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The paper presents the results of a study on the thermal insulation properties of polymer composites
based on fly ash from thermal power plants. Aqueous dispersions of styrene-butadiene (Latex 2012) and
acrylic (Policril 590) polymers were used as the matrix. A complex multifactorial dependence of the ther-
mal conductivity of the composite materials on the type and properties of the ash, its content, the type and
concentration of the polymer dispersion, density, porosity, and temperature was established. The decisive
role of the pore structure in forming effective thermal insulation was demonstrated. It was found that a
more developed specific surface area, higher wettability, and lower filler density contribute to the reduc-
tion of thermal conductivity. A tendency for thermal conductivity to increase with rising composite density
was identified, which is explained by a reduction in the volume of air pores. lowest thermal conductivity
was shown by composites containing fly ash with a filler concentration of 65 wt.% in combination with an
acrylic matrix. This particular ash consist of: 46.1 wt.% silicon dioxide, 18.0 wt.% aluminum oxide,
22.2 wt.% iron oxide, with the total content of alkali and alkaline earth oxides reaching 7.6 wt.%. The
acrylic matrix demonstrated thermally stable behavior within the investigated temperature range. The de-
veloped materials are characterized by a low thermal conductivity, acceptable density, and high potential
for use as lightweight thermal insulation coatings in energy-efficient technologies, construction, and other
industries. The obtained results provide a basis for determining the optimal conditions for the production
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of efficient thermal insulation materials utilizing industrial waste.
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1. INTRODUCTION

Analysis of contemporary events in the world and
Ukraine, in particular, increases interest and relevance
of the issue of proper use of mineral resources, specifi-
cally metals and their alloys. Approximately 25 coun-
tries conduct audits and assess the crucial term «criti-
cality of raw materials». As noted in [1], the classifica-
tion is based on two key factors-supply disruption risks
and the economic significance of raw materials.

Currently, there are specific risks for countries with
a high level of technological development. Their econo-
mies' dependence on critical raw materials is increasing
yearly. At the same time, this issue is also relevant for
less technologically developed countries in terms of
responsible extraction and processing. The issue of re-
sponsible consumption is crucial for the development of
all countries worldwide.

Several studies critically analyze this issue. It is
known that the list of critical and strategically im-
portant chemical elements is periodically updated. For
example, lithium has changed its status from a non-

* Correspondence e-mail: hovorun@pmtkm.sumdu.edu.ua

2077-6772/2025/17(2)02028(7)

02028-1

PACS numbers: 81.10.—h, 81.10.Dn,
61.43.Bn, 61.50.Ks, 81.30.Hd

critical to a critical raw material [2]. However, it is nec-
essary to consider not only the availability and accessi-
bility of raw materials but also their economic im-
portance. For instance, according to [2], nickel is not
classified as a critical raw material, although its mod-
erate economic importance suggests that trends should
be monitored.

However, as stated in [1, 3], demand for nickel is
expected to increase in the coming years, mainly due to
its leading role in energy production and the transition
to digital technologies, especially in battery production
for electric vehicles and low-carbon energy generation
technologies.

Currently, the industries using nickel, ranked from
highest to lowest consumption, are as follows: manufac-
ture of machinery and equipment, Manufacture of basic
metals, Manufacture of other transport equipment,
Manufacture of electrical equipment, Manufacture of
fabricated metal products, except machinery and
equipment [2].

The aerospace industry should be highlighted sepa-
rately, as nickel and its alloys are widely used in this
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field [4].

Additionally, nickel is widely used as a coating ma-
terial [5]. Electrolytic nickel coatings are considered
both decorative and promising for enhancing wear re-
sistance, heat resistance, and corrosion resistance.

As stated in [3], there are several approaches to ad-
dressing the existing and potential future shortage of
critical rare materials: partial or complete replacement
of these materials with alternative non-critical ones,
additive manufacturing of metal alloys [6], and the use
of secondary raw materials (recycled materials).

