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Designing new materials with unique proper-
ties requires scientifically substantiated approaches
to problem-solving. Applying a physical-chemical
analysis of oxide systems to devise the formula-
tion for a material makes it possible to determine
the conditions of phase formation and assess the
manufacturability of compositions. Given the enor-
mous number of experiments required to build the
state diagrams of multi-component oxide systems,
the physical-chemical modeling is the most appro-
priate method to study their structure. This paper
substantiates the selection of the basic oxide sys-
tem ZnO-SrO-Al,05-Si0, to design radio-trans-
parent ceramics and reports the results of study-
ing its subsolidus structure using modern data on
splitting the system into elementary volumes. The
main geometric-topological characteristics of the
system's internal tetrahedra have been defined and
analyzed; the minimum temperatures for melt occur-
rence have been calculated, as well as the eutectic
compositions. To design radio-transparent ceram-
ics with a predefined level of dielectric charac-
teristics (¢<10, tg 5 <10?), a region of the formu-
lations has been selected within the tetrahedron
810, ZnAl>,0,—ZnSi0,—SrAl,Si»0g concentrations,
which ensure the synthesis of the target phases
of willemite and strontium anorthite. By using
the new data, heat-resistant polyphase ceramics
have been obtained, whose dielectric character-
istics (¢=5.98-8.96; tg 5 =0.004-0.008) meet the
requirements for radio transparent materials. The
optimal ratio of phases (ZnSi0,:SrALSi;0g=1:1)
has been established, which makes it possible to
reduce dielectric permeability (¢=5.98) and mini-
mize dielectric losses (tg 5 =0.004). Scanning elec-
tron microscopy and X-ray analysis were used to
determine the structural and phase features of the
new ceramic materials

Keywords: subsolidus structure, geometric-to-
pological characteristics, willemite, strontium anor-
thite, radio transparent ceramics
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1. Introduction

The development of modern aviation has significantly
increased the maneuverability and flight speed of air-
craft (AC), as well as opened up opportunities for their
all-weather use. That necessitated the need to protect ex-
ternal radio-electronic systems against external influences
during AC operation. The main task in the manufacture of
fairings is to choose such materials that would be suitable
for use under extreme conditions of simultaneous exposure
to thermal and aerodynamic loads, temperature fluctuations,
and aggressive environments of high-speed gas flows.

Materials for the manufacture of fairings should not alter
the amplitude of a passing electromagnetic wave and lead to
a chaotic change in its phase [1]. The key requirement for
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such materials is radio transparency: the rate of reflection of
radio waves should not exceed 1 %. In addition, the dielectric
losses by radio-transparent materials (RTM) in the interval
of working temperatures should be minimal (the tangent
of the angle of dielectric losses is tg<0.01) while dielectric
permeability is strictly standardized (e=1-10).

The specified requirements for the functional properties
of RTM exclude the possibility of using many structural
materials, in particular metals and fiberglass, for the manu-
facture of fairings. Composite polymer-based RTM, used to
protect land- and sea-based antenna systems, are designed
to operate in temperate temperatures (up to 500 °C). It
also excludes them from the list of materials suitable for the
manufacture of fairings for the modern supersonic AC and
rocketry [2].



The increased requirements for materials for the manu-
facture of AC fairings determine the relevance of designing
thermally resistant RTM with high strength, a service tem-
perature of at least 1,200 °C, and the dielectric characteris-
tics that are stable in the interval of working temperatures.

The quality of fairings and, as a result, reliable protec-
tion of radio-technical systems, requires not only the im-
provement of existing RTM technologies but also such new
high-performance materials that should be developed on the
basis of the fundamental knowledge about phase changes
and equilibrium phase combinations, both in the synthesis
and under operating conditions.

2. Literature review and problem statement

Constructing materials for the manufacture of fairings,
which would possess a set of functional properties and could
withstand high operating temperature, is given much atten-
tion. Among the existing high-temperature RTM, of interest
are sitalls based on aluminosilicates (strontium anorthite,
cordierite, celsian) [3, 4], as well as special types of ceramics
such as quartz, nitride-silicon, high-alumina, etc. [5]. Howev-
er, each specified material has its drawbacks. For example, the
use of radio-transparent sitalls is limited by their heat resis-
tance (a deformation temperature is 900—1,000 °C); therefore,
the issue of stability of the dielectric characteristics of sitalls
in the interval of the temperature of fairing operation is debat-
able. In addition, manufacturing fairings from sitalls [5, 6] has
a series of flaws associated with high energy intensity as the
temperature of glass melting reaches 1,650 °C. The obstacle
to its widespread application is also the imperfection of article
molding technology due to the instability of the rheological
properties of slips, the low strength of cast billets, and the
difficulty of extracting them from the molds.

