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Abstract. Intermediates to produce ceramic powders were synthesized using amorphous potassium polytitanate

(K20-4TiO;-xH20, PPT) modified in aqueous solutions of mixtures of manganese and aluminum sulfates, taken ina 2 : 1
molar ratio, and manganese, aluminum, and chromium sulfates, taken in a 2 : 1/2 : 1/2 molar ratio. It was shown that heat
treatment of these intermediates enables the synthesis of single-phase powders of hollandite-like solid solutions
K1.70Mn1 66Alp.81Ti5.52016 and Ky 76Mny 60Alg.39Crg.45Ti5.48016, respectively. Ceramic dielectrics were fabricated using
compacted powders of the obtained products, which were sintered at 1080 °C/3 h. The electrical properties of the ceramic
specimens produced were investigated by impedance spectroscopy methods. It was shown that partial replacement of Al
with Cr in the intermediate composition increases the permittivity (from 820 to 1580) and reduces dielectric loss (tg(d),
from 0.89 to 0.22). Moreover, some justified doping additives (NbyOs, 0.5 %; NdO3, 0.3 %; LiF, 0.8 %) and a flux (zinc
borate, 2%) allow for a further increase in dielectric constant (up to 57,800 + 600), decrease of tg(8) (down to
0.084 £ 0.02) and significantly increase the temperature stability of permittivity for the obtained ceramics in the
temperature range from —55 to +125 °C up to the level corresponding to a X7T category of dielectrics.
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AnHoTaumsi. Ha ocroBe amopduoro momururanata kamus (K,O-4TiO;-xHp0, T1TK), MoaudumpoBaHHOTO B BOJHBIX
pacTBOpax cMecH cyibdara MapraHia u cyibdara aJIOMUHHS, B3ATHIX B MOJIBHOM COOTHOLIEHWH 2 : 1, a Takxe cMecu
cyiabdaToB  MapraHma, AJIIOMHHUS W XpOMa, B3ATBIX B MOJBHOM COOTHOmIEHWH 2 :1/2:1/2, cuHTE3MpOBaHBI
WHTEPMEINaThl JUIS MOJy4YEeHHUs] KepaMUIeCKUX MMOpoIIKoB. [loka3aHo, 4To TepMuueckas 00OpaboTka ITHX MHTEPMEIHATOB
npu 850 °C/2 4 mo3BONAET MOIYYUTh MOHO(A3HBIE TOPOIIKH TOJUIAHAWTOIIONOOHBIX TBEPIBIX PACTBOPOB COCTaBa
Ki,70Mnj 66Alo,81Ti5,520016 1 Ki76Mnj 60Alp39Cr0,45Ti548016 coorBercTtBeHHO. Ha ocHOBE KOMIIAKTMPOBaHHBIX
MOPOIIKOB MOJYYEHHBIX IPOXYKTOB HW3rOTOBJICHBI KEpaMHUYECKHE JUAJIEKTpUKH, cnedeHHsle mpu 1080 °C/3 u.
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DJIeKTpUYecKUe CBOWCTBA MOIYYSHHBIX 00pa3loB HCCIIEI0BAaHBI METOJaMU UMIIEITAaHCHOH criekTpockonuu. I[TokazaHo, uTo
gactnyHas 3amMeHa Al Ha Cr B cocTaBe HHTepMeIuaTa YBEIMYUBACT AUAIEKTPHUECKYI0 MpoHUIaeMocTs (oT 820 no 1580)
U cCHIXkaeT nudnekrpudeckue norepu (ot 0,89 mo 0,22) ma paboueii wactore 1 k', [Ipu 3TOM BBEeneHHE 00OCHOBAHHOM
koMOuHarmu nonadtoB (Nb2Os, 0,5 %; NdxO3, 0,3 %; LiF, 0,8 %) u ¢urocoobpasyromieit nobasku (bopaT nuHKa, 2 %)
MIO3BOJISIET JIOOMTHCS CYIIECTBEHHOTO YBEIWYEHHs AMAIIEKTpHuYeckoid mponunaemoctd (mo 57800 + 600) u cHuwkeHHs
URJIEKTpUIecKuX motepsb (tg(d), mo 0,084 + 0,02), a Taxke yBeTWIHBACT TEMIEPATYPHYIO CTAOMIBHOCTD JHAICKTPUICCKON
MIPOHHUIIAEMOCTH KEPaMHKH B HHTEpBae OoT —55 1o +125 °C mo ypoBHs TpeboBaHuil K AudekTpukaM kateropun X7T.

