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Abstract
Calcium vanadates Ca5Mg4-xZnx(VO4)6 (0 B x B 4) have been studied for the first time using a set of high-temperature

methods of analysis. The onset of melting process determined from differential scanning calorimetry decreases from 1158

to 881 �C (± 1.5 �C) with increasing of x (dopant’s content). CTE temperature dependence is found to show a hysteresis.

Electrical transport properties measured by impedance spectroscopy in air of different humidity are also discussed. The

value of electrical conductivity does not depend on air humidity. It is found to equal to 1.5 9 10-6 S cm-1 at 720 �C for

Ca5Mg4(VO4)6 which is specific for garnet-related crystals.
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Introduction

Vanadate Ca5Mg4-xZnx(VO4)6 (0 B x B 4) belongs to the

garnet-related family A5M4(VO4)6 (A = Ca, Na, K;

M = Mg, Zn, Co, Ni, Mn) of multifunctional oxides that

have recently attracted interest as luminescent materials,

microwave dielectrics and magneto-dielectrics. Self-lumi-

nescent Ca5Mg4(VO4)6 and Ca5Zn4(VO4)6 vanadate gar-

nets are intensively studied as rare elements-free

broadband excitation and emission phosphors. These

compounds are also considered promising for ultraviolet-

based white light-emitting diodes (WLEDs) [1, 2]. Ca5-
M4(VO4)6 (M = Mg, Zn, Ni) are discussed as potential

solids for application in microwave devices as substrate

materials. Besides having low sintering temperatures, they

demonstrate excellent microwave dielectric properties

[3, 4]. This fact makes them perspective in such field of

industry as low temperature co-fired ceramic (LTCC) [5]

and even ultra-low temperature co-fired ceramic (ULTCC),

for example, Na2BiZn2V3O12 [6] which is sintered at

600 �C.
Ca5Mg4-xZnx(VO4)6 has garnet-related non-cen-

trosymmetric crystal structure with space symmetry I43d

[7]. The features of the crystal structure include dodeca-

hedral coordination around the calcium atoms and octa-

hedral for the magnesium and zinc atoms; vanadium atoms

have tetrahedral coordination. Ca5Mg4-xZnx(VO4)6 has

structural cavities arranging three-dimensional channels

[7]. Another garnet-related material mayenite Ca12Al14
O33±d having analogous space symmetry and positively

charged framework is known as anti-zeolitic material [8].

The feature of its structure is a high deficiency in cationic

and anionic sublattices which provides high anionic con-

ductivity * 10-2 S/cm above 900 �C [9, 10]. There are

numerous compositions of vanadates having this structural

type (Ca2.5h0.5)M2V3O12–x (M = Mg, Zn, Ni, Co, Mn;

h—vacancy in A-sublattice in garnet A3B2C3O12). Their

heightened cation deficiency in comparison with garnets

having Ia3d space group is compensated by the increased

number of oxygen vacancies to maintain electroneutrality.

Therefore, Ca5Mg4-xZnx(VO4)6 is suspected to have oxy-

gen ionic conductivity higher than classical garnet

materials.
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Whereas most studies on Ca5Mg4(VO4)6 and Ca5Zn4
(VO4)6 are performed in the field of lighting technology

and electronics, its thermal phase stability and electrical

conductivity have not been studied yet. The goal of this

study is to estimate these properties for Ca5Mg4-xZnx
(VO4)6 solid solution by helps of simultaneous thermal

analysis, dilatometry and impedance spectroscopy.

Experimental procedure

The sol–gel method was applied for the synthesis of the

Ca5Mg4-xZnx(VO4)6 (0 B x B 4). Initial precursor mate-

rials for synthesis comprised: CaCO3 (99%), MgCO3

(99.999%), ZnO (99%), NH4VO3 (98%), HCOOH (98%,

concentration 99%) and C6H8O7�H2O (99%). Ethanol was

used as a grinding medium. The initial reagents at a stoi-

chiometric ratio were dissolved in distilled water with

HCOOH. Then C6H8O7�H2O was added with subsequent

stirring and heating at 70–80 �C on a hot plate. Homoge-

neous water reagent solutions were slowly evaporated into

a gel. Afterward, the as-prepared gel was placed into a

furnace at 120 �C for 12 h. The formed xerogel was ground

in a jasper mortar and calcined at 600 �C for 1 h. The

powders were pressed into pellets and annealed in alumina

crucibles with rest of the powder of the same chemical

composition. Heat treatment of the samples was carried out

as follows, heating up to 600 �C was performed at a rate of

200 �C/h and then up to 750–970 �C at a rate of 10 �C/h
depending on chemical composition. Samples were treated

in air for 48 h. The final products were checked by powder

X-ray diffraction (XRD) on a Rigaku D/MAX-2200 X-ray

diffractometer using Cu Ka radiation in the 2h range from

15� to 80� with a step of 0.02�. The absence of possible

impurity phases was proved by comparing their XRD

patterns with Ca5Mg4(VO4)6, Ca5Zn4(VO4)6 and Ca5Mg3
Zn(VO4)6 in the FIZ ICSD database (2017).

