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This paper presents data on the synthesis of composites based on polyimide and modified tungsten (IV) oxide
(WO,). The resulting, highly filled, polyimide/WO, composites were investigated by electron microscopy and
thermal analysis in a gas environment of oxygen and argon. The maximum content of modified WO, in the
studied composites, was 60 wt%. The introduction of WO, increases the thermal stability of the composites. For
pure polyimide, the upper limit of the operating temperature is 507 °C; for a composite with a content of 30 wt%
WO, — 526 °C, and for 60 wt% WO, — 554 °C in a gas environment of Ar. The change in the physico-mechanical

properties of highly filled polyimide composites was studied under the conditions of thermal cycling from
—190°C to +200 °C. The time of one cycle was 22 min. The thermal cycle was repeated 5, 10 and 20 times. The
following parameters were determined: tensile strength, modulus of tensile elasticity and elongation under
tension. The introduction of WO, slightly reduces the initial strength characteristics of the composites.

1. Introduction

It is unthinkable to consider modern aerospace technology without
polymer composite materials. Traditionally, for space flight applica-
tions, mainly aluminum and titanium alloys are used [1-3]. However,
despite the high strength and performance characteristics of metal al-
loys, their use significantly increases the weight of the payload of the
aircraft. In addition, the use of metal alloys leads to the appearance of
bremsstrahlung X-rays, caused by the impact of protons and electrons of
the Earth’s radiation belts on the atoms of heavy metals [4-6]. For
polymers, this is a minor problem [7]. Therefore, at present, special
attention is being paid to the development of new types of polymer
composite materials for use in outer space [8-10].

Polymer composite materials, developed for the space industry,
must withstand the loads of space flight, including high structural
properties and resistance to high vacuum, radiation, micrometeorite
particles, in particular, atomic oxygen, etc. [11-15]. In addition, the
developed composites should have a wide operating temperature range
from —190°C to +200°C [16].

One of the most promising is the use of polyimide as a binder for
polymer composites for aerospace engineering. Polyimide has the
highest thermal stability among polymers and has high physico-me-
chanical properties [17-21]. Pure polyimide has low radiation protec-
tive properties (linear attenuation coefficient of gamma rays
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u=0.13cm™! at E = 0.5 MeV), which does not allow its use in outer
space. The impact of negative factors of space leads to a significant
destruction of the polyimide in a radiation environment [22-27]. To
prevent the destruction of polyimide in open space, it is reinforced with
various fillers. The introduction of fillers can significantly improve the
initial properties of polyimide, such as the operating temperature
range, strength, radiation protection, etc. [28-31].

For example, silicon carbide (SiC) nanoparticles are introduced into
a polyimide matrix to enhance the thermal properties of the material
[32]. To increase protection against neutron radiation, an introduction
into polyimide of nanostructured boron carbide [33], B,Cp [34] is
promising. However, the introduction of the proposed particles in
polyimide, in large quantities, leads to a decrease in the mechanical
properties of the composites [35,36]. To improve the physico-me-
chanical characteristics of polyimide composites, their reinforcement
with carbon fiber is promising [37]. Aluminum oxide (Al,O3) con-
tributes to the thermo-oxidative protection of polyimide-based com-
posites [38], and the silicone-containing material increases the re-
sistance to UV-radiation [39]. To create polyimide composites, with
high resistance to gamma radiation, it is necessary to use heavy in-
organic particles, such as PbO, Bi,03, Bi;,Si05 [40,41].

One of the promising fillers for polymer composites for space ap-
plications are oxides of transition metals, in particular tungsten oxides,
due to their high radiation resistance and high absorption coefficient of
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X-ray and gamma radiation (linear attenuation coefficient of gamma
raysp = 1.62...1.75 cm~'atE = 0.5MeV) [42-44]. Depending on the
oxygen content, tungsten oxides are dielectrics, semiconductors and
superconductors [45,46]. WO, is stable in vacuum up to 1800 °C and up
to 500 °C in the presence of oxygen, unlike WO3, which has 11 poly-
morphic transformations depending on the temperature and pressure
[47]. Each phase has a specific set of physico-chemical characteristics.
Therefore, the use of WO3 as a filler for a composite in space can lead to
the destruction of the structure of the composite with a sharp tem-
perature difference from —190 °C to +200 °C. In contrast to tungsten
hexavalent oxide, WO, has a high density of 12.1 g/cm?, is thermally
stable, non-toxic, and has wide technological possibilities of produc-
tion, which makes its use as a filler for a polymer composite for space
applications quite topical.

