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RESUMO

Motores de foguete elétricos sdo amplamente utilizados em tecnologia espacial. Além disso, atualmente,
0s motores de propulsdo elétricos também sdo usados como motores de propulsdo principais para voos no
espaco interplanetario. Nas naves espaciais modernas, os seguintes tipos dos motores de propulsdo elétricos
sdo usados principalmente: motores de plasma estacionarios e motores de ions com grades. Ao usar esses
motores como motores de propulsdo principais, € importante aumentar a poténcia total para obter a tragcéo
necessaria e o impulso especifico. Com o aumento da poténcia total, o0 volume da caAmara de descarga aumenta,
0 que leva a dificuldades tecnolégicas na fabricagdo de cAmaras de descarga a partir de materiais ceramicos.
Portanto, a tarefa de encontrar alternativas aos materiais cerdmicos é relevante e necessaria no desenvolvimento
de motores de ions de alta frequéncia. O artigo discute a criagdo de um material compdésito a base de materiais
de tecido de quartzo e um aglutinante de silicio organico como precursor preenchido com nitreto de silicio para
a fabricagdo de uma cémara de descarga de gas do motor de ions de alta frequéncia. Por analise
termogravimétrica, selecionamos um aglutinante termo-reativo que atende aos requisitos de resisténcia a
vibragdo e permeabilidade eletromagnética da cdmara de descarga de gas na faixa de megahertz. Com base
nesse aglutinante, preenchido com p6 de nitreto de silicio, reforcado com material de tecido de quartzo, foi feita
a camara de descarga de gas. O produto resultante foi testado como parte do motor de propulséo elétrico de
laboratério com um didmetro de 100 mm e uma poténcia de 200W.

Palavras-chave: cerdmica, resinas de silicio orgénico, materiais compdésitos, motores de foguetes elétricos,
cédmara de descarga de gas.

ABSTRACT

Electric rocket engines are widely used in space technology. Furthermore, at present, electric propulsion
engines are also used as mid-flight engines for flights in interplanetary space. On modern spacecraft, the following
types of electric propulsion are mostly used: SPT and grid ion thruster. When using these engines as sustainers,
it is important is to increase the total power for obtaining the required thrust and specific impulse. With an increase
in total power, the volume of the discharge chamber increases, which leads to technological difficulties in the
manufacture of discharge chambers from ceramic materials. Thus, the task of finding alternative ceramic
materials is relevant and necessary in the development of high-frequency ion thrusters. The article discusses the
issues of creating a composite material based on woven quartz materials and organosilicon binder as a precursor
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filled with silicon nitride for the manufacture of gas discharge chamber (GDC) of high-frequency ion thruster
(RFIT). By thermos-gravimetric analysis, a thermosetting binder, which meets the requirements of vibration
resistance and electromagnetic permeability of GDC in the megahertz range, was selected. Based on the binder
filled with silicon nitride powder, reinforced by quartz woven fabrics, manufactured GDC. The resulting product
was tested as part of the laboratory electric propulsion device with a diameter of 100 mm and power of 200W.

Keywords: ceramics, organosilicon resins, composite materials, electric rocket engines, gas discharge chamber.
AHHOTALUUA

