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1.Brief description of the work plan: objective, expected results, technical approach

Thermoregulating coatings (TRC) are used in space vehicles in order to maintain their thermal
regime. SVs are subject to the action of many factors that cause important changes in their properties
and performance of external surfaces. Maintenance of the SV thermal mode is provided by active and
passive thermal control systems. In the case of passive thermal control, the SV temperature is
determined by the amount of absorbed solar energy, which depends on the integral absorption
coefficient of solar radiation as well as on the amount of heat released by the on-board equipment and
emitted into outer space. This is ensured by enamel and ceramic thermoregulating coatings of "solar
reflectors" type on the basis of white oxide pigments. As pigments for such type of coatings,
ZrO;, TiOy, Zny, TiO4 oxide powders are mostly used because they are the most stable to the action of
charged particles as well as solar, vacuum and near ultraviolet radiation quanta.

The known thermoregulating coatings are less stable under the influence of space factors at long term
orbital flight of space vehicles. Here, optical properties of the coatings change, which leads to
instability of the radio-electronic equipment, to failures and breakdown of the on-board systems, and
thereby to a decrease in the space vehicle active life. The used materials are obtained on the basis of
high-purity expensive chemicals modified by nanopowders of certain compositions at high
temperatures. The process of their obtaining is multi-stage and long-lasting. That is why, new
compositions of thermoregulating coatings are developed, radiation characteristics of known materials
are improved by modifying their structure in various ways, etc.

Our preliminary investigations in the field of the synthesis of high-purity materials have shown that the
nanopowders of zinc and zirconium silicates doped with yttrium, cerium and other oxides may be
successfully used as pigments for solar reflectors. Thermoregulating coating on the basis of these
materials will ensure their long-term service in space. Preparation of silicate solutions and synthesis of
silicates using microwave hydrothermal treatment is an effective method for producing composite
nanocrystalline silicates in comparison with the methods of solid phase reactions. The proposed method
makes it possible to use silica-containing rocks as a raw material.

The objective of the project is to develop new compositions of radiation-resistant thermoregulating
coatings for space vehicles (SV) as well as their production technologies on the basis of original
perspective hydrothermal microwave synthesis (HTMW method).

The Project tasks are:

- Study of regularities and determination of optimal conditions for the production of solutions of
silicates (Na20-nSiO,, K,O-nSiO;) of certain compositions from siliceous rocks by hydrothermal-
microwave (HTMW) processing.

- Research aimed at the development of a method of cleaning of silicate solutions from coloring
impurities by a combination of electromagnetic and microwave activation of silicate solutions.

- Research aimed at the development of a HTMW method of obtaining zinc and zirconium silicates
using modifying yttrium and cerium oxides. Study of physical, chemical properties and radiation
resistance of crystalline and amorphous zinc and zirconium silicates.

- Research aimed at the development of compositions for thermoregulating coatings of "solar reflectors™
type. Study of radiation-stimulated processes in irradiated silicate pigments.



Project # A-2133 Final Project Technical Report Page 5/92

- Development of a technology for obtaining thermoregulating coatings from siliceous rocks, meeting
the parameters necessary for long-term operation of space vehicles under the impact of space
environment.

Expected results

- Development of a HTMW method of obtaining solutions of silicates (Na2O-nSiO;, K,O-nSiO;) with
predetermined properties on the basis on siliceous rocks.

- Development of a method of deep cleaning of silicate solutions from coloring impurities by a
combination of electromagnetic and microwave activation of silicate solutions.

- Development of a HTMW method of obtaining zinc and zirconium silicates and investigation of their
physical, chemical and radiological properties.

- Development of compositions for thermoregulating coatings of "solar reflectors” type.

- Development of a HTMW technology for thermoregulating coatings.

Technical Approach and Methodology

The work to achieve the project objectives is based on experimental and theoretical studies. During the
implementation of the Project, the world experience in the development of non-traditional methods of
obtaining materials was used, as well as the creative experience and scientific achievements of the
Project participants. The implementation of this project has been directed to obtaining high-purity
highly disperse silicate products for TRC. The problem of obtaining silicate materials and TRCs based
on silica-containing rocks has been solved as a result of detailed theoretical and experimental studies of
silicate formation processes, taking into account the specified characteristics of the above materials. On
the basis of these studies, for the first time a fundamentally new technology for the production of
silicates and TRCs based on hydrothermal-microwave synthesis has been developed.

2. Research methods
2.1. Physical and chemical analyzes of raw materials and silicates.

In the course of the Project implementation, systematic analyzes and tests of initial, intermediate and
final products, study of physical and chemical processes, testing of samples of silicate pigments for
TRCs were carried out. For the successful completion of the Project, various traditional and modern
methods of analysis and instruments were used in the work, the achievements of science and
technology, new approaches and non-traditional sources of energy were used. Physical, technical
properties and mineralogical characteristics of raw materials (perlite, diatomite, quartzite) were
determined by physico-mechanical and petrographic methods of analysis.

Chemical compositions of raw, intermediate and final products were determined by various methods
of analyzes. The content of elements in rocks and silicates was determined according to GOST (Former
USSR Standards) 160.800.350-76 with a relative accuracy of no more than 0.5%. Determination of
Si02, Naz0, K;O and Fe0s3 in the solutions was carried out in accordance with GOST 13078-81
procedures. The amount of iron was determined by chemical and spectrophotometric methods of
analysis. Spectrophotometric analysis was performed using AAS-1 spectrophotometer.
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X-ray fluorescence analysis of the samples was performed using Thermo Scientific ARL QUANT’X
Energy-Dispersive X-Ray Fluorescence (EDXRF) Spectrometer. All measurements were performed in
vaccum. Each sample was measured under eight different excitation conditions, which involve
different X-ray tube voltage in the range from 4kV to 50kV and corresponding primary beam filters.
Acquired eight spectra were analysed using UniQuant standardless analysis software.

IR-spectrographic investigation of samples was carried out wusing SPECORD-75 IR
spectrophotometer. The samples represented a mix of the investigated powder with the petrolatum
marked as a thin layer on a NaCl and KBr plate.

SEM observations and EDS analysis were carried out using Philips XL 40 scanning electron
microscope.

X-ray diffraction analysis was carried out using DRON-2 and URD 63 powder diffractometers (CuKa
radiation).

DTA up to 1500°C were carried out in a platinum crucible of Q-1500 derivatograph (IOM Hungarian
company, anneal Al;Os as a standard).

The luminescent properties of the samples were studied at SUPERLUMI station of HASYLAB
Laboratory (Hamburger Synchrotronstrahlungslabor) of DESY Synchrotron (Deutsche Elektronen-
Synchrotron) (Hamburg, Germany) and the newly developed experimental installation, LUMEN (Fig.
6).

Spectroscopic characteristics of samples (luminescence excitation and fluorescent properties) were
determined within a wide spectral range (2- 20 eV, 5 -10 keV). The experiments were performed at
10K, 78 K and 300 K.

Diffuse reflectance of radiated and non-radiated samples of silicates was determined using FMSh-56M
and SPECORD-M-40-UV VIS spectrophotometers.

Irradiation of the samples was performed using ELU- 5 linear electron accelerator in the low pressure
(10°- 10°Pa) and temperature (90K) mode (5 MeV, 20 MeV electrons at a dose of 10%°, 107
electrons/cm?).

2.2. Technique of obtaining silicate solutions.

Preparation of silicate solution from siliceous rocks is solved on the basis of detailed theoretical and
experimental studies of the interaction of rocks with sodium or potassium hydroxide solutions at
microwave heating within a temperature range of 90-240°C at a pressure of 0.9-33 bar. The processing
of silica-containing rocks and the synthesis of silicates were carried out in CE1073AR Samsung
microwave oven designed for conducting chemical processes in an open glass flask equipped with a
reflux condenser and Teflon mixer (Fig. 1), as well as in the multi-mode ETHOS microwave oven
(Milestone Company), ( Fig. 2) and MS-6 oven (VOLTA Company), ( Fig. 3).
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Fig.1. CE1073AR Samsung microwave oven

Fig. 3. MS-6 microwave oven
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2.3. Technique of purification of silicate solutions.

The cleaning of silicate solutions from coloring impurities was carried using a simple and effective
method developed by our team: preliminary electromagnetic processing with subsequent co-
precipitation of impurities in the form of silicates at MW heating. The structure and state of coloring
impurities in silicate solutions were determined by IR spectroscopy, X-ray phase and
spectrophotometric analysis. To study the mechanism of electromagnetic purification of silicate
solutions, the effects of various factors (the electromagnetic field intensity H, the processing
temperature T and time t, the concentration of initial solutions, the amount of the precipitant collector
(Ca0), the feed rate of the solution through the electromagnetic field V, and heating method) on the
degree of purification were also determined, and the conditions for obtaining high-purity silicate
solutions were chosen.

2.4. Technique of obtaining doped and non-doped zinc and zirconium silicates.

The obtaining of not-doped and doped zinc and zirconium silicates was carried out in CE1073AR
Samsung microwave oven (Fig. 1), as well as in MC-6 multimode microwave oven (VOLT Company)
(see Fig. 3) within a temperature range of 80 - 240 ° C, using the precipitation method, simultaneous
reacting of the solutions of sodium silicate and salts of corresponding elements (zinc, zirconium,
yttrium and cerium). Those conditions of deposition (pH, deposition temperature, the order and
sequence of pouring off the solutions) were selected that provide formation of, Zr0,.SiO;mH;0,
ZnOnSiO2mH;0 (n = 0.5, 1) etc. hydrosilicates with predetermined characteristics.

Heat treatment of doped and not-doped zinc and zirconium silicate samples was carried out in LHT
08/17 electric furnace (Nabertherm Company).

2. 5. Investigation of surface characteristics of zinc and zirconium silicates.

The specific surface (S, m?/g) is the total area of the interface between the solid and gaseous phases in
porous materials per 1 g of the solid phase. The specific surface is formed by the outer surfaces of all
the particles of the porous material and the inner surfaces of the open pores. For real powders composed
of particles of different sizes and irregular shapes, it is possible to estimate the mean particle
diameter. Ssp is calculated from the monolayer capacity for the concrete material. The monolayer
capacity is the amount of the adsorbate that can be allocated in a completely filled one molecule
thick adsorption layer (monolayer) on the surface of a unit mass (1 g) of the solid.

The specific surface was investigated by the methods based on physical adsorption of gases or vapors
and on indentation of liquids into the pores (BET method) using AccuSorb 2300E device
(Micromeritics Company, USA).

Determination of the adsorption pore volume, Vy: A sample of the solid porous material (0.2-0.5 g)
is placed in a preliminary weighed weighing bottle. The latter is transferred to a desiccator with
benzene, in which the sample is kept for two to three days. The benzene vapor is absorbed by the
investigated sample; capillary condensation of benzene vapors by the porous material occurs, and as a
result the weight of the bottle with the sorbent increases. The difference in mass of the bottle with the
sample of silica gel (or some other sorbent) before and after exposure to benzene vapor is equal to the
mass of vapor of the absorbed benzene. Density of benzene at 20°C is 0.878 g/cm?®. The total adsorption
pore volume of the sample, V, (cm*/g) is calculated from the following equation:

VP = Mpax. -Mo /M p,
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where m is the weight of the sample in g; m, is the mass of weighing bottle with the sample; Mmax. is the
mass of weighing bottle with the sorbent after keeping in benzene vapor; p is benzene density (0.878
g/cm? at 20°C).

2.7. The effect of UV radiation on the radiation-optical properties of silicates.

The effect of UV-irradiation on the radiation-optical properties of silicates was studied within the
wavelength range from 1 um to 2.2 um. Prior to irradiation, the samples were dried in drying cabinets
until a powder-like substance was obtained. UV irradiation was carried out using various exposures and
cycles - up to 180 minutes at temperatures ranging from -100 to 150°C. After the UV radiation,
transmission/absorption spectra of the irradiated samples were measured. For this purpose, the sample
powder of the test substance was mixed with KBr in a proportion of 30mg : 130mg. Then the mixture
was compressed in a specially manufactured form into a tablet 20 mm in diameter. To exclude the
effect of KBr on the spectrum of the test sample, the measurements were carried out in a two-beam
mode: a KBr tablet prepared in the conditions identical to those used for the test sample was placed in
the comparison channel.

2. 8. Study of luminescent properties of silicates

Cathodoluminescence (CL) experiments were performed using a special installation (see Fig.4). CL
spectra were recorded simultaneously using a dual-channel installation: Johnson— Onaka double
vacuum monochromator (with Al+MgF; grating, 1200 slits per mm) equipped with Hamamatsu R6838
photomultiplier within the range of 4 - 12 eV, and a double prism monochromator equipped with
Hamamatsu H6240 photomultiplier within the range of 1.5 - 6.0 eV. The CL spectra were measured
within a temperature range of 77-300 K using a low-temperature cryostat. The samples temperature was
monitored by LakeShore 331 Temperature Controller. To excite CL, a compact pulsed electron
accelerator with the following beam parameters: tunable electron energy of 1 - 30 keV, the electron
current 10 - 100 nA, typical spot size ~ 0.5 mm? was used.

Fig. 4. Experimental cathodoluminescence installation

Experimental procedure and processing of spectra. The luminescent properties of the pigments
TRC were studied at SUPERLUMI station of HASYLAB Laboratory (Hamburger
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Synchrotronstrahlungslabor) of  DESY  Synchrotron  (Deutsche  Elektronen-Synchrotron)
(Hamburg, Germany). SUPERLUMI station provides ample opportunities for research in the field of
luminescence VUV spectroscopy using devices with high time and energy resolution. The station is
placed in the synchrotron radiation (SR) channel of DORIS Ill accumulator ring (orbital radius is 289.2
m). SR pulses have Gaussian shape (FWHM = 120 picoseconds) with a repetition period of 192 or 482
nanoseconds depending on the accumulator operating mode. The samples were placed in the working
chamber on a copper crystal holder of the blow-off helium cryostat that provided oil-free ultrahigh
vacuum better than 2x10 ™° torr to ensure pure crystal surface at low temperature experiments. The
registration system allowed measuring the kinetics curves of luminescence decay in different spectral
points using selective photo-excitation from 3.7 to 35 eV (35-335 nm) and luminescence spectra in the
range of 1.0 to 10.5 eV (118-1240 nm).Figure 5 shows the scheme of optical measurement used in
SUPERLUMI station. The station is equipped with three monochromators. For excitation of

luminescence, two meter primary vacuum 150 McPherson monochromator with linear dispersion ~ 4
A/mm was used. Aluminum (for the energy range 3.5-20 eV) or platinum (for the energy range 5-35
eV) coated diffraction lattices were installed in the monochromator to ensure spectral resolution 0.32
and 0.25 nm, respectively. In order to eliminate the higher orders of diffraction lattices, quartz or LiF
filters were installed on the output window of the monochromator. Optical scheme of the primary

monochromator provided the needed SR spot on the samples (4x0.15 MMZ). Registration of
luminescence in ultraviolet and visible regions of the spectrum was carried out using 0.3 m Spectra Pro-
308i monochromator-spectrograph (Acton Research Corporation, USA) (Czerny-Turner scheme) and
R6358P photoelectric electron-multiple tube (Hamamatsu, Japan) or CCD camera (Sony, Japan). A
typical exposure time when using the CCD camera was from 100 to 300 sec depending on the intensity
of luminescence of particular samples.

VUV luminescence was recorded using a 0.5 m VUV monochromator (Scheme Puie 28 °) with its own
vacuum chamber, separated from the sample chamber by a high-vacuum valve. At the output of the
monochromator a solar-blind photoelectric electron-multiple tube R6836 was installed to measure
luminescence spectra.

ARC Spectra Monochromator Sample
with CCD Camera He-Cryostat
lon Pump
PMT.
o
TMP

Primary Monochromator

Fig. 5. Scheme of SUPERLUMI station.
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Photoluminescence. To carry out studies on the effects of solar radiation and the experimental
determination of the effectiveness of solar energy concentrators, you need, above all, a source of
radiation which spectrum is close to the sun spectrum in outer space or near the Earth's surface.
Therefore, one of the most important components of system test stations is a solar simulator. The
luminescent properties of the samples were tested using the newly developed experimental installation,
LUMEN (Fig. 6). The installation provides ample opportunities for research in the field of fluorescent
UV-visible spectroscopy with energy resolution at different temperatures.

Fig.6. LUMEN laboratory installation

Figure 7 shows the scheme of optical measurements using LUMEN installation. Optical scheme of the

primary monochromator provided UV radiation spot size 2 x 0.15 MM2 on the sample. The second
monochromator was used for the registration of luminescence in UV and visible spectral regions. At the
exit of the monochromator, a solar-blind photomultiplier was arranged to measure luminescence
spectra. LUMEN installation operations, regimes of temperature and measurement range selection,
were computer controlled, and processing of luminescence spectra was carried using special software.

Absorption
pump
Monochromator l—__|
Lamp AMP-4 A Forevacuum

L1

M‘-‘—g LN Cryostat pump

3 <
NI i~ 53
Controller // % 3
ADC Stgper £S
—-—\\_‘[ 3
\\ g
A Q,_LJ
e Photo-
PC multiplier

Preamplifier PMT 106

Fig.7. The scheme of LUMEN experimental installation.
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2. 7. Diffuse reflectance

Diffuse reflectance of silicate powders as well as compacted powders in the form of 2-3 mm thick
tablets 20-30 mm in diameter were measured. To measure the diffuse reflectance of the obtained
compositions and TRCs, the samples were prepared as follows: the necessary amounts of pigment and
potassium silicate solution were mixed 45-60 minutes in a planetary agate mill with agate balls to
obtain a homogeneous mass. 2-3 layers of the well-mixed slurry was applied to a prepared aluminum
surface and dried at room temperature for 24 hours. Experiments

3. Experiments
3.1.Introduction and Overview

Thermoregulating Coatings (TRC) are used in various areas, particularly in aerospace engineering to
protect space vehicles (SV) from aggressive radiation and control the SV surface thermal regime. The
TRC materials for SV should have low absorption coefficient (as) high reflection coefficient (g) in a
wide radiation range, as well as high radiation resistance.

In space, there are only two kinds of radiation: electromagnetic and corpuscular. The main sources of
these emissions are the sun and the galaxy. In this connection, in all directions, including toward the
earth, the following types of ionizing radiation are propagated:

® galactic cosmic rays;

e clectromagnetic solar radiation;
® solar wind;

® solar cosmic rays.

Galactic cosmic rays: As galactic cosmic rays have relatively low flow intensity, they are practically
not dangerous to reflective coatings within a lifetime of less than 10 years, so they will not be
considered.

Electromagnetic Radiation: Electromagnetic solar radiation (ESR) is a quantum flux with energy
from X-ray to the near infrared region.

The energy of ESR quanta is determined from the following relationship:

E = 1240/,

where the energy is in eV, A is the wavelength in nanometers.

From the above formula it is seen that the major part of ESR quanta has energy less than 5-6 eV.

Solar wind: Solar wind is a flow of plasma propagating from the Sun in all directions, including toward
the Earth, at a speed of 400 km/s. Its traveling time from the Sun to the Earth is about 4 days. The
positive component of the plasma are protons (about 96%) and a- particles (about 4%), its negative
component are electrons. The energy of protons is up to 3 keV, the energy of electrons makes 10-20
eV. The proton flow density reaches a few protons per 10® cm?s™.

Solar cosmic rays: Chromospheric Sun flares may be accompanied by emission of high-energy
particles, solar cosmic rays (SCR) into interplanetary space. Solar cosmic rays consist mainly of
protons, owing to this the flares generating them are called proton flares. The nucleonic component of
the SCR includes nuclei of helium and heavier elements up to iron. They also include electrons. Proton
flares create a powerful X-ray and radiofrequency emission. The content of a-particles in corpuscular
flows emitted by flares, is not constant and varies from 10 to 0.3%. Usually, the share of a-particles
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makes 0.8 - 2.5%. During the increase of the flow to maximum the share of o-particles reduces to
approximately 0.7%. The flows of heavier nuclei are ten times less than a-particle flows.

Charged particles trapped by the Earth's magnetic field: A special factor of cosmic space are Van
Allen radiation belts (RB) originated from the capture of charged particles by the Earth's magnetic field.
As a result, the Earth's magnetosphere is filled with electrons, protons and ions of various energie.
Figure 1 shows the structure of the Earth's magnetosphere and RBs. When contacting the solar wind
with the geomagnetic field, a shock wave is generated followed by a transition region, and then —
magnetopause, a boundary of the geomagnetic field. The night side of the Earth's magnetic field is
essentially stretched, forming the so-called magnetospheric tail with a plasma layer. The radiation
trapped by the geomagnetic field fills the zones of stable capture and quasi-capture. Just these areas are
of the most interest in view of the impact of charged particles of Van Allen radiation belts on SV
coatings.

/ Magné’tnsheath
Magnetopause
Cusp “
/ Magnetotail
Solar ( ;?“\__ e

.—/.—
Plasmas
‘.. =2 > -
2 P i -

. S Ncut;al point £
Wind \ —_——
2. _Plasmasphere
Bow Shock

Fig.8. Scheme of radiation fields in the Earth's magnetosphere

There are two belts in the trapped radiation: internal and external ones (Fig. 1). The division into two
belts is rather arbitrary and is related to the spatial distribution of electron flows with two expressed
maxima of intensity. The sources of the internal belt electrons are cosmic rays and particles injected
during strong magnetic storms. The energy of the particles reaches hundreds keV. The sources of the
external belt electrons are the solar wind electrons. The spatial distribution of intensity of electron flows
are subject to significant variations that are determined by the phase of solar activity, magnetic
disturbances, the 27-day solar cycle period and the time of day.

