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Ultrafast solid-phase chemical synthesis of BaTiO3 initiated by
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This paper presents the results of a study of the solid-phase synthesis of barium titanate using continuous

microwave radiation from a 24GHz process gyrotron in a multimode reactor. It is demonstrated that in localized

regions of small-scale superheated instabilities initiated by millimeter-wave radiation in the initial stoichiometric

reaction mixture of ultrafine barium carbonate and titanium dioxide powders of bulk density, the synthesis process

can proceed in 5−7minutes, ensuring a target product yield of 90%. A realistic numerical model of a multimode

reactor developed, based on an iterative solution of Maxwell’s steady-state equations and thermal conductivity,

shows that the specific energy input in the regions of small-scale superheated instabilities can reach 670W/cm3

with an input power of 400W.
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Introduction

High-temperature solid-phase chemical synthesis is one

of key processes of obtaining a wide spectrum of functional

inorganic materials [1]. The methods based on convection

heating of reaction mixtures are characterized by significant

inertness, high energy consumption and long synthesis times

that are often counted to be many hours. These factors

not only increase production costs, but can also result

in reduction in quality due to intense grain growth and

formation of impurity phases under long high-temperature

impact [2,3]. Duration of the solid-phase physical-chemical

processes significantly decreases when transiting to heating

in a microwave electromagnetic field [4–6]. The main

advantage is a mechanism of volume impact, when energy

of the electromagnetic field is directly absorbed by a

material to be transformed into heat. This approach

can provide extremely high heating rates, significantly

reduce total energy consumption as compared to convection

methods and in some cases it makes it possible to attain

target phases at the lower temperatures. Potentially,

it can also result in producing products with improved

characteristics, for example, with the smaller grain size or

the higher phaser purity [4–14]. But serious challenges are

encountered when practically implementing and industrially

scaling these advantages for the solid-phase processes in

common microwave systems that operate on magnetrons

with a radiation frequency of 2.45 GHz. A fundamental

limitation is related to inhomogeneous distribution of the

heating electromagnetic field in powder media. Taking into

variation of electrodynamic and thermodynamic parameters

of the reaction mixture in a dependence on the temperature,

it can result in origination of uncontrolled local superheats

(
”
hot points“), thus impairing synthesis homogeneity and

complicating both process control and its scaling.

The present study considers a new approach to mi-

crowave solid-phase synthesis, which is based on purposeful

initiation and use of small-scale superheated instabilities.

Its essence is to use shorter (millimeter) electromagnetic

radiation for creating highly-contrast temperature fields,

i.e. highly-localized regions of extreme superheating, in

the reaction mixture. At the same time, it is possible

to create conditions, in which these regions are isolated

from a major bulk of the material due to low thermal

conductivity of the medium, which is achieved in the

reaction mixture of dispersed powders that have a bulk

density. A sharp temperature gradient that originates

at boundaries of such small-scale superheated instabilities

makes it possible to spatially separate a reacted produced (in
a high-temperature zone) and an unreacted initial substance,

thereby providing a high rate and selectivity of the reaction

without superheating the entire volume. The present

study experimentally demonstrates this mechanism by an

example of a reaction of solid-phase synthesis of barium

titanate (BaTiO3) when heating the initial stoichiometric

reaction mixture of dispersed powders of barium carbonate

(BaCO3) and titanium dioxide (TiO2) with continuous

millimeter radiation with a frequency of 24GHz. On the

one hand, highly-dielectric properties of barium titanate

in combination with a low wavelength of the millimeter

radiation create condition for heavy localization of energy

release, which is required for controlling the superheated

instabilities. On the other hand, this process is selected due

to a practical value of this ferroelectric material in modern

microelectronics. In order to study a spatial distribution of

the temperature in the medium with developed small-scale
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superheated instabilities, a realistic numerical model of a

multi-mode microwave reactor used in the experiment has

been designed.