Unlike the production of sitalls, ceramic technologies
make it possible to obtain materials with a densely baked or
regulated porous structure, as well as to ensure the repro-
ducibility of their properties. In addition, radio-transparent
ceramic materials demonstrate the stability of phase com-
position and dielectric characteristics at high temperatures.
However, each of them has its advantages and disadvantag-
es [7]. Thus, highly heat-resistant quartz ceramics is limited
by the operational temperature of 1,000 °C [7, 8]. High-alu-
mina ceramics that demonstrate high strength and resistance
to the effects of aggressive environments, have insufficient
heat resistance (200 °C) and require high firing tempera-
tures (1,600-1,700 °C) [9]. Silicon-nitride- and boron-based
ceramics have a high melting point (3,000 °C), mechanical
strength (flexural strength o/~800-1,200 MPa), heat resis-
tance and, most importantly, high thermostability of dielectric
characteristics (up to 2,000 °C). However, the production of
articles from these materials is characterized by high energy
intensity and complexity of thermal equipment: the powders of
SigN, and BN are baked by a hot-pressing method at tempera-
tures of 1,600-1,700 °C and 1,800-1,900 °C, respectively [10].

At present, the specialists’ efforts are aimed at obtain-
ing effective radio-transparent ceramic materials with a
reduced firing temperature. The authors of [11] devised a
technology for manufacturing radio-transparent materials
based on strontium anorthite with a SrAl,Si,Og synthesis
temperature of 1,250 °C with the article firing temperature
of 1,350 °C. A given technology enables obtaining densely
baked RTM (water absorption is W=0.08 %) with an oper-

ating temperature of up to 1,500 °C and satisfactory dielec-
tric characteristics (e=4.93-5.26; tgd=0.0097-0.0122 in the
frequency interval of 26-37.5 GHz). Despite the undeniable
advantages of the properties of strontium-anorthite ceramics,
a given technology of fairing manufacturing is distinguished
by complexity and multiple stages. Work [12] reports the
results of designing radio-transparent ceramics based on the
compositions of the SrO-BaO-Al,03-SiO, system. As a
result of firing at 1,550 °C, the authors obtained the materials
based on a solid solution of strontium and barium anorthi-
te (SrOg 5Ba0y,5A15,S1,05) whose dielectric permeability
indicator is €=9.2 and the reflection factor of radio waves is
S§=0.253.

The authors of study [13] designed polyphase radio trans-
parent ceramics using ceramic technology in combination
with the principle of the reactionary structure formation. The
target phases of the ceramics are spodumene and cordierite,
the combination of which ensures high heat resistance (at
least, 1,050 °C) and satisfactory dielectric characteristics of the
material (€=4.93-5.26; tgd=0.0097-0.0122 at a frequency of
10'° Hz). While emphasizing the high technical characteristics
of given ceramics, we should pay attention to the features of
the technology that includes a three-stage high-temperature
heat treatment: glass melting (1,350 °C), obtaining “cordierite
fireclay” (1,200 °C), and firing the articles (1,300-1,350 °C).
Although the resulting cordierite-spodumene ceramics are
characterized by a lower firing temperature, the proposed tech-
nology is complex and energy-intensive.

In work [14], the polyphase ceramics with a composi-
tion of (1-x)(0.75ZnAl,04—0.25TiO5)—xSrAl,Si,Og were
obtained and studied. It is shown that varying the ratio of
phases of gahnite, rutile, and strontium anorthite makes it
possible to adjust the dielectric permeability of the material
€ in the range from 3.56 to 12.20. It was also found that the
increase in the share of SrAl,Si»sOgleads to a significant re-
duction in the shrinkage of ceramics to almost a zero value.
The results reported in [13, 14] indicate the feasibility of
receiving polyphase radio transparent ceramics at a reduced
firing temperature, as well as demonstrate the possibility to
adjust their properties by varying the phase composition,
which is certainly an advantage.

Our analysis of existing developments in a given field of
materials science has revealed that the main drawbacks of
glass crystalline and ceramic RTM are the constraints for the
temperature of operation and the energy intensity of manufac-
turing. The reproducibility of material properties has also re-
mained unresolved. The reason for this may be the difficulties
associated with the empirical approach to the RTM design,
the fundamental impossibility to create a material that could
meet the entire set of requirements, the application of a “trial
and error” method. The absence of an effective methodology
for the RTM design entails large material, time, and energy
costs, which render such studies impractical.

A variant of overcoming related difficulties may be a
scientifically substantiated approach to the design of mate-
rials with predetermined properties, based on the analysis of
state diagrams of the basic phase-forming oxides. This would
avoid miscalculations in selecting the synthesis conditions of
target phases that could ensure the required properties, and
minimize the cost of designing new functional materials.
This approach was applied in works [15, 16] to create func-
tional materials and coatings by the targeted synthesis of a
set of phases based on the study of the subsolidus structure
of basic systems.



A prerequisite for the implementation of a given tech-
nique to design a material with specified properties is the
presence of reliable data about the structure of the basic
oxide system, which are generalized in the diagram of its
state. The state diagram of an oxide system gives an idea of
the phase equilibrium, stability conditions, melting tempera-
tures, and polymorphic phase transformations, the existence
of solid solutions, as well as other information necessary to
create materials with predefined properties.