KaroueBbie cioBa: THUTAHATBHI; FOHJ’IaHI[I/lTOHOJIO6HbIe TBEPABIC pPaCTBOPLI; KEpaMUKa; CHUHTE3;, OHUIJICKTPUYCCKas
MPOHUIAEMOCTDb, AUIJICKTPUYCCKHUE ITOTEPU.

Joist murupoBanusi: Gorshkov NV, Tsyaganov AR, Durakov AV, Makarov AA, Gorokhovsky AV. Influence of doping
additives and fluxes on the electrical properties of ceramic materials based on hollandite-like solid solutions in the
K,0-MnO-Al,03-Cr,03-TiO, system. Journal of Advanced Materials and Technologies. 2026;11(2):152-161. DOL:

10.17277/jamt-2026-11-02-152-161

1. Introduction

Developing electronic components requires
searching for new types of functional ceramic
materials that can expand product ranges, improve
existing device performance, and reduce their size
[1]. For ceramic capacitor structures, materials with
an exceptionally high dielectric constant (CDC [2, 3])
are of the greatest interest. The most sought-after
ceramic materials in the production of multilayer
capacitor structures used in microelectronics
correspond to the X7R category according to the
international ~ EIA-198-1  classification.  These
materials are characterized by a high dielectric
constant and stability of this value over a wide
temperature range with low dielectric losses [4, 5].

Our previous studies [6—8] have shown that

hollandite-like solid solutions of the K,O-Me,O,-

TiO, system (where Me represents divalent and
trivalent metals capable of isomorphously
substituting titanium in the crystal structure of
titanates) have good application prospects in this
field. The high mobility of potassium ions in the solid
solution structure results in the extremely high
polarizability of these systems when an electric field
is applied. This occurs because the ions can move
with low energy costs through tunnels formed by
paired titanium-oxygen octahedra in a 2x2
arrangement. Additionally, local inhomogeneities in
the distribution of electron density arise from the
substitution of titanium by transition metals.
These factors result in an anomalously high dielectric
constant [9-11]. Additionally, sintering of ceramics
based on hollandite-like solid solutions of this system
can be carried out at relatively low temperatures
(1000-1100 °C), even without flux additives.

It was also noted that the difficulties associated
with obtaining single-phase powders of hollandite-
like solid solutions can be overcome by introducing
both divalent and trivalent metal oxides into the

K,0-TiO, system simultaneously, for example,

a combination of MnO-Me,O3 (where Me = Fe, Al,
or Cr) [12]. However, ceramic materials obtained in
this system based on potassium polytitanate
(K»0O-4Ti0,'xH,0), modified in aqueous solutions of
mixtures of manganese sulfates and one of the listed
trivalent metals, have sufficiently high dielectric
permittivity values at the operating frequency of
multilayer ceramic capacitors (1 kHz), and they are
characterized by high dielectric losses (tg6>1),
which creates problems for their use in industrial
practice [7]. Traditional types of ceramic
ferroelectrics with a perovskite structure can reduce
dielectric losses by introducing doping additives and
fluxes into their compositions [1, 4, 5]. However, this
approach has not yet been used for dielectrics with a
hollandite structure.

In this regard, the aim of this work was to
investigate the possibility of increasing the dielectric
permittivity and its temperature stability, as well as
reducing dielectric losses in ceramics synthesized on
the basis of potassium polytitanate, modified in
aqueous solutions with a mixture of salts of one
divalent (Mn2+) and two trivalent (Al3+ and Cr3+)
metals. The objectives were to conduct a comparative
study of the electrical properties using only AP salts
or an equimolar mixture of AP and Cr'" salts for
modification, as well as to investigate the effect on
the electrical properties of the synthesized ceramics
of various combinations of doping additives and
a standard flux (zinc borate).

