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Abstract. The paper presents a study on the development of thin-layer thermal 

(with a thermal conductivity coefficient ranging from 0.0416 to 0.083 W/(m∙K)) 

insulation coatings based on styrene-acrylic aqueous dispersion with improved 

adhesion properties and regulated technological characteristics. The simplicity 

and speed of applying liquid thermal insulation provide significant advantages 

over standard insulating materials. An advantage is the ability to insulate 

surfaces of complex configuration. 

1. Introduction  

Thermal insulation materials find applications in various sectors, including industrial and civil 

construction, where they are used as coatings for external insulation of buildings and structures 

to prevent heat loss to the surrounding environment [1–3]. Additionally, they are employed in 

insulating the pipelines of heating networks, boilers, and other thermal appliances to reduce 

heat loss and protect personnel from contact burns caused by hot metal surfaces of pipelines 

and reactors. These materials are also suitable for protecting refrigeration equipment and 

serving anti-condensation and protective-decorative functions [4, 5]. Apart from the energy 

saving and the related reduction in CO2 emissions, insulation also offers additional advantages: 

in an insulated building or industrial piping system one encounters a more uniform temperature 

distribution which results in a more agreeable living experience or improved plant operation 

respectively [6–8]. 

Modern thin-layer polymer thermal insulation materials can be categorized into roll-type 

and paint-type [9, 10]. In the Ukrainian and international markets, a variety of modern roll-type 

thermal insulation materials are used, which are based on foamed polyethylene, polypropylene, 

polyvinyl chloride, polystyrene, polyurethane foam, and carbamide resins [11]. Thermal 

insulation based on foamed polyethylene (thermal conductivity coefficient:                                      

0.044-0.051 W/(m·K)) and polypropylene (thermal conductivity coefficient: 0.034 W/(m·K)) 
exhibits low water absorption and is considered chemically and biologically resistant. It is 

important to highlight that these materials are flammable, which results in flame propagation 

along the material's surface. Furthermore, they possess low adhesion, making their installation 

challenging and diminishing their anti-corrosion properties [12, 13]. 
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Polyvinyl chloride foam has a thermal conductivity coefficient of 0.059 W/(m·K). However, 

it is associated with the risk of plasticizer migration to the surface, toxicity from combustion 

products during material smoldering, and significant smoke generation capability [14]. 

One of the most traditional thermal insulation materials is polystyrene foam (thermal 

conductivity coefficient: 0.037-0.05 W/(m·K). But the primary concern is not its low fire 

resistance but its low heat resistance. At a certain temperature, thermo-oxidative degradation 

processes begin in polystyrene foam, leading to volume changes and the release of harmful 

substances into the surrounding environment [15, 16]. 

Polyurethane foam is commonly used for insulating pipelines in district heating, oil, and gas 

pipelines (thermal conductivity: 0.04 W/(m·K)). It provides effective waterproofing and 

insulation for structures of any complexity, preventing the formation of “cold bridges”. However, 

the production of such materials involves the use of flammable and toxic substances, posing 

toxicological risks during operation, which places limitations on their use [17]. 

Penoizol is a porous material made from urea resins, designed to eliminate 'cold bridges' 

through which substantial heat loss occurs. Its thermal conductivity ranges from 0.035 to 

0.047 W/(m·K). The very low mechanical strength of Penoizol complicates its direct application. 

Therefore, it is primarily used as thermal insulation filler and sound-absorbing material in 

frame structures [18, 19]. 

One drawback of using rolled materials is the need for adhesive compositions, which 

necessitates additional technological processes and difficulties when applied to objects with 
complex geometric shapes. 

Paint-based insulating materials are dispersions based on structured polymers. They 

consist of fine glass microspheres, in which there is air (vacuum or inert gas). These hollow 

spheres make up the main volume of thin-layer polymer insulators, while the remaining volume 

consists of a binder, which acts as a molecular sieve, retaining water molecules but allowing air 

to pass through. According to the well-known theory of facade protection by Kuenzel [20, 21], a 

balance between these factors (combining high vapor permeability and low capillary 

penetration with respect to liquid water) is a necessary condition for the durability of coatings 

(as discussed in our article) [22]. The principle of operation of thin-layer paint insulators is to 

create a thermal barrier with the ability to scatter up to 95% of infrared radiation and reflect up 

to 75 % of incoming light rays. These properties allow such insulators to effectively provide 

thermal insulation for buildings, protecting them from solar radiation and overheating during 

the summer [23, 24]. Today, there are a vast number of composite materials positioned as 

thermal insulation coatings on the market. These coatings are compositions based on polymer 

binders and hollow microspheres of various natures. Their adhesion and technological 

properties have a decisive impact on the thermal efficiency and operational reliability of 

structures and products [25, 26]. 

In Europe, in 1999, the EU Directive on volatile organic compounds (VOCs) of heavy metals 

and other hazardous chemical compounds was developed and adopted. As of January 1, 2008, 

manufacturers of paint materials in EU countries transitioned to very strict regulations on VOC 

emissions [27]. 

Considering the above, water-dispersion paint materials (WD) based on styrene-acrylic 

copolymers are gaining increasing importance due to their environmental friendliness. The 

production and application of these materials not only reduce labor protection requirements 

but also decrease the fire and explosion hazards associated with painting work. Additionally, it 

simplifies the labor-intensive process of cleaning process equipment. Thus, the use of WD 
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contributes to cost savings by reducing the consumption of solvents, which are irreversibly lost 

during film formation and ventilation, and in safety measures. Furthermore, the WD application 

process becomes safe and non-hazardous. Such materials solve the tasks of not only decorative 

finishing of buildings and structures but also protect them from moisture, sunlight, mechanical 

or chemical damage. However, the challenge of improving and stabilizing the technological and 

adhesion strength properties of highly filled dispersions remains unresolved. 