1. Experimental setup

Fig. 1 shows the diagram and the photo of the multi-

mode microwave reactor, which is a close electrodynamic

structure that is connected to the round waveguide path of

the technological gyrotron with the radiation frequency of

24GHz and output power of up to 5 kW in a continuous

regime [15–17]. A window for inputting microwave radia-

tion is a round quartz wafer of an anti-reflective thickness,

which is embedded into a frame of the waveguide path. It

functions to protect a source when a gas discharge occurs in

the reactor and it propagates towards microwave radiation.

An important element of the unit, which electro-dynamically

limits the reactor volume, is the filter, which is a tapering

section of the round waveguide and designed to prevent

propagation of microwave radiation back to the source.

Additional reduction of reflection is facilitated by orientation

of an output slot of the filter perpendicular to a polarization

plane of an excited mode. The reactor zone is designed of

two vacuum fitting tees with the flange ports of the CF40

standard. In a described configuration, free ports were

used for installation of assemblies for inputting/outputting

purging air as well as for visually controlling a process of

heating and temperature measurement by means of a two-

color infrared pyrometer via a metal-mesh window. The

reaction mixture was loaded and unloaded via a quick-

Figure 1. Diagram (a) and the photo (b) of the multi-

mode microwave reactor: 1 — the technological gyrotron with

the radiation frequency of 24GHz; 2 — the round waveguide

path with the diameter of 32.6mm; 3 — the anti-reflective

quartz window; 4 — the microwave filter; 5 — the multi-mode

microwave reactor; 6 — the reaction powder mixture on an H-

beam aluminum substrate; 7 — the quick-release flange port for

loading/unloading of the powder; 8 — the functional flange ports.

releasing flange port that is designed as two interconnected

adapters CF 40−KF40.

The present study has used the following reagents: barium

carbonate (BaCO3, a
”
analytical reagent“ grade, GOST

4158-80, produced by LLC
”
Vekton“, Russia) with the par-

ticle size 1.5-2.0µm and titanium dioxide (TiO2, a ”
pure“

grade, TU 301-10-020-90, produced by LLC
”
Krymskii

Titan“, Russian) in an anatase modification with the particle

size 0.1−0.3µm. The reaction medium is a stoichiometric

mixture of these powders, which is prepared by manually

mixing the components for 10min. The unrammed powder

mixture was placed on the aluminum H-beam substrate with

the sizes 24× 50mm in the form of a thin layer of the

thickness 3−4mm. After weighing, it was placed in the

reactor volume for further heating by microwave radiation.

2. Description of the model of the
reaction medium

The process of solid-phase chemical synthesis during

millimeter wave heating can be described within the a math-

ematical model that includes self-consistent electrodynamic

and thermal problems based on the Maxwell equations

and a thermal conductivity equation, respectively. The

distribution of the electromagnetic field in the volume of

the used reactor is calculated within the electrodynamic

problem. The obtained distribution of intensity of the field

in the sample being heated is used for calculating a power

density of heat sources included in the thermal conductivity

equation.

To perform the calculations, it is essential to correctly

specify the electrodynamic and thermal-physical properties

of the substances involved in the synthesis reaction. The

used materials that are dispersed powders at all the stages

can be described as multi-phase systems that contain one

or several various solid phases and a gas phase that corre-

sponds to space between the powder particles. In case when

a typical scale of a system microstructure heterogeneity is

much smaller than a length of the electromagnetic wave

in a substance, interaction of the electromagnetic field

with such materials is described by applying methods

based on introduction of averaged characteristics of the

medium. Since in the processes considered herein a ratio

between volume phase portions can change during the

process within wide limits, the averaged properties of the

materials are conveniently described in an effective medium

approximation [18], which assumes that spherical inclusions

of each phase are placed in the medium with sought-after

properties. For complex permittivity of the powder medium,

this approach results in the equation

∑

i

C i

εi − εeff

2εeff + εi

= 0, (1)

where εi — complex permittivity of the i-the component

of the mixture (including a void), C i — the relative

volume portion of the i-th component. This algebraic
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equation, whose power is equal to a number of the various

components of the mixture, can be solved in relation to

sought-after effective permittivity εeff. The similar equation

defines an effective thermal conductivity coefficient of the

powder medium λeff.

