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Composite solid electrolytes based on alkaline earth tungstates MWO4–SiO2 (M = Ca, 
Sr)  and rare earth metals Ln2W3O12–SiO2 (Ln = La, Nd)with the addition of 
nanodispersed silicon oxide were synthesized and their morphology, thermal, structural 
and electrical transport properties were studied. The absence of thermal effects on DSC 
of tungstates and silica mixtures as well as the absence of reflections of any foreign 
phases in the diffraction patterns of the composites, confirms their thermodynamic 
stability. The ionic nature of the composite conductivity is confirmed by the high values 
of ionic transfer numbers about 0.8 – 0.9 (EMF method) and the horizontal plot of 
conductivity versus oxygen pressure in the gas phase. The concentration dependence 
of the conductivity of the composites (1–x)MeWO4–xSiO2 (M = Ca, Sr), (1–
x)Ln2W3O12–xSiO2 (Ln = La, Nd) passes through a maximum at x = 0.03–0.30 (x –
mole fraction). The 0.70Nd2W3O12–0.30SiO2 composite has the best conductivity of 
3.2·10-2 S/cm at 900°C.
Keywords: heterogeneous doping, tungstates of alkaline earth and rare earth metals, 
nanodisperse silicon oxide
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INTRODUCTION 

Nanodispersed silicon oxide (along with aluminum oxide) is traditionally used as 

a heterogeneous additive to ion conductors in order to obtain composite solid 

electrolytes [1-6]. The composite conduction effect, i.e., a sharp increase in the 

conductivity of ionic conductors during their heterogeneous doping with inert highly 

dispersed additives, is due to boundary effects, therefore, the area of the solid 
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electrolyte/dispersed additive interface plays a key role in its implementation. SiO2 

occupies a special place among the variety of dispersoids added to solid electrolytes. 

This is due to its accessibility, chemical inertia, and comparative ease of production in 

a highly dispersed state. The properties of composites based on alkali-earth metal salts 

[1-6] with cationic conductivity have been most well studied. 

SCHZM tungstates MWO4 (M = Ca, Sr, Ba) with the structure of scheelite and 

rare earth metals (REM) Ln2W3O12 (Ln = La, Sm, Eu, Gd, Nd) with the structure of 

defective scheelite, solid solutions and composites based on them are widely used in 

engineering as components of laser materials and catalysts [7-14]. Recent studies of 

their electric transport properties have shown that these substances may also be of 

interest as materials for ionics. It was established in [15, 16] that oxygen ions are the 

main charge carriers in these substances. However, the ionic conductivity of SCHZM 

and REM tungstates is not high enough (10-5-10-4 Cm/cm at 900 °C) for practical use. 

Since the addition of highly dispersed SiO2 to ionic salts, according to [1-6], leads to 

an increase in conductivity by up to two orders of magnitude, in this work an attempt 

was made to improve the oxygen conductivity of SCHZM and REM tungstates by 

heterogeneous doping with nanodispersed silicon oxide.  

EXPERIMENTAL PART  

Tungstates of alkaline earth metals MWO 4 (M = Ca, Sr) and rare earth metals Ln 

2 W 3 O 12 (Ln = La, Nd) were synthesized by solid-phase method from MCO 3 (or Ln 2 O 

3 ) and WO 3 of "extra pure" grade. Calcium and strontium carbonates were preliminarily 

annealed at 400°C, lanthanum and neodymium oxides at 1200°C, and tungsten oxide 

at 500°C for 4 hours to remove adsorbed moisture and hydroxyl groups from the surface 

of crystallites. The synthesis was carried out in air according to the equations:  

MCO 3 + WO 3 → MWO 4 + CO 2 ;     (1)  

Ln 2 O 3 + 3WO 3 → Ln 2 W 3 O 12 .     (2)  



The mixture of reagents, taken in stoichiometric amounts, was heated in air with 

a gradual temperature increase from 700 to 1000 - 1050°C in four stages with 

intermediate grinding in ethanol. The synthesis mode of tungstates is shown in Table 

1.  

