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The composition, structure, particle size distribution, diffuse reflectance spectra, integral 
absorption coefficients of solar radiation and dielectric properties of BaTi(1–x)Zr(x)O

3
 powders 

synthesized from micro powders BaCO
3
, ZrO

2
 and TiO

2
 at x = 0 – 0.3 have been studied. Changes 

in the integral absorption coefficient of the powders at different concentrations of zirconium cations 
were found to be within 34 %. Dielectric studies conducted over the wide ranges of temperature 
and frequency showed the presence of two phase transitions, one of them undergoing near the room 
temperatures. This fact makes it possible to consider these powders as pigments for thermal control 
coatings at operating temperatures of space crafts.
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Исследованы состав, структура, гранулометрический состав, спектры диффузного от-
ражения, интегральные коэффициенты поглощения солнечного излучения и диэлектри-
ческие свойства порошков BaTi(1–x)Zr(x)O

3
, синтезированных из микропорошков BaCO

3
, 

ZrO
2
 и TiO

2
 при концентрации замещающих катионов циркония в диапазоне значений x от 

0 до 0,3. Установлены изменения интегрального коэффициента поглощения исследованных 
порошков при различной концентрации замещающих катионов циркония в пределах 34 %. 
Диэлектрические исследования, проведенные в широком температурном и частотном ди-
апазонах, выявили существование двух фазовых переходов в исследованных соединениях. 
Определены температуры фазовых переходов; установлено, что низкотемпературный фазо-
вый переход происходит при комнатных температурах, что позволяет рассматривать данные 
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Introduction

There is now currently a growing interest to 
the studies of thermal control coatings, which 
can be used to maintain the temperature of the 
objects they are applied to stable [1, 2]. So-called 
intelligent coatings draw the most attention, since 
they are capable of modifying their functional 
physical properties in response to small environ-
ment changes. Such coatings are very promising 
in terms of thermal control applications, in par-
ticular space craft device, where their ability to 
change emittance and radiated power in response 
to the change in the environment or the absorbed 
energy allows stabilizing the temperature of the 
space craft working points.

Solid solutions with phase transitions (PT) 
accompanied by rearrangement of the crystal-
line structure can be used as pigments for ther-
mal control coatings (TCC) of reflecting type; 
the PT are located in the range of operating 
temperatures of the unit. Solid solutions of bar-
ium titanate BaTiO

3
 are solid solutions of this 

type with its barium or titanium cations partial-
ly substituted by cations of other elements. The 
Curie temperature for barium titanate BaTiO

3
 is 

120°C. Barium titanate has cubic structure above 
this temperature. As temperature Т decreases, 
there is a structural transition into phases with 
tetragonal (5 ≤ Т ≤ 120°С), rhombic (–90 ≤ Т ≤  
≤ +5 °С) and rhombohedric (Т < –90 °С) lattic-
es. The electric [3], dielectric [4] and optical [5] 
properties change as well. The most significant 
modification of the indicated properties is ob-
served in the neighborhood of the Curie point 
(in the transition from the cubic to the tetrago-
nal syngony): there is a variance by several times 
in dielectric permittivity ε and by five orders of 

magnitude in electrical conductivity σ [3]. Op-
tical properties can change as well [6]. 

The change of electrical properties in the 
domain of phase transitions leads to significant 
changes [6] of the barium titanate emittance, 
which depends on the carrier density, in a tem-
perature range from the values characteristic of 
quasi-metallic state (0.10) to the value specific to 
dielectrics (0.96). In case the coating is heating 
up to the PT temperature, its emissivity increases 
dramatically, which results in thermal radiation 
rising and the coating temperature decreasing. 
In the opposite situation, i.e. when the coating 
temperature is below the operating one, there is 
an abrupt drop in emittance. This leads to a re-
duction of thermal radiation and, respectively, to 
the temperature rising back to the previous level. 
This is the basis of thermal stabilization in the op-
eration area of the object with the thermal con-
trol coating on its surface.

For practical purposes, there is a need for 
coatings, which can operate at lower temper-
atures than that barium titanate can provide. A 
partial substitution of barium or titanium cations 
with other positive ions A or B forming solid solu-
tions of Ba

1–xAxTiO
3
 or BaTi

1–xBxO3
 type allows 

the Curie temperature to shift into lower value 
ranges [7]. The value of the shift and PT charac-
teristics are defined by the type of the substituting 
element and its concentration. If we vary the type 
and concentration of the substituting elements A 
or В, as well as the conditions of the pigment pro-
duction, we can control the phase transitions of 
the coatings produced on the basis of such com-
pounds [8–10].