One of the most important aspects of the use of highly filled com-
posites in outer space is the stability of the physico-mechanical prop-
erties to a large temperature difference from —190°C to +200 °C.
When a satellite moves in its orbit around the Earth, it experiences a
high temperature difference. At first it is exposed to sunlight and the
temperature rises to + 200 °C, and when it is in the shadow of the Earth,
its temperature significantly decreases to —190 °C, with this cycle being
repeated many times [16]. Therefore, for the development of new
polymer composites for cosmic purposes, it is important to study their
physico-mechanical properties under thermal cycling conditions from
—190°C to + 200 °C.

This paper presents the synthesis of polymer composites based on
polyimide and modified WO,. The morphology of the highly filled
composites was determined and their thermal and physico-mechanical
characteristics were studied. The paper also presents research on the
change of physico-mechanical characteristics in terms of thermal cy-
cling from —190 °C to +200 °C.

2. Experimental section
2.1. Synthesis

For the synthesis of polymer composites, a polyimide pressing grade
PI-PR-20 (JSC Institute of Plastics named after G.S. Petrov, Moscow,
Russia) was used as a binder in the form of a fine powder. Technical
characteristics of the used powder are presented in Table 1.

WO, was used as a filler (manufactured by Plant of Rare Metals LLC,
Novosibirsk). WO, was in the form of a brown powder with a density of
12.1 g/cm?®.

To modify the surface of the WO, a polyalkylsiloxane liquid with an
active hydrogen content of 1.35% was used. The density of the liquid
was 1g/cm?®, the kinematic viscosity was 125 mm?/s.

WO, modification was carried out in a ball mill with the lowest
possible load of grinding balls (no more than 15%). Previously the
polyalkylhydrosiloxane liquid was dissolved in xylene in the following
ratio: 65wt% polyalkylsiloxane fluid and 35wt% xylene. After co-
milling WO, and a solution of a polyalkylhydrosiloxane liquid in xy-
lene, the mixture was dried at 150°C for 90 min, to carry out the
polymerization and consolidation of the CoHs- groups onto the WO,
particles [48], due to which, the WO, modified by the proposed method
became a hydrophobic substance.

Polymer composites of different modified WO, weight % (0, 10, 30,

Table 1

Technical characteristics of polyimide powder brand PI-PR-20.
Parameter Value
Dispersibility, pm 100-500
Mass fraction of volatile, % 0.5
Charpy impact strength without cut, kJ/m? 25
Tensile stress at break at 20 °C, MPa 92
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Fig. 1. Photograph of a mold design with a heating device.

60) were fabricated. Mixing of the powder components of the binder
and the modified filler was carried out in a jet-vortex mill, brand VSM-
10, for 30 min. The use of a jet-vortex mill allows not only the mixing of
the components, but also the production of a high-purity product with a
large specific surface area [49-51]. The resulting powder mixture was
loaded into a specialized cylindrical mold. The mold was heated by an
electric heating element. The body of the heater was made of ceramic
raw materials, which was encased in metal. Inside is a ceramic tube,
around which was wound a spiral of nichrome origin. A photograph of
the mold design with the heating device is shown in Fig. 1. A thermostat
was connected to the mold and the heating was controlled to a tem-
perature of ~ 390 °C. When the temperature reached 390 °C, the mix-
ture of components was heated for at least 1h, and then pressed at a
pressure of 100 MPa. The materials obtained were composite disks with
a diameter of 3 cm.

2.2. Characterization techniques

X-ray phase analysis of the films was carried out in Cu-Ka
(A = 0.154nm) by a sliding beam method: the fixed angle of the dif-
fractometer tube was 6 = 5° and the angle 26 varied from 40° to 90°.
PDWin software (DrWin, Qual) used the PDF JCPDS database (version
2.02 1999).