Bulk samples for dilatometric and electrical measure-

ments have been prepared as follows. Sintered polycrys-

talline powders were pressed under the hydraulic press with

2-ton pressure into pellets of 15 mm dia and 2 mm thick-

ness for electrical measurements and bricks of

5 9 5 9 25 mm for dilatometric study. Samples were

heated at a temperature equal to 0.8 of melting point to

obtain dense ceramics. The apparent density of samples

was determined using Archimedes’ principle and equals

over 97% of theoretical value (Table 1).

Simultaneous thermal analysis (STA) including DSC/

TG combination of differential scanning calorimetry and

thermogravimetry of the calcium vanadates was carried out

by a Netzch STA 449C Jupiter, using Pt crucibles in an air

atmosphere and a temperature range from 35 to 1200 �C at

a heating rate of 10 K min-1. The STA measurements

were performed on the bulk solid samples (10–20 mg)

directly after annealing. Coefficients of thermal expansion

(CTE), denoted by the symbol a, which is the slope of DL/
Lo versus temperature at constant pressure, were measured

by a Netzsch 402PC dilatometer in air atmosphere up to

Table 1 Onset of melting points of Ca5Mg4-xZnx(VO4)6 compounds

x Composition Melting

point/�C
Apparent

density/

g cm-3

0 Ca5Mg4(VO4)6 1158 ± 1.5 3.30 ± 0.02

1 Ca5Mg3Zn(VO4)6 977 ± 1.5 3.28 ± 0.02

2 Ca5Mg2Zn2(VO4)6 937 ± 1.5 3.46 ± 0.02

3 Ca5MgZn3(VO4)6 915 ± 1.5 3.60 ± 0.02

4 Ca5Zn4(VO4)6 881 ± 1.5 3.67 ± 0.02
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Fig. 1 X-ray patterns of powdered samples Ca5Mg4-xZnx(VO4)6
(0 B x B 4)
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Fig. 2 DSC signals of Ca5Mg4-xZnx(VO4)6
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900 �C at a heating rate of 1 K min-1. The cycle of

dilatometry measurements at heating and cooling was

carried out three times and showed well reproducibility.

The data obtained were processed using the Netzch Proteus

software.

Impedance spectra were obtained via the two-probe

technique with an impedance meter Parstat 2273. Each

sample was placed between platinum current collectors.

Frequency range was from 1 MHz to 10 mHz and the

amplitude of sinusoidal disturbance was 10 mV. Mea-

surements were carried out in dry air (zeolite at room

temperature, pH2O = 0.04 kPa) and wet air atmosphere

(pH2O = 3.35 kPa) in the temperature range of

540–660 �C. The measurement technique was changed as

described below for the temperature range from 660 to

720 �C. Samples at every measurement step were heated at

20 �C higher than the previous measurement temperature

and when they maintain equilibrium electrical
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Fig. 3 Thermal expansion curves of Ca5Mg4-xZnx(VO4)6 in the temperature range of 30–850 �C in the air (black symbols—experiment data,

colored curves—fitting), red arrow shows heating and blue arrow shows cooling. (Color figure online)
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measurements were made. After that samples were cooled

to 660 �C and measured again. Such a cycle was repeated

with increasing of temperature at every heating step with

cooling to 660 �C every time. Such an approach allows us

to exclude the shift in conductivity values caused by

samples inelastic deformation by comparison with mea-

surement results at the control point at 660 �C.

Results and discussion

Figure 1 shows the XRD patterns of Ca5Mg4-xZnx(VO4)6
(0 B x B 4) powders sintered from 800 to 1100 �C for

120 h. The observed peaks match well with the standard

ICSD Card of Ca5Mg3Zn(VO4)6 no. 72305, no additional

peaks are observed.

The important purpose of this work was to estimate

thermal stability for Ca5Mg4-xZnx(VO4)6 solid solution.

Table 2 Coefficient of thermal

expansion of

Ca5Mg4-xZnx(VO4)6 at heating

and cooling

Composition Temperature range/�C a, 106/K (at heating) a, 106/K (at cooling)

Ca5Mg4 (VO4)6 25–250 11.89 11.89

250–550 12.96 11.85

550–800 14.56 14.56

Ca5Mg3Zn(VO4)6 25–250 11.32 7.44

250–550 13.14 8.00

550–800 14.50 9.00

Ca5Mg2Zn2(VO4)6 25–250 13.60 7.70

250–550 14.40 8.00

550–800 14.40 8.00

Ca5MgZn3(VO4)6 25–250 13.60 13.50

250–550 14.30 14.10

550–800 14.30 15.20

Ca5Zn4(VO4)6 25–250 13.00 7.18

250–550 13.80 12.90

550–800 14.70 15.00
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Fig. 4 CTE curves of Ca5Mg4-xZnx(VO4)6 as the function of temperature
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According to TG data (Fig. 2) for all the samples, the

change in the mass of the samples during the heating up to

the melting point does not exceed 0.15%. Since vanadate

melts can react with crucible material and show high

volatility [11], almost all measurements were made only up

to the melting points. Melting point Tm is the point of

intersection of the leading edge of a melting peak with the

extrapolated baseline. Figure 2 depicts DSC curves of the

Ca5Mg4-xZnx(VO4)6 solid solutions. It can be seen that all

the samples reveal one endothermic effect of high enthalpy

corresponding to the melting point. The values of melting

temperatures are given in Table 1. As can be seen from the

data obtained that an increase of the Zn2? content in the

solid solutions leads to the monotonic decrease of the Tm
value in the entire range of the solid solution according to