The objectives of this study included a sol-
id-phase synthesis of the BaTi

1–xZrxO3
 com-

порошки в качестве пигментов для термостабилизирующих покрытий космических аппара-
тов при рабочих температурах.

Ключевые слова: титанат-цирконат бария, термостабилизирующее покрытие, фазовый пере-
ход, спектр диффузного отражения
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pound at various values of x, as well as finding its 
phase and particle-size distribution, phase tran-
sition temperature and other essential physical 
properties characterizing its ability to reflect so-
lar radiation (there is a need for materials prom-
ising in terms of producing reflective coatings 
for space crafts).

In favor of the set goal, we subjected the syn-
thesized samples to X-ray phase and particle-size 
distribution analysis, studied their dielectric 
properties, obtained and analyzed their diffuse 
reflectance spectra and integral absorption coef-
ficients.

Samples and test procedure

This paper presents a solid-phase synthesis 
of solid BaTi

1–xZrxO3
 solution based on BaCO

3
, 

ZrO
2
 and TiO

2
 micro powders at concentration 

of substituting zirconium cations in the range of 
0–0.3.

The samples were produced by means of 
solid-phase synthesis from manufactured mi-
cro-sized BaCO

3
, ZrO

2
 and TiO

2
 powders. For 

each concentration of substituting zirconium 
cations, we prepared a mixture of the initial Ba-
CO

3
, ZrO

2 
and TiO

2
 powders in such a way as to 

meet the set barium atoms/Ti
1–xZrx compound 

ratio of 1:1 for the obtained BaTi
1–xZrxO3

 com-
pound at each value of х in compliance with the 
molecular masses of the initial BaCO

3
, ZrO

2
 and 

TiO
2
 powders. The barium carbonate micropo-

wder was dissolved in distilled water agitated by 
ultrasonic waves; then we added the silicon di-
oxide and titanium dioxide micropowders to the 
solution. The obtained compound was mixed in 
a magnetic stirrer for 1 h. The mixture was dried 
at 150°С, ground in an agate mortar and subject 
to double heating under atmosphere: first it was 
heated at 800°С for 2 h, then (after completely 
cooled down) it was heated at 1200°С for 2 h. The 
rate of temperature elevation on average amount-
ed to 50°С/min, of cooling – 9°С/min.

We studied the samples of BaTi
1–xZrxO3

 with 
six different concentration of substituting cations 
in the range from 0 to 30%: х = 0.01; 0.03; 0.10; 
0.15; 0.20; 0.30. We studied particle-size distri-
bution of BaTi

1–xZrxO3
 powders using Shimadzu 

SALD-2300 laser diffraction particle size ana-

lyzer. We employed Shimadzu XRD 6000 X-ray 
diffractometer to perform X-ray phase analysis 
(XRD).

For dielectric measurements, we pressed the 
powders under 10 MPa pressure into tablets 1 
cm wide and 1 mm thick. We used gold contacts 
with a chromium sublayer as electrodes for better 
adhesion. In the course of the measurement, the 
samples were heated at 120°С for 30 min first to 
remove the adsorbed water.

We measured dielectric properties using a 
broad-band spectrometer Novocontrol ВDS80 in 
the frequency range from 0.1 Hz to 10 MHz, with 
the scanning field amplitude of 10 V/cm; relative 
measurement error of impedance and capacity is 
approximately 3∙10–5. The measurements were 
performed in a heating/cooling mode, the tem-
perature change rate amounted to 1–2°С/min, 
measurement temperatures ranged from –50 to 
150°С.

To measure diffuse reflectance spectra, the 
BaTi

1–xZrxO3
 samples were pressed into supports 

24 mm wide and 2 mm tall under the pressure of 
1 MPa with hold time of 2 mm. For diffuse reflec-
tance spectra, we used Shimadzu UV-3600 Plus 
spectrophotometer with an integrating sphere at-
tachment (ISR-603) in a wavelength range from 
200 to 2200 nm and resolution of 5 nm.

Test results and their discussion

X-ray phase analysis data. A diffraction spec-
tra analysis of the synthesized barium titan-
ate powders with partially substituted cations 
showed that the peaks of intensity correspond 
to BaTiO

3 
or BaTi

1–xZrxO3
 compounds. As an 

example, Fig. 1 demonstrates an X-ray diagram 
of BaZr

0.1
Ti

0.9
O

3
 powder (x = 0.1). Aside from 

the basic compound, the synthesized powders 
contained phases of ZrTiO

4
 and BaZrO

3
, as well 

as residual unreacted initial powders used in the 
synthesis: BaCO

3
, ZrO

2
 and TiO

2
. A study of the 

obtained X-ray diagrams allowed us to conclude 
that the basic phase of the produced powders 
had a tetragonal structure.