A TESCAN MIRA 3 LMU auto-emission electron microscope
(TESCAN, Czech Republic) was used for scanning electron microscopy.
This allowed high resolution images, of the surface under study, to be
obtained, especially at low accelerating voltages.

A thermal analyzer, STA 449 F1 Jupiter (NETZSCH), was used for
simultaneous thermal analysis. The materials were investigated in the
temperature range from 20 to 1000° C. The heating rate was 5 K/min.
Heating and recording of properties were carried out in a gas en-
vironment of oxygen (O5) and argon (Ar). Tests of the images of com-
posites in tension were carried out according to the method specified in
DIN EN ISO 527. For this, samples of size 250 X 25 X 2.5 mm were cut
using a water-jet before the samples were subjected to grinding using a
polishing wheel BRUNI, for polymeric materials.

For heating the samples, a ShS-80-01 MK SPU drying cabinet was
used, and liquid nitrogen, stored in a Dewar vessel, was used for the
cryogenic treatment. The complete thermocycling procedure for all
samples was as follows:
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Fig. 2. Temperature cycle of material processing: (a) one full cycle and (b) ten
cycles.

(1) Held in a cold environment (—190 °C) for 2 min,
(2) Held at room temperature (+23 °C) for 5 min,
(3) Held in a hot environment (+ 200 °C) for 10 min,
(4) Held at room temperature (+23 °C) for 5 min.

The time of one cycle was 22 min. The thermal cycle was repeated 5,
10 and 20 times. Fig. 2 shows a schematic of the temperature cycle of
the materials processing.

After the required number of thermal cycles, samples of the polymer
composites were subjected to a tensile test using the universal tensile
testing machine EUS-40 (with a pulsator) 20 kN. The following para-
meters were determined: tensile strength, modulus of tensile elasticity
and elongation under tension. The tensile strength of polymer compo-
sites before and after thermal cycling was determined according to Eq.
1):

F,
P
U__O

(€8]

where F, is the load at which the polymer composite has been de-
stroyed, N; Sp = b X h is the initial cross section of a sample of the
polymer composite material, mm?; b, h is the width and thickness of the
sample of the polymer composite material, respectively mm.

The elongation of the sample polymer composite material at the
time of destruction, Al determined the relative elongation at break by
Eq. (2):

£= Al-lOO%

Iy (2)
where Al is the change in the estimated length of the sample polymer
composite material at the time of rupture mm; [, is the calculated length
mm.

The modulus of elasticity was determined by Eq. (3):

_ _®B-FR)l
P S(AL — AL) 3)
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Fig. 3. X-ray powder diffractogram of source filler.

where F;, F, are the values of the loads corresponding to the relative
elongation of the sample of the polymer composite material 0.1% and
0.3%, N; Aly, Al, are the elongation at loads F;, F», respectively mm.

3. Results and discussion
3.1. Surface morphology of the obtained composites

The X-ray powder diffractogram of the filler is shown in Fig. 3. It has
been established that the initial sample of the filler is a single-phase
crystalline product WO,, corresponding to card No. 71-614 in the PDF2
powder diffractogram database. WO, crystals have a monoclinic
structure with the following lattice parameters: a = 5.563, b = 4.896,
¢ = 5.563. The diffraction maximum is observed at d = 3.42 A. In the
WO, crystal in the (01 0) plane, the distance between the molecules
along one of the lattice translation vectors is 2.7 A. In the other direc-
tion, it is 2.4 A. The angle between the vectors is 68° [52].

The morphology of the original WO, particles was examined using
scanning electron microscopy. Fig. 4 shows the SEM images of WO,
particles at different resolutions. According to the electron microscopy
data, the WO,, particles are crystals, mostly cubic in shape, with sizes of
150-200 nm (Fig. 4b). It can be seen that the WO, nanoparticles are
subject to strong aggregation with the size of the aggregated particles
reaching 30 um (Fig. 4a).

