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1. Introduction

Ceramics in terms of performance characteristics can be 
described a versatile material, and the aerospace industry is no 
exception. For receiving and transmitting antennas placed on-
board, radiotransparent ceramic materials are essential com-
ponents due to a number of properties that can be reproduced 
by neither metal-based nor organic substances-based materials. 
The main requirements for radiotransparent materials are: re-
sistance to heat shock, high heat capacity and thermal conduc-
tivity, high strength over a wide temperature range, significant 
impact strength, low density (a weight reduction factor) and 
radiotransparency maximization by minimizing losses in re-
flection and absorption when interacting with electromagnetic 
waves of a high frequency range [1].

For radiotransparent ceramic materials, it is typical to have 
low dielectric losses (tgδ<0.001) and high stability of prop-
erties under temperature changes. For example, the dielectric 
permittivity of glass ceramics does not change by more than 
±1 %, and the dissipation factor does not change by more than 
±20 % at a temperature change from – 60 °С to +1,200 °С [2].

One of the crystalline phases, characterized by relevant 
electrical and mechanical properties, is strontium anorthite. 
This phase, in addition to a low value of dielectric permittivity 
(ε~6.2÷6.8), has the lowest dielectric loss (tgδ~0.0001÷0.0002) 
among crystalline phases that are used in creating radioceram-
ics [3]. However, the technology of obtaining strontium ceram-
ics requires high temperatures of sintering – 1,500 °C with an 
additional pre-heating treatment at 1,300 °C [4].

The importance of the direction and the study itselt 
consists in ensuring a low-temperature synthesis of the 
strontium anorthite crystalline phase and obtaining densely 
sintered radiotransparent ceramic materials.

2. Literature review and problem statement

The problem of synthesizing a densely sintered material 
based on strontium anorthite has been considered by scien-
tists in many countries, through using various methods.

The authors of [5] obtained stoichiometric strontium- 
anorthite glass ceramics, using cold isostatic pressing and 
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sintering. In this case, the density of the material reached 
94 % and 97 % of the theoretical level.

The influence of various heat treatment modes on the 
sintering density of strontium-anorthite glass ceramics is 
described in [6]. This is important because the density of 
the resulting material is a critical factor in using it. For 
this study, the involved material is a strontium alumino-
silicate composition, which produces monoclinic anor-
thite as the primary crystalline phase at a temperature 
of 1,200 °C.

In [7], it is undertaken to synthesize strontium anorthite 
by a sol-gel method. The peaks of the crystalline phase begin 
to appear clearly on the X-ray film of the synthesized materi-
al at a temperature of 1,100 °C, and at 1,250 °C the strontium 
anorthite of the monoclinic system amounts to 100 % of the 
crystalline phase.

It is important to note that in the described studies 
strontium anorthite is synthesized in the presence of a liquid 
phase. A liquid phase sintering is the most common process 
in ceramics technology, especially with the participation of 
aluminosilicates. The melted substance formed as a result of 
firing, plays a major role, for it dissolves raw materials and 
subsequently is a source of a new crystalline phase. There-
fore, by changing the characteristics of the melt (viscosity, 
surface tension, and activity), it is possible to manage the 
process of synthesizing.

In [8], it is studied what effect is produced by the addi-
tives B2O3 and P2O5, which are glass-forming oxides, but in 
this case they are also used as mineralizers lowering the tem-
perature of the initial crystallization of strontium anorthite 
down to 1,020 °C.

In [9], it is described how to obtain high-strength ce-
ramic materials with low dielectric properties. It is also said 
that the additive B2O3, LiF, Cr2O3, and ZrSiO3 facilitate the 
transition of strontium anorthite from a hexagonal form to 
a stable monoclinic form. This is due to the cracking of the 
ceramic item, which may happen at a stage of cooling during 
polymorphic transformations of the hexagonal form, with an 
increase in the volume by 3 %.

In [10], the temperature for obtaining ceramic ma-
terials based on strontium anorthite is reduced by using 
single-component additives, both as mineralizers and mod-
ifiers. However, after firing the samples at a temperature 
below 1,450 °C, their structure could not be characterized as 
densely sintered shards even if the material contained only 
the phase of strontium anorthite.