An equimolar mixture of bulk powders BaCO3 + TiO2

was used as initial substances for the synthesis process in

the present study. It was assumed during modeling that

the process takes places in two stages: first, BaCO3 is

decomposed at the temperature of 800K:

BaCO3 → BaO + CO2 ↑, (2)

an then at the temperature of 1073K BaTiO3 is synthesized:

BaO and TiO2 → BaTiO3. (3)

Selection of the temperature of 800K as a threshold

value for the start of a reaction of decomposition of barium

carbonate in the model is based on a fact that is given in

the literature and says that the temperature of the reaction

in the BaCO3−TiO2 system has a much lower value as

compared to the temperature of thermal decomposition of

individual barium carbonate. A pure substance of BaCO3

demonstrates the start of decomposition at the temperatures

above 1700K, while in the reaction mixture with TiO2

formation of the barium titanate starts at considerably

lower temperatures. The study [19] uses X-ray diffraction

analysis to demonstrate that under conditions of microwave

heating formation of a crystalline phase of BaTiO3 is already

noticeable at 1073 K, thereby indicating that the reaction of

decomposition of carbonate in the mixture takes place at

the smaller temperatures. Thus, the initial system is a three-

phase one (BaCO3, TiO2 and air in pores); besides, an

intermediate system for which the calculations were within

the temperature interval 800−1073K (BaO, TiO2 and air in

pores) is a three-phase one as well, while the final system

is a two-phase one (BaTiO3 and air).
Data on the volume portions of the mixture components

were calculated based on measurements of the density of the

bulk powder. Data on a volume portion (a relative density)
of compacted BaTiO3 were taken from experiments of its

microwave sintering at the various temperatures [20].
Data on temperature-dependent high-frequency dielectric

properties of various substances are often quite scarce in

the literature. Data on permittivity of BaCO3 were taken

from the study [21], so were those on a real part of high-

frequency permittivity of TiO2from the study [22], and data

on high-frequency dielectric losses of TiO2 were taken from

the study [23]. Data on high-frequency permittivity and

dielectric losses of BaO were taken from the study [24].
For BaTiO3, temperature-dependent data on high-frequency

permittivity and dielectric losses from the study [25] were
used and they were obtained in the processes of microwave

heating of a loosely-poured powder and took into account

variation of the density during sintering. Where neces-

sary, extrapolation of available dependences into a higher-

frequency range was used.

Instead of data on the thermal conductivity coefficient of

BaCO3, temperature-dependent data for CaCO3 from the

study [26] were used. Possible deviations of results, which

are related to this replacement, are not too considerable,

since they can affect calculation of the temperature field

only at the initial stage of heating. Data on the thermal

conductivity coefficients of BaO and TiO2 in a dependence

on the temperature were taken from the study [22]. For

BaTiO3, we have used data from the study [27], which

are extrapolated into the high-temperature range with taking

into account variation of the relative density during sintering.

Temperature-dependent data on the thermal conductivity

coefficient of air were taken from the study [25].
Specific heat capacity of the mixtures was calculated in

an additive method with taking into account molar ratios

between the components of the mixture. Data on values of

specific heat capacity of the components depending on the

temperature were taken from the study [22,28].
A shape of the obtained temperature dependences of the

effective parameters of the powder media, which are used

during modeling, is shown in Fig. 2.

Figure 2. Temperature dependences of the effective parameters of

the powder media, which are used during modeling: a — complex

permittivity, b — the thermal conductivity coefficient; c — specific

heat capacity per a unit volume.
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Figure 3. Realistic three-dimensional finite element model of the

multi-mode microwave reactor.

3. Numerical modeling

In order to study mechanisms of formation of the small-

scale superheated instabilities when heating the powder

reaction mixture by electromagnetic radiation of the wave-

length millimeter range, we have designed a realistic three-

dimensional finite-element model of the microwave multi-

mode reactor (Fig. 3) used in the experiments. In addition to

the main structural elements, the model includes the round

waveguide port at the right boundary, which is excited by

the mode TE1 1 with the frequency of 24GHz and linear

polarization.