The proton component of RBs is very stable over time (especially at high energies). There are also
internal and external proton belts, but the spatial distribution of proton flow does not coincide with that
of electron flow; in particular, the intensity of proton flow reaches its maximum in the gap between the
internal and external electron belts. The internal zone encloses high-energy protons. Their source are
albedo neutrons of cosmic rays, i.e. the interaction of protons and ions of cosmic origin with
atmosphere generates neutrons that secondary interact with gases and form high-energy protons
(E>30MeV). The external radiation belt is filled with protons of lower energies (E <30MeV), their
sours are solar wind protons.

Along with protons and electrons, the Earth's magnetosphere captures o-particles and heavier ions, but
their content in the radiation belts is small.
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Table 1.

Parameters of galactic and solar cosmic rays, Van Allen radiation belts and hot magnetospheric plasma

Type of corpuscular cosmic Structure Energy of the Flow density,
radiation particles, MeV
m?2-s?
Galactic cosmic rays Protons (p) 10% -10% 1,5- 10
He (o) nuclei 103
Hevier nuclei 1,2- 10
Solar cosmic rays Protons (p) 1-104 10" - 108
The Earth's radiation belts Protons (p) 1-30 3- 10"
> 30 2-10°
Electrons (e) 0.1-1.0 1-10*
>1.0 1-10%
Hot magnetospheric plasma Protons (p) 10*- 10
Electrons (e) 10°-10%




Project # A-2133 Final Project Technical Report Page 15/ 92

Cosmic radiation makes about 16% of the total natural background radiation on the Earth's surface, and
almost half of external radiation received by the population from natural sources of radiation: the
average dose of external radiation from earth sources is 0.35 mSv, while cosmic rays give external dose
of 0.3 mSv Here, the dose of internal exposure from earth sources is more than 1.3 mSv, and from
cosmic rays less than 0.02 mSv. The CI flows irradiate the entire Earth, but uneven: for example, the
North and South poles receive more radiation than equatorial regions because Earth's magnetic field
deflects the charged particles that constitute the major part of cosmic rays. The composition, flow
density and energy spectra of particles in natural earth radiation belts depend on the time of variations,
mainly related to the processes occurring in the Sun (Fig.2). Here, the inner radiation belt is not
practically subject to time variations and the external natural earth radiation belt varies greatly in
time. Therefore, the radiation belts are a serious danger during long flights in near-Earth space. The ows
of low-energy protons can damage the solar cells and cause turbidity of thin optical thermal coatings.

Solar Radiation Spectrum

25 | :
£ Uv , Visible |, Infrared —
1 |

< . |
NE 24 ! 1, Sunlight at Top of the Atmosphere

~

= I

— I

v 1.54 5250°C Blackbody Spectrum

c

0

T 14

g Radiation at Sea Level
£ 05-

@) Absorption Bands
g‘ 03 "0 co H;0
wn

0

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Fig. 9. Solar radiation spectrum

Physical characteristics of SV thermomaterials, interaction of particles with thermoregulating
coatings (TRC). Despite the fact that by now considerable experience is gained regarding the behavior
of materials and the individual structure units during cosmic flight, continuous complication of flight
programs and update of the element base of cosmic facilities require the development of persistent,
reliable products of space technology.

The basic trend of modern cosmic instrumentation engineering is increase of SV active over 10 years.
Therefore, it is advisable to use the methods of physical modeling to study thoroughly the behavior of
SV materials in conditions of ground forced impact of main cosmic space factors (CSF): deep vacuum,
flows of charged high-energy particles, electromagnetic solar radiation, thermal cycling, etc.

The active thermoregulating systems are special shutters connected by a piping system filled with
circulating working medium, liquified gas. Depending on the thermal load, opening angle of the
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shutters varies to control the amount of removed heat into space. These systems are bulky, heavy and
require special operation control. Therefore, along with them it is necessary to use some passive
thermoregulating systems that do not require operation control.There is a number of compositions for
thermoregulating coatings of "solar reflectors™ type, which include enamel and ceramic coating based
on pigments with organic and inorganic binders that are deposited on SV external surfaces. The
temperature of SV at passive thermoregulating is determined by the amount of absorbed solar energy,
which depends on integral coefficient of absorption of solar radiation and the amount of heat generated
by onboard equipment and radiated into space. In SVs the largest covered areas are just stable
thermoregulating coatings of "solar reflectors™ type, which are designed to reflect electromagnetic solar
radiation and re-emit into space the heat generated by onboard equipment.

Therefore, knowledge of the physico-chemical characteristics, their sensitivity to prolonged impact of
exposure of CSF allows selecting the most stable and predictable material of thermoregulating coating
to develop passive thermoregulating systems for long-lived SVs.

One of the main objectives of the project is the application of methods of physical modeling for a
comprehensive study of the behavior of SV materials in conditions of ground forced impact of main
cosmic space factors (CSF): deep vacuum, flows of charged high-energy particles, electromagnetic
solar radiation, thermal cycling, etc.

Interaction of particles with thermoregulating coatings (TRC):A review of the literature on the effect of
high-energy particles on physical properties of different kinds of thermoregulating particles was carried
out. The use of electrostatic accelerators and burst-type generators in laboratory experiments to create
particle flows on the basis of condensed explosives allowed investigating the effects of particles
interaction with thermoregulating coatings (TRC) of different types at the impact velocity of 0.5
kmxs-1. As particles, powders of various metals and metal compounds sized from 1 to 50 microns were
used. The studies were conducted in vacuum chambers at residual pressures of 10%, 10 and 10°mm
Hg (in the case of electrostatic acceleration). As TRC, some samples currently employed in SV were
used.The main objectives of the experiments was to determine the character of interaction between TRC
and particles and to evaluate the As changes depending on the particles flow characteristics and
materials, as well as degradation parameters.

The results of these experiments allow predicting the state of TRP exposed to radiation in space
environment for a long time. Here, it is necessary to use experimental data on the parameters of craters
at high-speed interaction (size dependence on the particle speed and mass), and the distribution of
micrometeoroid and technogenic particle flows in near-Earth space. Thus, it is possible to obtain an
approximate picture of the evolution of TRC coefficients (As and e) in SV working conditions.The
degree of change in TRC parameters can be considered directly proportional to the fraction of the
surface area occupied by the defects formed as a result of interaction with the particle flow.
Accordingly, the change in optical properties of the surface is not linear, is most remarkable at low
levels of surface damage, and has the character of a saturating process. The observed changes in optical
characteristics due to the physics of the particles interaction with TRC of various types allow specifying
the initial data on As and e degradation as well as SV thermal regime. According tofor one year of SV
operation the particle flow of ~ (0.05 — 0.25)10° m-?xs-! can affect on 1 m?of its outer surface
depending on the orbit parameters, time of year, and etc. Here, As increases by a factor of ~ 1,5 - 2. The
results of such research can be used in mathematical modeling of the functioning of thermoregulating
systems to solve the problems related to the analysis of the effect of micrometeoroid and technogenic
particles in the near-Earth space on violations of the SV thermal regime.

So, in radiation resistance (resistance to UV radiation, flows of electrons, protons, y - radiation, etc.)
and optical properties of TRC materials affect the surface TRC structure, particle size of TRC pigment
powders, quality and quantity of the elements modifying their properties. When working in extreme
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outer-space conditions, their physico-mechanical and chemical characteristics change and reduce their
lifespan.

The problem of increasing the radiation resistance of pigments for TRC in extreme conditions can be
addressed in different ways: the development of new compositions, modification methods, production
of pigments with appropriate structure and particle size.

It is known from the analysis of the scientific and technical literature that SV materials are obtained on
the basis of white oxide pigments. These materials are prepared from expensive high-purity chemical
substances by modifying certain compositions of their nanopowders at high temperatures. The process
of their manufacture is multi-stage, long-term and inefficient. So, to manufacture TRC, there is a need
to develop new compositions and innovative methods for their preparation using cheap materials. Our
works in the area of obtaining high-purity silicates from rocks, development of hydrothermal
microwave (HTMW) methods for the synthesis of pigments has shown that nanopowders of zirconium,
zinc, etc. silicates may be used as pigments for solar reflectors. Preliminary studies indicated TRC on
the basis of these materials will ensure their long-term operation in space.

In recent years, promising opportunities opened the application of microwave (MW) heating for
chemical processes. MW radiation provides a contactless and rapid heating of reaction media in the
entire volum. Microwave chemistry for obtaining silicates is insufficiently studied. We have developed
a hydrothermal-microwave (HTMW) method for the synthesis of nanocrystalline silicates that is more
effective compared to solid phase or sol-gel methods. The developed method makes it possible to use
siliceous rocks as a raw material.

3.2.Development of the hydrothermal-microwave method for obtaining and clearing of silicate
solutions (Na,O'nSiO,, K;OnSiOy, n=I-3,8) on the basis of silica containing rocks. Study of
physical, chemical and radiation properties of silicate materials for TRC over a wide range of
parameters.

The preparation of TPP based on silica-containing rock includes the following main stages.
Obtaining of high- purity silicate solutions (silicates of sodium and potassium) from siliceous rocks;
Synthesis of zinc and zirconium silicates based on obtained silicate solutions

Physicochemical treatment of synthesized zinc , zirconium silicates(alloying, heat treatment) in order to
obtain a modified crystalline structure;

Preparation of TRP compositions based on zinc / zirconium silicates as a pigment.

The first step is to develop a method of obtaining precursors from rocks for TRC. The essence of the
method is the HTMW treatment of initial rocks by alkali solution to obtain sodium and potassium
silicates.

There is no information on using rocks in the production of silicate pigments. Our analysis of
publications has shown that in production of pure silicates the use of rocks is considered as impossible
because of high content of impurities. The analysis of patent information shows that known methods of
cleaning silicates solutions from impurities do not ensure necessary minimum content of iron
compound, as it is difficult to clean these systems. The obtaining of pure silicate materials by a new
HTMW method synthesis of silicate pigments on the basis of rocks for TRC has not described in the
scientific literature. Meanwhile, our study on obtaining high-purity silicates testifies to the possibility
of expansion of a raw-material base for production of pure silicates from natural siliceous rocks. Perlite,
quartzite, diatomite have been chosen for obtaining different silicates.
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Obtaining of sodium/potassium silicates from natural rocks: diatomite, perlite, quartzite:
Hydrothermal microwave treatment of diatomite, perlite and quartzite has been carried out under
various conditions with the purpose of obtaining sodium and potassium silicates.In recent years interest
in the solutions of alkaline silicate has significantly increased, mainly due to their valuable properties,
ecological cleanness of their production, non-flammability, cheapness and availability of raw materials.
In the mass industry traditional methods for production of sodium and potassaium silicate solutions
include a two step process: a) melting of quartz send and sodium/ potassaium carbonate mixture at
1450-1470°C in the glass furnace to obtain “silicate blocks”; b) dissolution in water of “silicate blocks”
in rotating autoclaves at high pressure and temperature of 170-180 °C for 5-6 hours. Disadvantages of
traditional methods of the production of alkaline silicate solutions are: high energy requirements,
expensive and multistage production process and release of carbon dioxide and sulphuric anhydride to
the atmosphere. One of the directions of intensification and improvement of ecological cleanness of the
production of alkaline silicate solutions is the development of efficient methods for their production.
This goal could be reached using a hydrothermal microwave approach which excludes high-temperature
melting. Some possibilities of obtaining silicate solutions from silica rock by hydrothermal-microwave
(HTMW) method were studied and conditions of their production were developed.As a raw material for
the production of solutions of alkali silicates, some diatomite, perlite, quartzite from Armenian
deposites were used.

Diatomite are loose or lightly compacted deposits of white, light gray, yellowish or pinkish floury and
easily pulverized porous material. Diatomites are easy organic, sedimentary rocks consisting mostly of
amorphous silica in the form of microscopic (0.002- 0.3 mm) frustules of diatomic algae. The frustules
have the form of hollow bivalve double-leaf cups with different patterns. Bulk density of diatomites is
300-800 kg/m®, specific surface is 5-6 m?/g. with the following content of basic components
(in wt.%): SiO, — 84.24; Al,0O3 — 3.65; TiO2 — 0.31; CaO — 1.80; MgO-1.05; Na,O +K,0 — 0.36; Fe,03
— 1.75; loss at calcinations and moisture - 6.84 (moisture - 3.30).

X-ray analysis has shown that diatomite are mainly amorphous substances.

High silica content in diatomites and its amorphous structure enable to use diatomite for obtaining
silicate solutions. Fig.10 and Fig.11 presents some samples of diatomite, - electron microscopic photo
of diatomite.
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Fig.10. Samples of diatomites of the Fig.11. Electron microscopic photo of
Jradzor deposit in Armenia diatomite of the Jradzor deposit in Armenia

Perlite is an acidic volcanic glass-rich rock. Physical and mechanical characteristics of perlite rocks are
determined by their origin (genesis). Formation of perlite rocks in Armenia is related to young
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volcanism. The Petrographic characteristics are as follows: perlites of the Armenian deposits are fine-
pored, glassy rocks; they are grey, light grey, whitish, grey-brown, brown in color, and characterized by
perlitic or other structure and fluidal texture. It is significant that there is extremely slight amount of
crystalline phase (0-4%) in it. Principal components of perlite are silica, alumina and alkaline metals'
oxides, and the content of the main coloring components, iron oxides is rather high. As raw material for
the production of the alkali silicate solutions, perlites of the Aragats deposit were used. Their content of
main components in (wt. %) is: SiO; -73.7, Al,03- 13.58, Na,O - 3.85, K;0 - 4.14, Fe;03- 0.82, MgO -
0.4, CaO - 0.8, , ignition losses (removal of combined water) - 2.7, average particle size after grinding —
below 250 pum. Bulk density of perlites in a piece is from 750 to 2200 kg/m®. According to the data of
physico-chemical analysis, the chemical composition of perlites may be presented by an empirical
formula: R,O-Al>,03-9SiO;. Fig. 12 and 13 show the Aragats deposit perlite samples and their electron
microscopic photo.

Fig. 12. Samples of perlite of the Aragats Fig.13. The electronic-microscopic photo of perlite
deposit of the Aragats deposit.

Quartzites are natural siliceous rocks with a high content of silica. Quartzites belong to the
metamorphic rocks formed from quartz sandstones under the influence of high temperature and
pressure. They are massive, in some cases laminated, fine and medium-grained rock consisting of
guartz grains cemented by silica. Quartzites are hard materials (Mohs hardness: 7) with a high fire
resistance. As the rock name implies, quartzites are represented mainly by quartzes (80%). Quartzites
also include mica, feldspar, talc, and some other minerals. They have high silica content that
contributes to their high mechanical strength and fire resistance.

Quartzite is very strong rock, various examples of which may have relatively monotonous color from
white to gray and reddish-brown.

The structure is granular (often granoblastic), aphanic. The texture is massive, foliaceous, spotty.

The electron microscopic investigations of quartzites using Vega-Tescan gear were carried out. Natural
chips of quartzite rock of bluish and white colors differ from each other in sizes of small quartzy
crystals. Their sizes make from 5 up to 20 micron. Fig.14 presents a photo and microstructure of
quartzites.
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Fig.14. Samples and electron microscopic photo of quartzite of the Shackhnazar deposit (Armenia).

In the present study we used quartzite from Shahnazars deposit (Armenia) with the following average
chemical composition (weight. %): SiO.: 94.13; Al,Os: 3.12; Na,O + K;0: 0.17; Fe,Os: 0.80, MgO:
0.08; CaO: 0.45; TiO2: 0.20.The physical properties of quartzite are as follows: the average density
makes 2.68 g/cm?, compressive strength is 100-450 MPa, resistance to fire reaches 1770°C.

X-ray fluorescence element analysis for diatomoite, perlite, quartzite was carried out. The chemical
composition of rocks measured by XRF analysis shows in the Fig. 15- 17.

Diatomite
Na20 MgO

loss K20 018% = re203 1.05%
6.85%_ 0.20% o
Al203 oTle, Lo
3.65% it

Fig. 15. Chemical composition of diatomite measured by XRF analysis.
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Fig. 16. Chemical composition of perlite measured by XRF analysis.

Quarzite

Fe203 Tio2

Fig. 17. Chemical composition of quarzite measured by XRF analysis.

To heat samples of diatomites, perlite, quartzite by microwave radiation, its dielectric properties
determined. Dielectric parameters of diatomite -dielectric permeability " = 7.42, tgé6 = 0.525; of perlite

¢ =7.354, tgd = 0.2585; of quartzite ¢ = 6.03, tgd = 0.0194.
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Dielectric parameters of diatomite, perlite, quartzite allow performing MW heating for chemical
reactions.

Radiation resistance of rocks. It is known that natural rocks have a certain petrochemical composition
formed in certain geological conditions and characterized by various radioactivity. The basic factor of
radioactivity of rocks is their content of uranium, thorium, their decay products, potassium and
rubidium. Availability of radioactive elements such as uranium and thorium and their families in
perlites has resulted in the need to study the radioactive properties of rocks to develop recommendations
for their use as raw materials for silicate solutions for TRC. The object of research were perlites of
different density: porous (1400 kg/m?), low-porous (1600 kg/m®), compact (1900 kg/m®) varieties.
Comparative data on abundance ratio of radioactive elements in acidic crustal rocks with their content
in perlites of the Aragats deposit are shown in Table 2.

Table 2
The amount of radionuclides in perlites

Characteristics of the rock U, wt.% Th, wt.% K, wt.% Rb, wt.%

Abundance ratio of acidic [3.5+10™ 18.0:10* 3.34 -

rocks

Perlite : 1400 kg/m? 2.9:10* 22.0:10° 3.8 3.10°
1600 kg/m? 3.8:10° 25.0:107 3.0 3.0:10°
1900 kg/m? 2.4:10" 22.0:10° 4.0 5.0:103

The sample radiometry was carried out jointly using UMF-3 type device with low background (“ditch”
method) and UMF-1500M (thick layer of the sample). As detectors, SI-16 and SBT-13 -counters were
used, respectively.

Table 3 shows the specific and effective specific activities of perlites, as well as the content of
radionuclides in their samples.

Table 3
Effective specific activity of perlites from the Aragats deposit
Perlite rock characteristics Specific activity, curie/g

28 Th *Ra 0K C eff

1400 kg/m® 19 3,0 26 7,7

1600 kg/m 3 1,6 2,2 30,0 6,8

1900 kg/m ® 1,6 2,0 31,0 6,8

Heat-treated perlite 2.5 2.8 31.0 8.7
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From our experimental results, we conclude that perlite with such radioactive properties is a successful
raw materials for silicates.

Obtaining of sodium and potassium silicate solutions from rocks. Sodium /potassium silicates are
obtained using HTMW processing of diatomites, perlite, quartzite by sodium / potassium hydroxide
solution. The sodium silicate solutions will be used to obtain silicates of zirconium, zinc and pigments
on their basis. Potassium silicate solution will be used as a binder when forming TR coatings. For this
purpose it is necessary to have the potassium silicate solutions with silica module 3-4. Synthesis of
sodium and potassium silicates from ground diatomite, perlite, quartzite was performed in microwave
oven. Synthesis was carried out at a frequency of 2.45 GHz and microwave power of 900 W.The
synthesis was carried out with exposure times of 3 minutes to 4hours. The resulting silicate solution
was separated from the precipitate by filtration. Solutions of sodium silicates Na,O .nSiO, and
potassium silicates K;O .nSiO, were obtained from rocks (n=0.5-4).

Obtaining of silicate solutions from diatomite. Obtaining of sodium and potassium silicates from
ground diatomite (particle size < 1.0 mm) was performed in "Samsung" CE1073AR microwave oven
destined for chemical processes in an open glass flask equipped with a backflow condenser and teflon
mixer (Fig. 1). In parallel, synthesis at similar ratios of the initial components was carried out in a
thermostat at the boiling point of the solution and mechanical stirring. The synthesis was carried out
with exposure times of 3 minutes to 3 hours.

Obtaining of sodium silicate solutions. Sodium silicates are obtained using HTMW processing of
diatomites by sodium hydroxide. Since the diatomite contains organic substances, annealing was
conducted at 600°C to remove organic components (about 2-2.5%). The experiments were performed
with source and heat-treated diatomite samples. The concentration of initial solutions of sodium
hydroxide in terms of Na,O made 40-150 g/l of Na;O, and the ratio of moles of sodium oxide solution
and silicon dioxide was 0.1-1.0. The weight ratio of the liquid (alkaline solution) and solid (rock)
phases (L:S) was 4.0 to 6: 1. Heating time of the reaction mixture to boiling point (T= 100 °C) at
microwave treatment was 3-4 minutes at a power of 900 W.

Obtaining of potassium silicate solutions. Potassium silicates were prepared by HTMW treatment of
diatomite with potassium hydroxide solution.The concentration of initial potassium hydroxide solutions
was 40-50 g/l of K,0, and the ratio of moles of potassium oxide solution and silicon dioxide in the rock
was 0.1-1.0; L: S = 4.0 - 6.5: 1. Heating time of the reaction mixture to boiling point at microwave
treatment was 3-4 minutes at a power of 900 W.