Composites (1- x )MWO 4 - x SiO 2 and (1- x )Ln 2 W 3 O 12 - x SiO 2 , where x is the 

molar fraction of SiO 2 , were prepared by mechanical mixing of powders of the 

corresponding metal tungstate and highly dispersed silicon dioxide of high purity with 

SiO 2 content of 99.9% (trade name Aerosil-300, Degussa) with a specific surface area 

of 300 m 2 /g (average particle size 7 nm).  

The relationships between molar and volume fractions of SiO 2 are presented in 

Table 2.  

Thoroughly ground mixtures of corresponding tungstate powders and SiO 2 in 

ethanol medium were pressed on a manual hydraulic press into disk-shaped briquettes 

with a diameter of 10 mm and a thickness of 2 mm under a pressure of 50 MPa. The 

pressed briquettes were slowly heated in a furnace to 950°C (for La 2 W 3 O 12 –SiO 2 ) or 

1000°C (for MWO 4 –SiO 2 (M = Ca, Sr) and Nd 2 W 3 O 12 –SiO 2 ) and annealed for 24 h.  

The experimental density of the composite briquettes was determined by their 

dimensions and mass:  

ρэксп = 𝑚𝑚
𝑉𝑉

 ,        (3)  

where ρ exp is the experimental density of the briquette, m is the mass of the briquette, V 

is the volume of the briquette.  

The theoretical density values of the composites were calculated using the 

formula:  

ρтеор.  комп = �ρтеор �SiO�2��⋅�φ� ,    (4)  

where ρ theor is the theoretical density value of the metal tungstate substance, φ is the 

volume fraction of SiO 2 in the composite, ρ theor (CaWO 4 ) = 6.09 g/cm 3 , ρ theor (SrWO 4 ) 

= 6.2 g/cm 3 , ρ theor (La 2 W 3 O 12 ) = 6.63 g/cm 3 , ρ theor (Nd 2 W 3 O 12 ) = 7.04 g/cm 3 , ρ theor 

(SiO 2 )   = 2.65 g/cm 3 [17, 18].  



The effective density of briquettes was calculated using the formula:  

ρэф = ρэксп
ρтеор

 ×  100% .       (5)  

No correlation was found between the effective density of the composite and its 

composition. For all four studied systems, the effective density of the composite varied 

within 10% with different SiO 2 content. As an example, Fig. 1 shows the effective 

density of (1– x )Nd 2 W 3 O 12 – x SiO 2 composites with different content of dispersed 

additive.  

Table 3 shows the average values of effective density for the four studied systems.  

For electrical measurements, porous Pt electrodes were applied to the end surfaces 

of the briquettes and sintered at 1000°C for 1 h.  

X-ray diffraction analysis ( XRD ) of calcium, strontium, lanthanum, neodymium 

tungstates and composites based on them was carried out using a Bruker D8 Advance 

diffractometer with Cu K α -radiation.  

The morphology of composites and their elemental composition were studied by 

electron microscopy and energy dispersive analysis ( SEM-EDS ) of fractured sample 

briquettes using an Evo LS-10 Carl Zeiss NTS scanning electron microscope (CKP 

IENiM UrFU). Images of the surface of the studied materials were obtained using 

backscattered electron (BSE mode) and secondary electron (SE mode) detectors.  

Simultaneous thermal analysis TG and DSC was performed on a Netzsch STA 

409 PC Luxx instrument with a QMS 403 Aёolos quadrupole mass spectrometer. An 

equimolar mixture of powders of the corresponding tungstate and SiO 2 was heated from 

50 to 1000°C at a rate of 10 degrees/min, the heating time was 95 min.  

The electrical conductivity of calcium, strontium, lanthanum, neodymium 

tungstates and composites (1- x )MWO 4 - x SiO 2 and (1- x )Ln 2 W 3 O 12 - x SiO 2 was 

measured by impedance spectroscopy using an Immittance Parameters Meter IPI1 

(Trapeznikov Institute of Control Sciences, Moscow) in the frequency range of 500 Hz-

200 kHz (the amplitude of the test signal automatically changes in the range of 3-300 

mV) in the temperature range of 500-900°C. The temperature dependence of electrical 



conductivity was measured in cooling mode at a rate of 1 degree/min. The dependence 

of conductivity on oxygen partial pressure was measured under isothermal conditions. 

The oxygen pressure was set using a ZirconiaM device and controlled by an oxygen 

pump and a solid electrolyte sensor based on ZrO 2 (Y 2 O 3 ).  