The self-consistent problem that combines the calculation

of propagation and absorption of electromagnetic radiation

with modeling of heat transfer was solved by means of

an iteration procedure of calculation of the power density

of the heat sources included in the thermal conductivity

equations and the distribution of the temperature in the

medium, which is caused by them. External boundaries of

the calculated volume and surface of the metal substrate

have an impedance boundary condition specified by the

equation (4):

n(E− Zs · (n×H)) = 0, (4)

where Zs — surface impedance of the material, n — a

unit vector of the normal to the material surface, E and

H — strengths of the electric and the magnetic field of

the wave, respectively. This condition makes it possible

to adequately take into account absorption of energy in a

Figure 4. Distribution of strength of the electric field in the model of the multi-mode microwave reactor.

thin skin layer of the metal elements without the need for

its detailed resolution in a grid. Radiation reflected from

the reactor is absorbed at the input port boundary, where

its mode composition is also analyzed for determining the

reflection coefficients (S-parameters).
Heat transfer is modeled jointly in the volume of the

powder sample and the aluminum H-beam substrate. The

heat sources include volume Joule losses calculated based

on a distribution of absorbed microwave power in the

dielectric sample as well as losses in metal walls of the

reactor due to the skin effect. The external boundaries

of the sample and the substrate have combined conditions

of radiative heat exchange and free convection into the

environment specified and these model removal of heat from

the system.

Results of modeling for input power of 400W demon-

strate the following key specific features. The distribution

of strength of the electric field (Fig. 4) demonstrates a

quasi-periodic standing wave structure above the sample.

A position of maximums of strength of the electric field

directly corresponds to zones of maximum absorption

of microwave energy and, therefore, the most intense

heat release. Power balance demonstrated a qualitative

compliance with the experiment: of 400W of input power

303W is absorbed in the very powder sample, 3W is lost

in the walls and 94W is reflected back.

The distributions of the temperature (Fig. 5, a) and the

absorbed power density (Fig. 5, b) have been analyzed

to identify their strong spatial correlation. Pronounced

localized regions, whose temperature is enough for the

solid-phase processes, are formed on the sample surface.

These high-temperature zones (T > 1300K) with value-

different specific energy deposition are quasi-periodically

arranged with a typical distance between the adjacent

maximums, which is about 7mm, which is close to a half

of the radiation wavelength in free space (λ = 12.5mm).
Depending on the value of the specific energy deposition,

the typical size of the high-temperature regions varies within

3−8mm. Movement of the sample does not change

qualitatively a pattern of distribution of strength of electric

field within the reactor volume, while the regions of

formation of superheated instabilities are shifted in relation

to the sample. According to results of the calculations,

Technical Physics, 2026, Vol. 71, No. 4
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Figure 5. Distribution of the temperature (a) and the power density (b) in the sample placed in the multi-mode microwave reactor. Input

power is 400W.

Figure 6. Dependence of the maximum volume density of

microwave power in the region with a developed superheated

instability on the value of input power.

the maximum specific energy deposition can be up to

670W/cm3 at the input power of 400W. At the boundary of

the high-temperature regions, a typical temperature gradient

is 60K/mm.

With an increase of input power, the maximum specific

energy deposition in the regions with the developed su-

perheated instability increases non-linearly (Fig. 6). Along

with it, the typical size of superheated instabilities is also

increased up to a state, when adjacent high-temperature

regions merge to form a single layer of a target reaction

product. For all the tested regimes with various val-

ues of input microwave power, the maximum achievable

temperature exceeds 1300K, thereby meaning a transition

through specific features of the temperature dependences of

permittivity of the medium, which is specified in the model

(Fig. 2, a). With the higher input power, the temperature

around the maximum energy deposition exceeds 1500K,

which corresponds to melting of barium titanate and is not

described within the model of the characteristics of the

medium.

4. Experimental part

The process of the solid-phase synthesis was started from

inputting microwave radiation, whose power in the experi-

ments done was varied within 200−400W. In 30−80 s, the

surface of the powder layer exhibited red luminescence

spots, thereby indicating development of superheated in-

stabilities in these regions. Duration of the process was

1.5−7min. During heating in the region of origination of

the red spots the surface temperature was 600 ◦C−800 ◦C

depending on heating power and did not change during the

entire process.