Obtaining of silicate solutions from perlite. Hydrothermal microwave (HTMW) treatment of perlite
was carried out under different conditions with the purpose of obtaining sodium and potassium
silicates. The perlites contain silica in an alkali-aluminosilicate frame and unlike diatomite, higher
temperatures are required to extract it from the perlites. At 100°C the rate of reaction of perlite
interaction with alkali solutions is quite low, so the HTMW treatment was carried out at higher
temperatures and pressures than the when processing diatomite. Initial concentration of sodium
hydroxide solutions in terms of Na,O was 60-200 g/l Na;O, which of potassium hydroxide solutions in
terms of K;O was 80-120 g/l K>O. The mole ratio of sodium/potassium oxide solution and the SiO- -
containing perlite (indicated as C) varied between 0.1 and 1.0. The weight ratio of the liquid (alkaline
solution) and solid (rock) phases (L: S) was 1.5 to 7. The HTMV treatment was conducted at 100 -
200°C in teflon containers with a volume of 100 ml in a multimode microwave applicator in a 1000 W
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microwave oven ETHOS (Milistone Company) (Fig. 2) and Ms-6(Fig.3) at a frequency of 2.45 GHz.
Reaction temperature and pressure were automatically monitored during each dissolution cycle by
temperature and pressure monitoring devices. Several sodium/potassium silicate solutions were
obtained from perlites with various silicate modules. For comparison, hydrothermal treatment of
perlites was carried out in conditions of conventional heating in an electric furnace using stainless steel
autoclaves. After the hydrothermal treatment the solution was separated by filtering from the
undissolved rock, precipitate. The obtained silicate solutions and precipitate were subjected to physical
and chemical analysis.

Obtaining of silicate solutions from quartzite. HTMW processing of quartzite was carried out at
temperatures 100 - 240° C in teflon containers with a volume of 100 ml in a multimode microwave
applicator in a 1000 W microwave oven MS-6 (VOLTA Company) at a frequency of 2.45 GHz (Fig.
3).Temperature and pressure were automatically controlled by corresponding monitoring devices. In
the course of the experiments, pressure in the containers varied from 5.10° to 2.10° Pa, power from 50
W to 100 W, temperature from 100 °C to 240°C, exposure from 15 to 120 minutes. Concentration of
the initial solutions of sodium hydroxide was 1.0-3.0 M, that of potassium hydroxide - 1.0 M, and the
ratio of moles of sodium/potassium oxide solution and silica rock (C) varied from 0.1 to 1.0. For
comparison, hydrothermal treatment of quartzite was also performed by conventional heating in an
electric furnace using stainless steel autoclaves. After treatment, the solution of sodium/potassium
silicates was separated from the residue by filtration. Solutions of sodium silicates and potassium
silicates were obtained from quartzite.

The impact of hydrothermal-microwave treatment parameters on the process Kinetics obtaining
sodium, potassium silicates.

The process kinetics was controlled by changing the silicon dioxide concentration in the solution and
precipitation depending on time, the initial amount of alkali and microwave power. Here, an important
determinant of the properties and functional activity of a particular type of sodium silicate is Silica
Modulus, M, which indicates the ratio of SiO,and Na,O moles. On the basis of the carried out
experiments, the following relationships were investigated:

M=f(C); M=f(t);g=f(C);g="f();

where M is the silica modulus (the ratio of SiO, and Na;O/K>O moles); C is the ratio of the absolute
amount of alkali solution to the absolute quantity of the rock silicon oxide; g is degree SiO; extraction
from the rock as a result of the alkaline treatment; t is the processing time.

The Kinetic of obtaining of silicate solutions from diatomite. Fig. 18-22 show the kinetic curves of
diatomite interaction with sodium hydroxide at hydrothermal and hydrothermal-microwave
treatment when obtaining sodium metasilicate and trisilicate from diatomite.
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Fig.20. Silica Modulus,
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Fig.19. Degree of dissolved

SiO; from diatomite in obtaining Na,O-3SiO;
(Na-trisilicate) vs. the treatment time for:
1-MW-heating; 2— conventional heating.
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Fig.22. Dependence of the extraction degree SiO; vs C
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The processes of producing potassium silicate solutions by HTMW processing of diatomite using
potassium hydroxide solution were studied. Fig. 23, 24 show kinetic curves of obtaining potassium
silicate from diatomite.
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t, min t, min
Fig.23. Degree of dissolved Fig.24. Silica Modulus,
SiO; from diatomite in obtaining KO- 4SiO; M,(SiO2/K20) vs. treatment time (t).

(K-tetrasilicate) vs. treatment time for:
1-MW:-heating; 2— conventional heating.

As it is seen from Fig. 25-31, when preparing sodium/potassium silicate solutions under identical
conditions, the rate of MW processing of diatomite using alkali solutions is higher by a factor of 2 — 3
as compared with the conventional method of heating, whereas the reaction yield is practically the
same. When preparing solutions of sodium metasilicate, SiO; yield is 90%, and when preparing sodium
trisilicate and potassium tetrasilicate - 80% of the rock silicon oxide.

Silicate solutions from annealed diatomite become lighter than from the initial the initial unannealed,
however the kinetic characteristics during their processing are in principle same.

The Kinetics process obtaining of silicate solutions from perlite. Figure 25 shows the dependence of
the degree of SiO; extraction from perlite on time and the heating method (conventional or MV) under the
following conditions: Na,O concentration 65g/1, temperature 150°C, pressure 510° Pa. As can be seen, the
maximum amount of silica dissolved during the hydrothermal treatment with the formation of sodium
trisilicate is about 33% of the rock for both MW and conventional heating method, however in the first
case the equilibrium time is achieved within 30 minutes (curve 1, Fig. 25) whereas in the second case
within 180 minutes (curve 2, Fig. 25).

Figure 26 shows the degree of SiO; extraction vs. the processing time during the formation of sodium
metasilicate (Na2O - SiO) using the microwave and conventional heating methods (the concentration of
Na.O is 150 g/l, T = 150°C, P = 5 - 10° Pa). Comparing the amounts of sodium metasilicate after reaching
a constant concentration, it was found that for both heating methods, the maximum of SiO; extraction
from the rock was 60%. MW heating reduced the perlite processing time from 100-150 minutes to 25
minutes with obtaining of the sodium silicate solution.



Project # A-2133

Final Project Technical Report

Page 27/ 92

g%

40 -
30
20
10
0 T T T T T 1
0 50 100150200250 300
t,min

g,%
70
60
50
40
30
20
10

50

100 150

t,min

200

Fig.25. Degree of SiO,extraction from perlite
when obtaining Na;O-3SiO(Na-trisilicate) vs.the

treatment time for

1-MW-heating; 2— conventional heating.

when
VS.

obtaining
the treatment time for
1-MW-heating; 2— conventional heating.

Fig.26. Degree of SiO; extraction from

perlite

Na,0-SiO,(Na-metasilicate)

Fig.27 presents the amount of dissolved SiO; depending on the ratio of Na,O content in the alkaline
solution to the total amount of rock silica (C) in case of MW and conventional heating methods at T =
150°C and P = 5-10°Pa. The Figure 27 shows (curve 1) that at C < 0.9 the maximum vyield of
SiO; extraction (60%) is already achieved. Further increase in the initial amount of alkali in the solution
does not increase the amount of the dissolved silica.
Fig. 28 shows the silicate module values depending on C. Maximum of M equal to 3 (Na;O - 3SiO,) is
obtained at C equal to 0.18 -0.20. The study of SiO;yield vs. C has revealed that it increase with
increasing C up to a certain value under all selected conditions. Accordingly, the silica modulus reduces
(Fig.28). The optimal value of C is 0.18 - 0.20 to obtain high-modulus sodium silicates with maximum

yield.
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Fig.27. SiO; extraction degree vs.

1-MW-heating; 2— conventional heating.

C

Fig.28. Silica modulus, M vs. C
1-MW-heating; 2— conventional heating.

Fig. 29 shows the dependence of the maximum degree of silica extraction on treatment temperature when
preparing sodium trisilicate by MW and conventional heating methods. The initial alkali solutions were
identical. The treatment was carried out until a constant SiO, concentrations in the solution was reached:
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for 30 minutes in the case of MW heating and 3 hours in the case of conventional heating. The results of
HTMW and HT treatment show that the heating method has no effect on the degree of silica extraction
from perlite: the temperature dependence are described by the same curves.

The maximum degree of silica recovery (33%, M=3) was obtained when treating perlite at 150°C. This is
explained by the transformation of the perlite structure due to changes in its composition in the course of
chemical reactions.

g!%

0 50 100 150 200 250 300
T,°C

Fig. 29. Temperature dependence of the degree of SiO; extraction from perlite
1 - MW heating for 30 min, 2 - conventional heating for 3 hrs.

The solid phase after filtration and washing was investigated using X-ray phase diffraction analysis. The
analysis showed that the powder filtered after treatment of perlite by NaOH solution using HTMW or HT
method, was characterized by filipsite (K'Na).0O Al,O34SiO»4.5H,0 crystal structure (JCPDS file # 73-
1419) as early as at 100°C (Fig. 30, left column). At 160°C or higher (P = 6 - 10° Pa), the formation of a
new crystalline phase, analcite (Na,O - Al,O3-4SiO;- 5H,0) took place ( JCPDS file # 19-1180), see Fig.
26, right column. This phase transition is the reason for the decrease of the degree of silica extraction from
the rock when temperature increases to 160°C and higher (Fig.30).
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Fig. 30. XRD histograms of the solid phases formed in various temperatures during microwave assisted
hydrothermal dissolution of perlite (F- filipsite, A- analcite).

Obtaining of potassium silicate solution: To obtain the potassium silicate solution, perlite was treated with
KOH solution. Fig.31-33 present the kinetic curves of the processes of interaction between potassium
hydroxide and perlite. It is obvious from Fig.31 that the equilibrium is fixed in 50 minutes in the case of
HTMV processing and 200 minutes in the case of conventional heating with the obtaining of liquid glass
with the modulus equal to 3.8. The further increase of treatment time is not expedient. When obtaining
potassium metasilicate, the equilibrium is achieved in a shorter time (40 minutes (see Fig. 32) than when
obtaining high-modulus liquid glasses. Fig.33 shows the temperature dependence of the degree of
SiO; extraction from rocks for a 60 min. HTMW processing. Apparently, interaction of KOH with the
rock has an "inductive" period with respect to temperature - the reaction proceeds slowly up to 100°C,
then speeds up sharply by 180°C, and then slows down again. This is due to some changes in perlite
structure as a result of interaction with potassium hydroxide. Analysis of the precipitate showed that a part
of the potassium ions becomes interconnected in perlite aluminosilicate frame forming alkaline
aluminosilicates, the structure of which depends on the temperature of HT processing. Potassium liquid
glass and water-insoluble products are obtained as a result of treatment. The amount of precipitate depends
on treatment conditions. The maximum vyield of silica extraction from rock (60%) and the minimum
amount of wastes (40%) are observed when obtaining potassium silicate with modulus 1 (K20 - SiO5). The
reaction yield decreases with increasing silica modulus.
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Fig.33. Temperature dependence of the degree of SiO, extraction from perlite (n%), t = 60min.

When obtaining the potassium silicate solution with modulus 1- 4, the rate of perlite processing by
HTMW method is 4-5 times higher than that by HT method, however the reaction yield is practically the
same. When obtaining the potassium tetrasilicate solution, maximum SiO; extraction from perlite makes
30%. This is explained by the fact that the content of aluminum and alkali-earth metal oxides in perlites is
rather high (14-15%). Based on the carried out study, optimal conditions of the formation of a high-
modulus silicate solution (M = 3.8, liquid glass) were selected; the optimal conditions of HTMW
treatment of perlite were chosen on the basis of the data on the concentration of potassium hydroxtde in
terms of K0 (80-120 g/l K20), temperature (160-170°C), time (50 min), frequency (2.45 GHz), power of
the MW oven (500 W).

Hence, when preparing the sodium/potassium silicate solutions with M equal to 1 - 4 under the same
processing conditions, the rate of MW perlite processing increased by a factor of 4-5 compared with the
conventional heating method, and the reaction yield was practically unchanged. When preparing
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metasilicate solutions, the SiO; yield was 60%, and when preparing of tri- and tetra-silicates — 30 -33% of
the rock. The use of MW radiation energy significantly intensifies the process of HT treatment of perlite

compared to the conventional heating method.

The Kkinetics process obtaining of silicate solutions from quartzite. For determine the optimum
HTMW treatment conditions of quartzite studied kinetics of the process. Fig. 34-37 presents the
Kinetic curves interaction of quartzite with solution hydroxides of sodium and potassium for HTMW
and HT treatments depending on temperature and processing time. When obtaining sodium
metasilicate solutions, SiO;yield from quartzite made 90%. HTMW processing by potassium
hydroxide solution was slower compared with sodium hydroxide: the reactions yields made 78% when

obtaining potassium trisilicate.
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Fig. 34. Degree of SiO. dissolution

from quartzite when obtaining K;0-3SiO;
(K-trisilicate) vs. the treatment time for:

1- MW heating; 2 - conventional heating.
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Fig. 36. Temperature dependence on the degree
SiOzextraction from quartzite (t=1,5 h)
obtaining K,0-3SiO, (MW heating).
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Fig.35. The dependence of silica module(M)
when obtaining K20-nSiO, from quartzite
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Fig. 37. Degree of SiO,dissolution from
(Na-metasilicate) vs. the treatment timewhen
T=150 °C (MW heating).
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Since quartzite is very strong rock, an important factor of HT treatment is mechanical activation of the
process, i.e. crushing quartzite. Quartzite was ground in grinders and then milled in planetary
mills. The influence of the degree of quartzite dispersion on the reaction yield was sttudied. The figure
38 show the dependence of the degree of extraction of silica from quartzite on the degree of crushing
for HTMW processing of the rock by sodium and potassium hydroxide solutions. The best results were
obtained for the particles sized less than 20 mkm (for 90 min) -80% yield. Large particles (greater than
50 microns dissolve slowly in alkaline solution: for 90 min the yield made 50-60%.

100
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60 - B Na20.35i02
40 - m K20.35i02
20 | I
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Fig.38. The degree of silica extraction vs. quartzite particle size (microns).
T=200°C, t= 90 min.

Study of diatomite, perlite, quartzite reaction with alkaline solutions has shown that at HTMW and HT
treatments, the absolute amount of alkali in the solution decreases. This is due to the interaction
between the solution sodium/potassium silicate and rock aluminum to form alkali aluminum
silicate. According to our chemical analyses, the silicate anion is identical in solution and the
residue. When sodium metasilicate forms, the residue has the following composition:
Na>OAl,032Si0,, and when trisilicate forms, Na,OAl,036SiO; and K20 Al,036SiO,. Based on this
fact, the maximum SiO; extraction from quartzite was calculated. According to theoretical calculations,
the maximum yield may not exceed 94.0 and 82.0% when obtaining metasilicates and trisilicate,
respectively. These data are consistent with the experiment.The investigations carried out have shown
effectiveness of microwave heating in the preparation of silicate solutions from quartzite. Identified the
optimal conditions: to obtain sodium metasilicate T = 150 ° C, the processing time - 60 min , dispersion
of quartzite less than 50 microns; for to obtain potassium trisilicate T = 200 °C, the time - 90 min,
dispersity less than 20 microns. Experimental samples of sodium and potassium silicates(Na2O. SiO;,
K20 . 3SiO>) were obtained.It is found that the use of MW radiation energy significantly intensifies the
process of HT treatment of silicic rock compared to the conventional heating method.MW heating is
especially effective for the reactions carried out at elevated pressures, since the contactless of energy
supply to reactive liquids, high power density and short heating times lead to an accelerated
reaction. The use of pressure allows delivering much higher microwave power to the liquids than in the
case of atmospheric pressure due to increased dielectric breakdown limit and possibility to avoid
electrical discharge without difficulty. On the other hand, microwaves allow delivering high power to
liquids under high pressure without contacting electrodes or heating elements that can cause
contaminations or temperature gradients. Besides, the proposed method decreases the reaction time to
minutes instead of hours. The carried out research has revealed the effectiveness of microwave heating
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to obtain sodium and potassium silicate solutions from diatomite, perlite, quartzite. Thus, for the first
time a systematic investigation of the possibility of using microwave energy to produce silicate
solutions from rocks was carried out. Kinetic regularities were studied and the conditions for obtaining
sodium and potassium silicate solutions using MW heating were revealed. Experimentally, the rate of
heating of the reaction mixture and the exposure time for obtaining silicate solutions of certain
compositions were determined. The optimum parameters of HTMW processing of diatomite, perlite,
quartzite were identified. It was found that the compositions of intermediate and target products of
synthesis of sodium/potassium silicate solutions are identical regardless of the heating method -
microwave or conventional. It is revealed that the use of microwave energy is significantly intensified
the process of hydrothermal treatment of rocks compared with conventional heating methods.

Filtration of silicate solution. The filtration processes were studied when separating the
sodium/potassium silicate solutions from precipitate.

The important stage for silicate solutions obtaining from rocks is the filtration process.The solutions of
sodium/potassium silicates and insoluble compounds in water - alkaline aluminum silicates (AAS) are
obtained at hydrothermal-alkaline processing of rocks. Precipitation separation from alkaline solution is
conducted by the vacuum filtration. Depending on kind of rock and processing conditions, the filtration
proceeds at the various rate. The filtrational characteristics of the obtained systems have been studied.
The systems obtained at processing of perlites and quartzites are filtered quickly. The filtration is
carried out on a Buchner funnel. The total amount of a pulp is 300ml, the filtered surface is 117 cm?, a
pressure under the filter is 8,5-10 * Pa.

It has been determined that a filtration rate depends on the silicate module, concentration and a solution
temperature, i.e. on system viscosity and precipitation structure.

Dependences of a filtration rate on a temperature and density of the pulp obtained from perlite are
shown on Fig.39 and 40. It is visible that filtration time decreases with the reduction of the silicate
solution density. It decreases with the rise of a temperature as well.

On the basis of the conducted researches the filtration regimes of sodium silicate solution — AAS
systems obtained at hydrothermal-alkaline processing of perlite have been defined. It has been
determined that this pulp is filtered easier in a hot (T=70-100 °C) and diluted state. Synthesis of the
diluted solution is economically inexpedient as a yield of the end product is low and power inputs are
high. The dense solution is synthesized that can be diluted with hot water before filtration if necessary.
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Fig.39. Dependence of filtration time on Fig.40. Dependence of filtration time on

solution temperature (perlite). solution density (perlite).
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Filtration of the pulp system obtained from diatomite is enough difficult process. The sodium silicate
solution and fine-dispersed AAS is formed at hydrothermal-alkaline processing of diatomites that are
fine powders. Extraction degree of silicon dioxide is high. The insoluble waste of diatomites
hydrothermal processing make no more than 10 % from initial rock, however, their removing from
solutions is enough difficult process. The pulp obtained from diatomites is nearly not filtered, and the
part of precipitation is separated by decantation. The reason is in the fact that diatomite is immediately
pounding in a fine powder at crushing, and owing to hydrochemical processing the waste are obtained
in a fine-dispersed state forming stable suspension which is nearly not filtered. Our researches have
shown that suspension stability depends not only on quality and amount of waste, but also on the
silicate. module and solution density. For filtration realization after completion of the reaction the
solution is diluted with hot water, thus the solution density decreases, and the filtration becomes
possible. Density and pulp temperature effect on a filtration rate has been studied. Dependences of the
filtration rate on a temperature and pulp density obtained from diatomite are shown on Fig. 41 and 42.
It has been determined that pulp dilution with hot water (70-90 °C) leads to filtration process
acceleration, therefore it is reasonable to dilute the obtained composition after diatomites hydrothermal
processing to density value of 1,15-1,20 g/cm?.

Thus, for liquid glass filtration obtained after diatomites hydrothermal processing is necessary to dilute.
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Fig.41. Dependence of filtration time on Fig.42. Dependence of filtration time on
solution temperature (diatomite). solution density (diatomite).

The filtration time decreased with increasing temperature, as expected, as well as with decreasing
density and viscosity of the pulp. The filtration time at 90°C made one-third of the filtration time at
room temperature testifying to the necessity of “hot” filtration in case of large volumes.As it is seen
from experimental dates, the rate of MW processing of obtaining sodium/potassium silicate solutions
from diatomite, perlite, quartzite is higher by a factor of 2 — 3 as compared with the conventional
method of heating, whereas the reaction yield is practically the same. When preparing solutions of
sodium silicate, SiO; yield is higher than when preparing potassium silicate. Maximum silica modulus
of the potassium silicate reaches 4.0 and that of sodium silicate - 3.3. This is because the potassium ion
radius is larger than that of sodium ion: 0. 138 nm (K*) and 102 nm (Na*), in consequence of which
potassium ion binds higher number of siloxane groups (-O-Si-O-), than sodium ion. The rate of the
reactions producing silicate solutions also depends on the type of alkali: treatment of rock by NaOH
solution is faster than by KOH solution. This is due to the fact that sodium ion in aqueous solutions is
more active than potassium ion. The ionic strengths of solutions of these cations are different because of
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different ionic radii at the same charges. The completeness of silica transition from the rock to alkaline
solution to form silicates depends on the rock cation content (Al, Fe, Ca, Mg, etc.). The degree of silica
extraction from the rock into the solution varies depending on the ratio of silica oxide and Al, Fe, Ca,
Mg oxides in the initial rock: that form insoluble silicates: the higher this ratio, the greater the amount
of SiO2 goes into solution.

