmosphere and the grain size. A change in the 

slope is indicated at ~ 400 °C and subsequently the elastic modulus decrease is less pronounced with 

increasing the temperature up to 1000 °C.  

The temperature dependence of Young’s modulus of ceramic materials can also be generally 

described according to Hillig [65]: 

(1)  
E

E0
= 1 − (

T

Tm
)

3
  

 

where 𝐸0 is the Young’s modulus at room temperature, and 𝑇𝑚 is the melting temperature of the 

material. E0 = 140 GPa with a melting temperature of Tm = 1960 °C (from the phase diagram La2O3-

WO3 [37]) was used. The model predicts that the elastic modulus decreases by ~ 20 % up to 1000 °C, 

similar to the experimental results. The kink at ~ 400 °C might be attributed to chemical or thermal 
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expansion related effects at this temperature. Indeed, reported TGA measurements after 

permeation tests revealed a weight loss at 400 °C temperature suggesting oxygen release from the 

matrix [24].  

 

The LWO54 materials were also tested using ring-on-ring testing in order to assess potential 

microstructural effects at room temperature. Here, the tested batches were LWO54-SSR-1, LWO54-

SP-1 and LWO54-SP-2. Elevated temperature tests were only carried out for samples composed of 

the commercial powder LWO54-SP-1, see Figure 10. Batch LWO54-SP-2 was also tested at elevated 

temperatures but samples broke during heating before the measurement started. The reason will be 

discussed later in the fractography analysis. 

 

The results indicate an average elastic modulus of ~ 120 GPa at room temperature for all tested 

materials (Table 4), similar as obtained by the other methods, slight differences in local properties, 

that appeared to be reflected in the indentation results, are not visible in the global bending test 

data. The effect of temperature on the elastic modulus was investigated for the LWO54-SP-1 batch. 

The elastic modulus decrease with increasing temperature agrees with the impulse excitation result, 

although at ~ 350 °C a slight increase is observed, whereas in the impulse excitation a kink was 

observed at ~ 400 °C suggesting that the onset of chemical or thermal expansion differences might 

affect both testing results in a different way. However, the difference in the temperature between 

the two methods, i.e. where the kink is observed, is not varying much considered that the oven 

/thermocouples in the bending test setup is not very accurate in this low temperature range. 

3.4.2 Fracture strength  

Ring-on-Ring fracture stress measurements were performed at room temperature for batches 

LWO54-SSR-1, LWO54-SP-1 and LWO54-SP-2, see Table 5. Overall, mean fracture stresses are in 

good agreement with characteristic strengths estimated via Weibull analysis. 

Additionally, a set of experiments was performed at room temperature with different loading rates 

to assess possible subcritical crack growth effects. Furthermore, the LWO54-SP-1 batch was also 

tested at 1000 °C in order to determine the elevated temperature fracture stress. Note that 

according to industrial standards the specimen number was too low for a Weibull analysis; hence it 

should only serve as an indication of the materials behaviour. 

 

The LWO54 material prepared by solid state synthesis route (LWO54-SSR) revealed a two times 

higher strength and average fracture stress than the batches prepared from commercial powder 

(LWO54-SP-1 and LWO54-SP-2). This fact can be related to its more homogeneous microstructure 

(see Figure 12, showing the microstructure of the three specimens). The differences in fracture 

stress are also reflected in fracture strain, where the values are higher for the LWO54-SSR batch. 

When comparing the LWO54-SP batches, LWO54-SP-2 exhibited lower strength, and their 

microstructure was rather homogeneous with similar porosity. Therefore, the values appear also to 

reflect the effect of the grain size on strength. Larger grain sizes are known to lead to lower 

strengths [66]. 