The processes done resulted in formation of agglomerated

structures under the surface of the powder layer, which

have sizes of about 3−6mm and are located in the

Technical Physics, 2026, Vol. 71, No. 4
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Figure 7. Photos of the powder layer on the aluminum H-

beam substrate (a) and agglomerates (b) extracted therefrom, after

heating in the multi-mode microwave reactor. The input power is

400W, the heating time is 7min.

regions of origination of the red spots during heating. An

increase of power and the heating time results in merging

of these structures and formation of larger agglomerates.

Fig. 7 shows typical photos of the powder layer and

the agglomerates extracted therefrom, after heating in the

multi-mode microwave reactor. Weighing the sample and

the agglomerates extracted therefrom made it possible

to estimate a weight loss, which was 13%−15% (mass

percent are given hereinafter). It is caused by loss of

carbon dioxide during decomposition of barium carbonate

and indirectly indicates reaching of the temperature that is

enough for occurring of the solid-phase reaction of synthesis

of barium titanate.

The produced agglomerates were mechanically ground

for X-ray diffraction analysis in an Ultima IV diffractometer

(Rigaku, Japan) designed to use CuKα line emission. Phase

identification and quantitative analysis were performed by

a Rietveld method using the PDXL2.0 software and the

ICDD database. For an internal standard, corundum (α-
Al2O3) was used and it was added to the samples in the

amount of 20 wt% An error of determining the weight

portion of the crystalline phases did not exceed ±3%.

Fig. 8 shows a typical X-ray pattern of ground agglomerates

synthesized in the multi-mode microwave reactor.

Detailed analysis identified a significant dependence of

the phase composition on the treatment regimes. With

power of microwave radiation 200−300W and the synthesis

time 1.5−4min, a complex multi-component composition

was formed to have various polymorphous modifications

of BaTiO3 prevailed. Presence of a monoclinic phase of

BaO(TiO2)2 in the amount 6%−7% seems to indicate local

barium insufficiency due to kinetic limitations of diffusion

under conditions of superfast synthesis. With increasing the

power to 300−400W and the treatment time to 5−7min,

the phase composition was significantly changed. In these

conditions, a tetragonal modification of BaTiO3 (up to

68%−72%) was dominant, thereby indicating that the

reaction occurs more fully and it approaches a thermo-

dynamically equilibrium state. Presence of the hexagonal

phase (18%−23%) that is stable at the temperatures above

1430 ◦C indicates local superheating of reaction zones to

the temperatures that significantly exceed a sample-average

one. At the maximum heating power, it also exhibited

formation of a small amount (up to 3% when duration

of the process is 5min) of nonstoichiometric compounds of

the type Ba2TiO4 and Ba2Ti9O20, which are characterized

by shortage of barium and oxygen in relation to titanium.

Residual amounts of barium carbonate, which are observed

in some cases (up to 5%−7%), can be related to specific

features of decarbonization under the conditions of superfast

synthesis.

The synthesized samples were microstructurally analyzed

using the JEOL JSM-6700F scanning electron microscope.

3−5 SEM images were obtained for each sample at vari-

ous magnifications, thereby making it possible to visually

analyze the microstructure. The synthesized samples

predominantly exhibited formation of dense sintered particle

agglomerates of the size 0.5−8µm without signs of an

anomalous grain growth or formation of elongated porous

structures. At the same time, no sign of nanoscale regions of

coherent scattering or amorphous phases in all the samples

indicates full crystallization of the synthesis products even

under the conditions of superfast synthesis.

It is interesting to consider a spatial compliance between

the experimentally observed sizes of the agglomerates

(3−6mm) and calculated sizes of the zones of superheated

instabilities, which are obtained during numerical modeling.

This compliance not only confirms adequacy of the designed

numerical model, but also indicates a deterministic nature of

the process of formation of superheated instabilities. It was

demonstrated by X-ray diffraction analysis that exactly these

zones demonstrated the most fully progressing synthesis

reactions with formation of the target phases. A typical

Figure 8. Typical X-ray patterns of ground agglomerates

synthesized in the multi-mode microwave reactor. The synthesis

regime: 400W, 7min.
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temperature gradient at boundaries of instability zones,

which is at the level of 60K/mm, creates conditions for

spatially separating regions of the reaction and the initial

reagents, thereby providing high selectivity of the process.