The method of EMF was used to determine the sum of ionic transport numbers of 

composites, based on the use of concentration galvanic cells. To create a gradient of 

oxygen partial pressure, one of the electrodes was forcibly purged with oxygen ( PO2
// = 

1 atm), the other with air ( PO2
/  = 0.21 atm) using a microcompressor. Isolation of the 

electrode gas spaces was achieved by careful grinding of the briquettes and pressing 

them against an alundum tube. The sum of ionic transport numbers was calculated using 

the Nernst formula for conductors with mixed conductivity:  

𝐸𝐸 = 𝑅𝑅𝑅𝑅
4𝐹𝐹
⋅ 𝛴𝛴𝑡𝑡ион ⋅ 𝑙𝑙𝑙𝑙

𝑃𝑃𝑂𝑂2
//

𝑃𝑃𝑂𝑂2
/ ,      (6)  

where R is the molar gas constant, T is the temperature in K, F is the Faraday constant, 

Σ t ion is the sum of ionic transport numbers, PO2
// is the partial pressure of oxygen equal 

to 1 atm, 𝑃𝑃𝑂𝑂2
/  is the partial pressure of oxygen equal to 0.21 atm.  

  

RESULTS AND DISCUSSION  

X-ray phase analysis results  

According to XRD data, calcium, strontium, lanthanum, and neodymium 

tungstates were obtained as single-phase materials, while the composites (1- x )MWO 

4 - x SiO 2 and (1- x )Ln 2 W 3 O 12 - x SiO 2 contained two phases: the desired tungstate and 

SiO 2 (Fig. 2). Thus, there is no chemical interaction between the substances that make 

up the composite.  

X-ray diffraction pattern of SiO 2 is represented by a diffuse maximum at 2θ = 

22.0°, which is characteristic for amorphous SiO 2 (ICDD No. 29-0085), as well as 

quartz reflections: 2θ = 28.7°, 33.3° (ICDD No. 83-540). The X-ray diffraction patterns 



of composites 0.5Nd 2 W 3 O 12 –0.5SiO 2 , and 0.7La 2 W 3 O 12 –0.3SiO 2 show all the 

reflections of tungstates, as well as a diffuse peak of amorphous SiO 2 at 22°, while the 

other reflections of SiO 2 (2θ = 28.7°, 33.3°) coincide with the reflections of tungstates 

(shown by arrows in Fig. 2). Since nanodispersed SiO 2 is highly amorphized, the X-ray 

diffraction patterns of composites (1– x )MWO 4 – x SiO 2 (M = Ca, Sr) do not show 

silicon oxide reflections against the background of crystalline calcium and strontium 

tungstate reflections (Fig. 2). No reflections of foreign phases were found in the X-ray 

diffraction pattern of the composites, indicating the absence of interaction between the 

composite components.  

Results of thermogravimetric analysis and differential scanning calorimetry  

The results of TG-DSC of equimolar mixtures of tungstates and SiO 2 are presented 

in Fig. 3. It can be seen that in the temperature range from 20 to 1000°C, the mass of 

the mixture of tungstates and silicon oxide practically does not change, and thermal 

effects are absent. These data indicate the thermodynamic stability of the composites 

up to 1000°C: the components of the composite (tungstate and silica) do not react with 

each other. For all the systems studied, the mass remains unchanged during heating; the 

figure shows data for the 0.5CaWO 4 –0.5SiO 2 system, however, such behavior is 

characteristic of all samples.  

  

Results of electron microscopy and energy dispersive analysis  

The morphology of the composites and their elemental composition were studied 

by SEM-EDS. Electron micrographs of fractures of composite briquettes of various 

compositions and EDS results are presented in Fig. 4.  

The grain size of alkaline earth metal and rare earth metal tungstates varies from 

2 to 20 μm. The EDS spectrum of large grain surfaces shows the presence of W and 

metal (Ca, Sr, La, or Nd), as well as a small amount of silicon. This allows identification 

of large grains as alkaline earth metal or rare earth metal tungstates. The exact size of 

silica grains could not be determined due to insufficient resolution, but it is significantly 



less than 1 μm. The EDS spectrum in areas of small grain accumulation shows 

predominant silicon content with small amounts of tungsten and alkaline earth or rare 

earth metals.  