The application of protective coatings extends the
service life of finished products, enhances surface prop-
erties, and achieves similar results when combined
with the substitution of base materials. These methods
are believed to significantly reduce the consumption of
base materials. In particular, the application of protec-
tive coatings on nickel-based alloys is discussed in [7].
Three enrichment methods were analyzed, and it was
determined that the best protective properties are pro-
vided by a complex treatment combining High-Velocity
Oxygen Fuel (HVOF) spraying of AMPERIT 405.001
powder and vapor phase aluminizing (VPA) using CrAl
70/30 with AlFs activator. This treatment forms a two-
layer protective coating consisting of an inner adhesion
layer (NiCoCrAlY) and an outer diffusion aluminide
layer (NiAl). The inner layer protects the turbine blade
material from high-temperature corrosion, while the
outer layer shields it from combustion product flow at
elevated temperatures. The authors of [8] evaluated the
heat resistance of protective coatings applied to nickel-
based alloys. The inner layer of the two-layer coating
ensures thermal-physical compatibility between the
coating and the base material, while the outer layer
serves as thermal protection. The inner layer was ap-
plied using plasma spraying, while the outer layer was
aluminized using diffusion techniques, including non-
contact gas-phase aluminizing, suspension-based
methods, and plasma-sprayed ceramic coatings. It was
found that a protective coating with an MCrAlY-type
inner layer applied by plasma spraying and an outer
layer aluminized using a non-contact gas-phase diffu-
sion method effectively protects the turbine blade ma-
terial from oxidation and ensures thermal insulation.

The study [3] examines the potential use of thermal
barrier coatings (TBCs), which can be effective in ex-
tending the service life of nickel-based alloys. In par-
ticular, such coatings ensure the safe operation of com-
ponents under high/low temperatures, severe thermal
shocks, high pressures, mechanical loads, radiation, or
corrosion. One of the key mechanisms by which these
coatings enhance performance is reducing surface tem-
perature. A simple two-layer TBCs system for protect-
ing nickel-based superalloys has been proposed. The
inner layer is designed to shield the base material from
oxidation and high-temperature corrosion while also
improving adhesion with the outer ceramic coating,
mitigating the thermal expansion mismatch between
the top layer and the substrate. The recommended
phase composition for this layer is $-NiAl or MCrAlY.
The outer layer consists of Yttria-Stabilized Zirconia
(YSZ). During high-temperature operation, a thermally
grown oxide (TGO)-primarily aluminum oxide — is
formed due to oxidation, acting as an interface product
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between the inner and outer coating layers [9].

Another promising method for enhancing the high-
temperature gas corrosion resistance of nickel-based
alloys has been proposed in [10]. The process of simul-
taneous saturation of the alloy surface with titanium,
aluminum, and chromium was carried out in a mixture
of metal powders, aluminum oxide (Al.Os), and ammo-
nium chloride (NH4Cl). It has been demonstrated that,
as a result of titanium-aluminochromization, a multi-
phase, multilayer coating is formed on the surface of
the alloys.

Metal materials actively corrode at high tempera-
tures in an oxidizing environment. Resistance to high-
temperature oxidation is based on the ability of metals
to form a uniform, dense, high-adhesion oxide film on
the surface. For high-temperature product applications,
such as aircraft turbines, alloys based on refractory
metals with high strength at temperatures of 1000-
2500°C cannot be used in air or other oxidizing envi-
ronment without a heat-resistant coating. The main
alloying elements that increase the heat resistance of
alloys are aluminium, chromium, and silicon.

The analysis of literary sources [11-14] showed a
high ability of aluminides to resist aggressive environ-
ments at elevated temperatures, as they contain a suf-
ficient amount of aluminium to form an Al203 film. Al-
uminium oxide Al203 has many useful properties, such
as low cost, low density, good wear resistance, corrosion
resistance. Unfortunately, the Al20O3 compound has
limited plasticity at room temperatures, low high-
temperature strength, and low crack resistance. Such
significant improvement of these properties can be
achieved by doping the coating. In particular, the for-
mation of an aluminium coating on steels leads to the
formation of iron-aluminium coatings, titanium-
aluminium coatings on titanium alloys, and nickel-
aluminium coatings on nickel [14-17]. In work [16], it
was shown that the presence of active elements in a
small amount in the material improved the stability of
oxidation coatings.