Based on the obtained diffraction data, we 
calculated the content of various compounds in 
the synthesized BaTi

1–xZrxO3
 powders (Table 1). 

The yield of the main phase for all obtained sam-
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Fig. 1. X-ray diagram of BaZr
0.1

Ti
0.9

O
3
 powder

Table  1
Percentage of different compounds in the synthesized  

BaTi
1–xZrxO3

 powders at x = 0.01 – 0.30

х
Compound composition, %

BaTi1–xZrxO3/BaTiO3 ZrO2 TiO2 ZrTiO4 BaCO3 BaZrO3

0.01 84.9 0.2 6.7 3.7 3.6 0.9
0.03 85.1 0.8 7.0 3.3 3.4 0.4
0.05 90.3 1.3 2.8 2.2 1.9 1.5
0.10 80.6 3.9 6.2 3.0 3.1 3.3
0.15 78.9 5.0 5.1 2.5 2.3 6.2
0.20 67.6 11.4 6.2 2.0 2.0 10.8
0.30 62.0 10.8 7.2 2.6 2.4 15.0

N o t e. The presented results were obtained on the basis of the X-ray phase analysis data.

ples containing from 0 to 0.3 of the substituting 
zirconium cations is in the range between 62.0 
and 90.3%. The highest yield of the main phase 
(90.3%) is observed at the substituting zirconium 
cations concentration х = 0.05, while the lowest 
one (62%) – at х = 0.30. The content of BaZrO

3 

and ZrO
2
 phases grows with the increase in the 

substituting cations density. The percentage of 
the remaining non-essential phases in the syn-
thesized solid solutions depends on the concen-
tration of the substituting cations insignificantly 
and at various concentrations of х = 0.01–0.30 
vary as follows:

TiO
2
 – from 2.8 to 7.2 %, 

ZrTiO
4
 – from 2 to 3.7 %, 

BaCO
3
 – from 1.9 to 3.6 %.

Particle-size analysis data. The particle-size 
research showed that the synthesized powders 
contain particle of the size from 0.2 to 12 µm. 
The function of particles distribution for the  
BaTi

1–xZrxO3
 powders has a form of a curve with 

two peaks corresponding to the particle sizes of 
0.51–0.53 µm and 2.30–2.67 µm respectively. 
With the change of the zirconium cations per-
centage from 1 to 30%, there is no significant 
shift of the distribution peaks (within the range 
of 0.02 and 0.37 µm for the first and the second 
peaks respectively), just as there is no consid-
erable change in the intensity of the said peaks 
(up to 20% for the first peak and up to 10% for 
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the second one). The median particle size in 
the BaTi

1–xZrxO3
 powders ranges from 1.911 to 

2.990 µm. The maximum median particle size 
is observed in the BaTiO

3
 powder (2.196 µm) 

at the zirconium cation concentration equal to 
0.15 (2.199 µm). The minimum median particle 
size (1.911 µm) corresponds to the maximum 
zirconium cation concentration equal to 0.03. 
The modal particle diameter (diameter with the 
highest incidence rate of grain sizes or a prevail-
ing fraction) for all the powders under study was 
identical and equal to 2.234 µm.

Dielectric properties study. We can see two 
peaks on the permittivity temperature depend-
ences of all the samples: a more prominent one is 
observed at the temperature range of 109–117°С  
and a less prominent one – at 27–47°С (Fig. 2). 
Note that the temperature values corresponding 
to the maximum permittivity during heating are 
lower than that during cooling down (see Fig. 2 
for an example); for a high temperature peak in  
the range of 109–117°С the thermal lag is 
around 5°С. The respective data for the remain-
ing values of x are similar.

In the entire temperature test range, we ob-
tained and analyzed the frequency dependences 
of the real and imaginary components of per-
mittivity ε'(ω), ε''(ω) for the solid BaTi

1–xZrxO3
 

Fig. 2. Heating/cooling permittivity temperature dependences  
of the solid BaZr

0.1
Ti

0.9
O

3
 solution; test frequency f = 1.4 kHz

solutions. To describe the relaxation contribu-
tions, we used the Cole–Cole distribution, which 
allows describing the spectra extending over a 
wider range than Debye relaxation. As a model 
function, we applied a sum of DC conductivity, 
several relaxation processes and high-frequency 
conductivity contributions:

where ССi is the relaxation process contribution 
described by the empirical Cole–Cole formula; 
ε∞ is the phonon modes and electric polarizability 
contribution; Δε = ε – ε∞; τ, s, is the most proba-
ble time (relaxation frequency ω), τ = 2π/ω; σ

DC
, 

S/m, is the DC conductivity; α is the relaxation 
time distribution (0 < α < 1).