Synthesis of strontium anorthite is studied in [11]; it has 
been found that synthesis is not a direct reaction, and the 
first intermediate compound formed already at 800 °C is 
strontium silicate. These data suggest that the processes of 
synthesizing strontium anorthite can be activated by inten-
sifying particular stages.

Therefore, it is advisable to conduct a study on the use of 
activators for the sintering process that would be capable of 
producing a melt in a temperature range of 600–800 °C and 
an impact on the synthesized material.

3. The purpose and objectives of the study

The aim of the research is to use the system SrO–Al2O3– 
–SiO2 to obtain densely sintered radiotransparent ceramics 
at a low temperature of firing them, by introducing activa-
tors of sintering with a fluxing effect.

To achieve this goal, it is necessary to do the following 
tasks:

– to make an informed choice of activators for sintering 
ceramics with a low temperature of firing;

– to study the effect of the sintering activators and their 
amounts on the processes of strontium anorthite phase for-
mation under a low-temperature synthesis.

4. Justification of the choice of sintering activators

The issue of choosing activators for sintering is based on 
taking into account several factors:

– these should be additives to accomplish the task of 
reducing the sintering temperature for ceramic materials 
based on strontium anorthite;

– the amount and properties of the newly formed glass 
phase shall be such as not to impair the basic characteristics 
of the materials – the dielectric constant and the dissipa-
tion factor;

– subject to the first two conditions, the strontium an-
orthite phase of the monoclinic form should be synthesized 
completely.

It is at once assumed that the most acceptable additives 
for achieving the purpose of the study can be combinations 
of classic glass modifiers – compounds of alkali metals. 
It is also suitable for this purpose to use a combination of 
stannic oxide and lithium oxide due to the low-temperature 
eutectics.

One of the criteria for choosing alkali metal fluorides as 
activators is the characteristic properties of the melt on their 
basis. It is known [12] that such melts are highly active and 
with low viscosity, so adding this kind of activators even in 
small amounts is effective.

It is known that introduction of alkali cations to a glass 
composition increases their conductivity and dielectric loss 
[13]. This is due to the increased mobility of small-size metal 
cations in a glass grid. To reduce their mobility, as stated in 
[14], it is advisable to use complex input of (two or more) 
alkali metals whose cations in the glass grid will prevent 
the movement of each other. The resulting opposite effect 
achieved is called alkaline. This reduces the conductivity 
and dielectric loss of the melt and, therefore, the glass phases.

Consideration of physical and chemical processes in the 
diagrams of multicomponent systems LiF–NaF, LiF–KF, 
KF–NaF, LiF–NaF–KF, and Li2O–SnO2 reveals the pres-
ence of eutectics in a temperature range from 450 °C to 
700 °C. According to the studies that have been collected 
into the database of the phase equilibria patterns, the systems 
LiF–NaF [15], KF–LiF [16], KF–NaF [17], KF–LiF–NaF  
[18], and SnO2–Li2O [19] with eutectic compositions of the 
components, mol. % (XNaF=0.39 and XLiF=0.61; XKF=0.5 and 
XLiF=0.5; XKF=0.6 and XNaF=0.4; XKF=0.42, XLiF=0.46, and 
XNaF=0.12; XSnO2=0.4; XLi2O=0.6) form melts in the tempera-
ture ranges of 646–652 °С, 487–493 °С, 699–721 °С, about 
454 °С, and 600–700 °С, respectively.

5. The materials and methods for researching the impact 
of complex additives on the synthesis of strontium 

anorthite and the sintering process of the ceramic mass

At the preliminary stage [20], the study revealed the op-
timal compositions of masses for obtaining radiotransparent 
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strontium anorthite ceramics. This was based on investigating 
the subsolidus structure of the system SrO–Al2O3–SiO2, with 
choosing two points of the composition as a result (Fig. 1). 
The choice of the composition “0”, corresponding to the 
point of strontium anorthite stoichiometry, was based on the 
possibility to study the effect of additives on the process of 
synthesizing this phase. The composition “2” was based on the 
elementary triangle of SrAl2Si2O8–Al6Si2O13–SiO2, where the 
temperature of the initial melting is 1,383 °C. Its choice was 
based on the possibility to study the effect of the additives in 
a bigger amount of the melt and their influence on crystalliza-
tion of side phases (mullite and tridymite). The chemical com-
pounds that correspond to the points in the diagram in weight 
percentage are: “0” (SiO2 – 36.89; Al2O3 – 31.30; SrO – 31.81) 
and “2” (SiO2 – 50.0; Al2O3 – 25.0; SrO – 25.0).