Underlying the creation of polyphase ceramic and glass
crystalline materials are mainly the multi-component ox-
ide systems. Acquiring experimental data describing phase
equilibrium in multicomponent systems requires enormous
material and time costs. For example, it takes an average of
5 years to study each of the four triple subsystems [17]. Given
the above, we have accepted such an alternative to establish-
ing co-existing phases in multicomponent oxide systems as
the application of comprehensive thermodynamic calcula-
tions whose implementation is possible in the presence of the
compounds’ thermodynamic properties. The data that would
be acquired by using this method could be used as a starting
point for selective experiments in the studies by materials sci-
entists, which, in general, might contribute to accelerating the
innovations when designing new materials [18].

The relevance of phase equilibrium studies in the
Zn0O-SrO-Al,03-SiO; system is predetermined by the
increased demand by various industries for products made
from refractory non-metallic and silicate materials derived
on the basis of this system’s compounds. In the global mar-
ket, this trend is due to the growing demand for special-pur-
pose products for engineering, energy, microelectronics, and
medicine, including made from sitalls and ceramic structural
materials, which are combined by a given system.

The interest in the ZnO-SrO-Al,03-SiO, system in
terms of aviation and rocket industries is due to the fact that it
includes compounds with the required level of dielectric char-
acteristics, which is important in the design of radio-trans-
parent materials. A series of compounds within the system
are characterized by a high melting point and a relatively
small temperature expansion and, therefore, can provide the
materials with heat resistance and thermal stability (Table 1).

Table 1

Properties of compounds from the ZnO-SrO-Al,03-SiO,
system that are of interest to synthesize heat-resistant radio
transparent materials (according to data from) [19]

Densi Melting | CLTE, | Dielectric charac-
Compound en51tyz point | o-10° teristics®
pke/m* | phe | K
’ 3 tgd-10*
Quartz SiO, 2,648 1,713 0.5 3.8 |0.5-60.0
Corundum - 2,050 2.65 6.5 2.0-5.0
Willemite
Zn,SiOy 4,000 1,512 3.2 5.5 0.3-0.8
Strontium
anorthite 3,270 1,654 6.5 6.4 | 11.0-50.0
SrA125i208
Gahnite
AlyZnO, 3,600 1,950 6.5 8.5 4.0-6.0
Mullite
AlgSihOr 3,100 1,830 6.2 7.0 5.0-10.0
*at a frequency of 1 MHz at 20 °C

The compounds in Table 1 possess a set of all required
properties and are potentially suitable for the synthesis of
radio transparent ceramics. A comparative analysis of the
physical-mechanical, thermal-physical, and dielectric proper-
ties of these compounds reveals that it is appropriate to obtain
radio-transparent ceramics with a lower synthesis tempera-
ture based on the combinations of phases: “willemite+quartz”,
“willemite+strontium anorthite”.

It should be noted that at present there are no data
on the systemic experimental study of phase equilibria
in the ZnO-SrO-Al,03-SiO, system required to build a
state diagram. Only binary subsystems, as well as two tri-
ple subsystems ZnO-Al,03-SiOy and SrO-Al,03-SiO,,
are described fully enough [20]. There are no state di-
agrams for the triple subsystems SrO-ZnO-SiO, and
SI‘O*ZDO*A]QOg.

3. The aim and objectives of the study

The aim of this study is to examine the subsolidus struc-
ture of the StO-ZnO-Al,03-SiO, system and to substanti-
ate the region of oxide compositions to produce heat-resis-
tant radio-transparent ceramics. This would make it possible
to rationally design materials’ compositions taking into
consideration the specified properties and operational condi-
tions, as well as improve the reproducibility of the ceramics’
phase composition and properties.

To achieve the set aim, the following tasks have been
solved:

—to conduct a geometric-topological analysis of the
SrO-Zn0O-Al,03- SiO, system, including the identification
of combinations of coexisting phases and the calculations
of the geometric-topological characteristics of elementary
tetrahedra;

— to substantiate the selection of the region of oxide com-
positions of the specified system, using which could enable
the synthesis of phases (Zn,SiOy4 and SrAl,SiyOg); and to
develop the compositions of masses with a different ratio of
target phases;

—to investigate the functional properties and to deter-
mine the structural-phase features of the new materials and
to draw a conclusion about their applicability.

4. Materials and methods to study the subsolidus state
of a four-component system and the properties
of ceramics

The subsolidus state of the ZnO — SrO — Al,O3 — SiO,
system was investigated using a geometric-topological anal-
ysis whose methodology is detailed in work [21]. A given
method involves the use of barycentric coordinates and
elements from Euclidean geometry. Given this, the conode
lengths of elementary tetrahedra were calculated from the
following formula

E=(X,-X,) +(Y,-Y,) +(2,-2,)' +
+(X2_X1)(Y2_Y1)+(X2_X1)(Zz_Z1)v (1)
where x1, y1, z1, X9, Y2, 25 are the coordinates of the coexist-

ing phase pairs (the concentration of components in % by
weight).