The best way of approximating the frequency 
dependences was finding the sum of the contri-
butions made by three relaxation processes; the 
processes differ in the most probable relaxation 
frequencies: one of the processes was observed 
in the frequency range of f = 0.1–1 Hz and had 
a monotone temperature dependence of the Δε 
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parameter; two other processes with different 
relaxation frequencies lying in the range of f =  
= 103 – 104 Hz had peaks on the Δε(T) depend-
ences at the temperature of around 27°С (pro-
cess 1) and around 109°С (process 2) (Fig. 3). As 
an example, Fig. 3 presents the corresponding 
data for two studied samples.

Thus, we were able to identify the relaxation 
processes responsible for the phase transitions 
in the material under study. We used tempera-
ture dependences of the Δε parameter to de-
termine the phase transition temperatures for 
each compound (Table 2). The peak tempera-
tures Δε(T) for process 2 in all the samples was 
close to the temperature of the ferroelectric 
transition from the cubic into tetragonal phase 

a)       b)

Fig. 3. Temperature dependences of the Δε parameter for relaxation processes 1 and 2 (see text)  
in solid solutions BaZr

0.1
Ti

0.9
O

3
 (a) and BaZr

0.15
Ti

0.85
O

3
 (b)

Table  2
Temperature values corresponding to peaks on Δε(T) dependences  

for relaxation processes 1 and 2 in the studied BaTi
1–x

Zr
x
O

3
 samples

x value
Peak temperature, °С

Process 1 Process 2
0.01 31.6 118.5
0.03 36.9 115.6
0.10 27.4 112.4
0.15 35.9 111.2
0.20 42.1 109.6
0.30 27.8 113.9

N o t e. The presented results are obtained on the basis of dielectric measurements data. Processes 1 and 2 differ 
in the temperature ranges where their peaks were observed.

in pure BaTiO
3 
(ТС = 120°С) and solid solutions 

of BaTi
1–xZrxO3

 with low zirconium concentra-
tion. A small decrease in the temperature of 
this transition agrees with the phase diagram of 
the solid BaTi

1–xZrxO3
 solutions, according to 

which at low zirconium content the tempera-
ture of this transition decreases in these solu-
tions [11].

The peaks of Δε(T) for relaxation process 1 in 
the samples of BaTi

1–xZrxO3
 are observed at tem-

peratures close to the respective value of the tran-
sition between two ferroelectric phases of pure 
BaTiO

3
 (Т = 5°С) with the orthorhombic and 

tetragonal crystalline structures. The observed in-
crease in the temperature of this transition agrees 
with the phase diagram of the solid BaTi

1–xZrxO3
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solutions in the range of small zirconium con-
centrations.

However, we should note that the temperature 
values of both phase transitions in all six samples 
vary insignificantly with the change of the as-
sumed zirconium concentration in solutions and 
show no dependence on х [12]. This is probably 
due to the fact the main contribution to the die-
lectric response of the obtained solutions is made 
by the phase of the solid BaTi

1–xZrxO3
 solutions 

with low and approximately identical zirconium 
concentration of х < 0.1 for all the samples.

Diffuse reflectance spectra and integral ab-
sorption coefficient. A study of the diffuse reflec-
tance spectra in the solar range of the synthesized 
powders necessary for finding the optimal con-
centration of the zirconium cations to obtain the 
BaTi

1–xZrxO3
 powder with high reflectance and 

low absorption coefficient аs is of particular in-
terest.

The diffuse reflectance spectra of the  
BaTi

1–xZrxO3
 powders were registered in the UV, 

visible and near infrared ranges. Fig. 4 presents 
the diffuse reflectance spectra of the synthesized 
powders with the concentration of substituting 
zirconium cations in the range from 0 to 30%.