Fig.	1.	A	diagram	of	the	three-component		
system	SrO–Al2O3–SiO2	according	to	Shukla	[21]

The sample masses were supplemented with additives as 
complex activators of sintering in the amounts of 1, 2 and 
3 wt % by 100 wt %. The phase diagrams of the multicompo-
nent systems LiF–NaF, KF–KiF, KF–NaF, KF–LiF–NaF, 
and SnO2–Li2O, which characterize the thermal physical 
and chemical processes of the selected complex sintering 
activators, were used to calculate the raw material mixtures 
that produce the eutectic ratio (Tables 1, 2).

Table	1

The	chemical	composition	of	the	raw	materials

The raw  
materials

The component contents in wt%

SiO2 Al2O3 Fe2O3 CaO Na2O SrO H.d.p.

Vyshnevetsky 
Quartz

99.35 0.421 0.06 0.039 – – 0.13

Alumina G-00 0.03 98.7 0.02 – 0.25 – 1.0

Strontium 
carbonate

– – – – – 70.0 30.0

Given that the raw components of the model masses 
have no plastic properties, the formation of the samples was 
conducted by semidry pressing. The samples were produced 
according to the following flowchart (Fig. 2). In laboratory 
conditions, the raw materials were crushed in a porcelain 
mill and sieved through a sieve No. 0.15. Complex supple-
ments were added in the quantities of 1, 2 and 3 wt % above 

the 100 wt % of the charge in terms of the active ingredi-
ent. A uniform distribution of the mineralizer was ensured 
by sieving it three times through the sieve No. 0.15. The 
samples were formed from the charge, using a temporary 
astringent (a dextrin solution). Cylinder-shaped samples 
with a diameter of 25 mm and a height of 5 mm were formed 
by semidry pressing on a laboratory press under the pressure 
of 25 MPa. The moulded semi-finished products were dried 
in a drying cabinet to the residual moisture of less than 1 %.

Table	2

The	complex	activators	of	sintering

The system of 
additives

The amounts of the raw components, wt %

KF·2H2O LiF NaF Li2CO3 SnO2

LiF–NaF – 49.14 50.86 – –

LiF–KF 79.06 20.94 – – –

NaF–KF 66.22 – 32.78 – –

KF–LiF–NaF 74.17 20.36 5.47 – –

Li2O–SnO2 – – – 27.74 72.26

Fig.	2.	A	technological	flowchart	of		
producing	strontium	anorthite	ceramics

The samples were fired in the laboratory muffle furnace 
Nabertherm HTCT 01/16 at a temperature of 1,250 °C with 
an exposure during 1 hour and cooled along with the furnace.

The phase composition of the test samples was deter-
mined by using the method of X-ray diffraction analysis 
(XRD analysis). The X-ray diffractions were filmed on the 
DRON-3M diffractometer with CuKα radiation and a nickel 
filter under conditions of its constant work. The phases were 
identified, using the American ASTM database.

The dielectric properties were determined by a device for 
measuring immittance – E 7-8. The measured values of the 
electrical capacitance of the samples were used to determine 
the dielectric constant. The calculation was carried out 
based on the formula of determining the electrical capacity:

⋅
ε =

ε ⋅π ⋅ 2
0

C d
,

r
   (1)

where C is the measured value of the electrical capacitance of 
a sample, d is the thickness of the sample, ε0 is the electrical 
constant, and r is the radius of the electrodes.
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The study of the morphological features of fracture sur-
faces of the samples were carried out by scanning electron 
microscopy (SEM) in the scanning electron microscope 
JSM-6390LV (JEOL, Japan). The tests were conducted in 
the mode of secondary electrons in the accelerating voltage 
of 10–20 kV and at low beam currents.