Purification of silicate solutions. To obtain high-quality silicate materials (zirconium, zinc, etc.
silicates pigments) on the basis of sodium/potassium silicates solutions, purity of solutions is one of the
main quality indicators. When obtaining silicate solutions from rocks (perlite, diatomite, quartzite) by
hydrothermal-microwave (HTMW) treatment of rocks by NaOH or KOH solutions, the impurities
containing in rocks (basically, iron compounds) also pass to the solution. From the literature it is known
that alkali metal silicate solutions are among the hard-to-clean systems. Analysis of patents and
scientific publications shows that the known methods for purification of silicate solutions only allow
reducing the concentration of coloring impurities by one order of magnitude. For deep cleaning of
silicate solutions of iron compounds is necessary to develop more effective methods. We have
developed a method for purifying alkali metal silicate solutions by a simple and effective manner:
combination of electromagnetic treatment and microwave activation of silicate solutions in the presence
of a precipitation agent (CaO) with the subsequent precipitation of impurities in the form of silicates;
here the amount of coloring impurities after purification makes 0.001 mg/l or lower. The essence of the
method is as follows: liquid glass is passed through a multipolar electromagnetic device and then added
to a solution of freshly prepared lime milk (the precipitating agent), and with intensive stirring the
reaction mixture is maintained at MW oven for one hour at boiling temperature. Purification of liquid
glass was carried out at microwave frequency of 2.45 GHz and power of 200-300 watts.

To reveal the mechanism and develop a method of deep cleaning of the obtained silicate solutions from
trace iron, the solubility of iron oxide and iron silicates was investigated. To this end, the following
model systems were chosen to study the solubility of iron oxide at HTMW processing.

1. NaOH - Fe;03 - SiO; - H,O
2. NaOH - Fe203~nSi02 - H,O
3. Nazo-nSi02 - FeZOg-nSiOQ - H,O

The NaOH and Na;O-nSiO- concentration corresponded to their concentrations at HTMW processing of
rocks, and the amount of iron compounds — to their content in the rocks. The investigation of above
systems has shown that in the first system (NaOH - Fe;Os3 - SiO; - H,0) after HTMW treatment,
maximum amount of iron (in terms of Fe,O3) in the solution made 0.3 g/l, in the second system (NaOH
- Fe203-nSi0O; - H20) 0.9 ¢/l, in the third one (Na2;O-nSiO; - Fe;03-nSiO;, - H20) 0.5 g/l. The X-ray and
IR spectroscopic analyzes showed that iron oxide and iron silicate pass into the solution in the form
of complex salts Na[Fe(Si»Os)]-H20 that form polymer chains of sodium ferrous silicate.

From these data it was revealed that when obtaining silicate solutions from rocks, iron oxides pass into
the solution in the form of complex salts - sodium ferrous silicates according to the following reactions:

2NaOH+Fe,03=2NaFeO, +H,0
NaFeO;+ Na,O - nSiO, + H,O—Na [Fe (SiO3)2]-H20+N&20 . (n-2)SiOz

Under the effect of magnetic field on the silicate solutions, de-polymerization of sodium ferrous
silicate takes place. The formed sodium ferrous silicate monomer dissociates into ions:
Na[Fe(SiOs),] = Na* + [Fe(SiOs).]"
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After adding of a precipitation agent - CaO, slightly soluble calcium-ferrous silicate is formed.
[Fe(SiOs)2] + CaO +H,0 —Ca[Fe(SiO3);]. + 20H

These reactions without magnetization proceed very slowly and incompletely. A part of calcium oxide
with sodium silicate forms calcium silicate according to the following reaction:

CaO + NayO -nSiO,— CaSiO3; + Na,0-mSiO,

The formed calcium silicate having a high specific surface area with a high adsorption capacity adsorbs
on its surface the formed slightly soluble calcium-ferrous silicate, the calcium-ferrous silicate particles
become larger, heavier and come out of the solution.Based on the above results, was determined the
conditions of electromagnetic - MW purification of the silicate solutions.The concentration of the initial
silicate solutions.made 0.5- 0.8 M, the ratio of moles of silicon dioxide and the solution
sodium/potassium oxide M made 1.0 - 3.8, and the CaO concentration 0.2-1.0 g/l. The heating time of
the reaction mixture from room temperature to the boiling point at microwave treatment was 5-7 min. In
parallel (for comparison), purification of silicate solutions at similar ratios of the initial components was
carried out magnetic liquid using conventional heating. The purified solution was separated from the
residue by centrifugation. The purified silicate solutions after centrifugation was a transparent liquid.
Fe,O; identification in solutions was performed by spectrophotometric method using AAS-1
spectrophotometer. The influence of various factors (electromagnetic field strength (H), processing
time (t), amount of precipitation agent (Ca0), solution feed rate (V) through electromagnetic field, and
heating method) on the degree of purification of liquid glass is studied. The dependence of the degree of
purification of silicate solutions on the amount of the precipitation agent (calcium oxide) is studied at H
= 1100 kA/m, v = 4.0 m/s, Fe:0s= 40 mg/l. Fig.43 shows the results of our experiments. As the
optimum amount of CaO, 0.5 g/l is selected.
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Figure 43. The degree of purification of liquid glass from Fe,Osvs. the amount of precipitating agent
(H: 1100kA/m, v: 4.0 m/s, Fe;Os: 40 mg/l).

Fig. 44 shows the dependence of the degree of purification of liquid glass on the speed V of the liquid
phase passing through the poles of the electromagnetic device at 0.5 g/l CaO, H = 1100kA/m, Fe,0; -
40 mg/l.
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Fig.44. The dependence of the degree of purification of liquid glass from Fe,O3 on the feed rate of
liquid glass through the electromagnetic field (H: 1100kA/mz2, CaO: 0.5 g/l, Fe20s: 40mg/l).

It is seen that the effect of the speed on the degree of purification of the solution from iron oxides is not
monotonous: there is an optimal solution feed rate for magnetization. It is 4 m/s at electromagnetic field
strength H = 1100 kA/m. The reason for this phenomenon is not clear. In all likelihood, at the beginning
with increasing flow rate the Lorentz force (FI = BqV) increases, then due to the formation of a
turbulent flow at high speeds and cutting the solution stay period in the magnetic field, the cleaning
efficiency decreases.

Fig.45 shows the dependence of the degree of purification of liquid glass on electromagnetic field
strength (CaO: 0.5 g / I, v: 4.0 m/s, Fe;Os: 40 mg /I). As it is seen from Fig. 45, the effect of
electromagnetic field strength on the purification process is complex. The maximum cleaning effect is
observed at H = 1100 kA/m. Some publications also describe a similar character of the impact of
magnetic field on water system.
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Fig. 45. The degree of liquid glass purification from Fe,Osvs. H (v: 4.0 m/s, CaO: 0.5 g/l, Fe20s:
40mg/l).

Fig.46 presents the dependence of the degree of liquid glass purification on the heating method at 0.5
g/l of CaO, 40 mg/l of Fe;0s;, H = 1100 KA/m, v = 4 m/s. obviously, the use of microwave energy
shortens the cleaning process. The experimental results showed that the microwave activation combined
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with the magnetic treatment accelerates the formation of calcium iron silicates and their removal from
the solutions by a factor of three. Accelerating of the process can be explained by increasing frequency
and effectiveness of collisions of reacting molecules due to volume thermal effect in an open
microwave system.
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Fig. 46. The dependence of the degree of liquid glass purification on the heating method and time (0.5
g/l of CaO, 40 mg/l of Fe203, H = 1100 KA/m, v =4 m/s.): 1 - MW-heating; 2 - conventional heating.

The iron oxides content in the purified samples of sodium and potassium silicates is less than 0.0004g/I
Fe0s. It is estimated that when synthesizing zirconium and zinc silicates and a small part of this
amount of iron only will pass into the structure of the synthesized zirconium and zinc silicates.

A non-monotonic dependence of the degree of purification on the speed of the liquid phase passage
through the poles of the electromagnetic unit is determined (Fig. 44) in all likelihoodwith that at first
with increasing flow rate increases the Lorentz force (F1 = BqV), then due to the formation of a
turbulent flow at high speeds and reducing the residence time of the solution in magnetic field, the
cleaning efficiency decreases. Also, the effect of electromagnetic field strength on the cleaning
process is complex (Fig.45). Several publications describe a similar character of the influence of
magnetic field on water systems. Various hypotheses were put forward to explain the mechanism of the
impact of magnetic fields on water systems. We believe that the more credible hypothesis consists in
the fact that there is a magnetic coagulation of the finest ferromagnetic particles present in
the solution. As we pointed out, iron in the silicate solution is in the form of complex salts
Na[Fe(SiOs)2]nH20, which form polymer sodium-ferrous silicate chains. The observed (Fig. 45) poly-
extreme character of cleaning silicate solutions from iron oxides, depending on electromagnetic field
strength, may be due to the fact that under the influence of electromagnetic field de-polymerization of
sodium ferrous silicate proceeds intensively at certain values of the electromagnetic field strength. The
maximum cleaning effect is observed when the electromagnetic field strength is 1100 kA/m. Periodic
changes in the cleaning degree with increasing H can be attributed to Larmor regularity according to
which the electron precession in the magnetic field is linearly related to the field strength. As the
magnetic field strength changes, resonant phenomena may occasionally occur. With increasing
magnetic field, the Larmor frequency that which depends linearly on it, also grows constantly, and the
spectrum of molecular frequencies is discrete, so that the equality of three frequencies of neighboring
molecules and the Larmor frequency is only possible for certain magnetic field strengths. This fact
explains poly-extreme nature of the studies dependencies. From the obtained results it is obvious
that the use of the energy of microwave radiation shortens the cleaning process. Experimental
results have shown that the microwave activation in conjunction with magnetic treatment
accelerates the formation of calcium iron silicates and their removal from solution by a factor
of three (Fig.46). Such acceleration of the process can be explained by increase in the frequency
and efficiency of the collisions of the reacting molecules upon a volume thermal effect in an
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open microwave system. Let us assert again that the use of MW radiation opens manifold
possibilities in chemistry, and in particular, shows the efficiency of microwave processing in
combination with the magnetic treatment for deep cleaning of silicate solutions from coloring
impurities. Studies have shown that in the case of silicate solutions the combination of both
methods, electromagnetic processing and microwave activation, greatly improves the
performance of each method, used separately: the amount of iron oxides in the solution is
reduced by a factor of 100 (0.5 mg/l and lower). Pure samples of sodium and potassium silicate
solutions have been obtained.

Effect of UV radiation on the radiation-optical properties of potassium and sodium silicates. The
effect of UV irradiation on radiation-optical properties of sodium and potassium silicates was
investigated for the samples obtained from diatomite, perlite and quartzite. Transmission spectra were
measured in the wavelength range from 1 to 2.2 mkm( um) for the samples subjected to UV
radiation. Before the irradiation, the potassium and sodium silicates obtained by HTMV treatment of
diatomite, perlite, quartzite were dried in drying boxes to form a powdery substance. UV irradiation
was carried out using various exposures and cycles: 30 to 150 minutes. The measurements of
transmission/absorption spectra were carried out at regular intervals after UV radiation.

25
= 20 & 1
-
15
10
"
5 W_
0
1 1.2 1.4 1.6 1.8 2 2.2
A. mkm

Fig. 47. The optical transmission (absorption) spectra of initial samples obtained by HTMV processing:
1 - sodium metasilicate; 2 - potassium tetrasilicate.
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Fig. 48. The optical transmission (absorption) spectra of sodium metasilicate after UV irradiation: 1-
Measured after 30 min. irradiation; 2 - Measured after 150 hours following 30 min. irradiation; 3 -
Measured after 7 days after following another 60 min. irradiation (total irradiation time made 90
minutes); 4 - Measured after another 60 min. irradiation (total irradiation time made 150 minutes); 5 —
initial sample.

Fig. 47 -49 shows the transmission (absorption) spectra of sodium and potassium silicate. It is seen that
the behavior of absorption spectra changes depending on the composition of silicate powders. The
absorption at 1.3 mkm with a pronounced maximum for the sodium silicate sample and a weak
maximum for the potassium silicate sample are determined by the presence of water valence vibrations
p(OH) or, probably, by its own structure in non-irradiated samples. The possible presence of water in
the structure suggests deformation vibrations (OH) at 1.4 and 1.6 mkm. After UV radiation (3KW
DksEI-1000-6 xenon lamp) within the wavelength of 240-320 nm, a decrease of intensity peaks in the
tested samples was observed. The low intensity peaks at 1.4 - 1.6 mkm were related to the presence of
deformation vibrations of silicate bonds as a result of UV radiation. The medium intensity peaks at 1.6
— 1.8 mkm were also related to the structure of silicates. The high intensity peaks at 1.3 mkm
corresponded to valence vibrations of crystal lattice p (Si-O-Si), whereas the small peak at 1.1 mkm
was the effect of deformation vibrations of defects (Si-O-Si) as a result of irradiation. It is seen from
Fig. 47 and 48 that irradiation reduces the intensity of transmission (absorption) bands, i.e. UV radiation
contributes to a redistribution of the intensity peaks responsible for defect formation in the crystal
lattice and, thus contributes to an increase of the resistance of materials with respect to radiation
sources. Figure 49 (1, 2) show the transmission (absorption) spectra of the samples of sodium and
potassium silicates.
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Fig. 49. (1, 2,) Transmission spectra of non-irradiated (1: powdered sodium silicate, 2: powdered
potassium silicate) and UV irradiated samples (1 irrad, 2 imad: €Xposure 3 hr at 100 - 150°C).

As it is seen, the character of the transmission/absorption spectra does not depend on the content of
silicate powders. There is a difference in the transmission percentage of spectra and no significant
changes of the samples are observed (Fig.47). After UV radiation within the wavelength of 240-320 nm
using ~3 kW DKSsEI-1000-6 xenon lamp, the investigated samples revealed a general decrease in the
intensity maxima. The peaks at 1.2 -1.6 mkm are due to deformation vibrations of silicates. As a result
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of exposure to UV radiation, there are some violation of the vibrations bonds, and therefore a decrease
in the intensity within the entire scope of the investigated transmission spectra. The strong variation of
intensity (by a factor of 2) is observed in potassium silicate samples and is presumably due to the
structure. Potassium silicate has crystalline structure (Fig.50).
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Fig.50. Diffraction patterns of K>O-3SiO, dried at 200°C.

Sodium silicate samples have more amorphous phase, and in this case UV irradiation should not affect
the redistribution of the intensity of deformation vibrations. The observed decrease in intensity at 1.6-
1.8 mkm is associated with own structure of initial silicates. The irradiation was carried out using ELU-
5 linear electron accelerator at 90K. The measurements were performed within the wavelength range
from 1 mm to 2.2 mm under identical conditions for all the samples. Figures 51 and 52 present some
experimental results of the measurements. It is seen from the absorption spectra shows that the initial
non-irradiated samples (Fig.51, curve 1, Fig.52, curve 2) exhibit more complex behavior. The
absorption spectra clearly reveal intense absorption bands at A= 1.38 mkm and A= 1.91 mkm in the case
of sodium silicate samples andat A= 1.2, 1.38 and 1.5 micronsin the case of potassium
silicate samples. In potassium silicate samples the absorption band at A= 1.38 microns is weak, however
there is a new intense absorption band at A= 1.5 mkm. Irradiation with fast electrons (dose of
10%* electrons/cm?) leads to changes in color or color tone of the samples: white powder becomes gray,
which is accompanied by changes in the transmission spectra structure (as Figures 39 and
40 show). The changes in samples color confirm the appearance of new defects as a result of both
recharging of own growth defects and violation of local regions in the sample crystal structure. The
samples of sodium silicate reveal a new broad absorption band at A= 1.52 mkm. In the potassium
silicate samples completely disappears the intense band at A= 1.5 microns, but appears a new, no less
intense absorption band at A= 1.3 mkm.Thus, it follows from the absorption spectra that in all
investigated samples electron irradiation results in a strong decrease in transparency within the entire
studied spectral region.The observed absorption band at A= 1.91mkm in sodium silicate is interpreted as
a combination of valence and molecular vibrations of hydroxyl (OH) groups, the fundamental
oscillation frequencies of which are in the far infrared region (~ 3500 cm™and 1600 cm™). The nature
of the rest of absorption centers, including radiation damages in the crystalline structure (bands at A=
1.52 microns in irradiated sodium silicate samples and A= 1.3 mkm in irradiated potassium silicate
samples) requires further study using theoretical modeling of physical processes in disordered structures
(disorder order type).The presented figures also show the changes in the transmission of the
irradiated samples relative to non-irradiated ones (curve 3). They clearly reveal the irradiation effects.
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Fig. 51. Optical absorption spectra of sodium silicate in the near infrared spectral region: 1 - non-
irradiated; 2 - irradiated with a dose of 10* electrons/cm?; 3 - induced absorption, the difference in
absorption between non-irradiated and irradiated samples.
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Fig. 52. Optical absorption spectra of potassium silicate in the near infrared spectral region: 1 —non-
irradiated; 2 - irradiated with a dose of 10 electrons/cm?; 3 - induced absorption, the difference in
absorption between non-irradiated and irradiated samples.

Thus, as a result of UV exposure, redistribution of intensity of crystal lattice vibrations p (Si-O-Si)
takes place due to violations of valence bonds, as well as an increase in deformation vibrations, (Si-O-
Si) defectse. These processes promote an increase of radiation-optical resistance of
materials.Investigation of characteristics of irradiated samples of sodium and potassium silicates has
revealed that the radiation resistance of potassium silicate is higher than that of sodium silicate.
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3.3. Development of hydrothermal-microwave method for obtaining of high-purity silicate
pigments.

Obtaining of Zirconium silicate. Zirconium silicate, due to the very low reactivity, high strength and
hardness, low coefficient of thermal expansion, excellent rheology, stability of technological properties,
high resistance to chemical and thermal influences, as well as its optical luminescent properties, is a
promising material for manufacturing high-quality surfaces. Zirconium silicate coatings are corrosion-
proof, heat- and radiation-resistant, and can also be used as thermoregulating coatings (TRC) to
maintain thermal behavior of space vehicles, nuclear power plants, electrostatic safety systems, etc.

At present, powders of oxides, ZnO, ZrO,, TiOz, Zn,TiO4, are used as pigments for TRC . The use of
silicate pigments for the SV TRC is limited due to the sophisticated technology of their
manufacture. Since the process of producing high-purity silicate is multistage and of long duration, as
well as carried out at high temperatures, the development of new methods of synthesis of the silicates is
an urgent task. We have developed a MW method of liquid-phase synthesis of
zirconium silicate. Synthesis of zirconium silicate by reacting aqueous solutions of zirconium salts and
sodium silicate is easy to operate and economical, however, the chemical reactions occurring under
MW heating are much effective. The obtaining of silicates by hydrothermal microwave
(HTMW) method is an effective way to produce nanocrystalline silicates compared with the solid-phase
reactions methods.

Synthesis of zirconium silicate was performed in teflon autoclaves of VOLTA MC-6 microwave oven.
Synthesis conditions were as follows: temperature of 80 "C , 240°C, pressure of 1 and 33 bar, duration
30-240 minutes. The temperature and pressure were automatically controlled using the temperature and
pressure monitoring devices. Synthesis was carried out by interaction of zirconium oxychloride and
sodium silicate solutions when maintaining pH of the medium at ~ 7.0. The concentrations of the initial
ZrOCl; and NapO-SiO; aqueous solutions were 0.5 mol/ I. The amounts of the initial reagents were
calculated according to the following reaction:

ZrOCl,+Na,0-SiO; — ZrOy SiO, + 2NaCl

Pouring the very first portions of ZrOCl,to the sodium silicate solution instantaneously caused
formation of a white flocculent residue. After holding at 240°C in MW oven, the mixture was
filtered. Zirconium silicate precipitate was washed with distilled water (70-80°C) to remove Na*andClI
ions. The obtained zirconium hydrosilicate was dried in SAMSUNG CE1073AR microwave oven. The
heat treatment of the zirconium silicate samples was carried out in NABERTHERM LHT 08/17 electric
furnace to obtain a crystal structure.

The compositions of the initial and final products were determined by physical and chemical analyses
(weight, spectroscopic, photocalorimetrical, flame photocalorimetrical methods).

The synthesized zirconium silicate represented a white fine-grained powder. Chemical analysis and X-
ray phase studies are stated that in the process of zirconium silicate synthesis a chemical compound
ZrO; .SiO2;:mH;0  (zirconium silicate) is formed: its humidity was 48-50% and 5%after
drying. SiOzand ZrO, identification was carried out by gravimetric method and XRF analysis
(Fig.53). X-ray analysis of the heat-treated samples of ZrO,.SiO-silicate was carried out as well as
differential thermal and thermal gravimetric analysis up to 1500 °C.
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Fig. 53. Chemical composition of Zr silicate, measured by XRF analysis.