2. Materials and Methods

2.1. Synthesis of hollandite-like solid
solution powders

The synthesis of hollandite-like solid solutions
was carried out using potassium polytitanate (PPT)
powder grade 4 (TU 2146-021-96961827-2009) as an
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intermediate, which had the chemical composition
K70:4.1Ti0,-2.1H,0. It was synthesized by reacting

TiO,, KOH, and KNOj3 in a 3 : 3 : 4 ratio at 500 °C
for 2 h, and subsequently chemically modified in
aqueous solutions of mixtures of manganese sulfates

(MnSO4:5H,0, Russian Standard 435-77), aluminum
(Alp(SO4)3-12H,0, Russian Standard 12966-85), and

chromium (Cry(SO4)3-6H,0, Russian Standard 4472-
78). Modification was carried out by adding PPT
powder to aqueous solutions of mixtures of the
above-mentioned salts. As a base for modification,
0.1 M solutions of mixtures of manganese and
aluminum sulfates or manganese (Mn) sulfate and
a mixture of trivalent metal sulfates (Al, Cr), taken in
a molar ratio of 2 : 1, were used. Ceramics based on
the intermediate obtained after modifying PPT in
a solution of this composition were selected for the
studies based on preliminary experiments, as they
exhibited the highest dielectric constant values.

Two types of mixtures were prepared:
1) a mixture of manganese and aluminum sulfates,
taken in amounts of 12.10 and 13.96 g-L_l,
corresponding to a molar ratio of [manganese
sulfate] : [aluminum sulfate] =2 :1; 2) a mixture of
manganese, aluminum, and chromium sulfates in
concentrations of 12.10, 6.98, and 6.25 g-Lﬁl,
respectively, corresponding to a molar ratio of
[MnSOy4] : [Al,SO4] : [CrpS04]=2.0:0.5:0.5.

The resulting solutions had the same molar
concentration of metal ions (0.1 M), but contained, in
the first case: 0.05 M manganese sulfate and 0.025 M
aluminum sulfate; and in the second case: 0.05 M
manganese sulfate, 0.0125 M aluminum sulfate, and
0.0125 M chromium sulfate. That is, both solutions
used to modify the PPT had the same content of
sulfates of divalent and trivalent metals (0.05 M and
0.25 M, respectively), but in the first case, the
trivalent metal was aluminum, and in the second case,
it was an equimolar mixture of aluminum and
chromium. Given that the dissociation of trivalent
metal sulfates from 1 mole of salt yields 2 moles of
trivalent ions, the solutions used contained
[Mn2+] : [R3+] inal : 1 ratio.

Modification of the PPT particles was carried
out under constant stirring of the dispersion prepared
at a ratio of 10 g of PPT powder to 200 mL of an
aqueous salt solution at pH = 10 (in accordance with
the recommendations in [7]). The pH value of the
modifying solution was selected based on the fact
that the optimal conditions for modification and
obtaining a homogeneous distribution of transition
metal oxide-hydroxide complexes forming on the
surface of PPT particles correspond to the value of

pHcrit, above which independent (without the
participation of the PPT surface) sedimentation of the
hydroxides of this metal begins. For single-
component aqueous solutions of manganese salts,
pHcit=10, and in the case of chromium salts,

pHcrit ~ 6; however, according to the experimental
data obtained, this value changes when salts of
several metals are present in the solution. A detailed
study of the behavior of such systems is planned for
the future; in this work, a modification variant at
pH =10 was used, which showed the most stable
result in modifying the chemical composition of the
intermediate.

The homogenized dispersion was centrifuged
after standing for 4 hours, the resulting product was
washed with distilled water until SO427 ions
completely disappeared from the filtrate (tested using
a BaCl, solution), dried at 50 °C (6 h), and used for
the synthesis of a solid solution. The synthesis of the
solid  solution, in  accordance  with  the
recommendations of previous studies [7], was carried
out by heat treatment at 850 °C for 2 h.