The volumes of elementary tetrahedra (V;) were deter-
mined by finding a determinant taking into consideration
the barycentric coordinates

X v 7 1
X, Y, 2

Vi:222’ 2)
X, Y 7 3
X, Y, 7, 4

where X;, Y;, Z;, T; is the content of oxides in the compounds
that make up the elementary tetrahedron.

The degree of asymmetry (K,) of the elementary tetra-
hedra was determined as a ratio of the maximum (L,,x) and
minimum (Ly,;,) edge lengths

Ka = Lmax / Lmin' (3)

Given that at the point of eutectics the temperature of
the liquidus curves for all components of the system are the
same, we calculated the temperature and composition of eu-
tectics for a four-component system by solving the following
system of equations

=

1= Tt /(1=In(X,) /N, )=
T,=Tp,/(1=In(X,)/N,),

3 =T /(1=In(X,)/N,) =
T,=T,/(1-In(X,)/N,), )
3= Thaes /(1-In(X,) /Ny )=

T}L =T;nelt.4 /(1_ID(X4)/N4)’
X +X,+X,+X,=1.

e I =

For the preparation of samples, we used quartz sand with
a SiOy content of 99.8 % by weight, alumina G-00, stron-
tium carbonate, and white zinc paint with a ZnO content of
99.9 % by weight. The raw mixtures were obtained by joint
dry grinding in a ball mill over 18 hours. The samples were
molded by a semi-dry pressing using a 15 % solution of dextrin
as a temporary ligament. The samples were dried in a drying
chamber at 110 °C to a residual humidity of no more than 1 %.
The samples were fired in a muffle furnace at 1,200 °C. The
aging duration at the maximal temperature was 1 hour.

The following basic characteristics of baking were deter-
mined for the resulting samples of ceramics by a method of
hydrostatic weighing in water: linear shrinkage (L, %), bulk
density (pgp), water absorption (W) and open porosity (Pypen)-
The compressive load was increased evenly at such a rate that
the time period from applying the load to the sample destruc-
tion lasted from 20 to 40 s. The error of measuring a destructive
force did not exceed 1 %. We determined the strength limit at
bending at the laboratory instrument MII-100N for the sam-
ples in the form of tiles, the size of 15%x5x80 mm. The strength
limit of samples at bending was calculated on the basis of the
value of the destructive effort at a three-point bending.

To determine the permittivity and the tangent of a dielec-
tric loss angle, we used samples in the form of tablets, 20 mm
in diameter and 3 mm in height. The measurements were
performed at the automated device RLC E7-8 (Ukraine),
designed to measure the characteristics of dielectric losses in
the range of 0.0001-1.0 at a voltage range of 0-270 V.

The phase composition of the examined samples was
determined by X-ray phase analysis (XPA) using the diffrac-
tometer DRON-3M (RF) with a CuKa-radiation and a nickel
filter under the standard conditions of its operation. The
American ASTM database was used to identify the phases.

We studied the microstructure of samples by a method of
electron-microscopic analysis, using the scanning electron
microscope JSM-6390LV (Japan) under the mode of second-
ary electrons.

3. Studying the subsolidus structure of the ZnO-SrO-
Al,03-Si0; system

The ZnO-SrO-Al,03-SiO, system, with the coexis-
tence of the phases of strontium anorthite SrAl,SisOg and
willemite Zn»SiOy in some of its sections, was chosen as the
base for synthesizing heat-resistant ceramic RTM. The most
interesting are the regions of oxide compositions, which al-
low the simultaneous synthesis of target phases.

As part of our study of the subsolidus structure of the
Zn0O-SrO-Al,03-SiO; system, we determined the geomet-
ric-topological characteristics of the elementary tetrahedra
into which the internal volume of a four-component system
was split, according to data by Materials Project (Fig. 1) [22].

Fig. 1. The ZnO—SrO—AI,03—SiO, system: 1 - SrAl,Oy;
2- AIZZnO4; 3- SrAI204; 4-— Sr3AI206; 5- A|58i2013;
6 — Sry)AlSiO7; 7 — SrZnOy; 8 — SrAly(SiO4),; 9 — Zn,ySiOy;
10 — Sr,Si0Oy4; 11— SryZnSiy07; 12 — SrSiO3

Geometric-topological characteristics such as elemen-
tary volume (,V, %o) and degree of asymmetry (K,) make it
possible to assess the manufacturability of compositions of
raw mixtures designed by using the system’s oxide composi-
tions. The maximum values of ,V and the minimum values of
K, are preferred in terms of the accuracy of the dosage of the
components of technological mixtures, as well as the mini-
mum mixing time required for averaging the components. In
turn, the compositions and temperatures of the eutectics of



tetrahedra give an idea of the minimum temperature of syn-
thesis and the phase composition of materials derived from
them. In addition, these data make it possible to predict the
temperature of the material’s operation.

