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MATERIALS AND TECHNOLOGIES OF POWDER METALLURGY
IN THE COMPONENTS OF MISSILE AND SPACE ENGINEERING.
PROSPECTS OF DEVELOPMENT

The use of materials and technologies of powder metallurgy in the components of missile and space engineering is considered. The
possibilities of these technologies are shown when producing composite materials, as well as products and coatings thereof through the
example of radioabsorbing and radiotransparent materials.

The methods for the synthesis of radioabsorbing materials based on ferrimagnetic materials (Ni0,, seZn0,) ;;Mn  ,,Co,, o>oFe 0 ,— nick-
el-zinc ferrites and hexagonal barium ferrite with W-phase (BaCo,Fe 0,,), obtained by MAS and MASHS methods were worked out.
Methods of producing high-temperature ceramic radioabsorbing materials using alumina as a dielectric matrix, and a resistive material
containing the MAX-phases Ti ,AIC and Ti AIC, and heat-resistant FeSiTiAl alloy as an electromagnetic pulse absorber were investigated.

The production technique of a ceramic composite radiotransparent material based on high-alumina ceramics in the Al,0;-Si0 ,-
TiO, system is proposed. The specific technological features of the powder metallurgy method, ensuring the production of materials and
products (coatings) for missile-space technology with the required properties, are given.

The promising directions and main tasks for powder metallurgy in the field of producing energy-saturated heterogeneous composite
materials are determined.

Keywords: powder metallurgy, missile and space engineering, radioabsorbing and radiotransparent materials, ferrimagnetic materi-
als, high-alumina ceramics.

INTRODUCTION made from such materials are capable of operating
Powder metallurgy technologies are one of the main, | for a long time in various conditions, including those
and in some cases the only way to obtain composite | under the influence of space factors. Such materials
materials with a specific set of properties. Products | include [1]:
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e pseudo-alloys (for example, heavy alloys based
on tungsten with additions of nickel, iron or copper,
hard alloys based on tungsten or titanium carbides
with a cobalt bond);

e antifriction composite materials based on iron
or copper with the addition of solid lubricants (for
example, graphite, molybdenum and tungsten
disulfides, other compounds) and soft metals (lead,
tin), other metal compositions that cannot be
obtained by traditional technologies;

* powders for applying functional coatings;

* oxide and carbide ceramics, composite materials
based on it;

e powder composite materials containing metal
and ceramic components;

¢ intermetallic compounds and much more.

The production of such materials with the re-
quired properties is achieved due to the possibility
of regulating their structural and phase composition,
synthesis of particles of the initial components of the
necessary fractions with the required morphology of
their surface, which for traditional industrial tech-
nologies remains difficult or completely impossible.
The selection of powder charge components with the
required characteristics, its molding and sintering at
certain pressures and temperatures (as a rule, below
the melting point of the main component) makes it
possible to obtain a material with unique properties
[2]. In this case, not only resistance to an aggressive
environment is formed, but also a predetermined lev-
el of functional properties, which remains during the
entire service life of a product made from it.

RESEARCH GOAL

In a number of designs, modern rocket and space tech-
nology has both products and coatings made of radio-
absorbing and radio-transparent materials. Products
made of radio-absorbing material are used to protect
against the effects of electromagnetic radiation, which
affects the performance of various technical and bio-
logical objects, and to mask them. Radiotransparent
materials are widely used in aerodynamic radomes of
aircraft and missiles under conditions of acrodynamic
and thermal loads and impacts, rain, dust, gas erosion
and ionizing radiation, as a partition-window in accel-
erators and electronic devices to ensure the transmis-
sion of electromagnetic radiation [3].
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Radio-absorbing and radio-transparent materials
are non-metallic materials that ensure absorption
or transmission, respectively, of electromagnetic ra-
diation of the radio frequency range (10° ...1012 Hz)
with minimal reflection. Propagating in the volume
of these materials, an electromagnetic pulse creates
an alternating electric field, the energy of which for
a radio-absorbing material is almost completely con-
verted into thermal or minimally for a radio-trans-
parent one [4].