The main feature that can help make an indirect assess-
ment of the impact of activating additives on the sintering 
degree is water absorption. Another important property is 
the apparent density, which allows making an indirect as-
sessment of closed porosity. These characteristics, as well as 
open porosity, were investigated by “rapid vacuumization” 
under ISO 5017:2014.

6. The results of testing the properties of  
the obtained samples of ceramics

The results of determining water absorption, apparent 
density and open porosity of the synthesized ceramic sam-
ples depending on complex activators and their amounts are 
shown in Fig. 3.

                           a                                                 b
	

                           c                                                 d

                           e                                                 f 

Fig.	3.	The	graphical	results	of	“rapid	vacuumization”;		
The	left	side	displays	the	composition	“2”,	whereas		

the	right	side	displays	the	composition	“0”;	a,	b	show	water	
absorption,	c,	d	show	open	porosity,	whereas	e,	f	stand	for	

the	apparent	density	of	the	compositions

The properties of the fired samples indicate versatile 
actions of the additives. The results indicate that the most 
complex activator of sintering for the selected compositions 
is Li2CO3+SnO2. Samples of the composition “2” have the 
water absorption rate of less than 0.4 %, and the biggest 
apparent density is achieved through adding Li2CO3+SnO2 
in an amount of 2 wt %. For the composition “0”, water ab-
sorption with this activator has the smallest value of 0.47 % 
at 1 wt %, and it increases to 7.82 % at 3 wt %; the best ap-
parent density is achieved if the content of the additive is in an 
amount of 2 wt %, which is 2.88 g/cm3 and almost twice more 
than without this supplementation (1.58 g/cm3). The proper-
ties are also significantly improved by the complex LiF+NaF; 
water absorption is less than 0.4 % at 1 wt % and 2 wt %, 
whereas at 3 wt % it slightly increases to 8.3 % of “2”. For 
the composition “0”, the smallest value of water absorption 
is recorded at 1 wt % (0.47 %). The complex LiF+NaF better 
affects the apparent density of the composition “2”, and it 
has a maximum value of 2.91 g/cm3 if its content of 1 wt %. 
Other mixtures at 1,250 °C have no significant effect on the 
studied properties.

Thus, at a firing temperature of 1,250 °C, all samples of 
“2” with the complex activators of sintering have signs of a 
high-temperature strain, which in turn makes it impossible 
to study the dielectric properties and to create radiotrans-
parent materials for use above this temperature. When 
assessing the impact of sintering activators on the compo-
sition of “0” for a set of indicators, a noteworthy additive 
is Li2CO3+SnO2 in an amount of 2 wt %. As for the other 
additions, they have no influence on the process of consoli-
dating ceramics.

By using X-ray diffraction analysis, a sample of “0” with 
the addition of 2 wt % of Li2CO3+SnO2 (Fig. 4) was inves-
tigated for the completeness of the reactions of forming the 
strontium anorthite phase and for the phase composition 
of heat treatment products. The bar radiograph shows only 
peaks of strontium anorthite, indicating a complete transfor-
mation of the raw materials. The bar radiograph also reflects 
an amorphous phase, confirming the fluxing mechanism of 
the mineralizer’s action.

Fig.	4.	The	phase	composition	of	the	ceramics	“0”	with	the	
addition	of	2	%	of	Li2CO3+SnO2:	Δ –	strontium	anorthite

We also studied the microstructure of the fracture of the 
best sample (Fig. 5). The results show that the material in 
the glass phase contains randomly placed strontium anor-
thite crystals that are 35–40 microns in size, with closed 
pores of 50 microns. In general, there is a uniform dispersion 
of strontium anorthite crystals in the ceramics, and the pres-
ence of pores can be explained by a short interval of isother-
mal holding at the maximum temperature and a probably 
rapid mode of firing.