Fig. 54 presents the results of thermal analysis of the dried ZrSiO4 samples. Physico-chemical studies
have reveal endothermic effects at 170°C, and exothermic effects at 885°C, 1190°C and 1365°C.
Endothermic effects are due to removal of the adsorption and chemically bound waters Wide
temperature range of water removal indicates that water in the synthesized hydrosilicates is located at
the structurally nonequivalent positions. It is seen from the presented thermogramm that in the mode of
continuously raising temperature, the sample at first loses the adsorbed water. The analysis of weight
loss curves shows that the structurally bound water is removed at higher temperatures. The weight loss
of samples due to removal of OH groups occurs at the temperatures below 1200°C. Exothermic effect
at 885°C corresponds to the transition of amorphous zirconium metasilicate to crystalline tetragonal
ZrO, and amorphous SiO,, and at higher temperature it converted in crystalline phase ZrSiO4. It is
shown that the microwave heating results in acceleration of the synthesis. It is found that during the
heat treatment of the synthesized zirconium silicate, phase transformations of the amorphous structure
of the zirconium silicate take place to form zircon.
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Fig. 54. DTA curves of the Zr0,.SiO2nH,0 samples dried at 120°C.
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Analysis of X-ray patterns of the samples heat-treated at various temperatures, allows to monitor the
formation of crystalline phases and phase transformations when heating the synthesized zirconium
silicate.

The comparison of the results of DTA and X-ray phase analysis shows that the exothermic effects at
885°C correspond to the decomposition of amorphous zirconium metasilicate with the formation of the
crystalline phase of tetragonal zirconium oxide. Within the temperature interval of 1055-1240°C, a
crystalline phase of zircon with a maximum at 1190°C is formed, as evidenced by X-ray phase analysis
(Fig. 55). The state diagram of waterless ZrO,-SiO- system contains (within the studied composition
range) only one binary compound formed at the temperatures above 1300°C, and its composition
corresponds to ZrSiO, formula. The absence of new reflexes in the X-ray pictures that would confirm
the formation of a new crystalline phase, gives grounds to assume that the exothermic effect at 1240-
1640°C with a maximum at 1365°C is related to the compaction and stabilization of the structure of the
previously formed ZrSiO, and to the decrease in the internal energy of the system. XRD of the products
have showed that after heat treatment of the synthesized hydrosilicates at the temperatures above
1100°C, the main crystalline phase becomes ZrSiO4 which decomposes at 1650°C with the formation of
monoclinic ZrO; and vitreous SiO- .

Based on XRD, it is determined that as a result of heat treatment at 1200°C, a crystalline phase of zircon
is formed, which nuclei appear already at 240°C during the MW synthesis (Fig. 56).
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Fig. 55. X-ray diffraction pattern of ZrSiO4samples heat-treated at 1200°C
(Z-zircon)
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Fig. 56. X-ray diffraction pattern of ZrSiO4 samples synthesized by MW heating at 240°C
(P =33 atm)

Hence, microwave synthesis gives better results compared with the known methods due to the
formation of crystalline centers in the whole volume of the reaction mixture during the silicate synthesis
and leads to a reduction in overall process time by a factor of 2-3.



Project # A-2133 Final Project Technical Report Page 47/ 92

Obtaining of rare earth elements doped Zirconium silicate. Our works in the field of synthesis of
high quality silicates show that the introduction of small amounts of rare earth elements into the
silicates structure significantly changes their optical properties and increased their resistance to
radiation.

To obtain various pigments zircon group in the synthesis of zircon, various dopant elements are
introduced to the zircon lattice. In the case of the solid-phase synthesis of pigments, high temperatures
and prolonged time up to several hours are required to introduce dopant atoms to the zircon lattice. In
order to reduce the synthesis temperature to obtain a homogeneous structure and uniform introduction
of the dopant element in the zircon lattice, the sol-gel synthesis method is used. As initial materials,
pure expensive materials (Si and Zr alkoxides, acetates, nitrates in water and water-ethanol mixtures)
are used; the synthesis time is prolonged, therefore sol-gel method is not applicable when obtaining of
large amounts of pigments is required (on the industrial scale). The gas-phase methods of silicate
synthesis are environmentally inappropriate as silicon halogenides are toxic and explosive; besides,
harmful gaseous by-products and intermediate product are formed in the synthesis processs. More
promising are liquid phase synthesis methods in aqueous solutions (hydrothermal method).

We have developed new method: The doping of zirconium silicates with yttrium and cerium was
carried out immediately in the process of MW synthesis of zirconium silicates by simultaneous mixing
of all components. The doping of zirconium silicate was performed during the synthesis of zirconium
silicate by simultaneous interaction of 0.5 M solutions of zirconyl chloride, sodium silicate and
solutions of dopant compounds (yttrium or cerium nitrate) when maintaining pH within the range of 7 -
7.2. To synthesize cerium/yttrium doped zirconium silicate, ZrOCl,-8H,0, Ce(NOs)s-6H,0,
Y (NOs3)3-6H20, purified Na2O-SiO,solution were used.

The amounts of the initial solutions ZrOCl,-8H,0, Na;O-SiO, and Ce(NOs)3-6H20, Y(NOs)s were
taken so as to ensure the following compositions of the final product: (0,95-0.98) ZrO,-(0,05-0.02)
Ce,03-SiO, and (0,95-0.98). ZrO,-(0,05-0.02) Y20s3-SiOs.

To obtain a homogeneous mass, the reaction mixture was kept for 25-30 minutes in a MW oven at a
temperature of 240°C, and then the residue was filtered off using a Buchner funnel. The residue was
thoroughly washed from CI', NOs” and Na“ions by hot water (repulping) and dried in a microwave oven.
To obtain the crystalline cerium/yttrium-zirconium pigment, the mixture was fired in LHT 08/17
electric furnace LHT (Nabertherm Company).

According to the results of physico-chemical analysis, the synthesized fusion mixture has the
following composition: (0.95-0.98) ZrO,-(0.05-0.02)Ce,03--SiO, and (0,95-0.98). Zr0O,-(0,05-0.02)
Y203-SiO,.

Experimental batches of zirconium silicates (both non-doped and doped with yttrium and cerium) were
obtained; their physical and chemical characteristics were studied.
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Fig.57.Diffraction patterns of Ce-ZrO,.SiO,.Firing temperature: 1200°C.Z-zircon, B-baddeleyite

Fig. 57 and 58 present the results of thermographic and X-ray analysis of Ce-ZrSiO4pigment samples.
The Ce-ZrSiO, thermogram reveals a deep endothermic effect at 170°C (within the range of 105
+435°C) corresponding to the removal of crystallization water. The absorbed water is removed at
relatively low temperatures. Analysis of the sample weight loss curve indicates that up to approximately
435°C the loss is 83.8% of the total losses. A pronounced exothermic effect within the temperature
range of 1050°C - 1220°Cwith the maximum at 1170°C is due tothe formation of non-aqueous
crystalline phase of zircon. The phase of the ZrO,-SiO; non-aqueous system has only one binary
compound - zircon, which composition corresponds to ZrSiO4formula. The main crystalline phase
becomes ZrSiO, after heat treatment at the temperatures above 1100°C.

TG

Fig. 58.DTA curves of theCe-Zr0,.SiO,.nH,0 samples.

Surface characteristics of the obtained powders of zirconium silicate (ZrSiO4): Surface
characteristics of the obtained powders depend on the particle size. The grain size determines their
optical and other physicochemical characteristics. In particular, nanopowders have some specific
properties caused by the following factors.

a) A large proportion of surface atoms, which leads to distortions of the crystal lattice at the surface, an
effective drain of defects, presence of a large number of unsaturated atomic bonds.

b) An increase in volumetric fraction of interfaces, resulting in long-range elastic stresses, distortion of
the crystal lattice also at the grain boundaries.

¢) Facilitation of atom migration.
d) Dependence of the charge carrier transfer processes on the shape and size.

e) Possibility of manifestation of quantum effects.
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The reflectivity depends on the grain size and can be increased within a certain range. For real powders
composed of the particles of different sizes and irregular shape, it is possible to estimate the average
particle diameter from data of Specific surface area and pores adsorption volume.

Experimentally were determined the monolayer capacity (amount of adsorbate) on the surface of
zirconium silicate powder, specific surface Ssp and adsorption pore volume Vp. Specific surface area
Ssp is calculated from the monolayer capacity for the given material. Monolayer capacity is the amount
of adsorbed substance that can be located in a completely filled adsorption layer one molecule thick
(monolayer) on the surface of a unit mass (1 g) of the solid.

The study of porous structure of the samples was carried out by the methods based on the physical
adsorption of gases or vapors and on the indentation of liquids into pores (BET method) using
“AccuSorb 2300E” device (Micromeritics company, USA).

From these data, particle size of the obtained zirconium silicate (ZrSiO4) powders was calculated. Table
4 presents the results of measurements and calculations.

Table 4.
Characteristics of zirconium silicate (ZrSiOg)
Synthesis and heat | Specific surface, | Pore volume, cm®/g Particle size, nm
treatment conditions m?/g
Synthesis at 80°C 207.17 0.199 8.4
Heat treatment at 1200°C 1.14 0.0175 152.2
MWsynthesis at 240°C 366.2 0.496 4.7

In the case of low-temperature synthesis (80°C), an amorphous silicate with a developed surface is
obtained. In the case of microwave synthesis, smaller crystalline particles are obtained than when
crystallizing an amorphous silicate, synthesized and heat-treated at conventional conditions. This is
explained by the fact that in the case of MW synthesis, the rate of the formation of zirconium silicate
molecules throughout the volume is much higher than their conglomeration rate. During heat treatment,
the particle coarsening is observed due to the crystallization of the synthesized amorphous zirconium
silicate.Optical and electrical characteristics of the obtained zirconium silicate were measured.
Dielectric constant &' of ZrSiOs samples was measured over the frequency range from 300 Hz to 1
MHz at room temperature (Fig.59). The measurement unit (bridge circuit) was calibrated using BM
400G Tesla capacitance meter. 100 mV sinusoidal measuring voltage was applied to the samples, the
measurement accuracy was * 0.05 pF. 1-3 mm thick and 10 mm in diameter cylindrical samples were
used. The electrodes on flat surfaces of the samples were made of thin copper foil. The frequency
dependence curves of dielectric constant of zirconium silicate treated at different temperatures show
that with increasing temperature of the treatment there is a significant reduction of &' at low
frequencies of electric field, whereas at 1 MHz dielectric constant remains without noticeable
changes. Heat treatment of samples at 1200°C resulted in the fact that &' within the measured frequency
interval has a constant value and did not depend on the electric field frequency; besides, at high
frequencies &' approached to the values obtained for especially pure samples of silica
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Fig.59. The frequency dependence of dielectric constant of zirconium silicate treated at different
temperatures during 2 hr . #0- especially pure SiO,.

Thus, it follows from the above experimental data that heat treatment of ZrSiO, exercises a
significant influence on dielectric constant &', which is more pronounced at low frequencies of electric
field. Such behavior of ZrSiO, dielectric constant in the course of heat treatment relates to the decrease
in the concentration of electric dipoles in samples. Probably, structural changes in elementary cell of
silicate occur at high treatment temperatures. Such changes confirm the possibility of the formation of
electric dipoles in ZrSiO4 samples due to structural changes in the unit cell.

Cathodoluminescence (CL) of zirconium silicate (ZrSiOa).

Spectroscopic characteristics of ZrSiO4 (luminescence excitation and fluorescent properties) were
determined within a wide spectral range (2- 20 eV, 5 -10 keV). The experiments were performed at
10K,, 78 K and 300 K.

The luminescent properties of the samples were studied at SUPERLUMI station of HASYLAB
Laboratory (Hamburger Synchrotronstrahlungslabor) of DESY Synchrotron (Deutsche Elektronen-
Synchrotron) (Hamburg, Germany) .

Figures 60 and 61 present the luminescence spectra as a result of excitation of luminescence by
synchrotron radiation, luminescence excitation spectra using different energies and luminescence
spectra of zirconium silicate samples (ZrSiOs).
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e) Emission spectrum of ZrSiO, powders at 10 K, excited by 6.2 eV photons.
f) Emission spectrum of ZrSiO, powders at 10 K, excited by 11 eV photons.

Fig.60. Luminescence spectra of ZrSiO, excited by E=2.88 eV (a); 3.65eV(b); 4,13(c); 4.96 eV (d);
6.2eV(e); 11eV(f) synchrotron radiation energy at T = 10 K.
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Fig.61. Luminescence spectra exited by energy E.n=2.78 eV (a) and luminescence spectra of
ZrSi0q exited by Eex - 4.96(b); 6.52eV(c) at T = 300 K.

When exposing the zircon samples to 5keV and 10keV pulsed electron beams at different temperatures,
intense luminescence is observed in the spectral range of 2.75 eV - 3.5 eV.CL spectrum at 78 K is a
broad band with a peak shifted depending on the excitation energy (2.75 eV - 3.5 eV). With increasing
temperature to 300K, a decrease of CR intensity takes place, and maximum luminescence band
corresponds to 3.0 eV. CR excitation of zircon samples in the spectral range of 1-5 eV by the pulsed
beam of electrons of different energies shows that the intensity of CR spectra depends strongly on the
excitation energy. The observed 2.75eV, 3.0 eV, 3.25 eV bands in CR spectra of the studied samples of
ZrSiO4 (Figure 62, 63), characteristic of luminescence of many silicates, are usually associated with the
radiation of defect centers [ZrO4]* and [SiO.]*, which are due to local distortions of silicon- oxygen
tetrahedra. [ZrO4]* center may be formed when zirconium atom substitutes silicon in the regular
tetrahedral position. [SiO4]* center appears when the symmetry of silicon- oxygen tetrahedron is
violated because of a nearby defect. In the formation of these centers and their metastable states,
impurities can play an important role as charge compensators or the factors of changing the electron
density distribution in the tetrahedron. The fact that cathodoluminescence of [ZrO4]* (E = 2.75 eV) and
[SiO4]* (E = 3.25eV) defect centers is efficiently excited at low temperatures, testifies to the possible
transfer of the excitation energy from the excitons and, accordingly, to the formation of specific excited
states in the defected lattice. The reason of the shift is that the generation of exciton excitation takes
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place immediately in those lattice areas disturbed by the presence of defects, and its non-radiative
relaxation is performed predominantly involving local oscillations of the defect center.The emission
band at 3.0 eV is apparently related to an intermediate stage of the formation of exciton-defect
complexes or short-lived defects in the form of vacancies Vzand interstitial ions Zr* formed at bond
breaking, such as optical transitions in Vz centers.
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Fig. 62. Cathodoluminescence spectra of the ZrSiO, at 78 K and the excitation energy of 5 keV
and 10 keV electrons.
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Figure 63. Cathodoluminescence spectra of ZrSiO,4 at 300K and the excitation energy of 5 keV
and 10 keV electrons.

Thus, cathodoluminescence in zirconium silicate is due to multicomponent defect centers that are
inherent in silicate materials and are efficiently excited by UV radiation. UV radiation contributes to
redistribution of the intensities responsible for the defect formation in the crystal lattice.

Selective excitation of zirconium silicate by energy of the exciting SR was used to separate the
observed bands into those related to glow of impurity or native defects and those related to glow of
matrix, possibly with the participation of excitons or exciton-defect complexes, which shows that the
structure of the spectra depends strongly on the type of samples excitation.

According to the EXAFS-spectroscopy data, d (Zr-O) distance in zirconium silicate is 2.070A°. It is
shown that in zircon the band gap Eg is reduced to 4.73eV, whereas in silicon oxide the band gap is 4.77
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eV. Since zirconium has large ionic radius, Zr ions lead to a large increase in Zr-O interatomic distance.
2.78eV, 4.96eV, 6.52eV and 2.88eV, 3.65eV, 4.13eV, 4.96eV, 6.2eV, 11.0eV broad bands observed in
the luminescence excitation and luminescence spectra of the investigated ZrSiO. are characteristic of
many silicates and usually associated with study of radiation of defect impurity centers and [SiO4]* due
to the presence of impurity ions and local distortions of silicon-oxygen tetrahedra. [SiO4]* center can be
formed when zirconium atoms substitute silicon atoms in regular tetrahedral position. [SiO4]* center
appears when the symmetry of silicon-oxygen tetrahedral is violated because of a defect in close
proximity. In the formation of these centers and their metastable states, an important role can play
impurities: as charge compensators or factors of modification of the electron density distribution in the
tetrahedron. Violation of regular bonds in zirconium and silicon sublattices may result in the formation
of short-period optically active defects such as anionic vacancy luminescence centers of F and F* types
in UV and VUV spectral regions.

The mechanism of formation of anionic luminescence centers may by as follows. Under the action of
high-energy light quanta such as synchrotron radiation, electron-hole pairs are generated in the crystal
lattice volume, some of them can recombine. Electrons are trapped by anion vacancies that always
present in the synthesis of zirconium silicate, therefore arise F and F*: color centers or emission maxima
in the UV and VUV excitation and luminescence spectra.

As for the observed peaks in the spectra of luminescence excitation, 2.78eV are caused by defective [
ZrOq4]*or related to an intermediate stage of the formation of exciton-defect complexes; 4.96eV, 6.52eV
are caused by F'center. As for the observed peaks in the luminescence spectra, 2.88eV emission
maxima are [ZrO4]* or short-period defects in the form of vacancies Vz and interstitial ions Zr* formed
at bond breaking break ties, or optical transitions in Vzcenter; 3.65eV are [SiO4]*; 4.13eV are F-
centers, 4.96eV, 6.2eV, 11.0eV are F* centers. The reason for shifts of radiation maxima in the
excitation and luminescence spectra is that the generation of exciton excitation takes place directly in
those lattice sections distorted by the presence of defects, and its non-radiative relaxation is carried out
mainly with the participation of the local oscillations of defect centers.

These conclusions are based on the fact that in low-temperature conditions of the experiment (T = 10K),
radiative relaxation dominates, and the probability of nonradiative transitions is practically
zero. Therefore, as for the luminescence in the silicates in the case of excitation of above active sites by
optically active photons with energies in the range of interband transitions, their relaxation process
includes a stage of forming multicomponent defect complexes that are effectively excited in UV —-VUF
radiation range.Radiation spectrum (240 nm to 360 nm) was 1,000 kW.

Luminescent characteristics of irradiated zirconium silicate. The photoluminescence spectra (PL) of
ZrSiO4 samples were measured after irradiation with high-energy electrons (20MeV) at T=300 K, see
Fig. 64-68. When exposed to UV-photons with lower excitation energy (E exc = 3.5eV) at different
temperatures, an intense luminescence was observed within the spectral range of 1.8 eV - 2.6 eV. Here,
the maxima of the emission bands were shifted depending on the treatment temperature and the
presence of various concentrations of impurities, which confirmed the occurrence of several excitation
mechanisms for the radiation centers. With increasing the treatment temperature, a decrease in the PL
intensity with the luminescence band maximum at 1.9 eV was observed. 1.9 eV; 2.4 eV - 2.5 eV bands
observed in the PL spectra of the studied ZrSiO4 samples are illustrative of the luminescence of many
silicates and are commonly associated with the radiation of, for example, [SiO4]* defect centers
resulting from local distortions of silicon-oxygen tetrahedra. Zirconium ions can locate in the
tetrahedral environment in the form of (OH) - Zr — (OSi); or Zr — (OSi)sgroups. The [SiO4]* center
position is more advantageous and appears when the crystal symmetry of silicon-oxygen of tetrahedron
is violated due to a closely spaced defect after high temperature treatment. In the formation of these
luminescent centers and their metastable states, an important role can play impurities: as charge
compensators or as the factors of changes in the electron density distribution in the tetrahedron
depending on doping elements (Fig. 3-5). The change of density in the crystalline structure of the
samples with dopants is apparently related to the formation of singular Ce, Y defect radiation centers,
which contribute to the generation of photoluminescence. The emission bands with the maxima at
1.8eV and 2.2eV - 2,5eV in electron irradiated and doped samples are mainly caused by the formation
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of impurity defects as well as radiation defects: zirconium and oxygen vacancy, respectively, whereas
the maximum at 2.5eV after the irradiation is due to an intermediate stage of formation of exciton-
defect complexes or short-living defects in the form of vacancies V z and interstitial ions Zr* generated
at breaking of bonds as optical transitions in the Vz center.Besides, Ce**, Y*" ions have an intense
luminescence band with a maximum within the interval from UV to blue region depending on the
configuration and strength of the ligand crystal field. The activators provide an insignificant level of
concentration quenching, the coefficient of transformation of the excitation energy to the total energy of
the released light photons in the indicated states depending on the activator valent state, which strongly
affects the luminescence efficiency.
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Fig.68. Photoluminescence spectra of (irradiated (10%"el/cm?, 20MeV), ZrSiO4 (Ce203-5%), 1200°C,3.5
hours), T- 300K,Eexc-3.5€eV.

The conducted research has shown that the photoluminescence spectra of the samples after heat
treatment, activation and irradiation with electrons of various energies can be presented as a
superposition of individual radiation bands. These bands can be identified with Zr”* | F*- color
centers, Vzr'. (Vzr' - Zri")", F- centers, Vj\ K(Vo), Ki(Vjr), KrCVzr), respectively. Here, K(\Vo).
Ki(Vjr), K2(Vjr) are complex defects involving oxygen and zirconium vacancies. The kinetics of
changes in the integrated luminescence bands and in the intensity of individual luminescence bands
indicates that at low electrons energies (for example 5 MeV) the change in photoluminescence spectra
is explained by simple defects, electron and hole centers. With increasing electron energy (20 MeV),
the contribution from complex defects caused by associations of simple defects, F, F * - centers
and V', YVen', becomes significant. The obtained results can also be explained using an effect caused
by the shift of the Fermi level, as a result of which the charge state of the centers and the nature of their
participation in luminescence can change.