For all systems, "retraction" of small SiO 2 grains into the near-surface layers of 

large tungstate grains was observed. This effect, previously discovered by us for 

tungstate composites with highly dispersed alumina additives [19], is explained by the 

lower surface energy of tungstates compared to the surface energy of refractory SiO 2 

or Al 2 O 3 . For the composite 0.7Nd 2 W 3 O 12 –0.3SiO 2 (Fig. 4d), "immersion" of small 

silica grains into large neodymium tungstate grains is visible, especially at their 

junctions. In some cases, as for example in the composite 0.75SrWO 4 –0.25SiO 2 (Fig. 

4b), the surface of tungstate grains where the cleavage occurred appeared "pitted" due 

to mechanical removal of SiO 2 grains during briquette cleavage. The EDS spectrum of 

this area shows a high silicon content compared to strontium and tungsten: [Si]/[Sr] ⁓ 

20.  

Investigation of electrotransport properties of composites  

The conductivity polytherms of pure tungstates and composites with the same 

silica content (0.7MWO 4 –0.3SiO 2 and 0.7Ln 2 W 3 O 12 –0.3SiO 2 respectively) in 

Arrhenius coordinates are presented in Fig. 5.  

No clear correlation was found between the conductivity of composites and the 

type of crystal lattice or the conductivity value of metal tungstates that make up the 

composite. Lanthanum and neodymium tungstates are isostructural and have a 

defective scheelite lattice [20, 21]; however, the composite based on Nd 2 W 3 O 12 has 

the highest conductivity among those studied, while the composite based on La 2 W 3 O 

12 has the lowest: the electrical conductivity of 0.7Nd 2 W 3 O 12 –0.3SiO 2 is 2.5 orders of 

magnitude higher than the electrical conductivity of 0.7La 2 W 3 O 12 –0.3SiO 2 . 

Meanwhile, the difference in electrical conductivity between lanthanum and 

neodymium tungstates is not so large and is only 0.5 orders of magnitude [15, 22].  



The conductivity of composites based on alkaline earth metal tungstates has an 

intermediate value in the studied series. Calcium and strontium tungstates are 

isostructural and have a scheelite crystal lattice [23]. For composites based on them, 

there is a correlation with the matrix conductivity: the electrical conductivity of 

0.7CaWO 4 –0.3SiO 2 is about 0.5 orders of magnitude higher than the electrical 

conductivity of 0.7SrWO 4 –0.3SiO 2 , the same ratio of electrical conductivity values is 

observed for the corresponding tungstates [24]. The effective activation energy of the 

composites' conductivity is 0.9–1.3 (± 0.1) eV in the entire studied temperature range.  

To confirm the ionic nature of the composites' conductivity, its pressure 

dependence was investigated (Fig. 6). The electrical conductivity of the studied 

composites is practically independent of 𝑃𝑃О2 , which indicates its ionic nature.  

The same result is provided by measurements of the sum of ionic transport 

numbers of the composites using the EMF method (Fig. 7). The values of the sum of 

ionic transport numbers are in the range of 0.8–0.9, i.e., ionic transport dominates in 

the composites.  

Fig. 8, shows the concentration dependences of the conductivity of the composites 

(1- x )MWO 4 - x SiO 2 and (1- x )Ln 2 W 3 O 12 - x SiO 2 . For ease of comparison, the 

relative electrical conductivity of the composites σ/σ o is shown, i.e., the ratio of the 

composite conductivity to the conductivity of the metal tungstate.  

Since it is reliably established that electrical transfer in composites occurs along 

the matrix-dispersed additive interfacial boundaries [25-27], the maximum value of 

electrical conductivity is achieved for composites with the highest area of interfacial 

boundaries MWO 4 ǀSiO 2 or Ln 2 W 3 O 12 ǀSiO 2 . For the studied composites, the maximum 

on the concentration dependence of conductivity corresponds to the silica content in the 

composite from 3 mol. % for (1- x )La 2 W 3 O 12 - x SiO 2 to 30 mol. % for (1- x )Nd 2 W 