The introduction of aggregated particles into the polymer matrix
will lead to a non-uniform distribution of the filler. This will have a
negative impact on the thermal and physical-mechanical properties of
the final composite. There are various ways to evenly distribute fine
particles and incorporate them into the composite structure. The main
ones are: mechanical dispersion, sonication, magnetodynamic treat-
ment, chemical surface activation, electrodeposition, and so on
[53-55]. These are often used as combined methods. In this work, the
method of chemical activation of the surface of WO, by modifying a
polyalkylhydrosiloxane liquid, was used.

Fig. 5 shows the SEM images of the obtained composites using
modified (Fig. 5b, d) and unmodified (Fig. 5a and ¢) WO, with the same
content of filler (60 wt%).

As can be seen from the micrographs of the surface of all compo-
sites, polyimide particles (dark region) bind WO, particles (light re-
gion) to form a single composite. No chips or cracks were found on the
surface of all the samples studied. This indicates a strong physico-
chemical interaction of the components in the polymer-filler system. As
can be seen from Fig. 5b, the use of modification leads to a uniform
distribution of WO, in the entire volume of the composite. In some
areas there is a small number of agglomerates, of various shapes, not
exceeding 2 um in size. The use of unmodified filler (Fig. 5a and c) leads
to a significant increase in the size of the agglomerates. The aggregated
WO, particles reach 20 um. Thus, the use of WO, modification, when
introduced into a polyimide matrix, prevents particles from aggregating
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Fig. 5. SEM images of a polyimide composite with 60 wt% WO, with: (a, ¢) — unmodified filler; (b, d) — modified filler.
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Fig. 6. TGA curves for composites in the gas environment of O, (a) and in the gas environment of Ar (b).

and allows them to be evenly distributed throughout the entire polymer
volume.

3.2. Thermal analysis of the obtained composites

One of the main characteristics of polymers and their composites is
thermal stability (the upper limit of the operating temperature). In this
work, in order to estimate the upper limit of the working temperature
and assess the physical transitions in the structure of composites ac-
companied by thermal effects, a thermal analysis of composites, with
different contents of modified WO, was carried out. The following
methods of thermal analysis were used: thermogravimetric analysis
(TGA) and differential thermal analysis (DTA). Studies were carried out
at a temperature of from 20 to 1000 °C in a gas environment of oxygen
(0,) and argon (Ar). The standard was the Al,O3 charge. Fig. 6 shows
the obtained TGA curves of pure polyimide, filler, and composites in a
gas environment of O, (Fig. 6a) and in a gas environment of Ar
(Fig. 6b). The maximum content of modified WO, in the studied com-
posites was 60 wt%. With a higher content of filler, there was a lack of
binder for the formation of components into a single composite.

Fig. 6a shows that in a gas environment of O,, pure polyimide is
thermostable to a temperature of 420 °C without any loss of mass
showing on the TGA curve. In the gas environment of Ar, the thermal

stability of the polyimide increases slightly to 440 °C (Fig. 6b). The
temperature of the end of thermal decomposition of the polymer, in
both gas environments is 680 °C. Fig. 6a shows that in a gas environ-
ment of O,, WO, is thermostable to a temperature of 472 °C without any
changes showing on the TGA curve. Above 472 °C, an increase in WO,
mass on the TGA curve is observed (Fig. 6a). At a temperature of
1000 °C, the residual mass of WO, is 107.55%. Fig. 6b shows that in a
gas environment of Ar, the proposed WO, filler is thermostable over the
entire temperature range of the study. No weight loss was recorded up
to 1000 °C on the TGA WO, curve (Fig. 6b).

Analysis of the curves in Fig. 6 shows that a sample of polyimide has
the greatest mass loss compared with composites filled with WO,, both
in a gas environments of O, and Ar. Since the upper limit of the op-
erating temperature for polymers is determined by the temperature at
which there is a loss of no more than 5% of the mass, for pure polyimide
the limit of the operating temperature is 507 °C, for a composite with a
content of: 10 wt% WO,- 511 °C, 30 wt% WO, — 526 °C and 60 wt%
WO, - 554 °C in a gas environment of Ar Therefore, the introduction of
a more thermostable filler, compared to polyimide, made it possible to
create composites with an increased temperature range of operation.