OneKkTpuyeckme pakeTHble ABUraTeny Halmnm LWMPOKoe NPUMEHEHNe B KOCMUYECKON TexHUKe. Takke B
HacToswee Bpems, OPL NpUMEHHATCA W Kak maplleBble ABWraTenn Ans MNONeTtoB B MeXMNnaHeTHOM
npocTpaHcTBe. Ha coBpeMeHHbIX KOCMUYECKUX annapaTax B OCHOBHOM MCMONb3ytoTcsa cregyowme tunsl SP:
ClNM v ceTouHbIE MOHHBIE ABUraTenu. [pu Mcnonb3oBaHNW AaHHbBIX ABUraTenen B ka4ecTse MapLUueBblX, BaXHbIM
ABMAETCA yBENUYEHNe CYMMapHOW MOLLHOCTY AN NOMyYeHUss HeobxoanuMon TArv 1 yaenbHoro nMnyneca. Mpu
yBENMYEHNN CYyMMapHOW MOLLUHOCTM 0Obem paspsgHoOM Kamepbl yBenuyMBaeTCs, YTO MNpUMBOAUT K
TEXHOSOTMYECKUM TPYOHOCTSAM MPU U3FOTOBMEHUN paspsaHbIX KaMep U3 kepamumyeckmx matepuanos. [oatomy
3ajadva novcka anbTepHaTMBHbLIX KepaMMYeckM mMmaTtepuanam sBNSeTCs akTyanbHoOW M Heobxogumow npu
paspaboTke BbICOKOYAaCTOTHbIX WMOHHbIX ABuratenen. B paborte ob6cyxgaloTca BOMPOCHI MO  CO34aHUIO
KOMMO3NLUMOHHOrO MaTepuana Ha OCHOBE TKaHHbIX KBapLEBbIX MaTepuanoB W KPeMHUNOpPraHM4ecKoro
CBA3YIOLLEro B KayecTBe MpeKypcopa HanofHEHHOIO HUTPWMAOM KPEeMHUS, O11S U3roTOBNEHUS rasopaspsgHon
kamepbl (PK) Bbicoko4acToTHOro woHHoro asuratensa (BYUWM). MNytem TepmorpaBMMETPUMYECKOro aHanuaa
nogobpanu TepMopeakTMBHOE CBA3yoLLee, oTBevatoLlee TpeboBaHUAM BUOPOCTONKOCTU U 3IeKTPOMarHUTHOM
npoHnuaemocTtu 'PK B merarepuoBom gvanasoHe. Ha ocHoBe AaHHOrO CBA3YHOLLEro, HanosIHEHHOMO NOPOLLIKOM
HUTPUAa KPEMHUS, apMUPOBaHHOMO KBapLIEBbIM TKaHHbIM MaTepuanom, narotosunu PK. NonyyeHHoe nsgenve
NPOLLINIO UCMbITaHWs B cocTaBe nabopatopHoro QP auametpom 100 mm, mowHocThio 200BT.

KnioueBble cnoBa: Kepamuka, KpemHuliop2aHu4yecKue
anekmpopakemHbie dguzameru, 2a3opaspsiOHasi Kamepa.

CMOIJlbl, KOMINO3UUUOHHbIe Mamepuaribl,

1. INTRODUCTION:

Electric rocket engines are extensively
used in space technology. These types of
engines, the main principle of which is ionization
and acceleration of working substance, are used
to stabilize and correct the position of spacecraft
in orbit (Antropov et al., 2002; Gorshkov et al.,
2008; Khartov et al., 2013; Loeb, 2015; Orlov et
al., 2001; Rabinsky et al., 2016a; Sitnikov,
2017). Also, at present, the electric propulsion
engines are used as mid-flight engines for flights
in interplanetary space.

On modern spacecraft, the following types
of electric propulsion are mainly used: SPT and
grid ion engines. The principles of their work and
the design of these types are different. The
acceleration and ionization of the working fluid in
the SPT is carried out in the discharge channel,
while the processes of ionization and acceleration
are separated in grid ion thruster. Separation of
the processes of ionization and acceleration
makes it possible to obtain a specific impulse of up
to 50,000 s, which exceeds the maximum specific
impulse of SPT (about 20,000 s).

One of the types of grid ion thrusters is
RFIT. The principle of operation of this engine is

based on ionization by the electromagnetic field of
the working fluid (xenon) in the discharge chamber
of the engine. The acceleration of ions occurs in
the ion-optical system. The schematic diagram of
the engine is presented in Figure 1.