3 O 12 - x SiO 2 . The maximum composite effect (increase in composite conductivity 

compared to the matrix conductivity) takes place for the Nd 2 W 3 O 12 -SiO 2 system: the 

conductivity of the 0.7Nd 2 W 3 O 12 -0.3SiO 2 composite is 2.3 orders of magnitude higher 



than the conductivity of Nd 2 W 3 O 12 and equals 3.2 × 10 -2 S/cm at 900°C. For the SrWO 

4 -SiO 2 system, the composite effect is also very significant: the conductivity of 

0.75SrWO 4 -0.25SiO 2 is two orders of magnitude higher than the conductivity of SrWO 

4 . For the CaWO 4 -SiO 2 and La 2 W 3 O 12 -SiO 2 systems, the composite effect is weaker: 

the maximum increase in composite conductivity compared to tungstate by 1 and 0.7 

orders of magnitude occurs for compositions 0.94CaWO 4 -0.06SiO 2 and 0.97La 2 W 3 O 

12 -0.03SiO 2 respectively.  

In the four studied systems (1– x )MWO 4 – x SiO 2 (M = Ca, Sr) and (1– x )Ln 2 W 

3 O 12 – x SiO 2 (Ln = La, Nd), a composite conductivity effect was observed: with 

heterogeneous doping of corresponding tungstates with nanodispersed silicon oxide, 

the electrical conductivity increases by 0.7–2.3 orders of magnitude. With a sequential 

increase in silicon oxide content in the composite, the conductivity first increases and 

then, after reaching a maximum value at the maximum area of highly conductive 

matrix-dispersoid interfacial boundaries (MeWO 4 ǀSiO 2 or Ln 2 W 3 O 12 ǀSiO 2 ), 

decreases, which is due to the reduction in the area of tungstate-silica interfacial 

boundaries along which electron transfer occurs in composites [25 – 27], and an 

increase in the area of interfacial boundaries between SiO 2 dielectric grains.  

For the studied systems, no connection between the composite effect and the 

matrix structure was revealed. Alkaline earth metal tungstates CaWO 4 and SrWO 4 have 

a scheelite structure (tetragonal system) [17, 23], formed by [WO 4 ]] tetrahedra and 

[MO 8 ]] dodecahedra. The conductivity values of these isostructural tungstates are quite 

close: at 900°C σ(CaWO 4 ) = 5 × 10 –5 S/cm, σ(SrWO 4 ) = 2 × 10 –5 S/cm [24]. However, 

in the SrWO 4 –SiO 2 system, the maximum conductivity increase compared to the 

tungstate is 2 orders of magnitude, while in the CaWO 4 –SiO 2 system it is only 1 order 

of magnitude (Fig. 7). Thus, in the SrWO 4 –SiO 2 system, the composite conductivity 

effect is significantly stronger.  

Similar results were obtained for composites based on rare earth metal tungstates. 

Nd 2 W 3 O 12 and La 2 W 3 O 12 have a "defective scheelite" structure with monoclinic 



symmetry (space group From 2/ with [19]). This structure is based on tetrahedra [WO 

4 ], is derived from scheelite (CaWO 4 ) and is formed by replacing three calcium atoms 

with two atoms of a trivalent metal [21, 23]. Despite the similar structure of the 

composite matrix, in the Nd 2 W 3 O 12 –SiO 2 system, an increase in conductivity was 

observed during heterogeneous doping of REE tungstate with silica by 2.3 orders of 

magnitude, while in the La 2 W 3 O 12 –SiO 2 system – by only 0.7 orders of magnitude.  

Analysis of the morphology of the investigated composites also did not reveal 

significant differences: in all cases, the composite was formed by large tungstate grains 

(2–20 μm) and small silica grains (˂1 μm). In all composites, absorption of small silica 

grains by large tungstate grains was observed, due to the difference in interfacial 

energies of MWO 4 (Ln 2 W 3 O 12 ) and SiO 2 .  

What is the reason for the higher composite effect in the SrWO 4 –SiO 2 and Nd 2 

W 3 O 12 –SiO 2 systems compared to CaWO 4 –SiO 2 and La 2 W 3 O 12 –SiO 2 ? Comparison 

of the effective density of composites (1– x )MWO 4 – x SiO 2 (M = Ca, Sr) and (1– x 

)Ln 2 W 3 O 12 – x SiO 2 (Ln = La, Nd) showed that there is a clear correlation between the 

magnitude of the composite effect in the studied systems and the effective density of 

the composite briquettes (Table 4).  