We have studied the effect of irradiation on the zircon properties. Irradiation was carried out
using linear electron accelerator ELU-5 at 90 Kand 10 °-10%Pa. The optical absorption
spectra of the synthesized zirconium silicate (both initial and irradiated with 5 MeV electrons
at a dose of 10 electrons/cm?) in the near infrared region of the spectrum were studied. The
measurements were performed within the wavelength range from 1 mm to 2.2 mm under
identical conditions for all the samples. Fig.69 shows the results of experimental measurements
of the absorption spectra. Curve 1relates to the irradiated sample, curve 2to non-
irradiated one. As it is seen from the absorption spectra, of 1.32 mkm and 1.54 mkm bands
responsible for color centers, decrease. This means that the intensity change is due to creation
of radiation damages in the structure of the sample after irradiation.
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Fig.69. Optical absorption spectra of ZrSiO, heat-treated at 1200°C during 2 hr. 1-the irradiated
sample (irradiated with 5 MeV electrons at a dose of 10*® electrons/cm?), 2 - non-irradiated sample.

Thus, the observed changes in the absorption spectra of the investigated samples after heat treatment
and electron irradiation confirm the fact of changing the zircon charge state and formation of structural
radiation defects in the form of point defects with different charge states. UV radiation contributes to a
redistribution of the intensity of those bands responsible for the defect formation in the crystal lattice,
and, thus, promotes increase in the radiation resistance of the materials.

Diffusion reflectivity of zircon. The diffusion reflectivity spectra of zirconium silicate samples doped
with Y and Ce rare-earth elements were investigated before and after high energy electrons irradiation
(20MeV). The measurements were performed using SPECORD-M-40-UV VIS
spectrophotometer. Figures 70-72 show the obtained spectra. The doping increases the reflectivity of
zircon; yttrium improves ZrSiOq reflectance more than cerium. This may be related to the changes in
the concentration of radiation-induced defects due to the presence of yttrium ions with higher valence,
which results in the changes in anion-cation distance and in producing more stable crystalline lattice. In
the structure of zircon, (Zr-O) bond distance is 2.035A°, (Si-O) bond length increases to 1.639A° and O-
H bond length is practically constant (0.977 A°).

After an intense irradiation the samples reflectivity declines at most by 15% (Fig. 70-72). However,
taking into account that in our experiments the intensity of high-energy irradiation for a few seconds is
more than the 15 years dose of space radiation, these pigments can be used to produce TRC.
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Fig.70.The diffuse reflectance (€) and integral coefficient of absorption (as) spectra of
ZrSiO4 samples (MW synthesis at 240°C, heat-treatment at 1200°C during 2 hr): 1 — before irradiation,
2- after irradiation with 20MeV electrons at a dose of 10* electron/cm?
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Fig.71.The diffuse reflectance (€) and integral coefficient of absorption (as) spectra: 1 —
ZrSiO4(Y203-5%) (1200°C -3.0 hr), 2 — ZrSiO4 (Y203-5%) irradiated with 20MeV electrons at a dose of
10* electron/cm? (1200°C, 3.0 hr).
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Fig.72. The diffuse reflectance (€) and integral coefficient of absorption (as) spectra: 1 — ZrSiOq
(Ce205-5%) (1200°C -3.0 hr), 2 — ZrSiO4 (Ce,03-5%) irradiated with 20MeV electrons at a dose of
10*" electron/cm? (1200°C, 3.0 hr)

Obtaining of Zinc silicate. Zinc silicates have a remarkable adhesive property, high heat and high
mechanical resistance, hardness, etc. which give rise to its wide application in various fields. The
Silicate zinc is promising optical luminescent material due to its high quantum yield upon excitation,
stability of its processing characteristics, and resistance to chemical and thermal impacts. Coatings of
zinc silicate do not spread flame, withstand high temperatures, are conductive, radiation-resistant
materials, and may be used to protect the equipment of cosmic stations, nuclear power and
thermoelectric plants, as well as in electrostatic safety systems, etc. In the ZnO-SiO, system, the
formation of the following two compounds is known: zinc silicate ZnSiOs and zinc orthosilicate
Zn,Si0s.  Zn,Si04 phase in crystalline form is a rarity in nature, but its optical and anticorrosive
properties, high chemical stability, radiation resistance etc. determine its high demand. The traditional
technology solid-solid interaction of zinc salts and silicon dioxide at 1200-1350°C during several hours
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is energy-intensive and time-consuming. The need for the development of new and effective methods
for its synthesis is of high priority.

Development of new methods of microwave synthesis of silicates is an urgent need for the technology
of zinc silicates. Development and application of the directed synthesis should allow controlling the
formation of the desired products. Synthesis of zinc silicates from aqueous solutions of sodium silicate
and soluble zinc salts is simple and economical process, however chemical reactions at heating by
microwave irradiation are more efficient. The HTMW method for obtaining zinc silicates has been
developed.

Synthesis of zinc silicate. To synthesize of ZnSiOs; chemically pure zinc sulfate ZnSO4 and sodium
metasilicate Na,O-SiO; cleaned from coloring iron impurities were used. Synthesis of zinc hydro-
silicate was performed in CE1073AR Samsung microwave oven using an open glass flask equipped
with a backflow condenser and a stirrer. Synthesis conditions: the microwave frequency of 2.45 GHz,
microwave power of 600 W. Concentrations of the initial aqueous solutions of ZnSO4 and Na,O-SiO;
were 0.5 mol/l. The synthesis was carried out by interaction between zinc sulfate and sodium silicate
while maintaining the medium pH at 7.0. The amounts of the initial reagents were calculated according
to the following reaction:

ZnS04+Na,0-Si0, — ZnO SiO, + NaSO.4

The calculated amounts of the initial solutions were added into the reactor at continuous
agitation. Pouring the very first portions of sodium silicate to ZnSO4 solution instantaneously caused the
formation of a white precipitate. After keeping at boiling temperature for 30-60 minutes at continued
stirring, the solution was filtered. The precipitate was washed with distilled water (70-80°C) to remove
S04> and Na' ions.As zinc is an amphoteric metal, when synthesizing zinc silicates from solutions an
important factor is the method for the solution stirring: if zinc sulfate solution is added to silicate
solution, in an alkaline medium (pH of the sodium silicate solution is above 12 (pH <12)
zinc cations Zn?* transfer anionic form ZnO,*forming sodium zincate Na,ZnO,, which is hydrolyzed to
form insoluble zinc hydroxide.

Na;SiO3; + H,O = 2NaOH + HzSiOs (hydrolysis)

ZnS0O4 + H,O =2Zn(0OH); + H2SO4 (hydrolysis)

Zn(OH), + 2NaOH = NaZnO; + Na;S04 +2H,0

Na,ZnO; + 2H,0O =2NaOH + Zn(OH).

As a result, the reaction proceeds on the following scheme:
Na:SiOs +ZnSO, + 2H,0 = Zn(OH), +2 Na;SO4+ H,SiOs

Precipitation entails mutual coagulation of zinc hydroxide and silica. Here, a partial dissolution of
the residue occurs, i.e.zinc hydroxide manifesting its amphoteric properties, partially dissolves
in alkaline solution. Also, hydrate forms of zinc silicate are present.

If silicate solution is added to zinc sulfate (pH < 7), the zinc cations in acidic medium react with
Na2SiO3 forming the zinc silicate precipitate

Na,SiO3 + ZnS0O4 = ZnSiO3+2NaSO4

In this case the reaction yield is higher because the solubility of zinc silicate in water is much lower
than that of zinc hydroxide.
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Physical and chemical study of the samples was also carried out.Chemical analysis showed that the
composition of the obtained zinc silicate corresponded to ZnSiOs formula: humidity was 80-85%, and
10-12% after drying.

Drying of hydrosilicates. The kinetics of microwave drying of zirconium and zinc hydrosilicates was
studied. To reveal the optimum regime of drying, it is necessary to determine the drying speed. Our
experiments on studying the process of drying the zirconium and zinc hydrosilicates were conducted in
the microwave and convection heating modes (the furnaces power was 900 W in both cases).

Fig. 73 shows kinetic curves of drying (humidity change u) with time. Drying was carried out until a
constant weight of the samples was reached. Fig. 48 shows the drying rate in microwave and convection
heating modes. Comparison of the results of microwave and convection drying indicates that the
microwave drying is ten times faster than the convective one: at the microwave drying
10% residual moisture is achieved in 8- 10 minutes, and at the convective drying during this time for
the moisture makes 72-73%. At the convective drying the heat is supplied to the evaporation front at the
account of thermal conductivity of the material dry layer, whereas the microwave drying ensures
heating of the entire volume of the material and evaporation occurs in the entire volume. Changes in the
material moisture content only take place due to evaporation, and movement of the liquid phase is
absent. At the convective drying, there are no phase transformations inside the wet material, and
moisture is removed by movement of the liquid phase in the material.
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Fig. 73. Curves of MW (1,4) and convective (2,3) drying of hydrosilicates:
1,3—ZrOz-Si02-mH20; 2,4—ZnO-SiOz-mH20

The advantage of microwave drying lies in volumetric and high heating rate: after 8-10
minutes constant humidity (10%) is reached. In the case of convective drying constant humidity (10%)
is reached after 2 hr exposure. Thus, the efficiency of the microwave drying of installed zirconium
and zinc hydrosilicate is obvious.X-ray analysis of the heat-treated samples of ZnO.SiOzsilicate was
carried out, whereas differential thermal and thermal gravimetric analysis up to 1500°C were performed
using MOM Derivatograph (Hungary).

Fig. 74 shows the results of thermal analysis ZnSiOs.nH,O samples dried at 120°C. The thermogram of
zinc hydrosilicate ZnSiO3.nH,0 reveals three low-temperature and three high-temperature endothermic
effects. The low temperature effects at 125°C, 260°C and 380°C correspond to the gradual removal of
adsorption, crystalline and loosely bound water. Total weightlossis 14.3% and the low-
temperature water loss makes 58.3% of the total loss. X-ray phase analysis of the initial
sample indicates the formation of zinc hydrosilicate, testifying to the partial structuralization of zinc
hydrosilicate formed due to interaction between sodium silicate and zinc sulfate. In the hydrosilicate
Zn4(Si,0O7) (OH)2.H20 structure, water presents in two structurally nonequivalent positions. On DTA
and TG (weight loss) curves the temperature maxima associated with the removal of structural and
crystallization water occur at 125°C, 260°C and 380°C. In our opinion, further mass loss with the
temperature increases are related to the release of OH groups (> 500°C). In the ZnO-SiO,system at
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atmospheric pressure only one compound is formed, villemite (Zn,SiO4) which melts congruently at
1512°C. Ascan be seen from the DTA curve, the pronounced exothermic effect associated with the
formation of zinc silicate, is manifested at 760°C. The narrow temperature interval of the formation of
the crystalline compounds indicates the closeness of structural motifs of amorphous
(initial) and crystalline  ((Zn.SiO;)) compound. The formation of eutectics at 1430°C s
presumably due to the presence of a sodium containing silicate inthe system (taking into account
relatively  low residual content of NaO (less than 0.5%) in theinitial zinc
hydrosilicate). Consequently, the inconsiderable shift of the system liquidus temperature ((Zn;SiOs
meting) towards low temperatures (1490°C) is associated with the presence of both the impurities
and OH groups playing a part of flux ages. The X-ray analysis of the crystallized melt indicates the full
identity of reflexes with villemite (Fig.75).
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Fig. 74. DTA curves of ZnSiOz.nH>Osamples.
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Fig. 75. XRD patterns of ZnSiO3 samples heated at 1000°C, W-willemite.

Taking into account the described DTA transformations, it is possible to judge in totality the stages
of zinc silicate microstructure conversion at heat treatment. The basis of villemite crystalline structure is
a framework of SiOs and ZnO, tetrahedra representing hexagonal hollow tubes surrounded by six
populated systems. Fig. 51 shows microstructure of synthesized villemite  obtained by HTMW
method and heat-treated during 2 hours at 1000°C. The microstructure is loose, with almost uniform
distribution of spherical areas sized 100-150 nm. Also, the formation of areas with more compact
structure is observed testifying to the formation of liquid phase. The formation of liquid phase with its
further crystallization contributes to the increase in the size of crystalline areas to 600-800 nm (Figure
76.1). Fig. 76.2 of higher resolution (up to 500 nm) allows observing the formation of spherical
particles. In general there are uniformly dispersed spherical areas sized 100-200 nm.
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Fig.76. Electron micrographs of zinc silicate firing temperature-1200°C

Thus, it is determined that heat treatment of the synthesized zinc silicate results in phase
transformations of the amorphous structure of zinc silicate with the formation of villemite.

Synthesis of zinc orthosilicate (Zn,SiO,). By MW method, zinc orthosilicate Zn,SiO, was synthesized
using chemically pure zinc chloride ZnCl; and sodium silicate solution (Na;O),-SiO-free from coloring
impurities of iron compounds.. The effect of MW synthesis temperature and pressure on the properties
of the obtained zinc silicate was also studied. Synthesis of zinc hydrosilicate was performed in MS-6
"VOLTA" microwave oven under the following conditions: microwave frequency
2.45 GHz, temperature 220 - 240°C, pressure 27 - 33 atm, time 30 min. Concentrations of the initial
ZnCl,. and 2Na20-SiO; aqueous solutions were 1.0 mol/l. The synthesis was performed by reacting zinc
chloride and sodium silicate at the medium pH 7.0. The amounts of the initial reagents were calculated
according to the following reaction:

2ZnCl , + 2Na,0-SiO, — Zn, SiO4 + 4NaCl

The calculated amounts of the initial solutions were merged into the reactor. After keeping during 30
minutes in the microwave oven at 220 - 240°C the mixture was filtered. The precipitate was washed
with distilled water (70-80°C) to remove Na*andClI ions and then dried at 110°C. Physical and chemical
study of the samples was also carried out.Chemical analysis showed that the composition of the
obtained zinc silicate corresponded to Zn,SiO; formula: humidity was 83-85%, and 10% after
drying.

Fig.77 presents the results of thermal analysis of Zn,SiO, dried at 120°C. There are no pronounced
exothermic effects caused by phase transformations. The temperature peaks on DTA and TG (weight
loss) curves are related to the removal of structural and crystallization water. In our opinion, further
weight losses at higher temperatures (> 500°C) are associated with the release of OH groups.
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Fig. 77. DTA curves of Zn;SiO4-nH,Osamples.
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Of a special interest are the results of X-ray diffraction. Fig. 78,79 shows the X-ray diffraction of zinc

orthosilicate samples synthesized using MW heating at 220°C and 240°C (P = 28-33 atm).

600

500

400

300

200

100

10

20

30

40

50

60

20

70

Fig.78. XRD patterns of Zn,SiO, synthesised at 220°C, MW heating (0,5h). W-willemite
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Fig.79. XRD patterns of Zn,SiO4 synthesised at 240°C, MW heating (t=0,5h). W-willemite

At 220°C, nucleation centers of crystalline phase are formed, and during the MW synthesis within 30
min at 240°C willemite, crystalline phase of zinc orthosilicate is formed. Zinc silicate(ZnSiOs)



Project # A-2133 Final Project Technical Report Page 65/ 92

synthesized at lower temperatures by MW heating was amorphous and was converted to the crystalline
phase at 760°C (Fig. 74). From the literature it is known that the phase transformation of the amorphous
structure of zinc silicate with the formation of willemite only takes place at high temperatures and
pressures. Obtaining of willemite at low temperatures (below 800°C) is not known. Therefore, when
synthesizing zinc silicate the role of microwaves is not only limited by intensification of the chemical
process. At much lower temperature (240°C), compared to the known data, MW synthesis forms the
ordered crystalline structure of willemite.

Optical and electrical characteristics of the obtained products were measured. Dielectric constant &'
of Zn,SiO4s samples was measured over the frequency range from 300 Hz to 1 MHz at room
temperature. The measurement unit (bridge circuit) was calibrated using BM 400G Tesla capacitance
meter. 100 mV sinusoidal measuring voltage was applied to the samples, the measurement accuracy
was * 0.05 pF. 1-3 mm thick and 10 mm in diameter cylindrical samples were used. The electrodes on
flat surfaces of the samples were made of thin copper foil. The frequency dependence curves of
dielectric constant of zinc orthosilicate treated at different temperatures show that with increasing
temperature of the treatment there is a significant reduction of &' at low frequencies of electric field,
whereas at 1 MHz dielectric constant remains without noticeable changes(Fig.80). Heat treatment of
samples at 1200°C resulted in the fact that ¢' within the measured frequency interval has a constant
value and did not depend on the electric field frequency; besides, at high frequencies &' approached to
the values obtained for especially pure samples of silica.

Dielectric permitti ity, 5’
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Fig. 80. Frequency dependence of dielectric constant of Zn,SiOs treated at different temperatures; 1:
600°C for 120 min; 2: 800°C for 120 min; 3: 1200°C for 120 min; 4: especially pure SiO,.

Thus, it follows from the above experimental data that heat treatment of Zn,SiO, exercises a significant
influence on dielectric constant &', which is more pronounced at low frequencies of electric field. Such
behavior of Zn,SiO4 dielectric constant in the course of heat treatment relates to the decrease in the
concentration of electric dipoles in samples. Probably, structural changes in elementary cell of silicate
occur at high treatment temperatures. Such changes confirm the possibility of the formation of electric
dipoles in Zn,SiO4 samples due to structural changes in the unit cell.
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Obtaining of rare earth elements doped Zinc silicate. The pigments based on zinc silicate have a
wide luminescence spectrum, high chemical resistance to environmental impacts and radiation. Our
work in the field of synthesis of high quality silicates showed that the introduction of small amounts of
rare earth elements into the silicates structure significantly changetheir optical properties and increase
their resistance to radiation. The influence of doping with rare earth elements on the properties of zinc
silicate is poorly known. Typically, the doping is carried out by introducing of dopant oxides into the
structure of silicates by a long-term high-temperature heat treatment. We have developed a single-step
process to produce doped zinc silicate. We synthesized a zinc silicate pigment doped with
yttrium/cerium by simultaneous interaction of sodium silicate, zinc chloride(or zinc sulfate) and
yttriumnitrate/cerium nitrate solutions using MW heating. As a result of co-precipitation of Zn and
Y/Ce silicates, homogeneous zinc silicate pigments were obtained with Y/Ce ions uniformly embedded
in the structure of the matrix (zinc silicate). The amount of the dopant made 2 -5%. Based on
gravimetric, thermographic and X-ray studies it was revealed that in the course of synthesis of Y/Ce -
Zn,Si0O4 pigment from water-soluble salts of initial components, MW heating promotes rapid and
uniform introduction of the yttrium/cerium ions in the crystal lattice of zinc silicate at lower
temperatures. The microwave method provides obtaining of fine and homogeneous zinc
silicate pigment powder at lower temperatures. In such a manner the resulting pigment has crystalline
structure of willemite with homogeneous distribution of all components. Optimal content of dopants
determined to obtain pigments with improved optical properties. Zinc orthosilicate, cerium and yttrium
doped wilemite (Zn,Si0O.) was produced, their physical and chemical characteristics were studied. The
doping of zinc silicate was carried out directly during the microwave synthesis of zinc orthosilicate by
simultaneous mixing of all components: zinc chloride solution, sodium orthosilicate, and yttrium or
cerium nitrates.Some samples were obtained in which the amount of doping elements, yttrium and
cerium, made from 2 to 5% of the of zinc silicate weight. We studied various characteristics of the
obtained samples: radiation resistance, reflection index and luminescence properties of the silicates with
different dopant content. Figure 81 presents X-ray patterns of doped zinc orthosilicate samples heat-
treated at various temperatures. It can be seen that dopants modify the structure of zinc orthosilicate to
form a stable willemite structure already at low temperatures (as low as 240°C). The crystalline
structure is then almost unchanged at high temperature treatment.
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Fig.81. X-ray patterns of Zn,SiO4 heat-treated at various temperatures

Using a large laboratory unit (20 liters), an experimental batch of zinc orthosilicate (Zn.SiO4) in amount
of 0.5 kg was obtained; its physical and chemical characteristics were studied. Highly purified zinc
sulfate ZnSQO,4 and sodium silicate solution 2Na,O-SiO; cleared of coloring impurities (iron compounds)
were used in the synthesis at the following conditions: 80-90°C, atmospheric pressure, 60 min.
Concentration of both initial aqueous solutions of ZnSO,4 and 2Na,O-SiO; was 0.5 mol/l, the media pH
was 7.0. After filtration and drying, the resulting zinc orthosilicate powders were subjected to heat
treatment in order to obtain crystalline structures.

Surface characteristics of the obtained of zinc silicate (ZnSiO3) and zinc orthosilicate (Zn;SiO.)
powders: Study of porous structure and the surface of the samples was carried out.

Specific surface: The monolayer capacity, i.e. the amount of adsorbed substance on the surface of the
zinc silicate powder was determined experimentally, and the specific surface area S,owas calculated.
Experimentally the adsorption pore volume V,was determined, and from these data particle sizes of the
obtained zinc silicate powders were calculated.

Tables 5,6 present the results of measurements and calculations.
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Characteristics of zinc silicate (ZnSiOs)

Table 5.