The Powder Metallurgy Institute (Minsk, Belarus)
carries out comprehensive research on the develop-
ment and manufacture of ceramic radio-absorbing
and radio-transparent materials for the microwave
frequency range. The main goal of the work is to de-
velop compositions and technological modes for
obtaining radio-absorbing and radio-transparent
materials, as well as products and coatings made of
them by the method of powder metallurgy, having the
necessary electrical and thermomechanical charac-
teristics.

RESEARCH RESULTS AND THEIR DISCUSSION

Ceramic radio-absorbing materials are composite
ceramics that absorb electromagnetic radiation due
to dielectric and magnetic losses.

Modern radio-absorbing materials are created on
the basis of:

e ferrimagnetic compositions that retain their
functional properties at temperatures up to 600 °C,
which is associated with the violation of their mag-
netic characteristics in the temperature range ex-
ceeding the Curie point [5];

e composite materials consisting of a dielectric
matrix alloyed with high-temperature absorber con-
ductors synthesized by various methods [6].

With this in mind, the main directions of research
have been formulated, which include:

1. Development of the composition and method
of obtaining:

e composite radio-absorbing material based on
ferrimagnets;

e materials for use as a high-temperature dielec-
tric matrix;

* composite materials to perform the function of
an absorber of electromagnetic waves in a given fre-
quency and temperature range.
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Fig. 1. Surface morphology of nickel-zinc ferrite particles after mechanical activation

2. Definitions of:

* arational ratio of dielectric matrix/absorbing fill-
er to achieve the maximum effect of EMP absorption;

* methods and technological modes of manufac-
turing products and applying coatings from radio-
absorbing materials, etc.

The solution of the above problems was carried out
by choosing a production method, within which the
composition, concentration and combination of con-
centrations, shape, particle size, thickness of materi-
als and other parameters were varied. Subsequently,
the properties of an article made of a radio-absorbing
material were regulated by the modes of pressing the
charge and heat treatment of the formed blank. When
using a radio-absorbing material as a coating, the
properties were regulated by the technological modes
of its application to the protected surface.

For the second class of radio-absorbing materials,
after the selection of the compositions of the dielectric
matrix and the absorber, an appropriate ratio of the
matrix/absorbing filler was selected based on the re-
quired level of absorption of electromagnetic radiation.

Nanostructured powders of soft magnetic nickel-
zinc ferrite  (NiO 53Zn0O, ;,Mny, (,Co, 1,5Fe,0,)
and magnetically hard hexagonal barium ferrite
with the W-phase (BaCo,Fe,(0O,,) were studied as a
composite radio-absorbing material of the first type.
To obtain them at the Powder Metallurgy Institute,
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along with traditional methods, technological modes
of mechanically activated synthesis (MAS) and me-
chanically activated self-propagating high-tempera-
ture synthesis (MASHS) have been worked out.

The worked out modes were confirmed during the
manufacture of experimental samples of the com-
posite material. So, for nickel-zinc ferrite powder
after six hours of mechanical activation, the maxi-
mum particle size did not exceed 700 nm, and the
minimum was 25...30 nm. The morphology of the
surface of these particles was filmed using a certified
high-resolution scanning electron microscope Mira
(manufactured by Tescan, Czech Republic). The re-
sults of morphological analysis of nickel-zinc ferrite
particles are shown in Fig. 1.

In this case, no chemical interaction between the
components of the powder mixture is observed in
the process of mechanical activation. To confirm the
absence of chemical interaction between the com-
ponents of the powder charge, its phase composition
was studied. The study was carried out on an Ultima
1V X-ray diffractometer by Rigaku. The phase com-
position of mechanically activated powders includes
only the initial oxides. The results of the study (phase
composition) shown in Fig. 2 confirm the expedi-
ency of the selected modes of synthesis of soft mag-
netic nickel-zinc ferrite, and the obtained sizes of its
particles make it possible to achieve the maximum
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Fig. 2. Phase composition of mechanically activated powder of nickel-zinc ferrite
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Fig. 3. Phase composition of barium hexaferrite obtained by MAS and MASHS

value in terms of radio absorption of electromagnetic
radiation.