2.2. Production of ceramic samples

The resulting powder was used to prepare
powder mixtures for the synthesis of ceramic disc
samples. Two types of mixtures were used: 1) those
containing only powders of hollandite-like solid
solutions  prepared from  PPT/Mn, Al  or
PPT/Mn, Al, Cr intermediates; 2) containing mixtures
of solid solution powder synthesized based on
PPT/Mn, Al, Cr, as well as flux in the form of zinc
borate grade H-207 (PRC) — 2 wt. %, and dopants:
Nb,O5 — 0.5 wt. %, Nd,O3 — 0.3 wt. %, LiF —
0.8 wt.%. The selection of the flux and the
combination of doping additives was carried out in
accordance with the recommendations presented in
the literature [13]. It was taken into account that upon
the introduction of the Nb,Os additive, niobium, as
a representative of the 4d group of elements (n-type
dopant), can occupy the titanium site and contribute
to the formation of cation vacancies, as well as
suppress the formation of oxygen vacancies on the
dielectric surface, which should inhibit charge
transport across grain boundaries and reduce
dielectric losses [3, 14, 15]. Furthermore, it was
hypothesized that the additional introduction of Li'
and F ions in the form of LiF into the system would
block cation and oxygen vacancies, respectively.
At the same time, the addition of Nd,O3; would
contribute to a reduction in the growth rate of solid
solution crystal grains [16] and increase the dielectric
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permittivity of the ceramic material [17].
Additionally, when Nd;Oj3 is introduced into the
ceramic composition, a synergistic effect resulting
from the co-doping effect may arise, positively
influencing the electrical properties of the
combination of two p-type dopants (Nd,O3 and
Cry03, part of the PPT/Mn, Al, Cr
intermediate), as well as the n-type dopant (Nb,Os)
[16-18].

To test these hypotheses, which were formulated
based on the trends observed in the literature for

which is

BaTiO3-based ceramics, the aforementioned additives
were introduced into the control samples in the
following order: No. 2a — flux only; No. 2b — flux and

NbyOs5; No. 2¢ — flux, NbyOs, and Nd,O3; No. 2d —
flux, Nb,Os, Nd»Os3, and LiF; and No. 2e — Nb,Os,
Nd,O3, and LiF without flux.

The process of preparing the ceramic mixture
involved weighing out the appropriate components
and grinding and homogenizing them together in
a Pulverisette 6 ball mill (with a ZrO,-based ceramic
grinding set) for 30 min. Afterward, a 2 % solution of
polyvinyl butyral (PVB grade P-1) in isopropyl
alcohol was added to the resulting mixture at a ratio
of 5 wt. % PVB to 95 wt. % of the powdered ceramic
mixture (temporary binder), homogenized it by
simple mixing, followed by drying in an air-
circulating oven at 90 °C for 3 h. The dried ceramic
mixture was ground manually using an agate mortar
until a homogeneous consistency was achieved.
The resulting powder was pressed at a pressure of
300 MPa in steel molds into tablets (discs) with
a diameter of 12 mm and a thickness of (1.0 £ 0.1) mm.

The resulting tablets were sintered according to
a temperature schedule that included: a temperature
ramp at a rate of 180 °C-h™! with intermediate holds
at 400°C for 1 hour (dehydration and pyrolysis of the
temporary polymer binder) and at 1000 °C for 2 h,
as well as a final hold at a maximum temperature of
1080 °C for 3 h.

2.3. Study of the electrical properties of ceramics

The bases of the sintered tablets were ground,
after which silver contact paste (grade K-13) was
applied to them; the contacts were fired at
a temperature of 690 °C in air for 1 hour. After
cooling, the samples were examined using impedance
spectroscopy with a Novocontrol impedance
spectrometer in  the 102-105 Hz range.
The measurement accuracy of the dielectric loss
tangent was 0.0001.

To wverify the temperature stability of the
dielectric properties of the synthesized ceramic
samples, the capacitance of the resulting capacitor
structures was measured using an MCE-15AM
instrument at a measurement frequency of 1 kHz
in the temperature range from —-60 to +125 °C.
The samples were cooled in a climatic chamber using
liquid nitrogen to a temperature of —60 °C, after
which the temperature and capacitance of the
capacitor cell were measured simultaneously as the
temperature was increased. Upon reaching room
temperature, the heater was turned on, and
measurements continued up to a temperature of
+125 °C.