Conditions of synthesis and | Specific surface | Pore volume, cm®/g Particle sizes,
heat treatment area, m*/g nm

Synthesis at 80°C 73,40 0.58 31.6

Heat treatment at 700°C 22.25 0.31 55.7

Heat treatment at 1050°C 0.53 0.02 150.9

MW synthesis at 240°C 111.05 0.18 6.5

Table 6.

Characteristics of zinc orthosilicate(Zn;SiOa)

Conditions of synthesis and Specific  surface Pore volume, Particle sizes, nm
heat treatment area , m/g cm®/g

Synthesis at 80°C 58,6 0,39 26

Heat treatment at 700°C 19,35 0,26 53

Heat treatment at 1050°C 1,007 0,049 194

MW synthesis at 240°C 13,31 0,09 27

Thus, in the case of microwave synthesis, smaller crystal particles are obtained than in the case of
crystallization of amorphous zinc silicate / zinc orthosilicate synthesized and heat-treated by
conventional heating. The reason is that in the case of microwave synthesis the rate of formation of zinc
silicate molecules throughout the whole volumes is much higher than their conglomeration rate. As a
result of heat treatment, coarsening of particles is observed due to the crystallization of the synthesized
amorphous zinc silicate.

Diffusion reflection. The spectra of diffusion reflection of Zn,SiOs and ZnSiO3z and doped with rare
earth elements Y, Ce samples before and after irradiation were investigated. The measurements of the
samples’ diffusion reflection factor were carried out using FMSh-56M photometer.

Diffusion reflection of Zn,SiO4: We measured the diffusion reflection factor of Zn,SiOs and Y/Ce-
Zn,Si04 (yttrium/cerium doped) pigment samples. Fig. 82 shows the measurements’ results. It is
revealed that yttrium improves the diffusion reflection factor of zinc silicate. We also studied the effect
of radiation on the optical properties of zinc orthosilicates. Reflection coefficients of some samples
irradiated with 5 MeV electrons at a dose of 10'° electrons/cm? were also measured. The irradiation was
carried out using ELU-5 linear electron accelerator at 90 K and 10 °-10°Pa (Fig. 83). The reflection
coefficient of the synthesized samples of zinc orthosilicate was 93%. After irradiation, diffusion
reflection factors of zinc orthosilicate (willemite) samples were slightly reduced. The figure also
presents the published data on the reflection coefficients of zinc oxide used to obtain TRC. Obviously,
the reflectivity of the zinc silicate samples synthesized by MW method is more resistant to the effects of
radiation than that of zinc oxide which was used to obtain TRC.
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Fig.82.Diffusion reflection spectrum:1-Zn,Si04(80°C), 2-Zn,Si04(240°C,MW-1,5h),3-Zn,Si04(800°C),
4- ansi04(Y203) (2400C,MW-1,5h), 5-ZnO
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Fig.83. The diffuse reflectance (€) and integral coefficient of absorption (os) spectra: 1-
Zn,Si04(800°C) 2-Zn,Si04(800°C)(irradiated), 3-ZnO, 4-ZnO(irradiated).

Reflectivity of willemite is much higher. Doping with yttrium and cerium increases the zinc
orthosilicate diffuse reflectance to 93-97%. Doping of willemite with yttrium increases its radiation
resistance. It is seen from the experimental results that the reflection index of yttrium doped samples
after exposure is higher than non-doped samples (Fig.82. After irradiation of yttrium doped samples
(synthesized by MW method) these parameters are reduced to not less than 82-93%. This fact can be
explained by the changes in the concentration of radiation-induced defects due to the presence of
yttrium ions with high valence that leads to a change in the cation-anion distance and formation of more
stable crystalline lattice.

Diffusion reflection of ZnSiOs: Diffuse reflection factor of ZnSiO3 samples both non-doped and
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doped with rare earth elements (yttrium and cerium) was analyzed. Fig. 84-86 show the obtained
spectra. The reflection factor of the synthesized ZnSiO3 samples was ~ 92-95%. Doping of zinc silicate
with yttrium (2%) leads to increase in diffuse reflection factor to 97%whereas dopingwith cerium in
amounts of 2% leads to a decrease in diffuse reflection factor in short-wave part of the spectrum (330-
600 nm). After irradiation, the reflection index of the non-doped samples of ZnSiO; decreases
Significantly than that of the doped samples. (Fig.85, 86). The doping increases the radiation
resistance: yttrium increases the reflection index of ZnSiO3 more than cerium, however both cerium
and yttrium increase the radiation resistance of zinc silicate. It is obvious that the reflectivity of the
synthesized zinc silicate samples is higher by 2-3% compared with that of zinc oxide which was used to
obtain TRC.
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Fig.84.Diffusion reflection spectrum:1-ZnSiOs (80°C), 2- ZnSiO; (240°C, MW-1,5h), 3-
ZnSiO; (1050°C), 4- ZnSiO; (Ce203-2%)(240°C,MW-1,5h), 5- ZnSiO3 (Y203-2%)
(240°C,MW-1,5h), 6-ZnO
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Fig.85.Diffusion reflection spectra:1 —ZnSiOs (240°C,MW-1.5h, HT-1050°C,
3.0 h), 2-irradiated ZnSiOs, 3 - irradiated ZnSiOs (Y203-2%), (240°C,MW-
1.5h, HT-1050°C), 4 —ZnSiOs3 (Y203-2%) (240°C,MW-1.5h).
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Fig.86. Diffusion reflection spectra: 1 -ZnSiO3 (240°C,MW-1.5h, HT-1050°C, 3.0 h), 2 —irradiated
ZnSiO;3 (1050°C -1.5h),3 —irradiated ZnSiO3(Ce,03-2%), (240°C,MW-1.5h, HT-1050°C, 4 -ZnSiOs
(Ce203-2%) (240°C, MW-1.5h).

Luminescent characteristics of zinc silicate. The photoluminescence spectra of zinc silicate,zinc
orthosilicate, as well as cerium and yttrium doped samples were investigated at 300K . When exposed
to UV-photons with the excitation energy E e = 3.5eV, the samples treated at various temperatures
revealed an intense luminescence within the spectral range of 1.7 eV - 2.6 eV with the band maxima
shifted significantly depending on the treatment temperature, irradiation energy, the activator type and
concentration, thus confirming the occurrence of various possible mechanisms of excitation of the
recombination radiation centers. The changes in the PL spectra after heat treatment and radiation can be
explained, assuming that the maxima observed within the region of 1.7eV — 2.6eV are due to the
formation of both the intrinsic defects in the crystalline tetrahedral structure and a large number of other
complex defects: doped activators, radiation defects (point and aggregate) which have a sufficiently
high energy of formation and therefore cannot have a pronounced effect on luminescence.

Evaluation of various effects of ionizing radiation, synchrotron radiation, vacuum, temperature was
performed in view of their spectra stability within the solar wavelengths range. Spectroscopic
luminescence characteristics (excitation of luminescence and luminescent properties) of zinc silicate
samples exposed to the influence of temperatures electron irradiation (5 Mev, 20 Mev) over a wide
spectral range were studied. The spectra of photoluminescence (PL) of zinc silicates (Zn,SiOs and
ZnSiO3) excited by synchrotron radiation luminescence, spectra of luminescence excited using various
energies, and luminescence of the samples are presented in Figures 87-95.
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Fig.87. ZnSiO3 photoluminescence spectra,
T =300 K, Eexc = 3.5eV
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Fig.89. Photoluminescence spectra of
thermal treated (1200°C, 120min) and
electron irradiated (10*°el/cm?, 5MeV),
ZnSiO;, T = 300K, Eexc = 3.5eV
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Fig.91. Photoluminescence spectra
of Zn,SiOs4, T=300K,
Eexc=3.5eV
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Fig.88. ZnSiO3 (Y203-2%) (240°C, 90min)
photoluminescence spectra, T=300K,
Eexc = 3.5eV,
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Fig.90. Photoluminescence spectra
of irradiated (10'%el/cm?, 5MeV) ZnSiOs,
T = 300K, Eexc = 3.5eV
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Fig.92. Photoluminescence spectra of irradiated
(10%el/cm?, 5MeV) Zn,SiO,, T = 300K,
Eexc = 3.5eV
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Fig.93. Photoluminescence spectra of Fig.94.Photoluminescence spectra of
Zn;Si04 (Y203-2%)(240°C,90min), Zn;Si04(Ce,03-2%)(240°C, 90min),
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Fig.95. Photoluminescence spectra of irradiated (10*’el/cm?, 20MeV),
Zn,Si04, 1250°C (3.5 hours), T- 300K, Eexc-3.5eV.

PL spectra of various zinc silicate samples treated at different temperatures show that when exposed to
UV-photon excitation with Eexc = 3.5eV, an intense luminescence takes place within the spectral range
of 1.8eV - 2.7eV, and the maxima of the emission bands are shifted depending on the treatment
temperature, irradiation, and the type of dopants, testifying to different possible mechanisms for
excitation of radiation centers. With increasing the treatment temperature, a decrease in the PL intensity
is occurs. 2.0 eV, 2.3 eV, 2.6 eV bands observed in the PL spectra of the investigated characteristic of
luminescence of many silicates, are usually associated with radiation of defect centers uentpos [SiO4]*
that are due to local distortions of silicon-oxygen tetrahedra. The emission bands observed at 1.9 eV
and 2.6eV maxima in the non-irradiated and electron irradiated samples can be mainly due to the
generation of intrinsic defects: zinc and oxygen vacancies, respectively, and the maxima at 1.9 - 2.3eV
after irradiation due to the intermediate stage of the formation of exciton-defect complexes or short-
living defects in the form of V2 vacancies and Z" interstitial formed at bond breaking as transitions in
V" center. The obtained results can also be explained as the effect caused by the Fermi level shift, in
consequence of which the charge state of the centers and the nature of their participation in
luminescence may change. Unfortunately, there are no reliable theoretical calculations of the energy
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and charge states of the vacancies actively participating in irradiative processes. The changes in
photoluminescence spectra (maxima at 1.7 - 2 eV) of heat-treated samples can be explained by the
formation of intrinsic defects in the tetrahedral structure. Although silicates contain many other intrinsic
defects, they have sufficiently high energy of formation and therefore cannot have a significant effect
on the luminescence. The exception is the interstitial zinc defect with a low energy of formation that
behaves like a small donor, so it can take part in the radiative recombinations.

The silicates may contain several sub-lattices and structural fragments of different types and,
respectively, different types of defects after treatment at high temperatures, radiation and as a result of
the active participation of impurity centers, which is observed in the luminescence spectra

Irradiation with 5 MeV electrons leads to a shift of maxima in the photoluminescence spectra as a result
of redistribution of defect radiation centers formed during heat treatment.

In the formation of the impurity centers and their metastable states, an important role can play the
concentrations of dopants (Ce or Y) in a possible change of the electron density distribution in the
Zn,Si0y lattice. The change in density of the crystalline structure of silicates containing zinc ions is
apparently related to the formation of effective radiation centers such as Ce (), SiO4 that contributes to
the formation of radiative recombination photoluminescence.

Thus, the luminescence of silicates, particularly, zinc silicate in the case of the excitation of said
optically active centers by photons with energies in the region of interband transitions included the step
of forming multicomponent defect complexes and is efficiently excited within the UV radiation region.

Modelling of physical processes related to the formation of radiation defects in silicate materials:
Under the influence of high-energy radiation on silicates, radiation defects and electronic excitation
originate. The variety of types of structural defects, defect formation mechanisms and their nature
determine the specificity of a whole complex of electronic and optical properties of crystalline
structures, including the mechanisms of thermal and photo-activated spectral-luminescence
characteristics, as well as a set of electron emission parameters. The mechanisms of action of different
parts of radiation spectrum on material medium are quite different and are determined by atom-
molecule structure of substances. We carried out modeling of physical processes related to the impact
of space factors on pigments for TRC. When exposed to ionizing radiation, electron-hole plasma is
generated in optical materials along with radiation defects. Recombination of such plasma results in the
formation of radio-photoluminescence, radiation color centers and embedded charges. These effects
may have an adverse effect on the basic characteristics of optical materials. The conditions of UV,
electron and proton irradiation of silicate materials were selected taking into account the possibility of
their over 10 years staying in the earth radiation belt. The most common method of testing the silicates
radiation resistance is measurement the spectral absorption or transmission characteristics before and
after irradiation. The induced absorption spectra of silicates can be represented as a superposition of
multiple light absorption bands. Each absorption band can be attributed to a specific radiation color
center. Since silicates have a complex structure, it is not always possible to justify the system of defects
responsible for the formation of certain radiation-induced color centers. During exposure to ionizing
radiations, the traps present in the material and responsible for the formation of color centers are filled
by electrons and holes, which leads to an increase in optical density of silicate materials. With
increasing radiation dose rate, the equilibrium level of increment of the silicate optical density at the
same irradiation dose increases. However, this dependence is flattened in a short time (t ~ 100 sec) in
the process of isothermal annealing of color centers. Therefore, the relative radiation resistance tests of
silicates can be carried out within a wide range of light intensities. With decreasing temperature of
silicate materials, the concentration of radiation color centers considerably increased, because electrons
and holes fill shallow energy traps in the forbidden gaps of dielectrics. Shallow traps are partially
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emptied when the temperature is raised to room temperature and higher. When heated, discoloration of
irradiated silicates is observed, that is decrease of induce optical density.

Silicates and other refractory compounds form the basis for technically important products and
goods. The composition and structure of silicate compounds in the finished technical products have a
significant effect on the properties of these products. The properties of the compounds decisively
depend on the characteristics of their structure at the atomic level, on the type of their chemical bond,
the degree of defectiveness and nature of the lattice defects in crystalline solids. The presence of
different atoms with different chemical bonds in the crystal lattice, more complex structure of energy
bands and other features provide a variety of types of intrinsic electronic excitations, which greatly
affects the analysis of their physical nature and mechanisms of excitation and relaxation of defects.To
date, radiation defects and electronic excitation arising under the influence of high-energy radiation in
alkali halide crystals and simple oxides (BeO, PbO, Al,O3, SiO,) are studied in detail. The variety of
types of structural defects, mechanisms of defect formation and complexity of identifying their nature
do not currently allow to describe to the full extent the properties of specific defects and electronic
excitations in materials with complex composition. The above factors determine the specificity of a
whole range of electronic and optical properties of crystalline structures, including the mechanisms of
thermo- and photo-activated, spectral-luminescence characteristics, as well as a set of electron emission
parameters. The mechanism of action of different parts of the emission spectrum on the material
medium is quite different, which is determined by atomic-molecular structure of the substance.

One of the most significant is the solar radiation in the short-wave spectral region causing degradation
of properties, and hence changing physical and mechanical properties of materials. Thus, knowledge of
the characteristics of the structure and properties of silicate compounds in crystalline, liquid, glassy
states makes it possible to purposefully influence the process of their synthesis and to obtain materials
with predetermined performance, which is very important when creating space vehicles with long-term
operating period. Due to the complexity and high cost of space technology, a large role in the
development of new space vehicles is always assigned to ground testing of constructions, materials and
modeling of the impact of space factors. Thus, under the influence of short-wave, visible, and especially
UV radiation some destruction reactions and formation of macromolecules structure are developed in
silicate polymeric materials. Photochemical changes in substances are only caused by that part of the
incident radiation flux, which is absorbed by the substances, i.e. to carry out a reaction it is necessary
for the molecule to absorbs a light quantum of sufficient energy determined by Planck's law: € = hv,
where h is the Planck's constant, v is the radiation frequency.Here, each absorbed photon activates only
one molecule, translating it to an excited state which is characterized by some energy, structure and
lifetime.Molecules in the excited state may present during some period (lifetime), then they transit to
another state by spending their energy on different radiative and non-radiative processes. The change of
molecular structure of silicate materials responsible for their aging, takes place due to dissociation of
atom bonds, each of which is characterized by its rupture energy. Thus, the processes of destruction
occur only under the influence of the radiation corresponding to some quantum energy: E = 1.197 -
108/x J/imol (where X = c / vis the wavelength in nm; c is the velocity of light), equal to the bond rupture
energy. From the transmission (absorbance) spectra in the UV range that were studied it was found that
a certain part of the absorption centers was located within the UV spectral range, and the rupture energy
of characteristic bonds was strongly dependent on the emission wavelength at A< 400 mkm. The
particles formed as a result of destruction of macromolecules may go out from the system or enter
secondary reactions. Thus, the "photochemical” reactions under the impact of UV radiation have two
stages: the primary one that takes place in the excited state after absorption of radiation, and the
secondary stage consisting of a set of reactions between the particles formed as a result of the primary
stage. When exposed to cosmic ionizing radiation, degradation of materials occurs. When exposed to
ionizing radiation, in optical materials electron-hole plasma is generated along with radiation
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defects. As a result of recombination of such plasma, luminescence as well as radiation color centers
and embedded charge occur. These effects can negatively affect the fundamental characteristics of
optical materials, namely they can change the coefficient of spectral transmission tA, spectral optical
density DA = -lgtA, spectral absorption aA of silicates and other materials within a wide wavelength
range. And these effects are mainly determined by the dose of radiation.

3.4 Development of thermoregulating coatings.

Thermoregulating coatings of “solar reflectors” type for space vehicles have certain thermal and
radiation characteristics: solar radiation absorption capacity (as) no more than 0.12, emissivity (g) more
than 0. 92. Radiation resistance is estimated from As change (A as) under the action of a certain dose of
UV radiation from the sun measured in equivalent solar days (e.s.d.), and should be minimal. The
results of theoretical and experimental studies show that radiation-optical properties of doped zirconium
silicate (ZrSiOa), zinc orthosilicate (Zn,SiO4) synthesized by MW method are suitable for use as TRC
pigments. Investigation of characteristics of both initial and irradiated samples of sodium and
potassium silicates has revealed that the radiation resistance of potassium silicate is higher than that of
sodium silicate. UV radiation contributes to a redistribution of the intensity of those bands responsible
for the defect formation in the crystal lattice, and, thus, promotes increase in the radiation resistance of
the materials. Taking in account these data, we have selected potassium silicate with silica modulus 3-
3.8 as a binder. Compositions are developed for the thermoregulating coatings of “solar reflectors” type,
which includes aqueous solution of potassium silicate with silica modulus 3 - 3.8 and density 1.16 —
1.18 g/cm3 and pigment - zirconium silicate (ZrSiO.), zinc orthosilicate (Zn;SiO4), cerium-doped
zirconium silicate , cerium/yttrium doped zinc orthosilicate (Zn;SiO4) .The optimum amount of the
dopant (cerium/yttrium) is 2-5 % of Zr/Zn silicate weight..The following compositions for TRC were
proposed:

1. Zinc orthosilicate (Zn.SiO4): 45-55%, potassium silicate with silica modulus 3.3-3.8 and density
1.16- 1.18 g /cm *- 55-45%,

2.Cerium- doped zinc orthosilicate Zn,SiO, — 45- 55 %, potassium silicate with silica modulus of 3.3-
3.8 and density 1.16-1.18 g/cm?*-55-45%.

3. Yttrium- doped zinc orthosilicate Zn,SiOs— 45- 55 %, potassium silicate with silica modulus of 3.3-
3.8 and density 1.16-1.18 g/cm?*-55-45%.

4. Zircon (ZrSiOs) - 48-52% , potassium silicate with silica modulus of 3.3-3.8 and density of 1.16-1.18
g/cm3-52-48%.

5. Cerium-doped (5%) zircon (ZrSiO4) - 48-52% , potassium silicate with silica modulus of 3.3-3.8 and
density of 1.16-1.18 g/cm?-52-48%.

6. Yttrium-doped (5%) zircon (ZrSiO4)- 48-52% , potassium silicate with silica modulus of 3.3-3.8 and
density of 1.16-1.18 g/cm?3-52-48%.

To prepare the composition, the required amounts the pigment and potassium silicate solution were
stirred without addition of water in a planetary agate mill with agate balls for 45-60 minutes to obtain a
homogeneous mass. Laboratory samples of TRC compositions were obtained. To test them, the samples
were compressed in the form of 2-3 mm thick circles 20-22 mm in diameter (Fig.96). Some optical
characteristics of the obtained samples were determined. Figures 97 and 98 show the measurement
results of the samples’ diffuse reflectance before and after irradiation.
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Fig.96. Tablets of compositions TRC
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Fig.97. The diffuse reflectance (€) and ntegral coefficient of absorption (as) spectra: 1 -
ZrSi04(240°C,MW-1.5h), 2-TRC-composition ZrSiO4(Ce»03-5%) (1200°C -3.0h), 3-Irradiated
TRC-composition ZrSiO,4 (Ce,03-5%),(1200°C -3.0h)
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Fig.98. Diffusion reflection spectra:1 - ZrSiO4(240°C,MW-1.5h) 2-TRC-composition ZrSiO4(Y203-
5%) (1200°C -3.0h), 3 —Irradiated TRC-composition ZrSiO4 (Y203-5%),(1200°C -3.0h)

It is seen that after irradiation the reflective properties of the TRP compositions based on cerium doped
zirconium are only reduced by 6-10%. Yttrium doped samples are not radiation resistant and, despite
high optical parameters, cannot work in outer-space conditions for a long time.

Obtaining of hermoregulating coatings: TRC compositions were prepared and coated on to metal
surfaces for testing. 2-3 layers of well stirred slurry were applied to the prepared aluminum surface to
obtain 150-180mkm thick coating( Fig.99). Diffuse reflectance of the coatings was measured within
the range of 350-950 nm.