For a sample of the composition “0” with 2 wt % of  
Li2CO3+SnO2, the received dielectric constant is 9.7 and the 
dielectric loss tangent is 0.06. According to the dielectric 
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values, the obtained material can be referred to the class of 
radiotransparent materials.

                       a                                                 b

Fig.	5.	The	microstructure	of	the	ceramic	fracture	of		
“0”	+	Li2CO3–SnO2		(2	wt	%)	fired	at	a	temperature	of	

1,250	°C:	a	–	zoomed	in	300	times;	b	–	zoomed	in	3,000	times

7. The discussion of the research results about the impact 
of complex activators of sintering on the synthesis of 

strontium anorthite ceramics

In this study, attention was mainly directed to using 
activators of sintering in order to obtain a melt in a tem-
perature range of 600–800 °C. The aim of this decision was 
the process of activating an interaction between SiO2 and 
SrCO3, which takes place in this temperature range, and 
the formation of a sufficient amount of a melt for a densely 
sintered shard already at 1,250 °C.

It is the selection and introduction of these complex 
activators that helped solve two problems. The first problem 
was to achieve low-temperature eutectics compared with 
an example of using one-component activators. The second 
problem was to neutralize the effect of alkali cations in order 
to improve the dielectric properties of the created ceramic 
material, which was achieved by the “polialkaline” effect.

The study made it fully possible to investigate the effect 
of the selected additives only in terms of the degree of sinter-
ing. For both compositions, the effects of the same additives 
turned out to be similar; as expected, there was a retained 
tendency of a stronger effect on the more fusible compo-
sition “2”. For this composition under the pre-set mode of 
heat treatment at a temperature of 1,250 °C, the effects of 
the sintering activators were excessive. This was manifested 
in terms of a high-temperature deformation of the samples, 
which in turn caused excessive amounts of the melt.

The overall impact of fluoride complexes of alkaline met-
als in the composition “0” was low, probably because of their 
high volatility. It may have been caused by a high-speed 
mode of heat treatment at which the melt “had boiled out”, 
failing to enter into reactions with the raw components.

All the subsequent tests were conducted with only one 
sample (the composition “0” with 2 wt % of Li2CO3–SnO2), 
in which the set of properties was determined as the best. 
The roentgen-phase analysis showed a complete transforma-
tion of the raw materials and a synthesis of only strontium 
anorthite. Accordingly, it can be argued that the specific 
composition has confirmed the validity of the idea to acti-
vate an interaction between SiO2 and SrCO3 to the complete 
dissociation of the latter.

The microstructure of the sample clearly reveals a lami-
nar “feldspar” structure of strontium anorthite and correctly 
rounded isolated closed pores. The microstructure results 
show that the goal has been achieved – the densely sintered 
ceramic material was obtained on the basis of strontium 
anorthite.

The dielectric properties within the normal range (ε<10) 
have an enlarged value (ε~9.7) compared with strontium 
anorthite (ε~6.2÷6.8). This is due to the increased amount 
of the glass phase; the values of the dielectric constant of 
oxides in the glass are the following: SrO – 18.0; Al2O3 – 9.2; 
SiO2 – 3.8 [13].

The next step will be to research a temperature-time 
mode of firing for adjusting the amount of the glass phase, 
which is likely to reduce the dielectric properties and the 
number of closed pores.

7. Conclusions

The completed study has helped solve the problem of 
firing densely sintered ceramics at reduced temperatures due 
to adding the system SrO–Al2O3–SiO2 with low dielectric 
properties:

1. It has been experimentally determined that it is ad-
visable to use the complex sintering activators LiF–NaF 
and SnO2–Li2O due to their low-temperature eutectics and 
high activity of the melts, which can beneficially affect the 
structure and properties of strontium ceramics.

2. The study has revealed the effect of the complex 
activators of sintering on the basis of a fluxing action and 
their number on the low-temperature synthesis of strontium 
anorthite. The tests have confirmed the possibility of acti-
vating the reaction that produces the intermediate phase of 
silicate strontium, which reduces the temperature of firing 
strontium anorthite ceramics. It has been found that the best 
properties are produced by the composition “0”, with the 
addition of 2 wt % of Li2CO3+SnO2, a water absorption rate 
of 5.52 %, and an apparent density of 2.88 g/cm3, with the 
dielectric constant being 9.7 and the dielectric loss tangent 
having the value of 0.06.
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