The maximum composite effect was found for the densest composites (1- x )Nd 

2 W 3 O 12 - x SiO 2 with an effective density of 94%, and the smallest composite effect 

was recorded for the loosest composites (1- x )CaWO 4 - x SiO 2 with an effective density 

of 70%. Thus, high ceramic density is a necessary condition for the realization of the 

composite effect. This is not surprising, as high conductivity of composites requires the 

presence of a continuous highly conductive interface between the matrix and dispersed 

additive, which is facilitated by high ceramic density.  

It should be noted that the effective density of the studied composites (1- x 

)MWO 4 - x SiO 2 (M = Ca, Sr) and (1- x )Ln 2 W 3 O 12 - x SiO 2 (Ln = La, Nd) differed 

significantly despite similar conditions of their briquetting and sintering. The attempt 

to obtain denser composites (1- x )CaWO 4 - x SiO 2 and (1- x )La 2 W 3 O 12 - x SiO 2 with 



an effective density close to 90% (as in (1- x )SrWO 4 - x SiO 2 and (1- x )Nd 2 W 3 O 12 - 

x SiO 2 ), was unsuccessful, as increasing the temperature above 1000°C led to ceramic 

recrystallization, and in the case of Ln 2 W 3 O 12 - also to partial melting.  

  

CONCLUSION  

Composite solid electrolytes (1- x )MWO 4 - x SiO 2 (M = Ca, Sr), (1- x )Ln 2 W 3 

O 12 - x SiO 2 (Ln = La, Nd) were synthesized and their thermal, structural, and electrical 

transport properties were investigated. Measurement of the sum of ionic transport 

numbers by EMF method and investigation of the pressure dependence of electrical 

conductivity of composites showed that they possess predominantly ionic conductivity. 

For all studied systems, a composite conductivity effect was discovered - an increase 

in electrical conductivity upon addition of nanodispersed silicon oxide to metal 

tungstate. The conductivity maximum is observed at silica content from 0.03 mol. fr. in 

composite (1- x )La 2 W 3 O 12 - x SiO 2 to 0.3 mol. fr. in composite (1- x )Nd 2 W 3 O 12 - x 

SiO 2 . The largest composite effect - an increase in electrical conductivity by 2.3 orders 

of magnitude - was recorded for the Nd 2 W 3 O 12 -SiO 2 system, in which the maximum 

conductivity value (3.2 × 10 -2 S/cm at 900°C) has the composite 0.70Nd 2 W 3 O 12 -

0.30SiO 2 . It was established that the composite effect in the studied systems does not 

depend on the crystal structure of the composite matrix but increases with the growth 

of effective density of composite ceramics, which is due to the increase in the area of 

interfacial boundaries MWO 4 |SiO 2 (or Ln 2 W 3 O 12 |SiO 2 )), along which electrical 

transfer in composites is realized.  
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Table 1. Solid-phase synthesis mode of tungstates MWO 4 (M = Ca, Sr) and Ln 2 W 3 O 
12 (Ln = La, Nd)  

Stage  
MWO 4    

(M = Ca, Sr)  La 2 W 3 O 12  Nd 2 W 3 O 12  

t , °C  τ, h  t , °C  τ, h  t , °C  τ, h  
1  700  10  700  10  700  25  

2  800  15  800  15  800  55  

3  900  24  900  24  900  85  

4  1000  30  1000  30  1050  85  

Table 2. Ratio of molar fraction (mol. fr.) and volume fraction (vol. fr.) of SiO 2 in 
composites  
CaWO 4 -SiO 2  SrWO 4 -SiO 2  La 2 W 3 O 12 -SiO 2  Nd 2 W 3 O 12 -SiO 2  
mol. fr.  
SiO 2  

vol. fr. 
SiO 2  

mol. fr.  
SiO 2  

vol. fr. 
SiO 2  

mol. fr.  
SiO 2  

vol. fr. 
SiO 2  

mol. fr.  
SiO 2  

vol. fr. 
SiO 2  

0  
0.05  
0.06  
0.10  
0.15  
0.30  
0.50  
0.80  
1  

0  
0.025  
0.030  
0.050  
0.080  
0.200  
0.320  
0.660  
1  

0  
0.01  
0.03  
0.05  
0.10  
0.15  
0.17  
0.25  
0.30  
0.60  
0.70  
1  

0  
0.004  
0.011  
0.018  
0.038  
0.059  
0.068  
0.106  
0.133  
0.350  
0.454  
1  