For this kind of engine, the electromagnetic
properties of the material of the walls of the
discharge chamber are important. Presently,
alumina-based ceramics are used as the material,

and silicon nitride-based ceramics
are alsoused in  laboratory = samples. These
ceramic materials provide required radio

transparency at frequencies from 500 kHz to 2
MHz and higher. The diameter of
present experimental chambers reaches 500 mm,
with wall thicknesses up to 8 mm (Lurie et al.,
2011; Formalev et al., 2015; Pogodin et al., 2016;
Poliakov et al., 2016; Ripetsky et al., 2016;
Rabinsky et al., 2016b; Skvortsov and Karizin,
2012; Pogodin et al., 2019). It is worth noting that
when using ceramic materials, the question arises
about their strength qualities, especially at the
stage of launching a spacecraft into operational
orbit.

It is also worth mentioning that when using
these engines as marching, it is important to
increase the total power to obtain the necessary
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thrust and specific impulse. With an increase in the
total power, the volume of the discharge chamber
increases, which leads to technological difficulties
in the manufacture of discharge chambers from
ceramic materials. All this, together, makes the
task of finding alternatives to ceramic materials
appropriate and necessary in the development of
high-frequency ion engines.

Earlier, GDC was obtained based on
polymethylphenylsiloxane rubber modified with
terminal vinyl groups and filled with silicon nitride
by molding. The main drawback of the material
used was its low heat resistance, limited by the
temperature of 370°C at a residual pressure of 10-
5 Pa. Taking into account the requirements for
heat resistance, the binder was advanced by using
MQ resins and stabilising the main polymer
chain. Hence, it was possible to increase the heat
resistance of the GDC material to 410°C. As a
result of the tests, and it was found that with a
diameter of GDC 100 mm, the material of the
chamber fully met all the requirements for nodes
RFIT. Nonetheless, an increase in specific
capacities during optimization of RFIT design
leads to the appearance of local sections of short-
term heating of the gas distribution system to a
value of 450°C and higher. As a result, there was
a need to create a radio transparent, vibration-
resistant material for GDC with increased (up to
600 °C ) heat resistance.

To accomplish this task, the authors
revised the concept of composite material for the
manufacture of gas distribution systems for
promising RFIT (Golushko and Semisalov, 2015;
Pintossi et al., 2019). Despite the high resistance
of silicones to heat, among other polymers, it is
limited by temperatures of the order of 400-420
°C. Organic-silicon polymers in the composition of
GRC, compensated for vibration loads at low
temperatures, due to the low glass transition
temperature. Stiff requirements for heat resistance
to the binder forced to continue the search for an
alternative material from the class of organic-
silicon polymers operating at temperatures up to
800 °C . With complete loss of elasticity, some
organosilicon polymers (for example,
thermostable net siloxanes (Voronkov et al., 1976;
Sevryukova et al., 2012; Andrianov and Sokolov,
1995) allow the GDC material to retain its electrical
insulating properties, dielectric constant, and low
dielectric loss tangent at temperatures up to 800
°C and higher. The densely reticulated structure of
polyorganosiloxanes is characterized by low mass
loss after pyrolysis of the binder and high yield of
ceramo-forming residue. Therefore, composite
materials based on them are characterized by high

heat resistance and can withstand repeated
heating in an oxidizing environment up to 550 ...
600 °C. Composite materials based on them can
work up to 1000 °C. For cross-linked polymers, the
main proportion falls on the main polymer chain,
represented by silicon and oxygen atoms.
Correspondingly, the proportion of organic framing
can be less than 20% of the mass.

The most optimal compound is
methylphenylcyclospirosiloxane  (Figure 2). A
distinctive feature of this oligomer is the curing
mechanism by the polycondensation reaction
without the release of low molecular weight
substances. The use of this product is difficult due
to the complexity of its synthesis by
heterocondensation of silicon tetrachloride and
methyl phenylsilandiol in the presence of
pyridine (Andrianov et al., 1978; Tkachev et al.,
2018).