5. Discussion of results

The experimental and calculated data obtained demon-

strate a fundamental difference of the proposed approach

from traditional methods of microwave synthesis. While

most studies in the field of microwave treatment of materials

are directed at suppressing heterogeneities of the tempera-

ture field [4,6,12], the present study proposes a paradigm

of purposefully creating and using controlled small-scale

superheated instabilities. It was possible due to using

millimeter radiation, thereby providing heavy space and

energy localization of the superheating zones.

A key advantage of the method is achievement of

extremely high heating rates in the localized regions while

preserving the bulk of the material at the significantly lower

temperatures. It creates conditions when kinetics of the

solid-state reaction is determined not by classical equations

of diffusion balance (which belong to Yander, Ginstling-

Brownstein), but processes that are initiated under condi-

tions of the sharp temperature gradients (up to 60K/mm).
The obtained values of specific energy deposition (up
to 670W/cm3) are by an order higher than typical values for

the traditional microwave system at 2.45GHz [6,12], where

a typical power density does not exceed 50−100W/cm3

even in the
”
hot spots“. It makes it possible to achieve

reduction of the synthesis time to several minutes, while it is

almost by an order higher in studies on microwave synthesis

of barium titanate at the frequency of 2.45GHz [6].

X-ray diffraction analysis demonstrated formation of

highly crystalline barium titanate with a content of the

basic phase 88%−96%, which is comparable to the best

literature data for the traditional synthesis methods [4].
However, unlike the convection methods that result in

formation of large-crystal aggregates [2,3] and classical

microwave heating that often causes a nonuniform grain

growth [12], the described method provides formation

of localized agglomerates of the size 3−6mm without

signs of the anomalous grain growth. This microstructure

is explained by short duration of thermal impact and

presence of sharp temperature gradients that prevent particle

coalescence processes.

It should be noted that the designed approach has certain

limitations that are related to temperature stability of the ma-

terials being synthesized. When the power exceeds 700W,

melting of barium titanate (T > 1500K) is observed, which

requires further improvement of scaled models of the

described method. One of the scaled approaches can be

use of systems of quasi-optical transformation of millimeter

radiation beams, which will make it possible to jointly vary

the power density of microwave radiation and the size of

the reaction zone when moving it along a beam focusing

line.

Prospects of the designed approach are related to con-

trollability of not only kinetics of the chemical reactions,

but also the microstructure of the produced materials by

varying radiation parameters. The further development of

the method may include use of controlled microwave phase

shifters in order to create specified spatial distributions

of the temperature field, thereby making it possible to

implement principles of additive production in microwave

synthesis of functional materials.

Conclusion

The studies have been performed to result in designing

of the new approach to microwave solid-phase synthe-

sis, which is based on purposeful initiation and use of

small-scale superheated instabilities. It is experimentally

demonstrated that a degree of conversion of the initial

reagents into the target product in the regions with de-

veloped superheated instability is high (more than 90%).
Based on the realistic numerical model of the multi-mode

microwave reactor, we have obtained values of specific

energy deposition in the localized regions of instability

development and the temperature gradient achieved at

their boundaries. It is demonstrated that varying the

parameters of UHV heating makes it possible to purpose-

fully control the phase composition of the product being

produced. At the optimal treatment regimes, there is

predominant formation of the tetragonal modification of

BaTiO3 (up to 70%−75%), which is of the highest prac-

tical interest for ferroelectric applications. Microstructure

analysis confirmed formation of fine-disperse agglomerates

of the size 0.5−8µm without signs of the anomalous

grain growth, which is caused by suppression of the

coalescence processes due to short duration of thermal

impact and presence of the sharp temperature gradients

at the boundary of the reaction zone. Implementation

of the potential of the designed method for creating

energy-efficient and high-rate technologies of the solid-

phase chemical synthesis requires further investigation of

kinetics of the reactions under conditions of extremely fast

local heating and optimization of the reactor microwave

systems.
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