Fig. 7 shows the DTA curves of pure polyimide, a filler, and com-
posites in a gas environment of O, (Fig. 7a) and in a gas environment of
Ar (Fig. 7b). It can be noted that the DTA curves of pure polyimide in
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Fig. 7. DTA curves for composites in the gas environment of O, (a) and in the gas environment of Ar (b).

the gas environment of O, and in the gas environment of Ar, are almost
the same.

DTA curves of pure polyimide are characterized by a long exo-
thermic effect with a pronounced maximum at 607 °C. The peak at this
temperature corresponds to the maximum rate of decomposition of the
polymer. The second, less intense, peak at 420 °C in the gas environ-
ment of O, (Fig. 7a) and at 440 °C in the gas environment of Ar (Fig. 7b)
corresponds to the onset of thermal degradation of the polymer. At this
temperature, the TGA curve begins to decline, which indicates the be-
ginning of mass loss.

In contrast to the DTA polyimide curves, the DTA curves of WO, in
the gas environment of O, (Fig. 7a) and in the gas environment of Ar
(Fig. 7b), differ greatly. No exothermic or endothermic effects were
recorded on the DTA curve of WO, in the gas environment of Ar. With
the DTA curve of WO, in, the gas environment of O, there are three
distinct peaks. The first extended endothermic effect, with a pro-
nounced maximum at 492 °C, is obviously associated with the reaction
of WO, with O, at high temperature, with the result that hexavalent
tungsten oxide, WOj3 is formed. The second pronounced endothermic
effect on the DTA curve of WO,, at a temperature of 757 °C seems to be
related to the recrystallization of the resulting WO3 from the monoclinic
(I) or c-phase P21/n (C52) in orthorhombic Pmnb (D162) crystalline
phase [47]. The third, least pronounced, peak in the DTA curve of WO,

at a temperature of 901 °C, is also associated with the recrystallization
of the resulting WOj3 from the orthorhombic Pmnb (D162) in tetragonal
P4/nmm (D74) crystalline phase [47]. On the DTA curves of the com-
posites there are peaks corresponding to both polyimide and filler. New
exo-or endothermic effects on the DTA curves of the composites were
not detected.

3.3. Physico-mechanical properties of the obtained composites under
thermal cycling conditions from —190°C to +200°C

One of the most important environmental effects of materials based
on polymers used in space, is the thermal cycle, in which the composite
undergoes a large temperature difference from —190°C to 4200 °C.
When a satellite moves in its orbit around the Earth, it experiences a
high temperature difference: at first it is exposed to sunlight and the
temperature increases (+ 200 °C), and when it is in the shadow of the
Earth its temperature significantly decreases to —190 °C. This cycle is
repeated many times. Continuous thermal cycles, in outer space, can
cause the formation of microcracks in materials, a deterioration of the
physico-mechanical characteristics, which will lead to the complete
destruction of the material. The developed composites were subjected
to thermal cycling tests in the temperature range from —190°C to
+200 °C.
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Fig. 8. Curves of tensile strength (a), modulus of tensile elasticity (b) and elongation at break (c) versus the number of temperature holding cycles.

Fig. 8 shows graphs of the tensile strength (Fig. 8a), the modulus of
tensile elasticity (Fig. 8b), and the elongation at break (Fig. 8c) of the
materials under investigation versus the number of temperature ex-
posure cycles.

Analysis of the data in Fig. 8 shows that the initial sample of
polyimide has the largest tensile strength and modulus of tensile elas-
ticity compared to highly filled composites. However, after thermal
cycling, there is a slight decrease in these parameters. After 10 cycles a
decrease in the tensile strength of the polyimide sample by 1.7% is
observed, and after 20 cycles, a decrease of 5.2% (Fig. 8a). A similar
situation is observed with the values of the modulus of tensile elasticity,
after 10 cycles a decrease of 5% is observed, and after 20 cycles a de-
crease of 10% is observed (Fig. 8b).

The introduction of a modified WO, filler reduces the initial
strength characteristics of composites. After thermocycling, as in the
case for pure polyimide, a slight decrease in tensile strength and tensile
modulus is observed. For a highly-filled composite sample, with a 60%
content of modified WO,, after 10 cycles, a tensile strength of the
composite decreases by 3.9%, and after 20 cycles by 11.6% (Fig. 8a).
The modulus of tensile elasticity, of a highly filled composite after 10
cycles, decreases from 3.5 GPa to 3 GPa, and after 20 cycles its value is
minimum and equal to 2.8 GPa (Fig. 8b).