The results of the synthesis of barium cobalt hexa-
ferrite by the MAS method depend on the tempera-
ture and time of ferritization. During the develop-
ment of technological modes, it was found that the
minimum duration of ferritization with a tempera-
ture of 1250...1300 °C, at which 70...80 % of the

W-phase is formed, is 2 hours. As a rule, 100 % trans-
formation is observed after 4...6 hours of processing
and depends on the volumetric load of the furnace.
In MASHS synthesis, up to 40 % of the W-phase can
be obtained already in the SHS process. In this case,
a change in the oxygen pressure in the reactor from
0.5 to 2.0 MPa has no significant effect on the phase
composition of SHS products. The maximum con-
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Fig. 4. Surface morphology of BaCo,Fe, ;0,, particles obtained by the MAS method

tent of the W-phase (up to 80 %) is formed at a Fe:
Fe, 0, ratio of 6 : 4. The results of the analysis of the
phase composition of barium hexaferrite obtained by
various methods are shown in Fig. 3.

The phase composition of powders obtained using
the MASHS scheme with subsequent ferritization
practically does not differ from the composition of
MAS powders. Taking into account the conclusion
made, mechanically activated synthesis, as less labo-
rious, was chosen as the basic method for obtaining
barium hexaferrite. The results of the morphologi-
cal analysis of BaCo,Fe,;O,; obtained by the MAS
method shown in Fig. 4, confirmed the feasibility of
choosing this method to obtain it.

When analyzing the morphology of the particles, it
was found that the BaCo,Fe ;O,; powders obtained
by the MAS method after ferritization have a plate-
like shape (Fig. 4) with a crystal faceting characteris-
tic of the W-phase. At high magnifications, the breaks
of individual particles show that they have a complex
structure with submicron growth steps, which, in
turn, have a nanocrystalline structure. Subsequent
processing in a planetary mill makes it possible to
obtain nanostructured powders or submicron aggre-
gates of ferrite nanoparticles, which significantly im-
proves its radio-absorbing properties.
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The developed ferrimagnetic composite materials
were tested for functionality by examining the atten-
uation and reflection coefficients of electromagnetic
radiation. The results of the measurements are shown
in Fig. 5.

All synthesized materials have shown satisfactory
EMP reflection results. Thus, the reflection coeffi-
cient for all materials under consideration was less
than —5 dB in the entire measured frequency band.
In this case, the best result (up to —12 dB in the fre-
quency band from 8 to 9.5 GHz) was obtained for
the soft magnetic nickel-zinc ferrite obtained by the
MASHS method.

The synthesized ferrimagnetic powder materials
were considered as fillers in various dielectric matri-
ces, including painting material for casing products,
as well as in the form of plates of sintered material
and thermal spray coatings on substrates made of
aluminum alloys of various components of rocket
and space technology.

The synthesis of high-temperature radio-absorb-
ing materials was carried out in accordance with the
technological process, the diagram of which is shown
in Fig. 6.

For the manufacture of a high-temperature di-
electric matrix, aluminum oxide, aluminum nitride,
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Fig. 5. Reflection coefficient of sintered radio-absorbing materials based on ferrimagnets (2 mm
thickness): 1.1 — MAS Ni-Zn ferrite, 1.2 — MASHC Ni-Zn ferrite, 3.1 — MAS barium hexaferrite,
3.2 — MASHC barium hexaferrite
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Fig. 6. Technological process for obtaining high-temperature radio-absorbing material

26 ISSN 1561-8889. Kocmiuna nayka i mexrnonoeia. 2020. T. 26. Ne 4



Materials and technologies of powder metallurgy in the components of missile and space engineering

or their composition was investigated. A commercial
alumina powder was selected as the base matrix mate-
rial. The choice is justified by the fact that a dielectric
material based on aluminum oxide is most suitable
for solving problems in terms of dielectric permittiv-
ity (e = 9.5...9.7), has a high operating temperature
(up to 1400 °C) and, as a decisive factor, it can be
used to obtain the highest quality thick-film coatings
by thermal spraying.