Fig. 99. TRC on aluminum substrate
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TRC on the basis of the synthesized zinc silicate pigments: The carried out investigations have
shown that cerium/yttrium doped zinc orthosilicate (Zn,SiOs4) unlike zinc silicate (ZnSiOs) has high
radiation resistance. Analysis of experimental data and theoretical considerations showed that zinc
orthosilicate has excellent optical and radiation properties and can be used to manufacture TRC.

Also, various TPC samples on the basis of Ce/Y doped zinc orthosilicate were produced. Table 7 and
Fig.100-102 show the measurement results. Diffuse reflection factors of the composition and TRC
were practically identical.

The reflection power of the coatings after irradiation varies within the ranges of 77% - 88%. The
reflecting power of TRC based on samples of cerium-doped willemite does not change after irradiation.
The results show that the radiation resistance and reflection coefficient of the prepared TRC samples is
high. Thermoregulating coatings based on doped willemite (crystalline zinc orthosilicate) as a pigment
and potassium trisilicate as a binder have high radiation resistance and high reflection power.

Fig. 99. TRC on aluminum substrate
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Puc.100. Diffusion reflection spectrum:1-Zn,Si04(1050°C) 2- TRC on Zn,SiO4 basis.

Table 7

Coefficient diffuse reflectance of TRC samples.

A, nm 364 | 400 | 457 | 490 | 540 | 582 | 612 | 750 | 832 | 874 | 927

E, %, TRC - Zn,SiO4

(Ce20s -5%) 7401 823|900 | 91,25 | 935|942 | 945 | 938 | 955 | 95.0 | 92

€%, TRC - Zn,SiO,
(Ce203-5%), irradiated 74,01 77,0|835| 84,7|855|87,0|865|88.0|84.0|87.0]|875
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Fig. 100.The diffuse reflectance spectra (€) and ntegral coefficient of absorption (os) spectra: 1-TRC —
Zn,Si04(Ce203-5%)(MW-240°C-1.5h), 2- IrradiatedTRC- Zn,SiO4 (Ce203-5%)(MW-240°C-1.5h)
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Fig. 102. The diffuse reflectance (€) and ntegral coefficient of absorption (os) spectra: 1-TRC —
Zn,Si04(Y203-5%)(MW-240°C-1.5h), 2-TRC- irradiated (Y203-5%)(MW-240°C-1.5h)

TRC on the basis of the synthesized zirconium silicate pigments. The doping zircon with yttrium
increases the coating reflectance, however the yttrium doped zircon is more sensitive to radiation: the
reflection factor after high dose of irradiation is reduced to 55 -75%. Zircon and cerium doped zircon,
taking into account their optical and radiation characteristics, are very suitable for manufacturing TRC.
Some experimental samples of TRC on the basis of the cerium doped zirconium silicate were
prepared. The experimental samples of TRC deposited on the metal surfaces were tested: their diffuse
reflectance was determined before and after irradiation. Table 8 presents the measurement results. The
reflecting power of the coating after irradiation with high energy electrons (20MeV) varies from 79% to
84%. The results show that the radiation resistance and reflection coefficient of the experimental TRC
samples are high.

Thermoregulating coatings based on cerium doped zircon (crystalline zirconium silicate) as a pigment
and potassium trisilicate as a binder have reveal high radiation resistance and high reflecting power.

Table 8
Diffuse reflectance of TRC samples

A, nm 364 | 400 | 457 | 490 | 540 | 582 | 612 | 750 | 832 | 874 | 927
€, %, TRC: ZrSiO4 (Ce;03
-50) 555| 83| 89| 895|90.2|913|922| 93| 91|945| 93

€,%, TRC: irradiated
ZI’SiO4 (C8203-5%),
(1017ellcm2, 20MeV) 44 67 79| 80.5 81825 (822|835 82 83 81

Also, radiation resistance of the coatings was determined, as well as their diffuse reflectance after
irradiation at a dose greater than 15years of exposure in space. The results show that the radiation
resistance and reflection coefficient of TRC are higher than those of corresponding pigments. This is
due to the formation of new defects in the structure and changes in the coating surface because of the
interaction between the pigment and the binder that leads to the formation of new chemical bonds or
more stable substance.
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Obtaining of laboratory samples and their testing.

Several TRC compositions were prepared and coated on metal surfaces for tests. Some laboratory TRC
samples based on obtaining pigments, Ce/Y doped zinc orthosilicate, zircon, Ce doped zircon were
obtained. Tests of the obtained TRC samples revealed that these materials presented high coefficient of
reflection and radiation resistance. Analysis of experimental data and theoretical considerations
determined that excellent properties of these silicates could be used for TRC applications.

Obtaining of thermoregulating coatings on the basis of rocks:

A new HTMW method of preparing TRC developed.

The developed HTMW method of obtaining thermoregulating coatings comprises the following basic
steps:

- Obtaining of sodium and potassium silicate solutions.

- Cleaning of sodium and potassium silicate solutions from coloring impurities.
- Synthesis of zinc/zircon silicates.

- Drying and heat treatment of silicates.

- Preparation of compositions for thermoregulating coatings.

- Obtaining of thermoregulating coatings.

Preparation of silicate solutions and removal of coloring impurities. Sodium and potassium silicate
solutions were obtained from perlite, diatomite and quartzite by HTMW processing of the rocks at 100-
200°C during 15-60 min. using alkaline solutions. After finishing the processing, the obtained resulting
pulp was filtered and washed with hot water to completely extract sodium and potassium silicates. The
filtrate was fed to a cleaning line and the precipitate, alkaline aluminosilicates, to a finish line for
further processing. The cleaning line was composed of an electromagnetic installation through which
the filtrate, sodium/potassium silicate solution, was pumped at a certain rate. Then a precipitation agent,
milk of lime, was added to the magnetic solution in an amount of 0.3-0.5 g/l before moving to the
reactor of MW oven, where heating to boiling temperature was carried out. After holding at this
temperature for 30 minutes, the silicate solutions were filtered in order to separate the solutions from
coloring impurities. Next, the purified Na/K solutions were fed to a receiver. The purified solution of
sodium silicate from the receiver was fed to the reactor of MW oven, where it was heated to a
temperature of 240°C. Simultaneously, zinc/zirconium chloride and cerium/yttrium nitrate solutions
were supplied to the oven. After holding for 60-180 min. at 240°C the obtained pulp was filtered and
washed. The resulting silicate was dried and heat-treated to remove bound OH groups. The silicate
pigments (Zn,SiOs, ZrSiO4) for TRC composition was obtained. The diffuse reflection factor of this
silicate pigments was 92-95% in the visible spectral region. TRC composition was obtained on the
basis of the heat-treated zinc orthosilicate(willemite) /zirconium silicate (zircon) and potassium
silicate.

The scheme and apparatus for obtaining pigments for TRC: A hardware implementation scheme is
developed to produce TRC on the basis on cerium doped villemite (zinc orthosilicate) and zircon
(zirconium silicate) (Fig. 103). As raw materials, Armenian rocks are selected: perlite, diatomite,
quartzite), soluble zinc/zirconium and cerium/yttrium salts. Rock is preliminarily subjected to crushing,
grinding and fractionating. Then it is weighed and fed into the reactor (1). The solution of sodium or
potassium hydroxide in the estimated amount is poured in it. Sodium and potassium silicate solutions
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were obtained from perlite, diatomite and quartzite by HTMW processing of the rocks at 100-200°C
during 15-60 min in the reactor (2) and the obtained pulp was fed into the drum vacuum-filter (3). After
filtration, the bottom was washed out with hot water for the full extraction of sodium or potassium
solution silicate. Filtrate (liquid glass) was fed into the tank of liquid glass (5) by a centrifugal pump
(4), and the bottom (alkaline aluminum silicates) was fed into the further treatment line. The cleaning
line consisted of an electromagnetic installation (6), through which the filtrate, sodium/potassium
silicate solution, was pumped over by the pump (4) at a certain rate. The magnetic solution of liquid
glass was fed into the MW reactor (7), where it was heated to boiling temperature; the precipitator (milk
of lime) was added then (0.3-0.5 g/l) before moving to the reactor of MW oven (7), where heating to
boiling temperature was carried out. After holding at this temperature for 30 minutes, the silicate
solutions was filtered in the press - filter (8) in order to separate the solution from coloring
impurities. Then the purified liquid glass was transported to the purified liquid glass tank (9). The
solutions of zinc/zirconium chloride, cerium nitrate and sodium silicate were fed from the tanks (9 and
10) to the reactor (11), then to the MW oven, where the mixture was heated to 240°C. After holding for
30 min. at 240 ° C the obtained pulp was filtered and washed (3). The separation of the synthesized
silicates (Zn,SiOs, ZrSiO4) from filtrate (NaCl solution) took place here. The resulting silicates were
dried (13) and heat-treated (14). As final products, silicate pigments (Zn.SiO., ZrSiOs) for TRC
composition were obtained.
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Fig. 103. Apparatus for obtaining pigment from rock:1, 11-reactors; 2, 7, 12 - MW ovens; 3 - drum
vacuum-filter; 4 - centrifugal pump; 5, 9 -tanks for silicate solutions; 6 - electromagnetic installation; 8
- press-filter; 10 - tank for salts solutions; 13 - MW dryer; 14-furnace; 15 - grinder.

3.Results
During the Project implementation, thefollowing main results have been obtained:

1. As a result of the Project implementation, the possibility of using siliceous rocks as starting materials
for the production of pure silicate materials was revealed.

2. A new HTMW method of processing silica-containing rocks (perlite, diatomite, and quartzite) was
developed for the purpose of obtaining silicate solutions at low temperatures (100-220°C). Kinetic
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regularities were studied and the optimal conditions for obtaining sodium and potassium silicate of
certain compositions were determined.

3. A new physicochemical method of purification of the obtained silicate solutions from coloring
impurities was developed. Optimum conditions for electromagnetic treatment of the solutions using
microwave heating was developed for the purpose of obtaining high-purity silicate solutions. After the
purification, the content of coloring impurities (Fe2Os) in the silicate solution was reduced by a factor of
100 and more.

4. A new HTMW method for synthesis of zinc and zirconium silicates from soluble zinc and zirconium
salts was developed on the basis of sodium silicate solutions obtained from rocks.

5. A single-step method for HTMW synthesis of rare earth elements (Ce/Y) doped crystalline zinc and
zirconium silicates was developed for the purpose of increasing their radiation resistance.

6. Some physical and optical characteristics of the obtained materials were studied: their structure,
particle size, porosity, luminescence properties within a wide range of radiation (photoluminescence
and cathodoluminescence). Luminescent properties at different excitation energies (2-20 eV) were
determined at 300K.

7. A series of investigations was carried out on radiation effects on the physical and chemical properties
of the advanced TRC materials. An experimental complex (cathodoluminescence, synchrotron radiation
in UV-VUV spectral regions at temperatures of 10K, 90K, photoluminescence in UV and visible ranges
at 300 K) is developed that allows investigating radiation stability of modified (heat treatment, doping)
TRCs under the influence of 5 MeV, 20 MeV electron irradiation with different intensities
(10%,10* el/cm?sec).

8. The changes in the luminescence excitation spectra and the integrated absorption coefficient were
studied as well as their effect on radiation resistance of the modified in various modes (temperature,
doping, dopant concentration) TRCs pigments.

9. Diffuse reflectance of the obtained pigments was determined. The obtained zinc and zirconium
silicates have a high reflectivity; doping increases the diffuse reflectance of zinc and zirconium
silicates. It was revealed that doping of zinc and zirconium silicates leaded to an increase of the
radiation resistance.

10. A new HTMW method for obtaining of zinc silicate and zinc orthosilicate doped with
cerium/yttrium was developed. A pilot batch of crystalline zinc orthosilicate, cerium and yttrium doped
wilemite (Zn;SiO4) zinc silicate (ZnSiOs), doped with cerium/yttrium was produced, their various
characteristics: radiation resistance, reflection index and luminescence properties were studied. A new
HTMW method for obtaining of zirconium silicate (ZrSiO4) doped with cerium/yttrium was developed.
An experimental batch of zirconium silicate (ZrSiO4) was obtained; their various characteristics:
radiation resistance, reflection index and luminescence properties were studied.

11. A new composition for thermoregulating coating of "solar reflectors™ type was developed on the
basis of doped zirconium silicate and doped zinc silicate. Some laboratory samples of the composition
for thermoregulating coatings on the basis of doped zirconium and zinc silicates were obtained.

12. The obtained samples were tested after irradiation with high-energy electrons (20MeV);

The doping of zinc silicate with yttrium and cerium increases the zinc orthosilicate diffuse reflectance
to 93-97%. Doping of willemite with yttrium increases its radiation resistance. The zinc orthosilicate
doped with cerium/yttrium and zircon doped with cerium have high coefficient of reflection and
radiation resistance. Doping of zirconium silicate with cerium leads to a decrease in diffuse reflection
factor, whereas doping with yttrium (2-5%) leads to increase in diffuse reflection factor to 97%.

13. The technological scheme for HTMW processing of silica containing rocks to obtain Zn and Zr
silicate and TRCs, as well as the instrumental scheme of their obtaining were developed.
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4, Conclusion

The developed MW method allows to cut time of both the rocks processing and synthesis of silicate
materials. The developed physicochemical method for deep purification of silicate solutions makes it
possible to use rocks as a raw material for producing high-quality silicates. The features of MW heating
promote the formation of fine-grained, homogeneous crystalline structure of zinc and zirconium
silicates at low temperatures. Obtaining of willemite at low temperatures (240°C) and low pressure is
not described in the literature. During the MW synthesis of zirconium silicate, at 240°C nuclei of the
crystalline phase are formed, which contributes to the obtaining of zircon in the process of thermal
treatment at a lower temperature (1190°C). This can be attributed to the fact that MW heating leads to
simultaneous formation of crystalline centers over the whole volume and to increase in pressure in the
micropores of the forming compound. To modify the obtained silicates, rare earth elements, yttrium and
cerium are used. The developed MW method of doping silicates immediately during the synthesis by
simultaneous mixing of the initial components and soluble yttrium and cerium salts promotes the
formation of a homogeneous fine-grained structure of the silicates.

Theoretical calculations and experimental studies have shown that the modification of nanopowders is a
fairly effective method of increasing their radiation resistance due to the fact that nanoparticles have a
high surface area and are "sinks" for electron excitations generated under irradiation. We studied the
degradation of TRCs modified by irradiation with 5 MeV, 20 MeV electrons with various intensities. It
was found that electron irradiation leads to the formation of induced absorption bands, luminescence in
the UV-VIS-VUV spectrum for heat-treated and rare earth elements doped TRC materials. It is shown
that the mechanism of radiation defect formation in TRC materials under irradiation with electrons of
different energy is related to the formation of new chemical bonds in the crystal lattice: the formation of
new phases within the crystal structure. The exposure leads to the formation of interstitial ions (zinc or
zirconium and oxygen) and their vacancies (F, F + - center) with different charge states by two different
mechanisms. In the case of electron irradiation, the processes of elastic collisions between electrons and
nuclei are not significant, so energy losses are determined by the formation of electron-hole pairs (Zni*,
Zri*, O7), as well as short-lived defects such as (Vzn~, Vz) type, spatial separation of which leads to
disintegration of the crystal lattice and to the manifestation of the ionization mechanism, when the
multiple ionization of atoms leads to the displacement of ions from their centers of equilibrium due to
electrostatic repulsion from the surrounding ions (for example, impurity ions). The situation changes
when the crystal lattice is distorted by heat treatment or it contains initially charged centers, active
impurities, which reduce the environment symmetry. In this case, the time of interaction between the
ionized atoms is increased, which significantly increases the probability of defect formation. We
investigated the changes in the luminescence excitation spectra and the integrated absorption coefficient
as well as their effect on radiation resistance of the modified (in various modes: temperature, dopant
concentration) pigments and TRCs. These changes are due to the fact that the reflection or excitation
coefficient is determined by grain sizes, and when they decrease, it increases due to the increased
scattering. Reducing the luminescence reflection or excitation coefficient may be due to greater
absorption of intrinsic point defects owing to larger specific surface of nanopowders. We performed
modeling of the mechanism of radiation defect formation in the case of irradiation with high-energy
electrons. It is revealed that the exposure creates stable radiation defects, radiation centers in the
modified TRC materials that are determined by the relaxation of electronic excitations at irradiation of
the absorption centers. Forecasting of changes in the integral absorption coefficient and luminescence
after irradiation of modified TRC powders with electrons shows that the effectiveness of the
modification by the radiation increases with the increase in electron fluence energy. The obtained
results on the increase in TRC photo- and radiation resistance open possibilities for using zinc and
zirconium silicates in outer-space conditions, characterized by the action of various types of ionizing
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radiation and solar spectrum quanta on materials. The results of the performed research can be used in
mathematical modeling of the performance of thermoregulating systems to solve various problems
related to the influence of micro-meteoroid and technological particles of near-Earth space environment
on violations of SV thermal regime.

The HTMW method synthesis of silicates from water solutions of sodium silicate and soluble salts is
perspective, producible and efficient.Based on our investigations technology of pigment obtaining for
TRC has developed. By the developed technology the experimental batches of pigments and
compositions for TRC have been obtained.

There is good reason to believe that the proposed hydrothermal microwave method for obtaining the
above-mentioned silicate pigments, in comparison with known methods obtaining of similar materials,
is economically justified: preliminary calculations indicate that the cost reduction is not less than 50%.
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Abstract:Systematic investigation of the possibility of using microwave (MW) energy for obtaining of
silicates as pigments for the thermoregulating coating for the first time has been carried. Were obtained
sodium and potassium silicate solutions different composition by hydrothermal microwave (HTN MW)
treatment diatomite. Kinetic regularities were studied and were revealed the conditions obtaining of
sodium and potassium silicates solutions using MW heating. The effect of various factors on the degree
of SiO2 recovery and the reaction rate was studied. The optimal conditions of HTMW processing of
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Engineering University of Armenia, 2016, 1, pp.55-62.

Abstract: A hydrothermal- microwave method is developed for the synthesis of zirconium
hydrosilicate from water-soluble compounds of zirconium and sodium silicate, obtained from the
microwave treatment of rocks. The behavior of zirconium silicate is studied at its high temperature
treatment. It is found, on the basis of gravimetric, X-ray and thermographic studies that the synthesis of
zirconium hydrosilicate from water-soluble salts with microwave method promotes the formation of
zircon by the heat treatment of zirconium silicate at lower temperatures. The microwave method
provides of nanosize powder of zirconium silicate.
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Abstract: The paper presents some results of the research on the effect of 5 MeV electron irradiation on
spectroscopic characteristics (optical and IR absorption, electrophysical parameters) of materials
(sodium and potassium silicates) for thermoregulating coatings (TRC) obtained on the basis of rocks by
hydrothermal-microwave method. It is shown that the electron irradiation promotes the formation of
radiation-induced defects of different nature in the materials for TRC.
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Abstract: The paper presents some results of the research on the effect of UV irradiation on optical
properties of materials (sodium and potassium silicates) for thermoregulating coatings (TRC) obtained
from various rocks (diatomite, perlite) by hydrothermal-microwave synthesis. It is shown that UV
radiation contributes to redistribution of the absorption intensity peaks responsible for defect formation
in the crystal lattice. Absorption measurements of obtained materials for TRC irradiated at low
temperature (-100°C) have shown that the intensity of silicate bond oscillations decreases because of
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irradiated at high temperature (150°C) the picture is changed due to the fact that under UV irradiation, a
"radiation annealing" takes place that contributes to stability of certain structural disorders.
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Conference of CIS Countries “Sol-gel synthesis and study of inorganic compounds, hybrid functional
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durability of zinc orthosilicate obtained by microwave method/, Journal of Chemical Technology, 2017
(accepted for publication).

Abstract: The microwave (MW) method of hydrothermal synthesis of zinc orthosilicate has been
developed. At low temperature, crystalline phase of zinc orthosilicate — willemite, is received. The
optical characteristics of synthesized product are determined. The dependence of the coefficient of
diffuse reflection from irradiation is studied at low temperatures (90K) and pressures (10°° -10° Pa). On
the basis of the gravity, X-ray and thermographic studies, it is established that zinc orthosilicate
synthesis from water-soluble salts of initial components in the microwave oven promotes the
acceleration of willemite (at lower temperatures). MW processing of initial zinc orthosilicate provides a
nanosized powder willemite at lower temperatures and exposures.

11.V.V. Baghramyan, A.A.Sargsyan, A.S.Sargsyan,/N.B.Knyayan,V.V. Harutyunyan,
E.M.Aleksanyan, N.E. Grigoryan, V.S.Baghdasaryan// Optical properties and radiation resistance of
zirconium silicate obtained by microwave method/, Armenian Journal of Physics, 2017 (accepted for
publication).

Abstract: A microwave (MW) method of hydrothermal synthesis of zirconium silicate is developed. At
low temperature (240°C), nuclei of crystalline phase of zirconium silicate (zircon), are obtained. Some
optical characteristics of the synthesized product are determined. The dependence of the diffuse
reflectance on radiation is studied at low temperatures (90 K) and pressures (10 - 10 Pa). Based on
gravimetric, X-ray and thermographic studies it is revealed that the synthesis of zirconium silicate from
water-soluble salts of initial components in microwave ovens promotes the formation of zircon at lower
temperatures. MW synthesis of zirconium silicate ensures obtaining of nanosized zircon powder after
heat treatment at 1200°C.
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