2.4. Investigation of the composition
and structure of the samples

The phase composition of the ceramic materials
was investigated using an ARL X'TRA X-ray
diffractometer. Powders were obtained by grinding
synthesized tablets, then grinding ceramic fragments
to a particle size of d <0.315 mm in a Pulverisette

6 ball mill with a ZrO,-based ceramic grinding set for
30 minutes. An ASPEX Explorer scanning electron
microscope equipped with an energy-dispersive
X-ray spectrometer attachment was used to study the
morphology of the ceramics and their chemical
composition.

3. Results and Discussion

The elemental chemical composition of
hollandite-like solid solutions synthesized based
on PPT/Mn, Al and PPT/Mn, Al, Cr, according to
X-ray fluorescence analysis, corresponds to

the chemical formulas K]_70Mn1.66A10_81Ti5.52016

and K1.76Mn1_60A10.39Cr0_45Ti5.48016, respectively.
Thus, based on the molar ratio [Mn]/[Me3+],
the obtained solid solution compositions are similar.

Figure 1 shows electron micrographs of the
polished surface of ceramic discs sintered using
powders of hollandite-like solid solutions based on
PPT/Mn,Al and PPT/Mn,AlCr intermediates.

In general, the structure of PPT/Mn, Al-based
ceramics is similar to that of hollandite-like solid
solution samples synthesized from other variants of
PPT/Me intermediates [6, 7, 12]. However, the
relatively large crystal grain size (20 um and larger,
Fig. 1la) is worth noting. At the same time, the
PPT/Mn,Al,Cr-based ceramic has a very small
(~1 pm) grain size (Fig. 1d). The introduction of
dopants and flux does not change this effect but
contributes to the formation of a more homogeneous
grain boundary (Fig. 1d and le).
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Thus, the presence of chromium in the
composition of the PPT/Mn, Al, Cr intermediate
inhibits the growth of solid solution crystal grains
during the sintering of ceramic discs.

A comparison of the X-ray diffraction patterns
of ceramic samples synthesized using PPT/Mn, Al
and PPT/Mn, Al, Cr intermediate powders, Fig. la,
shows that the simultaneous introduction of two
trivalent metal oxides (Al and Cr) into the system
also prevents the formation of secondary crystalline
phases, although MnQO, is present in the PPT/Mn, Al-
based sample in an amount of less than 1 %.

Figure 2 shows the frequency dependence of the
dielectric permittivity and dielectric loss for ceramic
samples synthesized based on the PPT/Mn, Al and
PPT/Mn, Al, Cr intermediates without the use of
dopants or fluxes.

The results show that using a combination of Al
and Cr salts to modify PPT, instead of Al alone,

(d) (e)
Fig. 1. X-ray diffractograms () of ceramics synthesized based on PPT/Mn, Al (), PPT/Mn, Al, Cr without dopants
and flux (2), and with a full set of dopants and flux (3); * — reflection corresponding to MnO5;
as well as electron micrographs of the structure of ceramic samples based on a solid solution obtained using PPT/Mn, Al (b),

PPT/Mn, Al, Cr (¢) and (d) powders: as well as PPT/Mn, Al, Cr with additions of Nb,Os, Nd,O3, LiF, and flux (e);
(b) and (c) — polished surface; (d) and (e) — fracture

despite the approximately equal content of Al and Cr
in the final product (solid solution), increases the
dielectric permittivity of the ceramic at a frequency
of 1 kHz (from 820 to 1580), and reduces its
dielectric loss (tg 6 decreases from 0.89 to 0.22).
It is evident that chromium plays an active role in the
formation of the intergranular boundaries of the
ceramic, acting as a doping additive (by analogy with
BaTiO3-based ceramics [1, 4, 5, 16-18]). However,
the electrical properties of the resulting material are
still far from the characteristics typical of industrial
samples of BaTiOs-based capacitor
(¢ =3000-4000, tg 6 = 0.02-0.05 [19]).
In this regard, to improve the dielectric
properties of the PPT/Mn, Al, Cr-based ceramic
under study, doping additives and a flux were
introduced into its composition. The results of the
study of the obtained samples are presented in Fig. 3.

ceramics
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Fa e
107107 n
N S R
F-Q : '°¢° \ia‘
10t © e, T
L a~ \,Dn. ‘an“
10-35-11. = Teea LR T o "\n
L P LI :";. :\:azl
2 T,
10 . : ;
10° 10° 10* 10°
f, Hz