The study results have shown that the ZnO-SrO-Al,O3—
SiO, system is split into 20 elementary tetrahedra:

1)A1203*ZHO'AlQOg*SI‘O‘A]QOgQSiOQ*SAIQOS'ZSiOZ;

2) AlQOg—ZIlOAIQO';—SI‘OAlegzsIOQ—SI‘OZAlQOg,

3) Zn0O-Al,03-SrO-Al,03-2Sr0-Al,03-Si0»—-SrOx
X2A1203;

4) ZDO~A120372SI‘O~A1203-Si027SI’O'A1203X
%x2Si09-SrO-2A1,03;

5) SrO-SrO-Zn0-3Sr0O-Al,03-2SrO-SiOy;

6) Si0y—-3A1,032Si05-Zn0-Al;03-SrO-Al,03-2SiOy;

7) ZDO—2SI‘O'AlQOg'SiOQ-SI‘O'AlQOg—ZIlO'AlgOg;

8) 2Sr0-Zn0-2Si09-2Sr0-Si0y—SrO-Si0y-2Sr0-Al,O3x
xSiOy;

9) 2Sr0-Zn0-2Si05-2S1r0-Al,03-Si05-SrO-Al,O3x
x2Si09—Sr0O-Si0y;

10) Si0y-2Sr0-Zn0O-2Si0y—Sr0-Aly032Si09—SrO-SiOy;

11) ZnO-Sr0O-Al,03-2Sr0-Si05-3Sr0-Al,O3;

12) ZnO-Sr0-Al;03-2Sr0-Aly03-Si05-2Sr0-SiOy;

13) ZnO-Al103-2SrO-Zn0-2Si0,-2Sr0-Al,03x
xSi09—SrO-Al;03-2Si0y;

14) Si05-2Sr0O-Zn0-2Si04-2Zn0-Si05—SrO-Al,O3x
x2Si0y;

15) Zn0O-Al1,03-2Sr0-Zn0-2Si0,-Sr0-Al,03X%
%x2Si109—27Zn0-SiOy;

16) Si0y—Zn0O-Al;03-2Zn0-Si0y-Sr0-Al;03-2Si0y;

17) ZnO-2Sr0O-Zn0-2Si05-2Sr0-Al,03-Si05-2SrOx
xSi0y;

18) ZnO-2Sr0O-Zn0-2Si05-Zn0O-Al,O3-SrO-Al,03-SiOs;

19) ZnO-SrO-ZnO-2Sr0O-Si0»-3SrO-Al,Os3;

20) ZnO-2Zn0-Si02-2Sr0-Zn0-2Si0y-Zn0-Al,03.

The basic geometric-topological characteristics of the
tetrahedra, which determine the subsolidus state of the ex-
amined system, are given in Table 2.

An analysis of data in Table 2 suggests that there are
several large tetrahedra within the ZnO-SrO-Al,03-SiO,
system where there are phases of willemite Zn,SiO4 or
strontium anorthite SrAl,SioOg:

SiOQ*SFQZn Si207*ZHQSiO4*SFA]25i208 (AV:70.37%0;
K,=2.56);

Si05-Sr5ZnSis07—SrAlySi»Og—SrSiO;  (4V=78.85%;
K,=2.2);

8102—3A16812013—ZDA1204—SI‘AIQ SiQOS (AV=88.81%0;
K,=2.74):

Si0y-ZnAly04~Zn5Si04—SrAl,SixOs  (AV=129.07%;
K,=1.8).

At the same time, only in two elementary tetrahe-
dra (SiOQ*SI‘QZnSiQO7*ZH2SiO4*SI‘AIQSiQOg and Si027
ZnAl,O4—7Zn,Si04—SrAl,Si»Og) the phases of Zn,SiO4 and
SrAl,SiyOg coexist. This indicates the possibility of simulta-
neous synthesis of a combination of target phases when using
oxide compositions belonging to these tetrahedra.

It should be noted that the tetrahedra, which include
gahnite, corundum, mullite, and strontium anorthite, are
also suitable for the synthesis of RTM; however, they are
characterized by higher eutectic temperatures. That, on the
one hand, could make it possible to increase the maximum
temperature of operation but, on the other hand, would
significantly elevate the synthesis temperature of polyphase
ceramics.