Three groups of conductive materials have been in-
vestigated as a high-temperature EMP absorber: re-
sistive materials containing MAX-phases, heat-resis-
tant alloys and intermetallics. All these materials are
also characterized by a high operating temperature of
over 1200 °C, have electrical conductivity properties,
which provides high conductivity losses in the com-
position of the radar absorbing material. MAX-phas-
es and intermetallic compounds were synthesized by
the MASHS method, and heat-resistant alloys were
obtained by melt dispersion from a master alloy syn-
thesized using the MAS method from a charge of the
corresponding composition.

The results of studying the phase and particle size
distribution, morphology of particles, and dielectric
properties of synthesized high-temperature radio-ab-
sorbing materials in the frequency range 8...12 GHz
using the example of Al,O,-Ti;AlC,/Ti,AlC com-
posites with MAX-phases as an absorbing filler are
shown in Fig. 7.

It was found that in the process of synthesis, com-
posite radio-absorbing materials were created con-
taining from 41.0 to 53.0 % of the dielectric in the
form of a-Al,O, and from 39 to 56 % of the con-
ductive absorber, which ultimately makes it possible
to provide dielectric losses, conductivity losses, and
in heat-resistant alloys — and magnetic losses in the
frequency range 8...12 GHz.

All synthesized powder radio-absorbing materi-
als are finely dispersed (d50 = 0.14...1.2 um) with a
rounded shape of particles formed in the processes of
intensive grinding and mixing, which contributes to
their thermal spraying when obtaining RAC.

When studying the electromagnetic properties of
the synthesized high-temperature radio-absorbing
materials, it was found that with an increase in the
content of the absorber in the dielectric matrix, the
values of both the real and imaginary parts of the di-
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electric constant increase. The tangent of the dielec-
tric loss angle increases. For the Al,O,/heat-resistant
alloy composition, the values of the magnetic perme-
ability and the tangent of the angle of magnetic losses
also increase.

According to the results of the study, the optimal
content of the high-temperature conductive absorb-
er in the dielectric ceramic matrix in the amount of
40...50 wt. % has been established.

In Fig. 7, from e and f'it also follows that the de-
pendence of dielectric properties on the test fre-
quency is wavy in nature. For the Al,O; — Ti;AlC,/
Ti,AlIC composition, the values of the real part of
the dielectric constant are in the range &' = 17...28,
and the imaginary part — in the range ¢” = 5...12,
which is optimal and provides the tangent of the di-
electric loss angle tgd, = 0.25...0.58 with a maximum
value at a frequency of f = 10.3 GHz. For doped
ceramic RAM Al,O;+ FeSiTiAl, the best values of
tgo, = 0.30...0.38, tg6, = 0.78...0.82, S|, = —2.2...
—2.5dB, S,,=10.0...10.2 dB are achieved.

Along with radio-absorbing materials and prod-
ucts (coatings), the Powder Metallurgy Institute is
conducting research on the creation of radio-trans-
parent materials.

When developing radio-transparent materials, the
process of preparing compositions based on high-
alumina ceramics was studied using high-purity
fused corundum powder as a starting material, as well
as alloying additives in the form of oxides of silicon,
magnesium, titanium, etc., activating the sintering
process in order to obtain the required set of proper-
ties. The influence of the modes of preparation of the
initial materials for obtaining a homogeneous finely
dispersed charge is established, the modes of its gran-
ulation, subsequent static pressing and high-temper-
ature sintering are determined in order to obtain the
required physical-mechanical, thermomechanical
and electrophysical properties. The structure, phase
composition and properties of the obtained radio-
transparent materials have been investigated and
their dependence on the composition and modes of
the technological process is shown.