An alternative way to obtain
methylphenylcyclospirosilaxane is the
cohydrolysis of  tetramethoxysilane and

methylphenyl dimethoxysilane (Efremova et al.,
2014). Though, as a result, a low molecular weight
product is formed with terminal methoxyl groups,
and, as is typical for the polycondensation
reaction, further molecular weight growth is
difficult due to the loss of reactivity of terminal
functional groups. If dysfunctional
methylphenyldimethoxysilane is replaced by
trifunctional vinyltrimethoxysilane, the molecular
weight will increase while preserving solubility
according to the critical point and Flory gelation
(Florry, 1953). To increase the conversion rate by

functional groups is desirable to use a
polycondensation catalyst when curing the
composition. Similar  results were  given in

(Antufev et al., 2019; Alekseev et al., 2019; Nikitin
et al., 2019a; Rabinskiy and Tushavina, 2019;
Umbetov et al., 2017; Nikitin et al., 2019b).

Since cross-linked polyorganosiloxanes,
thermostable materials, are not characterized by
good elastic deformation, reinforcement with
woven materials is used to maintain vibration
stability. According to the principle, the similar is
combined with the similar, the most suitable are
quartz fibers, which are characterized by a low
value of the coefficient of thermal expansion, high
dielectric properties and heat resistance up to
1200 °C.

2. MATERIALS AND METHODS:

The starting polymer was obtained by
partial  cohydrolysis of tetramethoxysilane
methyltrimethoxysilane, vinyltrimethixilane, and y-
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aminopropyltrimethoxysilane, the finished product
was 22-25% solution in acetonitrile, with medium
viscosity molecular weight of 2700-3500 g/mol. As
a reinforcing filler, quartz fabric material of TS-8/3-
K brand, manufactured by NPO Fiberglass, was
used (Fouquet et al., 2015; Herbert et al., 2009).

Silicon nitride for the filling was obtained in
the SHS process by nitriding silicon powder, and
the material was characterized by a specific
surface of 10 m?/g. The fibrous structure of the a
and B phases of silicon nitride crystals. Crystal
size D so=5 um.

The pre-preg was prepared by mixing a
colloidal solution of the raw polymer and silicon
nitride powder; the proportion of silicon nitride was
60 wt%, relative to the binder and subsequent
impregnation of silica fiber" (Dimitrakellis and
Gogolides, 2018; Mansour et al.,
2019). The composite material was solidified at
200 ° C and residual pressure of 1-3 mm Hg.,
tetrabutoxy titanium was used as a curing catalyst,
the curing process was carried out for 2 hours. The
final processing of the composite GDC material
was carried out at 800°C in argon (Andrianov and
Sokolov, 1995). The pyrolysis process was carried
out in argon by heating to 800 degrees. Celsius at
a speed of 10 degrees per minute.

The structural transformations occurring
during heating of materials were studied by
synchronous thermal analysis using the STA 449
F3 Jupiter device from NETZSCH (Germany)
(Figure 3) in differential scanning calorimetry
(DSC) mode together with thermogravimetric
analysis (TGA) mode.

The samples were heated to 900°C in open
crucibles from Al,O3 with a volume of 0.085 ml at
linearly increasing furnace temperature at a rate of
10°C/min. The crucibles were placed in cylindrical
recesses of the upper part of the DSC/TG sensor
made of Pt-Rh alloy. The argon flow rate through
the measuring cell (sample and standard) during
the experiment remained constant at 50 ml/min. A
vacant crucible was used as a standard. The
sample and reference temperatures were
measured using built-in S-type thermocouples
made of Pt-Rh alloys. The temperature
measurement accuracy was + 0.3 °C. The sample
weight change was recorded with precision of 1
Mg. The isothermal balance drift over the entire
temperature range was not greater than 10
pg/h. Data collection and calculations, as well as
device operation control, were made using the
NETZSCH Proteus Software (Germany) software
operating under the MS-Windows system.