Table 2
Characteristics of the elementary tetrahedra of the ZnO-SrO-Al,035-SiO, system
. Eutectics composition, %
Tetrahedron | Tetrahedron volume AV, % Asymmetry degree K, Eutectics temperature T,, K . 5 3 4
1 52.83 1.88 1,788.60 23.74 | 1826 | 36.56 | 21.43
2 55.21 1.76 1,804.50 2513 | 19.73 | 41.39 | 13.74
3 12.09 3.33 1,815.90 20.82 | 16.20 | 47.98 | 14.99
4 38.07 2.81 1,631.72 791 79.45 | 9.51 3.12
5 24.45 1.95 1,455.63 15.68 | 83.10 | 0.81 0.41
6 88.81 2.74 1,647.68 66.35 | 9.48 | 868 | 15.49
7 45.68 4.38 1,795.46 18.88 | 29.72 | 38.58 | 12.80
8 15.60 2.7 1,583.36 54.68 | 0.59 | 34.66 | 10.07
9 25.50 1.81 1,572.92 50.29 | 4.58 5.36 | 39.77
10 78.85 2.2 1,507.65 37.50 | 29.04 | 2.69 | 30.77
1 56.02 4.01 1,809.67 61.67 | 1572 | 4.74 | 17.87
12 31.35 4.59 1,771.14 58.43 | 1297 | 2479 | 3.81
13 48.20 2.6 1,625.64 7.64 | 7590 | 7.48 8.98
14 70.37 2.56 1,465.00 57.20 | 19.59 | 21.56 1.64
15 38.74 1.48 1,572.76 5.53 | 50.23 | 5.35 | 38.88
16 129.07 1.8 1,522.00 62.05 | 3.98 | 29.82 | 3.14
17 43.76 3.62 1,575.90 42.67 | 51.54 | 4.72 1.07
18 63.79 2.19 1,567.00 42.04 | 48.23 | 5.36 4.36
19 31.12 3.84 1,397.03 29.62 | 69.72 | 0.24 0.42
20 46.24 2.26 1,512.00 37.83 | 2826 | 30.18 | 3.72




6. Substantiation of the region of oxide compositions for
designing heat-resistant radio transparent ceramics

The results of studying the phase equilibria in the sub-
solidus region of the ZnO-SrO-Al,03-SiO, system make it
possible to predict the phase composition of materials both at
the stage of RTM synthesis and when operating the fairings.
Our analysis of the geometric-topological characteristics of
the tetrahedra that include the target phases revealed that it
is preferable to use a SiOy—ZnAl,04—Zn,Si04—SrAl,SisOg
tetrahedron to design RTM as a less asymmetrical (K,=1.8)
and possessing a large elementary volume (,V=129.07 %).
From a manufacturing point of view, the composition of a giv-
en tetrahedron could ensure the reproducibility of the phase
composition at the existing industrial dosage accuracy (0.1 g)
and would reduce the time for averaging a technological
mixture. Given the fact that the eutectic temperature of this
Si0y—ZnAl,04~Zn,Si04—SrAl,Si,Ogtetrahedrais 1,522 K,
it can be assumed that the lower temperature limit of the
material operation would be at least 1,200 °C. The analy-
sis of the eutectic composition (in molar %: SiOy — 62.05;
ZnAl,O4 — 3.98; ZnySiO4 — 29.89; SrAl,SinOg — 3.14) in-
dicates the need to select oxide compositions in the region
adjacent to the edge Zn,SiO4—SrAl,SiyOs.

If it is necessary to increase the working temperatures
of fairings (>1,200 °C), the compositions of a given tetra-
hedron make it possible to adjust the phase composition of
ceramics by increasing the proportion of gahnite, as a phase
with a high melting point (7=1,950 °C).

7. The formulations and properties of radio transparent
ceramics designed on the basis of the system’s
compositions

We designed the compositions to produce radio-trans-
parent ceramics within the concentrations of the elementary
tetrahedra SiOy—ZnAl,04—Zn,Si04—SrAl,SiyOg. To study
the effect of the ratio of the target phases (SrAl,Si,Og and
ZnSiO,) on the ceramics’ properties, we investigated three
compositions whose ratio of the specified phases varied as
1:3; 1:1; 3:1. The properties of the ceramic materials fired at
1,200 °C are given in Table 3.

Table 3
The properties of samples of the obtained ceramic materials

Our results of studying the properties of the obtained
ceramic materials show that the ceramics’ samples meet the
requirements for RTM in terms of the level of dielectric charac-
teristics. The sample of composition P-2, whose assigned phase
ratio SrAl,SioOg:ZnSiO4=1:1, is characterized by the minimal
indicators (e=5.98; tgd=0.004 at a 1 MHz frequency). When
the SrAl,SisOg share in the P-3 sample increases, there is a
significant decrease in shrinkage at firing. The resulting ma-
terials are characterized by a low strength at compression and
bending, which is due to their high porosity. In order to improve
the strength indicators of the resulting RMP, a higher level of
caking is needed while maintaining their phase composition.

The structural-phase features of the obtained radio
transparent ceramics were investigated by XPA methods
and scanning electron microscopy. The results from a qual-
itative X-ray phase analysis of the samples are shown in
Fig. 2. As evidenced by the data, the materials obtained
differ in the quantitative and qualitative content of crys-
talline new formations. The sample of P-1 composition,
whose assigned phase ratio of SrAl,SiyOg:ZnSiOy is 1:3,
demonstrates by its radiograph (Fig. 2, a) the largest num-
ber of reflexes of Zn,SiO; willemite at maximum inten-
sity (d=0.699; 0.403; 0.349; 0.2837; 0.2636; 0.2318 nm).
That allows us to conclude that this phase dominates in
the material. The strontium anorthite SrAl,Si,Og phase is
characterized by much less intensity of reflexes. However,
its presence is doubted given the large number of peaks
on the radiograph (d=0.457; 0.376; 0.345; 0.327; 0.322;
0.2935; 0.2552 nm). The zincite ZnO phase was detected in
the sample in an impurity amount (¢=0.282; 0.2605; 0.2479;
0.1914 nm). For the P-2 sample, whose assigned phase ratio
is SrAl»Siy0g:ZnSi0O4=1:1, the number and intensity of the
reflexes of willemite and strontium anorthic on the radio-
graph (Fig. 2, b) are almost the same, which indicates an
approximately equal number of these phases in the material.