An essential component of modern heat-resistant
coatings is the barrier layer, which affects the phase
composition, distribution of elements, structure of coat-
ings during chemical and thermal treatment, and also
reduces the rate of change in the phase composition of
coatings during heat resistance tests [17, 18]. In study
[19], the barrier function of a titanium nitride (TiN) lay-
er for operation under extreme conditions was analyzed.
The study determined that multicomponent coatings
based on Ti, Al, and Si applied to nickel and its alloys —
in terms of composition, structure, and properties — can
be promising for use under high temperatures, aggres-
sive environments, and severe wear conditions.

Ni-based alloys are well-known materials with high
mechanical properties at elevated temperatures. But
nickel and its alloys do not have sufficient heat re-
sistance. To use nickel alloys at high temperatures, it is
necessary to modify the surface to increase its corrosion
resistance. The formation of compounds on the surface,
for example, nickel intermetallics, is one of the ways to
increase heat resistance [11, 18, 20]. Studies on obtain-
ing, researching the structure and properties of
chrome-alloyed coatings with a barrier layer on nickel
and its alloys are limited.
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Thus, the work aims to obtain multicomponent
chromaluminizing coatings of nickel with a barrier lay-
er of (Ti, Zr)N. In addition, the goal is to establish the
phase and chemical compositions, analyze the struc-
ture, and determine the microhardness and heat re-
sistance of coated nickel at a temperature of 1000°C.
Based on the data obtained, practical recommendations
for further implementation of the proposed technology
of chromaluminizing of nickel in production will be de-
veloped.

2. MATERIALS AND METHODS

As the base material for coating application, car-
bonyl nickel was used. The carbonyl nickel samples
contained an iron impurity of 0.03-0.04 % wt.

The diffusion coatings were applied by the powder
method in containers with a fused seal using a mixture
of the following composition: Cr (40 % wt); Al (15 % wt);
Al>03 (40 % wt); NH4Cl (5 % wt). The process tempera-
ture was 1050°C, and the time was 4 hours.

The coatings, investigated in this research, were
applied using two main methods:

1) chromaluminizing (1050 °C; during 4 hours);

2) (Ti, Zr)N coatings applied by physical vacuum
deposition (PVD) from the gas phase followed by
chromaluminizing (1050 °C; during 4 hours).

The coated samples were examined using modern
physical materials science methods: X-ray phase, mi-
cro-X-ray spectral, metallographic, and durometric
analysis.

The phase composition of the coatings studied in
this work was determined using a Rigaku Ultima IV
diffractometer in Cu Ka-radiation (1= 0.1541841 nm).
The Bragg-Brentano focusing scheme was used, which
allows recording lines with reflection angles from 20 to
90° with step A260 = 0.04 deg. The accelerating voltage
in the tube was 40 kV, the current was 40 mA, and the
exposure time in point 2 s. The X-ray diffraction pat-
terns were interpreted, and the lattice periods of the
obtained phases were determined using the PowderCell
2.4 software package according to the Rietveld method
(complete profile analysis). The obtained diffractograms
were compared with the reference diffractograms in the
ICDD PDF-2 diffractogram database.

Samples for electron microscopic studies were pre-
pared according to the standard method in the form of
flat cross-sections pressed on Struers UniForce and
PrestoPress machines into conductive Struers PolyFast
resin, followed by polishing on Struers Abramin grind-
ing and polishing machines using 1 pm diamond paste
and suspension.