Schroder-Van Laar equation [12]. DSC curves demonstrate

low energy disturbances near 700 �C corresponding to

dilatometric softening of samples which is observed from

thermal expansion curves (Fig. 3).

Dilatometric curves of almost samples demonstrate

steps whereas dopant addition smoothes them. It can be

seen that the slope of heating and cooling lines differs for

samples containing x from 0 to 3 (Fig. 3). Nevertheless, the

tendency to have a hysteresis of CTE is observed for

almost all compounds of the solid solution.

CTE curves as a function of the temperature demon-

strate two steps independently of samples composition near

250 �C and 450–650 �C (Fig. 4). The second step in CTE

thermal dependence corresponds to small thermal effects

on the DSC curve (the difference in 50 �C is a result of the

different heating rate of these two methods). The coeffi-

cient of thermal expansion increases with the increase in

dopant concentration Zn2? having ionic radius larger than

magnesium ions (Table 2). It is interesting that samples

demonstrate CTE about 8 9 10-6 K-1 during cooling

process near room temperature, whereas they are charac-

terized by CTE value near 13 9 10-6 K-1 at heating.

Time dependence of samples shrinkage at isothermal

treatment at 800 �C for Ca5Mg3Zn(VO4)6 (Fig. 5)

demonstrates two steps. The first one has relaxation time

equal to 6 h and is referred to isothermal shrinkage process.

Another one begins on 13 h and achieves saturation during

2000 min. This effect is caused by the recrystallization

process. The tendency to recrystallization for vanadate

compounds is observed in [3].

Figure 6 represents the typical impedance spectra for

Ca5Mg4(VO4)6 which confirms the dielectric nature of

samples. A few cycles of electrical conductivity measure-

ments from 660 to 540 �C in dry and wet air atmosphere

performs almost identical results. They are represented in

Arrhenius plots in Fig. 7 from which one can conclude that

samples demonstrate hopping transfer mechanism of elec-

trical conductivity. The activation energy at the interme-

diate temperature is about 100 ± 16 kJ mol-1 and taking

into account a temperature range of experiment we con-

clude that charge carriers are electrons. The activation

energy of electrical conductivity above 660 �C is higher

and is estimated equal to 278(6) kJ mol-1 which indicates

that oxygen anions could also impact in charge transfer. It

is established that the humidity does not influence the

conductivity of the samples (Fig. 7). This is a qualitatively

new result, since the main problem of the previously
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studied low electrical conductivity of such an anti-zeolitic

material as mayenite is the interaction of the surface of the

material with water vapor from the atmosphere with decay

into insulating phases CaAl2O4 and Ca3Al2O6 [13].

Dilatometric curves demonstrate that samples may be

easily deformed above 700 �C under static load. Samples

are always clamped by the holder in impedance cell during

the measurements. Given the above-listed observations,

electrical conductivity measurements above 660 �C are

arranged by alternative technique to avoid the contribution

of inelastic deformation. Obtained results make evident

that the resistivity decreases. However, whether the change

in the geometry of the samples affected the result or the

change in the defect structure remains unclear and requires

more detailed revision.

The highest value of electrical conductivity is observed

equal 1.5 9 10-6 S/cm at 720 �C for Ca5Mg4(VO4)6. This

value is common for dielectric materials and is hence

specific for garnet-related crystals. Isomorphous

substitution of Mg2? with Zn2? causes the decreasing of

electrical conductivity.

Conclusions

Thermal stability and electrical conductivity of

Ca5Mg4-xZnx(VO4)6 (0 B x B 4) calcium vanadates are

studied for the first time using simultaneous thermal anal-

ysis, dilatometry and impedance spectroscopy. The data on

the thermal behavior, shrinkage processes and the coeffi-

cients of thermal expansion values were obtained. The

onset of melting process of Ca5Mg4-xZnx(VO4)6 (0 B x

B 4) decreases with increasing content of Zn2?, whereas

the coefficient of thermal expansion increases. CTE hys-

teresis is demonstrated in its thermal dependence. The solid

solution demonstrates low electrical conductivity of about

10-6 S/cm which is specific for garnet-related crystals. The

value of electrical conductivity does not depend on air
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humidity; it decreases in Ca5Mg4-xZnx(VO4)6 (1 B x B 4)

with x increasing.
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