Operational tests of prototypes of RFIT gas

distribution system with a diameter of 100 mm
were carried out ona 0.4 m3vacuum test
bench (Figure 4). The pumping system of the
stand provided a dynamic vacuum of 10 -3 Pa at
xenon flow rates of up to 0.65 mg/s.

3. RESULTS AND DISCUSSION:

The pyrolysis process was accompanied
by the thermolysis of methyl, vinyl, substituents at
silicon atom. As a result of pyrolysis, amorphous
silicon oxide was formed. The yield of pyrolysis
residue was about 80%. Losses of mass up to
400°C can be associated with the condensation of
terminal methoxyl groups, with the release of
methanol. In this area, the molecular weight
increased slightly. The loss of mass above 400°C
was due to the initiation of the process of thermal
degradation of framing of the main polymer chain,
primarily aminopropyl and vinyl substituents at
silicon atom. Hence, processes that proceed up to
400°C can be associated with the progress of
reaction along with unreached functional groups,
the telomerization reaction, the intramolecular
rearrangement of macromolecules, and removal
of low boiling substances. Figure 5 displays
graphs of DTA polymer filled with SisN4 60% by
weight in argon.

The heat resistance of the obtained
composite material filled with SisN4s 60 wt% was
somewhat higher. As can be seen from the
diagram in Figure 6, a slight drift of the mass loss
curve on the isotreme at 800°C is observed, which
is associated with the hydrolysis of the filler, silicon
nitride, and the release of ammonia, which was
experimentally established. During the hydrolysis
of silicon nitride, an amorphous oxynitride phase
forms, which reacts with the pyrolysis residue of
polymer binder (Figure 7).

Despite the loss of flexibility inherent in
elastomers, the tested material did not significantly
affect the performance of GDC. The introduction
of quartz fibers made it possible to increase the
vibration resistance of the obtained chamber by
50% compared to the ceramic counterpart.

The resulting composite material
is characterized by the following properties:

—Shore hardness -85 to 90 (scale D);

—density —1.65 to 1.67 g/ cm 3;

—stress rupture at elongation for fibers —
based on tissue 1000 kdf;

—tensile strength for fibers — Warp and weft
550 kdf;

—volumetric shrinkage after curing: 3 to
4%;
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—the temperature coefficient of linear
expansion: 1.0to 1. 1 - 103K";
—electrical strength: 15 to 20 kV / mm;

—dielectric loss tangent: 0.2 % to 0. 02 %.

4. CONCLUSIONS:

In the outline of the work carried out, the
vacuum temperature stability of densely cross-
linked polyorganosilaxane obtained by the
cohydrolysis of tetramethoxysilane, vinyltrimetho_
xysilane, y-aminopropyltrimethoxysilane was
studied to create a polymer-ceramic
composite. The resulting material, combined with
the filling of quartz fibers and silicon nitride,

ensured the required electrophysical and
operational characteristics for RFIT (radio
transparency, manufacturability, vibration

resistance and other).

It was demonstrated that the studied
material  is characterized by high  heat
resistance. Silicon nitride obtained by SHS is
characterized by a small fraction of free nitrogen,
which is replaced by a hydroxyl group during
hydrolysis. Therefore, during heating, the
formation of a mixed oxynitride phase can be
observed due to the interaction of silicon nitride
and amorphous silicon oxide.
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Figure 2. Methylphenylcyclospirosiloxane
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Figure 4. The prototype GDC mounted on RFIT layout (left) and general view of the vacuum test
bench for RFIT (right)
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Figure 5. Dependence of mass loss on temperature during DTA of the product of partial hydrolysis of
Si (OMe) 4, MeSi (OMe) 3, ViSi (OMe) 3 NH > PrSi (OMe) in air
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Figure 6. Dependence of mass loss on the temperature of GDC material in the air
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Figure 7. Radiograph of a sample of GDC material
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