Based on the research results, a ceramic radio-
transparent material based on high-alumina ceram-
ics has been developed, the main properties of which
are shown in the Table.

27



A. Ph. llyushchanka, A. K. Kryvanos, S. G. Baray, V. V. Savich

I, counts
5000 b . ALO, O
* * TLAIC
4000 [ s TLAIC,
x FeO
3000 '
| ALO,
2000 4 (| ALO
b
e ° . °
ml l fj ' ’" i ﬁ i
0 *-"II'J A V‘*‘wfﬂwlk-vdk%' JIU“W}\\ L_,'” l' | -fu\u"\-—r
; ﬂ.l ! 'I'l'll' ". | B ! | Illl,nI A .|”|.: 0 lll.

20° 40° 60° 80°

Cc
30 -
0 W\N\/\/\/\/\/\ 0.4

10

0 1 1 1 1 0.2 1 1 1 1
8 9 10 11 12 8 9 10 11 f, GHz
e f

Fig. 7. Properties of powder radio-absorbing material of the Al,O;— Ti;AlC,/Ti,AlC system in the frequency range 8...12 GHz:
a, b — phase composition, ¢ — particle size distribution, d — particle morphology, e — real and imaginary parts of the dielectric
constant, f— dielectric loss tangent
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Properties of the synthesized radio-transparent material
based on high-alumina ceramics

Measured characteristics Value
Operating frequency range, GHz 6.5...10.5
Dielectric constant at f=7 GHz 6...8
Dielectric loss tangent tgo, <0.0007
Deviation ¢ in the range of impacts, % +2.8
EMP absorption, % <2.0
Apparent density, g/cm? .7
Limit strength to bending, MPa >50
Water absorption, % <0.1
Modulus of elasticity to bending, GPa >30
Heat resistance, K 850

The electrophysical characteristics of the synthe-
sized composition correspond to the requirements
for radio-transparent materials presented by the cus-
tomer.

CONCLUSIONS

Powder metallurgy is a technology for creating unique
composite materials from dispersed components of
different physical and chemical nature throughout
its development is inextricably linked with rocket
and space technology. The use of powder materials
in the design of engines, control and guidance units
has greatly contributed to the progress of space tech-
nology.

In modern conditions, it is difficult to imagine a
rocket engine without inserts into the critical section
made of a carbon-carbon composite material, a head
fairing without a top made of a heavy pseudo-alloy or
radio-transparent material, friction pairs in moving
elements without antifriction self-lubricating materi-
als and coatings, etc.

A promising area of powder metallurgy is radio-
absorbing composite materials in the frequency range
of 8...12 GHz, especially those that do not lose this
ability at temperatures of 1000 °C and above. Such
materials have already been synthesized at the Powder
Metallurgy Institute and are undergoing field tests.

A fairly new direction in powder metallurgy has
become the production of unique one-piece struc-
tures of rocket and space technology units of any
complexity, previously assembled from a group of
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parts. The additive metallurgical technologies devel-
oped for these purposes use special spherical powders
of high-strength heat-resistant alloys such as Inconel
625, 718, titanium alloys Ti6Al4V, etc.

In the future, additive technologies in conjunc-
tion with traditional methods of powder metallurgy
can be transformed into the field of knowledge that
determines the approaches and methods for the syn-
thesis of energy-saturated heterogeneous composite
materials (EHCM) and the manufacture of products
from them. The possibility of this realization will de-
pend on the solution of the following tasks:

e development of technologies for obtaining
spherical particles of ammonium salt of perchlo-
ric acid and other components of the solid phase of
EHCM (energy additives, catalysts, combustion sta-
bilizers, etc.);

e synthesis of a polymer that performs the func-
tion of a fuel — binding and guaranteeing the physi-
cal and mechanical characteristics required for such
products;

* determination of the environment in which it is
possible to build a product from EHCM, as well as
methods of its creation;

¢ development of technological equipment to en-
sure the laying of EHCM components;

* determination of the method of packing the sol-
id phase particles of EHCM with a density not lower
than 0.84...0.8;

e development of a method for forming the re-
quired shape of a product from EHCM;

e carrying out calculations of contact interactions
arising in the process of stacking solid phase particles;

e study of the processes occurring at the phase
boundary during the synthesis of EHCM;

* development of a model for the synthesis of
EHCM and the manufacture of a product from it by
the method of additive technologies, etc.