For all concentrations of substituting zirco-
nium cations, the reflectance coefficient of the  
BaTi

1–xZrxO3
 powders varies in the range of  

85–96% in the area from the main absorption 
edge to 2200 nm. Qualitatively, the form of ρ 
spectra is practically identical for all the pow-
ders under study, at 1400 and 2040 nm wave-
lengths, there are absorption bands visible due to  
ОН-groups located at the surface of the powder 
grains and granules of BaTi

1–xZrxO3
 [13]. In the 

area of the main absorption edge, as the zirconi-
um concentration grows, we can observe a minor 
deterioration in reflectance. 

It follows from the diffuse reflectance spectra 
shown in Fig. 4 that BaTi

1–xZrxO3
 powder has the 

highest reflectance in the visible and near infra-
red ranges at the zirconium concentration of х =  
= 0.05, and the lowest reflectance at the concen-
tration of х = 0.15. The difference in the reflec-
tion coefficient for different zirconium concen-
trations in one wavelength reaches 10%.

The integral absorption coefficient of solar ra-
diation as was calculated based on the diffuse re-
flection coefficient using the following formula:

Fig. 4. Diffuse reflectance spectra of solid BaTi
1–xZrxO3

 solutions
with different content of substituting zirconium cations

2

1

2

1

1

1

1 1 ,

s s

n

i

a R

I d

n
I d

λ

λ λ λ
λ =
λ

λ
λ

= − =

ρ λ ρ
= − = −

λ

∫ ∑

∫
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Fig. 5. Dependence of the integral absorption coefficient of solar radiation  
on zirconium content in the solid BaTi

1–xZrxO3
 solution

Table  3
Values of the integral absorption coefficient of solar radiation

for the BaTi
1–xZrxO3

 powders at different values of x

x 0.00 0.01 0.03 0.05 0.10 0.15 0.20 0.30
as 0.104 0.102 0.101 0.100 0.128 0.151 0.107 0.107

N o t e. The presented results are obtained by means of calculations on the basis of the diffuse solar radiation 

reflectance spectra. 

where Rs is the integral absorption coefficient of 
solar radiation calculated as the arithmetic mean 
value of the reflection coefficient over 24 points 
located in equal-energy areas of the solar radi-
ation spectrum according to the international 
standards [14, 15]; ρλ is the spectral reflectivity; Iλ 
is the solar radiation spectrum; λ

1
, λ

2
, µm, are the 

boundary values of the solar spectrum range (in 
the area of 0.2–2,5 µm the sun radiates 98% of 
the total energy); n is the number of equal-energy 
areas of the solar spectrum given by the standard 
tables [14, 15].

As you can see from Table 3, all synthesized 
powders have rather low integral absorption coef-
ficients of solar radiation in the range from 0.100 
to 0.151 and can fall into the class of “solar re-
flectors”. The BaTi

1–xZrxO3
 powder with 5% of 

zirconium cations (x = 0.05) possesses the small-
est value of as (0.100), while the powder with 15% 
of zirconium (x = 0.15) has the greatest value.

Fig. 5 presents a dependence of as on the 
percentage of the substituting zirconium cat-
ions in the range from 0 to 30% (x = 0–0.30). 
As the zirconium cations concentration in the 
BaTi

1–xZrxO3
 compounds increases, the integral 

absorption coefficient of solar radiation chang-
es based on a rather complex dependence with a 
minimum and a maximum. The highest values of 
as are observed at 10 and 15 % zirconium con-
centrations. 

Conclusion

We used the solid-phase synthesis method 
with a two-step heating to produce BaTi

1–xZrxO3
  

powders from a mixture of micron-sized BaCO
3
, 

ZrO
2
 and TiO

2
 powders at concentration of sub-

stituting zirconium cations in the range of 0–30 
weight % (x = 0.01–0.30). We studied the de-
pendences of the particle-size distribution, phase 
composition, diffuse reflectance spectra in the 
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UV, visible and near infrared ranges, and the in-
tegral absorption coefficient of solar radiation 
аs on the zirconium cations concentration. The 
established maximum yield of the main powder 
phase amounts to 90.3%. The form of the diffuse 
reflectance of the synthesized BaTi

1–xZrxO3
 micro 

powders varies insignificantly depending on the 
zirconium concentration; however, the qualita-
tive changes reach 10%. The integral absorption 
coefficient of the studied powders at different 
zirconium concentration varied within 34%. The 
conducted dielectric research of the pressed pow-
ders revealed two peaks on the permittivity tem-

perature dependences associated with the phase 
transitions. We determined the temperatures of 
these phase transitions for all compositions and 
revealed that the low temperature transition in 
the solutions under study was observed at room 
temperatures. This fact makes these compounds 
a promising material for production of pigments 
for thermal control coatings at operating temper-
atures of space crafts.
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