The concomitant phases in the P-2 sample were not identi-
fied,indicating the completeness of the course of the reaction that
forms the target phases. The radiograph of sample P-3 (Fig. 2, ¢),
whose assigned phase ratio is SrAl,Si;Og:ZnSiO4=
=1:3, is dominated, by the number and intensity, by the
reflexes of strontium anorthite; willemite is present but in
a smaller amount. The concomitant phases in a given mate-
rial were not identified either. Thus, the results from XPA
explain the established indicators of the dielectric prop-
erties of samples with a different ratio of target phases
and make it possible to choose the optimal composition
of ceramics P-2 with the SrAl,Si»Og:ZnSiO4= 1:1 ratio.

As demonstrated by the results from electron micros-
copy (Fig. 3), the structure of the ceramic sample is fine

crystalline, homogeneous, without defects and cracks.

The image with a magnification of x300 (Fig.3,a)
makes it possible to assess the natural roughness of the

chipped surface, the sample porosity, and the homogeneity

of the material’s structure. SEM images with a magnifi-

cation of (x5,000) (Fig. 3, b, ¢) show separate areas of the

ceramics. Section 1 (Fig. 3, ¢) demonstrates the clusters of
short-prismatic willemite crystals measuring 4—5 pum. Over

area 2 (Fig. 3, ¢), we registered the new formations of mono-
clinic strontium anorthic, whose size amounts to 25-30 um.

The prism-shaped crystals are formed by layers oriented

along the basic crystallographic axis [010] (Fig. 3, ¢). The
morphological features of SrAl,SisOg partly explain the

The properties of samples with the following
ratio of the target phases SrAl,SisOg:ZnSiOy
Property
P-1 P-2 P-3
1:3 1:1 3:1
Water absorption W, % 16.87 22.54 21.45
Open porosity Pypen, % 39.18 44.86 42.68
Bulk density ppp, kg/m? 2080 1980 1990
Linear shrinkage L, % 3.31 5.29 1.02
Strength limit at com- 16.79 9153 19.10
pression 6., MPa
Strength limit at flexure 14.04 117 988
64, MPa
Permittivity, e* 8.62 5.98 7.96
Dielectric lois tangent, 0.008 0.004 0.007
tgd
*at a frequency of 1 MHz

small shrinkage and high porosity of the ceramics whose

phase composition is dominated by this compound.
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Fig. 2. Radiographs of the samples fired at a temperature of 1,200 °C: a — sample P-1; b — sample P-2; ¢ — sample P-3;
¢ — Zn,Si0Oy4; @ — SrAl;Si,Og; m — Zn0

8. Discussion of studying the
structure of the
Zn0-SrO-Al,03-Si0, system
and the designed radio transparent
ceramics

A comparative analysis of the
ZnO-SrO-Al,03-SiO, system’s com-
pounds reveals the prospect of ob-
taining the heat-resistant radio-trans-
parent ceramics based on the phases
of willemite and strontium anorthite,
which possess satisfactory dielectric
characteristics (Table 1). This choice
is due to the need to reduce the energy
intensity in the production of fairings
and other special-purpose structures.
This task can be solved by reduc-
ing the synthesis temperature of the
target phases, which would provide
for the functional properties of the
material. In contrast to the empirical
approach to the selection of ceramic
composition, our study has employed
2 ’ a composition design methodology
15KV X5,000 . Sum based on an analysis of the subsol-
idus state of the system, which in-
cludes the basic phase-forming oxides.

Underlying the creation of ra-
dio-transparent ceramics with a

Fig. 3. The microstructure of ceramic sample P-2: a — magnification x300;
b — section 1(x5,000) in an SEM image; ¢ — section 2 in an SEM image (x5,000)