0  
0.01  
0.03  
0.05  
0.20  
0.30  
1  

0  
0.002  
0.005  
0.008  
0.035  
0.060  
1  

0  
0.03  
0.10  
0.15  
0.25  
0.30  
0.40  
0.50  

0  
0.005  
0.016  
0.025  
0.046  
0.060  
0.088  
0.127  

Table 3. Average effective density of composites (1- x )MWO 4 - x SiO 2 and (1- x )Ln 2 

W 3 O 12 - x SiO 2  
  (1- x )CaWO 4 - x 

SiO 2  
(1- x )SrWO 4 - x 

SiO 2  
(1- x )La 2 W 3 O 12 - 

x SiO 2  
(1- x )Nd 2 W 3 O 12 

- x SiO 2  
Effective 
density, 
%  

70  88  78  94  

  
Table 4. Comparison of average effective density of composite briquettes (1- x 

)MWO 4 - x SiO 2 (M = Ca, Sr) and (1- x )Ln 2 W 3 O 12 - x SiO 2 (Ln = La, Nd) with 
composite effect value  

Parameter  (1- x )CaWO 4 - x 
SiO 2  

(1- x )La 2 W 3 O 
12 - x SiO 2  

(1- x )SrWO 4 - x 
SiO 2  

(1- x )Nd 2 W 3 O 
12 - x SiO 2  



Effective 
density, %  

70  78  88  94  

Composite 
effect (order)  

0.7  1  2  2.3  

  

 
Fig. 1. Concentration dependence of effective density of composites (1- x )Nd 2 W 

3 O 12 - x SiO 2 .  

  



  

 

 

Fig. 2. XRD data of composites (1- x )MWO 4 - x SiO 2 (M = Ca (a), Sr (b)) and (1- 

x )Ln 2 W 3 O 12 - x SiO 2 (Ln = La (c), Nd (d)).  

  



  

 
Fig. 3. TG-DSC results of mixtures 0.5CaWO 4 -0.5SiO 2 (a), 0.5SrWO 4 -0.5SiO 2 

(b), 0.5Ln 2 W 3 O 12 -0.5SiO 2 (c) and 0.5Nd 2 W 3 O 12 -0.5SiO 2 (d), mass of composite 

0.5CaWO 4 -0.5SiO 2 (e).  



   

 
  



   

 
  

Fig. 4. SEM images and elemental composition of composites according to EDS 

data: 0.7CaWO 4 –0.3SiO 2 (a), 0.75SrWO 4 –0.25SiO 2 (b), 0.7La 2 W 3 O 12 –0.3SiO 2 (c), 

0.7Nd 2 W 3 O 12 –0.3SiO 2 (d).  



 
  

  

Fig. 5. Temperature dependence of electrical conductivity of pure tungstates (a) and 

composites 0.7MWO 4 –0.3SiO 2 (M = Ca, Sr), 0.7Ln 2 W 3 O 12 –0.3SiO 2 (Ln = La, Nd) 

(b) on inverse temperature.  

 
Fig. 6. Dependence of electrical conductivity of composites (1– x )MWO 4 – x SiO 

2 and (1– x )Ln 2 W 3 O 12 – x SiO 2 on oxygen partial pressure in the gas phase.  

  



 
Fig. 7. Temperature dependence of the sum of ionic transport numbers for 

composites 0.75SrWO 4 –0.25SiO 2 , 0.70La 2 W 3 O 12 –0.30SiO 2 and 0.75Nd 2 W 3 O 12 –

0.25SiO 2 .  

  



  

 

 
Fig. 8. Dependence of relative electrical conductivity of composites (1– x )CaWO 

4 – x SiO 2 (a), (1– x )SrWO 4 – x SiO 2 (b), (1– x )La 2 W 3 O 12 – x SiO 2 (c) and (1– x )Nd 2 

W 3 O 12 – x SiO 2 (d) on molar and volume fraction of SiO 2 at 900°C.  

  