Fractography analysis revealed the failures origins in LWO54-SP batches. In the case of LWO54-SP-2, 

large agglomerates and irregular pores in the bulk were found as typical failure origins. Pore zones 

located either under the surface and in the bulk were identified as failure origins in case of LaWO54-

SP-2 (Figure 11). Regarding LWO54-SSR batch, it exhibits high energy fracture patterns, thus the 
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possible failure origin defects were small and could not be located. It seems that by controlling the 

manufacturing process, thus the microstructure, strength can be increased by a factor of ~2.  

The average fracture stress based on five specimens each was measured for loading rates of 1, 100 

and 1000 N/min for LWO54-SP-1 in order to investigate if the material is prone to subcritical crack 

growth (SCG) [67].Resulting values were around 60 MPa for all loading rates and agreed within the 

limits of uncertainty, indicating that there was no pronounced effect of subcritical crack growth. The 

reason for this could also be related to (i) small number of testing specimens, (ii) measurement 

uncertainties by using the ring-on-ring method. Nevertheless elevated temperature subcritical crack 

growth studies should be the aim of suture investigations since effects under this conditions, 

especially in humid atmosphere, might be more pronounced.  

Another set of experiments was performed also for the LWO54-SP-1 batch to characterize its 

elevated temperature average fracture stress. The results are illustrated in Figure 13. Due to the 

limited number of tested specimens Weibull statistics was not applied and only mean values are 

presented. Testing of LWO54-SP-2 samples was not possible since specimens broke during heating 

as mentioned above. The reason for this could be that a densified rim was developed during pressing 

at the edge of the specimens. The areas with different press density were densifying differently 

resulting in stress development.  

 

The strength of most ceramics decreases monotonously with increasing temperatures. In the case of 

LWO54, an unusual increase in average fracture stress is observed at 400 °C from 56 ± 7 to 100 ± 8 

MPa (note, at this temperature also the elastic modulus increased). At higher temperatures (600 – 

1000 °C), the average fracture stress decreases again. The overall decrease from room temperature 

to 1000 °C was ~ 45 %.  

A set of experiments was performed at 400 °C with different heat treatment in order to determine if 

this unusual behaviour is related to chemical strain effects. One specimen was heated up to 1000 °C 

and then cooled down to 400 °C and tested and another sample was heated up to 400 °C, and the 

load was applied after 12 hours dwell time. XRD analysis did not indicate any effects related to phase 

changes. 

Whereas the sample tested after cooling down revealed almost the same fracture stress (see Table 

6), the dwelled sample showed a 20 % lower fracture stress. In case of chemical expansion, dwelling 

at a particular temperature can lead to the relaxation of induced stresses. However, no significant 

effect on elastic modulus was observed, which was increased to a lower extent anyway. Although 

being an initial indication, more scientific works focusing on this aspect would be required to verify 

and explain the effect in more detail, which was out of the scope of the current study. 

3.4.3 Creep 

Samples of batches LWO54-SSR-1, LWO54-SSR-2 and LWO54-SP-2 were tested with respect to creep 

deformation. The selection criterion was based on the grain sizes of the samples; therefore LWO54-

SP-1, which has the same grain size as LWO54-SSR-2 was excluded from the test series.  

The Arrhenius plots for all compositions in air for applied stresses of 40 and 63 MPa are presented in 

Figure 14.  

LWO54-SSR-2 material (mean grain size of ~ 11 μm) was tested over the temperature range 700 – 

1450 °C (0.43 ≤ T/ Tm≤ 0.77) in air at nominal stresses of 20 – 63 MPa. Indications of creep 

deformation were observed above 900 °C for 63 MPa. However, at this temperature the 

deformation rate was close to the limit of measurement uncertainty (~1 μm / 24 hours), therefore, 

only the creep rates at T ≥ 1150 °C were used for the creep analysis. Creep deformation seems to be 

insignificant at the operation relevant temperatures of 600 – 800 °C for dense LWO54 materials. The 

stability criterion suggested in literature requires the creep strain rate to stay below 1 % per year 
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[68]. Therefore, regarding to its creep behaviour, LWO seems to be a suitable candidate material for 

membrane application. The effect of porosity on creep is also of great importance for this material 

since it will lead to higher creep rates [69,70] and it should be taken into consideration. 