The microstructure of the samples was studied on a
Carl Zeiss SIGMA 300 SEM in phase contrast mode
(backscattered electrons) with an accelerating voltage
of 5 kV. A Carl Zeiss SIGMA 300 scanning electron
microscope (SEM) equipped with an Oxford Instru-
ments X-MaxN energy dispersive EDX spectrometer
and INCA 5.05 software was used to determine the
elemental composition of the coatings. Operating pa-
rameters of the SEM for EDX: accelerating voltage
5 kV; absorbed current 0.8 x 10-° A. The content of
elements in the coating and the base metal was meas-
ured consecutively by step scanning of the sample in
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the direction perpendicular to the side surface of the
sample cross-section. SEM was performed at positions
along the coating growth with a step of 1-2 pm and in
zones located at different distances from the surface.
Additionally, metallographic studies of cross-sections
were carried out using an optical microscopy. A 50%
nitric acid solution in ethanol was used as an etchant to
reveal the substrate's microstructure.

Microhardness was measured on the LHVS-1000Z
(Touch Screen) in at least 20 fields of view. The load on
the indenter was Nu = 0.25 N, the measurement error
was 0.1 GPa.

The heat resistance was estimated by the change in
the mass of the samples after their oxidation at 1000 °C
for 100 hours under natural aeration using an analyti-
cal balance of the ML204/01 (Mettler-Toledo GmbH,
Néanikon, Switzerland).

3. RESULTS AND DISCUSSION

The chemical compound (Ti, Zr)N applied to nickel
before chromaluminizing (method 2) had a lattice peri-
od of 0.4379 nm. According to Wegard’s rule, the con-
centration of zirconium in the (Ti, Zr)N compound with
a lattice period of 0.4379 should be about 24.0 % wt
Micro-X-ray spectral analysis showed a zirconium con-
tent of 24.4 % wt in the nitride. Thus, the compound on
the surface of nickel with a thickness of 5.5-6.0 um can
be identified as (Tio.7, Zro.3)N. The microhardness of the
resulting layer is 20.6 GPa. The (Ti, Zr)N layer is light
yellow in the optical microscope.

The microstructure and distribution of chemical
elements in the thickness of the coatings obtained by
the two methods in the initial state and after oxidation
are shown in Figs. 1-3 The phase composition and
distribution of chemical elements in the diffusion zone
of the coatings can be distinguished into a compound
zone and a transition zone.

The zone of compounds formed on the surface of
nickel after chromaluminizing under the accepted con-
ditions of chemical and thermal treatment consists of a
layer of the p-NiAl phase with a thickness of
50.0-52.0 um and a layer of NisAl compound with a
thickness of 3.0-5.0 um. The £-NiAl layer can be divided
into two zones in an optical microscope. The upper zone
contains 60.0-70.0 % wt of nickel and is light blue. The
lower zone contains about 80.0 % wt of nickel and has a
light yellow color. The thickness of both zones is almost
identical and ranges from 24.0 to 26.0 microns. After a
light etching with Murakami reagent, the boundaries of
the individual components of the coating are visible in
an optical microscope (Fig. 1, b).

In this research, the presence of chromium in the
light blue zone had been established, the concentration
of which was 5.5-5.8 % wt on the outside of the coating
and monotonically decreased to almost zero at the bor-
der with the light yellow layer (Fig. 1). A similar coat-
ing of two differently coloured zones based on the B-
NiAl phase had been investigated in [18] after alumi-
nizing of nickel at 950 °C in a mixture of ferroalumini-
um and ammonium chloride. Both zones’ lattice periods
were the same — 0.2866 nm [18]. The lattice period of
the outer layer of the NiAl compound obtained after
nickel chromoalloying was 0.2869 nm, which turned out
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to be larger than the lattice period of the compound on
alloyed nickel [18]. The latter is due to a chromium
layer in the blue zone of NiAl with atomic dimensions
larger than nickel's. This explanation will be valid for
solid chromium solutions in the nickel sublattice.