predefined phase composition are the results of study-
ing the subsolidus structure of the basic oxide system
ZnO-SrO-Al,03-SiO, (Fig. 1, Table 2). To ensure the
synthesis of a combination of phases “willemite+strontium
anorthite” at a lower temperature (~1,200 °C), we have
selected the region of oxide compositions within the con-
centrations of the elementary tetrahedron SiOs—ZnAl,O4—
Zn,Si04—SrAl,SiyOg (Fig. 1). The geometric-topological
characteristics of a given tetrahedron (,V=129.07 %o,
K,=1.8) indicate the possibility for obtaining radio-trans-
parent ceramics with stable dielectric characteristics at
a lower synthesis temperature. Taking into consideration
the requirements for the accuracy of dosage and prepara-
tion of the technological mixture, the oxide compositions
of a given tetrahedron are easier to manufacture as they
warrant the reproducibility of the phase composition. In
order to produce radio-transparent ceramics at a reduced
synthesis temperature of the target phases of Zn,SiO4 and
SrAl»SisOg, one must select compositions in the region
adjacent to the Zn,SiO4—SrAl,SioOg edge of the tetrahe-
dron. At the same time, the lower limit of working tem-
peratures is projected at 1,200 °C. To obtain ceramics with
an operational temperature exceeding 1,200 °C, the oxide
compositions must be located at the ZnAl,O4—Zn,SiO4—
SrAl,Si»Og edge of the tetrahedron, which would make it
possible to complement the phase composition with gahnite
ZnAl,Oy4, whose melting point is high (Table 1).

The results from experimental studies of samples whose
compositions belong to the SiOy-ZnAl,04—Zn,SiO4—
SrAl,Si»Og tetrahedron show that it is possible to obtain the
polyphase ceramics at 1,200 °C, whose dielectric properties
could meet the requirements for RTM. The phase composition
of the materials obtained is characterized by the presence of
two target phases (Zn,SiO4 and SrAl;SisOg), the amount of
which correlates with their ratio assigned when designing the
compositions. The presence of the concomitant zincite phase,
identified in the P-1 sample (Fig. 2, @), indicates an excess
amount of zinc oxide in the raw mixture. It is noteworthy
that the indicators of permittivity for zincite (¢=8.5) meet
the requirements for RTM (e=1-+10). However, the presence
of ZnO increases the P-1 sample indicator € compared to
the samples of P-2 and P-3 (Table 3), whose basic phases
are SrAl,SisOg (e=6.4) and ZnSiO4 (€=5.5). The relatively
high porosity of the ceramics is due to both the insufficient
degree of baking and the layered structure of the strontium
anorthite’s new formations.

The disadvantage of the materials obtained is insufficient
strength (Table 3), which can be improved by increasing the
degree of ceramic baking while maintaining the target phase
composition. To solve this task, it seems promising to introduce
additives in small amounts (up to 2 % by weight above 100 %)
that would act as the intensifiers of baking and phase forma-
tion, Such additives could be Li,O or the eutectic composition
of the LiyO-SnO, system whose baking effectiveness was
proven in work [23]. This technique could reduce the porosity
and increase the strength of ceramics without increasing the

temperature of article firing, which, in turn, would ensure
maintaining the specified phase composition of materials.

9. Conclusions

1. The results of our study have established the subsoli-
dus structure of the ZnO-SrO-Al,03-SiO, system, which
is of interest when forming heat-resistant radio-transparent
ceramic materials. For 20 elementary tetrahedra of the sys-
tem, the basic geometric-topological characteristics have
been defined: the elementary volumes, the degrees of asym-
metry, the temperature and compositions of eutectics. Data
about the phase ratios of the ZnO-SrO-Al,03-SiO; system
is of interest when designing functional ceramics, protective
coatings, special types of cement, and luminophores.

2. We have selected, within the concentrations of the el-
ementary SiOs—ZnAlyO04—Zn,SiO4—SrAl»SisOg tetrahedron,
the region of oxide compositions that ensure the stability
of the RTM dielectric characteristics, the reproducibility of
properties, and the manufacturability of compositions. In
order to produce polyphase radio transparent ceramics with
a reduced synthesis temperature for the combinations of “wil-
lemite+strontium anorthite” phases, the compositions must be
located near the edge of the Zn,SiO4—SrAl,Si,Og tetrahedron.
The design of RTM with an operating temperature exceeding
1,200 °C is possible when the phase composition is adjusted by
forming a high-temperature phase of gahnite ZnAl,Oy.

3. We have experimentally obtained ceramic materials con-
taining only a specified combination of phases, which confirms
the effectiveness of the methodology of designing the compo-
sitions of functional materials based on the analysis of phase
equilibria in the system of phase-forming oxides. In terms of the
level of dielectric characteristics, the designed ceramics meet
the requirements for RTM (e=5.68-8.68; tgd=0.004-0.008).
It has been shown that it is possible to adjust the properties of
a ceramic material when the ratio of the target phases Zn,SiOy4
and SrAl,SisOg is changed from 1:3 to 3:1 by varying the
phase-forming oxides. We have established the optimal phase
ratio of Zn,SiO4:SrAl,SisOg=1:1, providing for the ceramics
with low dielectric permeability (€=5.98) and minimal loss-
es (tg6=0.004). In the future, the strength of the materials can
be increased by the introduction of baking intensifying addi-
tives that would not participate in the processes of phase forma-
tion, which could maintain the specified phase composition and
the material’s properties. Resolving this task in general could
improve the resource consumption and reliability of antenna
fairings, as well as improve the handling of aircraft.
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