0.5
0.4} b
o,
o\o\
03l g > o ®
w ) a l“‘d.ar p,n“ o
(@)] ov“'ﬂ-o 209020096000 o® @
9. oo
-+ c ©99.8.0.00000000000.69° "
0.2} ¢
J\O\C
i e TTe [ER o aﬁ/o
2q. Cegl g, PR
0.1F g, DSl e -0
2-3-9-g9_o 00 .o:ka:e:g:g__ - 7a£°_°’°10—‘
O A ol aaal aaal
107 10° 10* 108
f, Hz

Fig. 3. Frequency dependencies of the dielectric permittivity (¢") and the tangent of the loss angle (tgd), measured at room
temperature for ceramic samples synthesized based on the PPT/Mn, Al, Cr (a), with flux additive (b),
with flux and Nb,Os additives (c), with flux, Nb,Os, and Nd,Oj3 additives (d), and with flux, Nb,Os, Nd,Os,
and LiF additives (e)

Analysis of the test results shows that the
introduction of flux without doping additives slightly
deteriorated the dielectric permittivity of the ceramics
based on the studied hollandite-like solid solution.
However, the combined introduction of flux and
NbyOs, flux and a combination of NbyOs and
Nd,O3, as well as a combination of flux, NbyOs,
Nd,O3, and LiF led to a significant increase in the
real part of the dielectric permittivity € and
a reduction in dielectric losses, most notably in the
latter case (Fig. 3).

It should be noted that the ceramic samples
tested at room temperature exhibit virtually identical
electrical properties (g, tg d) within the margin of
error, both in the presence and in the absence of flux.
Nevertheless, the presence of flux is of fundamental
importance, since when using an optimal combination

of doping additives without introducing flux, the
temperature stability of the dielectric permittivity
(capacitance of the model capacitor) is lost. This fact
is illustrated in Fig. 4.

In the presence of the melt formed during flux
melting at sintering, it can be assumed that the doping
additives are distributed more uniformly along the
intergranular boundaries of the ceramic. This makes
the ceramic’s composition and properties more
homogeneous and less susceptible to thermal effects.

Control measurements on six samples of ceramic
discs made from a hollandite-like solid solution
powder mixture based on the PPT/Mn, Al, Cr
systems, as well as a zinc borate flux and a dopant
complex (NbyOs, Nd;O3, and LiF), showed that at an
operating frequency of 1 kHz, the synthesized
ceramic’s dielectric permittivity is € = (57,800 £ 600)
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Fig. 4. Temperature stability of the capacitance of disc-shaped ceramic capacitor samples manufactured
by sintering pressed blanks from a hollandite-like solid solution powder of PPT/Mn, Al, Cr (1), its mixture with dopants (2),
as well as its mixture with dopants and flux (3)

and its dielectric loss is characterized by a tg(5) value
of (0.084 = 0.002).

An important quantitative parameter that
determines the potential for using ceramics in the
production of ceramic capacitors is the relative
change in dielectric constant across an operating
temperature range of —55 to +125 °C.

Figure 4 shows how the capacitance of ceramic
capacitors sintered from powders of the obtained
hollandite-like solid solution of the K,;O-MnO-
Al,03-Cry03-TiO, system changes. The samples
used contained: 1) no dopants or flux; 2) selected
dopants with no flux; and 3) selected dopants with
flux.

The results show that, for capacitors made from
ceramic powder synthesized from a hollandite-like
solid solution based on PPT/Mn, Al, Cr and
containing no flux or doping additives, there is
a significant deviation in the dielectric constant
(capacitance) from the value measured at room
temperature with changes in temperature, and this
value exceeds the limits set by international
standards, especially at temperatures above 70 °C
(curve [ in Fig. 4). However, if only a combination of
doping additives is introduced into the ceramic
composition without flux (curve 2 in Fig. 4), the
dielectric constant stabilizes at high temperatures, but
becomes unstable at sub-zero temperatures.

Concurrently, the incorporation of zinc borate

(flux) and a combination of Nb,Os5, Nd,O3, and LiF
across the entire temperature range stipulated by
international standards (from —55 to +125 °C) ensures
adequate stability of the dielectric constant (+21 and
—20 % of the value ascertained at room temperature).