It is known that when the nickel content in the B-
NiAl phase is more than 50 % aluminum atoms are
replaced by nickel atoms. The period of the crystal lat-
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tice decreases because the atomic dimensions of nickel
are smaller than those of aluminum. The lattice period
also decreases when the nickel content is below 50 %.
This is because the positions of nickel atoms remain
vacant and are not filled with aluminum atoms. A com-
pletely different picture occurs when the NiAl phase is
alloyed with chromium. The latter replaces the vacant
nickel positions in the crystal lattice.
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Fig. 1 — Microstructure of Nickel after Chromaluminizing; electron microscope (a); optical microscope, x 400 (b); chromaluminiz-
ing (1050 °C, 4 hours (method 1)); distribution of elements by coating thickness: Ni (c), Al (d), Cr (e)
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Fig. 3 — Microstructure of nickel after chromaluminizing with a layer of (Ti, Zr)N after oxidation; 1000 °C, 100 hours; electron
microscope (a); distribution of elements in the coating thickness: Ni (b), Al (c), Cr (d), Ti (e), Zr (f)

The presence of chromium in the light yellow part of
the f-NiAl phase layer was not detected.

A chromaluminizing coating on nickel with a (T4,
Zr)N layer consists of layers of the B-NiAl phase, the
NisAl phase, Al2O3 oxide, and the (Ti, Zr)N compound
itself. A part of the (Ti, Zr)N compound layer looks like
either a fractured strip curved from the surface to the
base or individual particles in the NiAl phase layer
(Fig. 3a).

Two zones can be distinguished in the structure of
the nickel coating after chromaluminizing with a layer
of (Ti, Zr)N oxidized at 1000 °C for 100 hours: the zone
of Al203 oxides on the outside of the coating and the
zone of internal oxidation. The zone of internal oxida-
tion consists of oxidized (Ti, Zr)O: inclusions, a (Ti,
Zr)N layer, and layers of NiAl and NisAl compounds
(Fig. 3a).

It should be noted that the (Ti, Zr)N layer, de-
stroyed in many places, limited oxygen penetration. It
was found that before the heat resistance tests, the
particles from the destroyed layer of (Ti, Zr)N nitride
were light grey. These particles darkened after oxida-
tion, indicating the presence of oxygen. The lattice pe-
riod of the (Ti, Zr)N compound was 0.4379 nm and, as
seen from the results, was significantly different. An
almost black band with a 1.5-2.0 um thickness was
formed on the outside. This band can be identified as a
mixture of titanium and zirconium oxides.

It was shown that after oxidation of nickel after
chromaluminizing, the thickness of the NisAl layer had
been increased from 20 to 25.0-30.0 um, and to 10.0-
15.0 um on samples after chromaluminizing with a
layer of (Ti, Zr)N.

The increase in the weight of the samples after the
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heat resistance tests is shown in Fig. 4. Analysis of the
data showed that at 50 hours of testing, chromalumi-
nizing coatings have higher protective properties.

Mass increase, gt210

A B c

Fig. 4 —Mass increase of chrome-alloyed nickel during
oxidation (I), chrome-alloyed nickel with a (Ti, Zr)N layer (II);
oxidation time — 50 hours (A); 75 hours (B); 100 hours (C);
temperature — 1000 °C

Having increased the oxidation time, coatings with
(Ti, Zr)N oxidized at a lower rate. There was a high
probability that in the first 50 hours, not only the sur-
face of the coating actively interacted with oxygen, but
also the inclusion of (T4i, Zr)N. At subsequent times, the
penetration of oxygen into the coating was inhibited by
the compound (T4i, Zr)N.

The maximum microhardness in the obtained coat-
ings was established for (Ti, Zr)N layers — 22.5-23.5
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CrifiKkicTh 1O BUCOKOTEMIIEPATYPHOI ra30BOi KOPO03il XpoMOoaJIiTOBAHUX MOKPUTTIB
3 mapowm (Ti, Zr)N nHa mikesri

I.C. ITorpet6osal, T.B. JlockyToBal-2, H.A. Xapuenro3, C.B. Mapuenxo3,
T.II. ToBopywn3, €.B. Mupomosbchrat

1 Hauyionanvruii mexuiunuil ynisepcumem Yrpainu «KIII im. I. Cikopcoroeon, 03056 Kuis, Yrpaina
2 Vuisepcumem Ommo ¢pon Iepixe Mazodebypaa, 39106, Mazdebype, Himewuuna
3 Cymcvkuil Oepacasrutl yHisepcumem, 40007 Cymu, Yrpaina
4 Kuiscokuli HauloHAbHUL YHIBepcUmemmeampy, Kino i menebauernns imeni I. K. Kapnenurxa-Kapoeo,
01054 Kuis, Yxpaina