Furthermore, creep rates obtained at 1050 °C for LWO54-SSR-2 during a heating and cooling thermal 

cycle (Figure 14b, red circle, closed and red open respectively) are almost identical thus excluding a 

hysteresis effect (see [71,72]). The difference between the values is ~ 14 % and it is in the limits of 

the measurement error at this temperature, where deformation is still low for this material. The 

obtained creep rates were similar for LWO54-SSR-2 and LWO54-SP-2 materials, while LWO54-SSR-1 

revealed higher creep rates as can be seen in Figure 14.  

The creep parameters were determined by multi-linear fitting of the general creep equation that has 

been widely used for creep characterization of ceramic membrane materials [73]: 

(2)  휀̇ = 𝐴 ∙ (
1

𝑑
)

𝑝
∙ 𝜎𝑛 ∙ 𝑒𝑥𝑝 (−

𝑄𝑎

𝑅𝑇
)  

 

Where d is the grain size, n the stress exponent, Qa the activation energy, R the universal gas 

constant and A a proportionality constant. 

The activation energies, stress exponents and inverse grain size exponent (p) are presented in Table 

7, Table 8 and Table 9, respectively. 

Overall, from all data, an average activation energy of 450 ± 35 kJ/mol for 1250 – 1350 °C at 40 MPa 

along with an average stress exponent of 1.2 ± 0.4 for 1050 – 1450 °C for all materials indicate a 

diffusional aided creep mechanism.  

Furthermore, the stress exponents are close to unity and increase slightly with temperature for the 

LWO54-SSR-2 material. The jump to n ~ 1.7 at 1350 °C was biased by primary creep effects for the 

respective material. The inverse grain size exponent p in Table 9 is independent on stress but 

decreases with increasing the temperature.  

In general, the various possible creep mechanisms give rise to different combinations of n and p 

exponents so that the transitions from one mechanism to another could be defined. At 1150 °C, only 

LWO54-SSR-2 material was tested (grain size ~ 11 μm). At this temperature, p presents a value of ~ 2 

(note that p only changes for temperature not for each compound), and n is approximately 1. This 

combination suggests a diffusional creep mechanism, where the diffusion path could be either along 

the grain boundaries (Coble model) [74] or through the grains (Nabarro, Herring) [75,76]. With 

increasing temperature at 1250 °C, p slightly decreases to ~ 1.5. For LWO54-SSR-1 and LWO54-SSR-2 

materials (grain size up to ~ 10 μm), the stress exponent is close to 1, while for LWO54-SP-2 with 

slightly larger grains (~ 17 μm) the stress exponent is higher (n ~ 1.7). The combination of 1 < p < 2 

and n ~ 1 found for the LWO54-SSR-1 and LWO54-SSR-2 materials suggests a diffusional mechanism. 

In the case of LWO54-SP-2, additional mechanisms could contribute to the creep. 

An increase to a temperature of 1350 °C leads to a decrease of p from 1.5 at 1250 °C to 0.8 (hence p 

is taken to be close to 1). For LWO54-SSR-2 the stress exponent n is close to 1. Since there is no 

theoretical creep mechanism prediction for the combination of n ~ 1 and p ~ 1, it is assumed that 

other mechanisms contribute to the creep deformation and there might be a transition to grain 

boundary sliding. 

In Table 7, the evolution of the activation energy versus temperature for all materials is presented. 