The solution of the above tasks will work out the
requirements and build a functional model of a tech-
nical system, through which it is possible to build
products from EHCM according to a given pro-
gram. In turn, the development of this method of
constructing products from EHCM will significantly
enrich the theory of powder metallurgy and make it
even more significant in the development of compo-
nents for rocket and space technology.
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MATEPIAJIU I TEXHOJIOTIT MOPOIIKOBOT METAJNTYPTII
B KOMITOHEHTAX PAKETHO-KOCMIYHOI TEXHIKU. MEPCIEKTUBU PO3BUTKY

Po3risiHyTo BUKOpUCTaHHS MaTepialiB i TEXHOJIOTIN MOPOIIKOBOI METANTYPTii B KOMIIOHEHTaX paKeTHO-KOCMIYHOI TEXHIKH.
Ha npuxiiani pagionoraMHaabHUX i pagionpo30pux MaTepiajiB MOKa3aHO MOXJIMBOCTI LIUX TEXHOJIOTI ISl CTBOPEHHS KOM-
MO3UILIIMHUX MaTepialiB, a TAKOX BUPOOIB i MOKPUTTIB 3 HUX.

PospobsieHo criocobu cMHTe3y pamionorivMHaIbHUX MaTepialiB Ha OCHOBI (hepMMarHeTuKiB (HiKeJb-IIMHKOBUX (GepUTiB
(Ni0, 53Zn0; 3,Mn; 1,Co; ,5Fe,0,) i TekcaronanbHoro deputy 6apito 3 W-asoro (BaCo,Fe|0,,), oTpumManux Metonamu
MAC i MACBC. IocimkeHo criocoou OTpuMaHHs BUCOKOTEMIIepaTypPHIX KepaMiuHUX palioNOTIMHAIEHUX MaTepiaiB, 10
BUKOPUCTOBYIOTh OKCHJI ATIOMIHIIO SIK ieJeKTPUIHY MaTPULIIO, a SIK MOTJMHAY eJIeKTPOMArHiTHOTO iMITYJIbCy — PE3UCTUB-
Huii Matepiai, wo Mictutb MAX-dasu Ti,AlC i Ti;AlC,, i xapocTikikuii crnas FeSiTiAl

3anponoHOBaHO CMOCIO OTpUMAHHS KepaMivHOTO KOMITO3UILIHOIO pajionpo30poro Marepiajly Ha OCHOBI BUCOKOTJIM -
HO3eMUCTOI Kepamiku B cucteMi Al,05-5i0,-TiO,. HaBeneno XapakTepHi TeXHONOTIYHI OCOBIMBOCTI METOY MOPOIIKOBOI
MeTaJIyprii, 1110 3a0e3Meuy0Th OTPUMaHH MaTepialliB i BUpOOiB (ITOKPUTTIB) 11 PAKETHO-KOCMIUHOI TEXHIKU 3 HEOOXiTHUMU
BJIACTUBOCTSIMU.

BuznayeHO OCHOBHI 3aBIaHHS ISl TOPOLIKOBOI METayprii B 001aCTi OTpUMaHHSI €eHEPrOHACUUYEHUX TeTePOreHHUX KOM-
MO3ULIIITHUX MaTepiaiB.

Karouosi caosa: mopouikoBa MeTalyprisi, paKeTHO-KOCMiUHa Te€XHiKa, palionorjanHalIbHi i pagionpo3opi MaTepianu, depu-
MAarHeTUKU, BACOKOTJIMHO3EMUCTA KepaMiKa.
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