Y crarTi mpeAcTaBieHO Pe3YJIbTATH JOCHIIKEHHS TEIJIOI30JIAIIIAHUX BJIACTUBOCTEM IOJIMEPHUX
KOMIIO3UTIB HA OCHOBI 30JIM BUHOCY. B SIKOCTI MaTpHUIll BUKOPHMCTAHI BOJHI JUCIIEPCil CTUPOJI-0yTaII€HOBOIO
(Latex 2012) ta akpumoBoro (Policril 590) momimepis. BeramosieHo, ckiaaay 6aratodakTOpHY 3aJI€sKHICTD
TEIUIONPOBITHOCT] KOMMIO3UIIIHHUX MAaTeplasiB BiJ THIy Ta BJIACTHBOCTEN 307, il BMICTY, THIIy Ta
KOHIIEHTpAITll ToTiMepHo1 JucIiepcii, TyCTUHH, TOPHUCTOCTI Ta TeMmeparypu. JloBeeHo BU3HAYATIBLHY POJIb
TIOPOBOI CTPYKTYPH y DOPMYBAHHI e(PEKTHBHOTO TEILJI03aXUCTy. BCTaHOBIIEHO, 110 GBI PO3SBUHEHA ITHTOMA
TOBEPXHS, BUCOKA 3MOYYBAHICTD TA MEHIA I'yCTUHA HAIOBHIOBAYA CIPUAITEH 3HUSKEHHIO TEILJIOIPOBITHOCTI.
Busnauena TeHIEHITST [0 3POCTAHHS TEIIOMPOBIMHOCTI 31 301IBIIEHHSM TYyCTHHH KOMIIO3UTIB, IO
TOSICHIOETHCS 3MEHIIIEHHAM 00'€My HOBITPAHUX IOp. KOMIT03UTH 3 BUKOPHUCTAHHSAM 30JIU IPU KOHIIEHTPAIIL
65 % HamoBHIOBAYA T4 AaKPWJIOBIM MATPHIN JEeMOHCTPYIOTh HAWNHMIKYI 3HAYEHHS KoedilfieHTa
TertonpoBigHocTi. JlaHa 301a MicTUTB: mioKcHa KpeMmHio 46,1 %; oxcun amominiio 18,0 %; oxcumy sasrisa
22,2 %; cyMapHa KLUIBKICTBh JIYsKHHUX Ta JIYYKHO3€MEJIbHUX OKCHIIB CTAHOBHUTDL 7,6 %. AKpPHIIOBA MATPHILA
IEeMOHCTPYe TEPMIYHO CTAOIJIbHYy IIOBEQIHKY B MejKaxX JJOCJIKYBAHOIO TEeMIIEPATYPHOrO Tialla3oHy.
Pospobieni matepianm XapaKTepHU3yIOThCI HUSBKUM KOEMIIIEHTOM TEeILIOMPOBIIHOCTI, ONTHMAJILHUMA
MOKA3HUKAMH IIUIBHOCTI, 4 TAKOX JE€MOHCTPYIOTh BHCOKHM IIOTEHIiAaJ] [JIsi 3aCTOCYBAHHS SIK JETKl
TEIIOI30JIALIMHI IOKPUTTS B €HeProe)eKTHBHUX TeXHOJIOIAX, B OyIIBHUIITBI Ta 1HIMX raay3sax. Orpumani
pea3yJIbTaT! 03BOJIAIOTh BU3HAYMTH OINTHMAJBHI YMOBHU JJIs CTBOPEHHS e(EeKTUBHUX TeILIO0l30JIAIMNHAX
MarepiaiB 13 BUKOPHUCTAHHSIM TeXHOT€HHUX B1JIXO/TIB.

Knrouogi ciosa: Bap'epuuit map, Tepmocriiikicts, MikpoTBepIicTs.
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