The activation energy for LWO54-SSR-2 material at this temperature agrees with the diffusion 

coefficient for La diffusion through grain boundaries reported by Vøllestad et al. [77]. They 

communicated activation energies of 410 ± 30 kJ/mol and 450 ± 30 kJ/mol for La and W, 

respectively, for 1150 – 1350 °C in air and 5 % H2 / Ar. The diffusion coefficient for La diffusion 

through grain boundaries was determined to be 170 ± 50 kJ/mol. It was concluded that this reflects 
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the migration via a common migration mechanism for both species, facilitated by vacancies on the 

lanthanum sub-lattice. 

From Table 7, it can be seen that the activation energy is grain size and temperature dependant. In 

case of LWO54-SP-2 material, with larger grains, a very low deformation was measured in the low 

temperature (below 1250 °C). For the materials with smaller and larger grain size, LWO54-SSR-1 & 

LWO54-SP-2, respectively, in the temperature range of 1250 – 1350°C, an increase of the activation 

energy from 420 kJ/mol to 565 kJ/mol was detected.  

The movement of single atoms or ions drives the diffusional creep either by grain boundary diffusion 

(Coble creep [74]) or by lattice diffusion (Nabarro-Herring creep [75,76]). Hence, the Nabarro-

Herring creep is controlled by the lattice diffusivity and Coble creep by the grain boundary diffusivity.  

Regarding the LWO54-SSR-1 and LWO54-SSR-2 materials with the smaller and intermediate grain 

size respectively, they both yielded measurable deformation in the whole temperature range of 

1050 °C – 1350 °C and a transition to higher activation energy was observed at T > 1250 °C resulting 

in a kink in the Arrhenius plot (Figure 14b & and Table 7). The effect is more profound for LWO54-

SSR-2 with the intermediate grain size. This effect is also in good agreement with the theory for 

diffusional creep and it can be again attributed to a transition from Nabarro (lattice) to Coble (grain 

boundaries) mechanism, since the higher sensitivity to grain size allows Coble creep to dominate 

over Nabarro-Herring at lower temperatures and smaller grain size. To verify the hypothesis as well 

as to clarify the mechanism studies with a broader grain size range would be required in future 

works. Note, the activation energies reported by Vǿllestad et al. [77] are similar to the ones 

obtained for T ≥ 1250 °C. Overall, migration seems to occur via a common migration mechanism for 

both species (La or W) via both, lattice and grain boundaries. 

 Conclusions 

This works addresses the study of LWO54 mechanical and electrical properties as a function of the 

characteristics of starting ceramic powder and respectively the microstructure of sintered ceramic 

body.  

The microstructure influence on conduction behaviour and mechanical properties of LWO54 was 

studied at high temperatures. The studied compounds presented the same predominant transport 

mechanisms irrespectively of the microstructural characteristics, i.e. they are mainly protonic 

conductors below 800 ºC and become predominant n-type and oxygen ion conductors above this 

temperature. However, the magnitude of the total conductivity depends on the microstructure 

properties, increasing with the increasing grain size and decreasing porosity. 

The room temperature Young’s modulus is between 120 and 140 GPa, independent on the grain 

size, while a decrease in Young’s modulus by ~ 20 % was observed up to 1000 °C independent of the 

atmosphere.  

Ring-on-ring bending test on dense LWO54 characteristic strength of σ0 = 59 ± 3 MPa. It was shown 

that a factor ~ 2 higher strength value could be obtained for homogeneous microstructure (σ0 =124 ± 

6 ΜPa for dense LWO54 from SSR powder).  

Large agglomerates, irregular pores and pore zone areas were identified as strength limiting flaws by 

fractography analysis for the LaWO54-SP materials. Strength was found to decrease by ~ 30 % up to 

1000 °C. An unexpected strength increase by ~ 45 % at 400 °C in comparison to strength measured 

at RT was observed. Complementary annealing studies indicated a relationship to the onset of 

chemical / thermal expansion, where longer annealing leads to lower strength values. 