An analysis of the elongation values at break (Fig. 8c) showed that
the purest polyimide samples had the greatest elongation at the time of
destruction. The arithmetic mean value of the elongation at break for
samples of pure polyimide without filler, subjected to different number
of thermal cycles is 8.9%. For a sample with 30 wt% content of mod-
ified WO,, this value is 6.8%, and for the composite with the highest
content of 60 wt% modified WO, — 3.8%.

As can be seen from Fig. 8, the thermal cycling of all the materials
under study, as expected, led to a decrease in such mechanical char-
acteristics as tensile strength and modulus of tensile elasticity. How-
ever, in the case of highly filled WO»-modified composites, the decrease
in mechanical characteristics turned out to be more significant com-
pared to the sample of pure polyimide. This is explained by the fact that

the matrix is less susceptible to a sharp temperature drop (from
—190°C to + 200 °C) compared with the composite materials, which is
reflected in a significant deterioration in the mechanical characteristics
of the composites compared to the polyimide (Fig. 8a, b).

Fig. 9 shows the SEM images of the composites after exposure to
temperature cycles.

As can be seen from the micrographs of the surface of polyimide
after exposure to temperature cycles (Fig. 9a and b), no chips or cracks
were found on the surface of all the samples studied. There are mi-
crocracks on SEM image of the composite with 60 wt% WO, after ex-
posure to 20 temperature cycles (Fig. 9d). Therefore, we can conclude
that changes in the physico-mechanical characteristics of the compo-
sites filled with modified WO,, after thermocycling, are due to the oc-
currence of internal stresses in the composites due to the expansion and
contraction of both the polyimide matrix and the particles of modified
WO,, in accordance with their linear coefficients of thermal expansion
[56]. Due to the large difference between the linear thermal expansion
coefficient of polyimide 510° K~ (ASTM D 696) and the linear
thermal expansion coefficient WO, — 2:10°%K ™! a temperature change
from —190 °C to + 200 °C leads to changes in the thermal stress level in
the composite. Since the components are internally limited, tempera-
ture fluctuations cause stress to build up at the interface [57]. One of
the most serious problems during thermal cycling of composites is the
breaking of bonds between their components, in this case the polyimide
matrix and the modified WO,. Such a breakage is caused either by the
expansion of pre-existing microcracks or the creation of new micro-
cracks on the surface of the composite (Fig. 9d).

4. Conclusions

It has been shown that the use of a polyalkylhydrosiloxane liquid for
modifying WO, when introduced into a polyimide matrix, prevents
aggregation of filler particles and allows them to be evenly distributed
throughout the entire polymer volume. The use of unmodified filler
leads to a significant increase in the size of the agglomerates. The
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Fig. 9. SEM images of a polyimide (a,b) and polyimide composite with 60 wt% WO, (c,d) after exposure to 10 (a,c) and 20 (b,d) temperature cycles.

aggregated WO, particles, in the transverse direction, reach 20 um.

The polyimide sample has the highest mass loss compared with the
WO.-filled composites both in the gas environment of O, and in the gas
environment of Ar. For pure polyimide, the upper limit of the working
temperature is 507 °C; for a composite with a content of 10 wt% WO, —
511°C, 30 wt% WO, — 526°C and 60 wt% WO, — 554°C in a gas
environment of Ar.

For a highly filled composite sample with a 60% modified WO,
content, after 10 cycles, the tensile strength of the composite decreases
by 3.9%, and after 20 cycles, decreases by 11.6%. The modulus of
tensile elasticity of a highly filled composite, after 10 cycles, decreases
from 3.5 GPa to 3 GPa, and after 20 cycles its value is minimum and
equal to 2.8 GPa.

The developed composites can find application as radiation pro-
tective shields of electronic equipment located on the outer side of the
spacecraft. Such radiation protective shields are not a supporting
structure. Therefore, the obtained values of tensile strength, modulus of
tensile elasticity and elongation at break after exposure to temperature
cycles are sufficient.
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