The obtained results allow the synthesized
ceramics based on a hollandite-like solid solution to
be classified as category X7T, according to the
EIA-198-1 international classification of capacitor
materials. Within the temperature range of —55 to
+125°C, this category permits a capacitance
deviation AC/C of +25 to —33 % of the value
measured at room temperature. This class of
materials is wused in capacitor structures for
smoothing, bypassing, connecting, and decoupling
circuits in household appliances, control and power
circuits, automotive electronics (ignition, diagnostic,
and safety systems), and mobile communication
devices and computers, where they are used for signal
filtering, power stabilization, and improving
microchip performance [20]. Additionally, the
dielectric constant of ceramics based on hollandite-

like solid solutions of the K,O-MnO-Al,O3-CryO3-
TiO, system is much higher than that of traditionally

used BaTiOs-based systems. This makes it possible
to miniaturize multilayer ceramic capacitors
(MLCCs) further, and MLCCs are important
elements of electronic components [20].

The significant increase in the dielectric constant
and temperature stabilization of ceramics synthesized
using an intermediate containing a combination of
MnO and two trivalent metals can be attributed to the
accumulation of trivalent metals (Al and Cr) in the
surface layer of the crystal during the crystallization
of hollandite-like solid solutions [21]. These metals
participate in forming the intergranular boundary
structure. In this case, the mechanism by which Al
and Cr participate in forming the intergranular
boundary may differ.
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Trivalent aluminum can form a dielectric layer
(Al,O3) at the grain boundary of a hollandite-like
solid solution. According to the generally accepted
view, this increases the dielectric permittivity of the
ceramic [3, 22]. This effect is known as the Maxwell-
Wagner effect and is associated with different
concentrations of charge carriers in contacting
structures. Formation of an intergranular boundary
between ferroelectric particles, which lack charge
carriers, leads to their accumulation on the boundary
in an electric field, causing an additional polarization
effect.

At the same time, chromium (Cr), which is
introduced into the composition of the intermediate,
is a variable-valent metal. During heat treatment,
it can assume various valence states ranging from
+3 to +6. As a dopant that concentrates at the grain
boundary, Cr can reduce dielectric losses and
improve the temperature stability of the structure as
well as the dielectric permittivity of the synthesized
material [23, 24].

Further optimization of the dopant composition
will reduce variation in the capacitance (dielectric
permittivity) of ceramic materials based on solid
solutions of the K,O-MnO-Al,03-Cr,03-TiO;
system, meeting the EIA-198-1 international standard
for the highest X7R dielectric category (15 % of the
value measured at room temperature). It will also
reduce dielectric loss from tg(d) ~ 0.08 at 1 kHz to
less than 0.05.

4. Conclusion

Using potassium polytitanate, which is modified
in an aqueous solution of a mixture of manganese,
aluminum, and chromium sulfates (PPT/Mn, Al, and
PPT/Mn, Al, Cr), as an intermediate allows for the
production of single-phase powders of a hollandite-
like solid solution of the K,;0-MnO-Al,03-Cr,O3-

TiO, system upon subsequent heat treatment. These
powders can be used to make ceramic materials.
In this context, chromium oxide in the structure of the
resulting ceramic acts as a doping additive.
It increases dielectric permittivity and reduces
dielectric losses by decreasing the grain size of the
ceramic material. It also presumably participates in
forming intergranular boundaries.

Introducing a flux-forming additive (zinc borate,
2 %) into the ceramic composition does not positively
affect the electrical properties of ceramics in the
studied system. However, combining it with the
doping additive Nb,Os, especially with a mixture of

additives (NbyOs, 0.5 %; Nd»Os3, 0.3 %; and LiF,

0.8 %), significantly improves the electrical
properties of ceramic samples. The dielectric
permittivity increases from 1580 to (57,800 + 600) at
the operating frequency of 1 kHz and remains stable
within the temperature range of —60 to +125 °C.
The dielectric loss tangent decreases from 0.220 to
(0.084 £0.02) due to the combined effect of the
donor additive NbyOs and the acceptor additive
Nd,O;, as well as the blocking of cation and oxygen
vacancies at grain boundaries involving LiF.
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