Extensive elevated temperature deformation studies revealed that LWO54 creep is governed by 

cation diffusion as the predominant mechanism. The migration appears to be a combination of 
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cations along grain boundaries and / or lattice. Overall, it seems that LWO54 regarding to its creep 

behaviour, seems to be a suitable candidate material for membrane application.  
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Figure captions 

 

  

Figure 1: Particle size distribution of (a) the in-house synthesized LWO54-SSR-1 powder and (b) the 

commercial LWO54-SP-2 powder calcined at 1100 °C. 

 

 
Figure 2: Shrinkage of pressed LWO54-SSR and LWO54-SP-2 powders sintered at 1500 °C for 10 h. 
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Figure 3: Porosity of LWO54-SSR and LWO54-SP-2 pellets during sintering at 1500 °C for 15 h 

obtained by SEM image analysis. 

 

  

a) 

238

1–

238

9 

b) 

238

1–

238

9 

ACCEPTED M
ANUSCRIP

T



 

18 

 

  
Figure 4: Microstructure of pressed specimens after sintering at 1200 °C and 1500 °C and 15 h holding 

time. (a) LWO54-SSR 1200 °C; (b) LWO54-SSR 1500 °C, 15 h; (c) LWO54-SP-2 1200 °C; (d) LWO-SP-2 

1500 °C, 15 h. 

 

 

Figure 5: Grain size of sintered specimens made of LWO54-SSR and LWO54-SP-2 powders. Temperature is 
fixed at 1500°C and dwell time is varied between 0 and 12 h. 
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Figure 6: Total conductivity for LWO54-SSR-1, LWO54-SSR-2 and LWO54-SP-2 samples as a function 

of reciprocal temperature in H2, D2, H2+H2O and D2+D2O atmospheres (H2 and D2 diluted in 95% He). 

 

Figure 7: Total conductivity comparison of the three LWO54 samples with different grain size as a 

function of reciprocal temperature in (a) H2+H2O and (b) D2+D2O atmospheres (H2 and D2 diluted in 
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Figure 8: Room temperature XRD patterns of LWO54-SSR-1, LWO54-SSR-2 and LWO54-SP-2 as bars 

after the conductivity measurements (peaks corresponding to sample holder and silver used for the 

contacts are indicated as * and +, respectively).La5.5WO12, La6W2O15 and La2O3 patterns were 

included for comparison. 

 

Figure 9: Elastic modulus of LWO54 in air (LWO54-SSR-1 and LWO-SP-2) and in Ar / 4% H2 (LWO54-

SSR-2) as a function of temperature measured by the impulse excitation technique. The dashed lines 

represent the model from Hillig [48]. 
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Figure 10: Evolution of Young’s modulus with temperature for LWO54-SP-1 tested with impulse 

excitation and Ring-on-Ring method. 

 
Figure 11: Microstructure of LWO54 -SP1 showing agglomerates as failure origin in a fracture surface σΒ 

=44ΜPa (a) and irregular pores and agglomerate in the polished cross section (b).  LaWO54-SP-2 failure 

origin is a pore zone (c). 
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Figure 12 Microstructures of dense LWO54 specimens: (a) LWO-SSR-1, (b) LWO-SP-1 (c) LWO-SP-2. 

 

 

Figure 13: Dependence of strength on temperature (LWO54-SP-1 batch) at temperatures up to 1000 

°C. 

11 ± 4 μm 9 ± 3 μm 17 ± 6 μm 
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Figure 14: Arrhenius plots for LWO54 materials with applied stresses of 63 MPa (a) and 40 MPa (b) in 

air. 
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Table 1: List of samples tested for creep in compression. 

Name of sample and geometry Test conditions 

LWO54-SSR-1 1 bar  
3.3×4.2×12.0 mm3 

T = 700 °C - 1450 °C 
T-intervals = 100 °C or 150 °C 
σ = 20 - 63 MPa 
air 

LWO54-SSR-2 1 bar 
3.9×4×13.9 mm3 

1 cylinder 
8.7 mm Ø 6.0 mm 

LWO54-SP-2 
 

2 bars 
3.6×3.8×14.8 mm3 

 

 

Table 2: Powder characteristics of used LWO54 materials. 

Powder Specific Area (m²/g) D50 (µm) Synthesis method 

LWO54-SSR-1 1.9 1.2 Solid state reaction 

LWO54-SP-2 3.3 1.1 Spray pyrolysis + calcination 
at 1100 °C 

 

 

Table 3 Microstructural data of materials tested for electrical conductivity and creep. 

Material Sintering Temperature 
/ Dwell Time (°C/ h) 

Porosity (%) Grain Size (μm) 

LWO54-SSR-1 1500/3 12 ± 3 6 ± 3  

LWO54-SSR-2 1500/12 3 ± 1 11 ± 4 

LWO54-SP-2 1500/15 6 ± 1 17 ± 6 

 

 

Table 4: Comparison of elastic moduli (GPa) of LWO54 samples determined with different methods. 

Test Method Elastic module (GPa) Testing 
Conditions 

LWO54-SSR-1 LWO54-SP-1  LWO54-SP-2   

Ring-on-Ring 
(prepared surface) 

120 ± 6 127 ± 6 130 ± 20 RT 

Indentation 130 ± 2 120 94 ± 2 RT 

Impulse Excitation 136 - 142 RT 
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Table 5: Summary of room temperature fracture stress tests for LWO54 materials. 

 Batch name 

LWO54-SSR-1 
  

LWO54-SP-1 
 

LWO54-SP-2 
 

Number of specimens, N 13 9 9 

Characteristic fracture strength σ0 

(MPa) 
124 59 50 

Mean fracture stress σB (MPa) 115 ± 20 56 ± 7 47 ± 7 

Lower (0.95%) t0.95 / upper (0.05%) t0.05 

Confidence bounds on σ0 
112 / 137 53.6 / 65.2 45.1 / 54.7 

Biased Weibull Modulus w 6.2 8.7 8.0 

Unbiased Weibull Modulus wub 5.5 7.2 6.7 

Lower (0.95%) q0.95 / upper (0.05%) q0.05 

Confidence bounds on w 
3.4 / 7.2 3.8 / 9.9 3.5 / 9.2 

Elastic Modulus (GPa) 120 ± 6 127 ± 6 130 ± 20 

Fracture strain ε (%) 0.1 0.04 0.04 

 

 

Table 6: Conditions for strength experiments on LWO54-SP-2 batch at 400°C. 

Heating profile Mean strength σΒ (MPa) E (GPa) 

Standard, heating to 400 °C 108 ± 10 122 ± 3 

Heating to 1000 °C / cool to 400 °C 107 129 

Heating to 400 °C / dwell 12 h 86 120 

 

 

Table 7: Activation energies of LWO54 materials. 

Stress 
(MPa) 

LWO54-SSR-1 LWO54-SSR-2 LWO54-SP-2 

1050 – 
1250°C 

1250 – 1350°C 1050 – 1250°C 1250 - 1350°C 1250 - 1350°C 

20 - - 190 ± 40 380 - 

40 - 405 210 ± 30 480 480 

63 330 ± 10 420 - -- 565 
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Table 8: Stress exponents n for LWO54 materials. 

Temperature (°C) 
Stress exponent n 

 LWO54-SSR-1 LWO54-SSR-2  

1050 - 0.60 ± 0.01 

1150 - 0.80 ± 0.05 

1250 1.20 ± 0.10 1.00 

1350 1.20 ± 0.15 1.70 

1450 - 1.20 

 

 

 

Table 9: Inverse grain size exponent p for different stresses. 

Temperature (°C)  
Grain size exponent p 

40 MPa 63 MPa 

1150 - 1.9 ± 0.3 

1250 1.5 ± 0.2 1.4 

1350 1.0 ± 0.1 0.8 
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