The aim of this research is to develop thin-layer polymer-based thermal insulation coatings 

for construction purposes with improved and stable technological and adhesion strength 

properties. These coatings are formulated using styrene-acrylic dispersion, filled with hollow 

aluminosilicate microspheres and hydrophobized aerosil. 

2. Materials and methods 

A styrene-acrylic dispersion “Acronal 290D” was chosen as the binding agent for the thermal 

insulation coating from a range of water-based acrylic polymer dispersions. This dispersion is 

designed for the production of construction adhesives, paints, coatings for both interior and 

exterior applications, synthetic resin-based plasters, and putty compounds where high viscosity 

and a high solid content are required. 

High thermal insulating properties of the insulation coating are achieved through the use of 

hollow aluminosilicate microspheres. Aluminosilicate microspheres are highly dispersed 

lightweight powders consisting of thin-walled (0.5-2.0 μm) spherical glass particles with 

diameters ranging from 10 to 150 μm and a thermal conductivity of 0.04-0.2 W/(m·K). 
Among the leading companies in the production of microspheres is the American company 

“Minnesota Mining and Manufacturing Co” (3M). In Ukraine, hollow glass microspheres are 

produced on a mass scale by the “Microspheres Production Association” located in Kyiv. 

In order to regulate the rheological properties, the hydrophobic aerosil AM-1/300 (А) filler 

was used, which also serves as a stabilizer for water-based polymer dispersions, prevents the 

pigment sedimentation and attributes thixotropic properties. Hydrophobic aerosil is highly 

dispersed amorphous silicon dioxide with a hydrophobic surface of the particles obtained by 

treating the surface of the particles with anchors that replace the silanol groups contained on 

the surface of the particles with non-polar organic groups such as methyl, with a specific surface 

of 200 m2/g and an average density of 0.051-0.059 g/cm3. 

The thermal conductivity coefficient was determined using the device THC-1, intended to 

measure the thermal conductivity and thermal resistance of building and thermal insulation 

materials by the method of stationary heat flow in accordance with ISO 8301:1991 with a range 

of thermal conductivity of 0.02-1.5 W/(m·K). This method is capable of determining the heat 

transfer properties within ±3 % when the mean temperature of the test is near the room 

temperature. 

The rheological properties of high-filler compositions, which are crucial for the application 

technology of these coatings, were determined using a Reotest-2 rotary viscometer (Germany) 

equipped with a cylinder-cylinder working assembly and a measuring cylinder H. The flow 

curves of the compositions were recorded with a change in the speed from 0.1667 to 72.9 s-1 at 

temperature 296 K. The sample of the prepared compositions was then temperature-controlled 

for 15 minutes. 

To establish the fact that the compositions under study have thixotropic properties (form a 

hysteresis loop), the flow curves were also measured for forward and reverse travel, that is, for 

the rise and fall of the shear stress (τ), respectively. Prior to the test, the composition was 
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subjected to a 10-minute deformation at the maximum shear rate (72.9 s-1) and a rest period of 

10 minutes during the reverse course of the measurements. 

The technological and operational characteristics of the developed coating were 

determined using the following methods: 

1. Thermal conductivity and thermal resistance were determined under steady-state 

thermal conditions in accordance with the regulatory documents DSTU B V.2.7-105:2000. 

2. The magnitude of heat loss was calculated by analyzing heat transfer through a 

cylindrical wall in steady-state conditions. 

3. Adhesion strength to concrete was determined using the peel test method according to 

ISO 4624:2002. 

For all tests performed in this study and for all coatings submitted, specimens were 

produced according to the regulatory document, five in each series. Each series was duplicated 

to confirm the results, the corresponding specimens in the series being identical.  

3. Results and discussion 

The main parameter of heat-insulating materials that characterizes the ability to conduct heat is 

thermal conductivity. The coefficient of thermal conductivity serves as an indicator of the degree 

of heat conductivity of the material. The thickness of the thermal insulation layer to protect the 

building structure, as well as the amount of heat loss, depend on this indicator. 

To provide thermal insulation properties, aluminosilicate microspheres were added to the 

base water-dispersion styrene-acrylic composition (WD) as the key factor influencing thermal 
insulation properties in quantities of 20, 30, and 40 wt. %, and the thermal conductivity 

coefficient was determined.  

In the Table 1 presents the obtained data of thermal conductivity coefficient of the basic 

water dispersion styrene-acrylic coating (WD) and water dispersion styrene-acrylic coating 

filled with silicate microspheres (WD/MS). 

Table 1. Thermal conductivity coefficient of the studied thin-layer water dispersion coatings. 

Components, wt. %. dcoating, mm R, (m2 К)/W expl, W/(m∙К) 

WD 4.2 0.021 0.2000 

WD / MS 20  4.5 0.070 0.0639 

WD / MS 30  4.5 0.100 0.0444 

Based on the test results obtained, that the introduction of aluminosilicate microspheres 

allows to transfer studied styrene-acrylic dispersions (expl=0.2 W/(m∙К)) to the class of thermal 

insulation coatings with low thermal conductivity (expl=0.032 W/(m∙К)).  

The authors have demonstrated in the article [28] that the introduction of hydrophobized 

aerosil has minimal effect on the thermal conductivity coefficient but allows for a 10-15 % 

increase in the thermal insulation efficiency of the investigated coatings. This is evidenced by 

the reduction in the temperature of the external wall surface and heat flux, attributed to the 

formation of a more ordered and less stressed structure of the composite polymer-dispersed 

phase. The thermal conductivity coefficient for thin-layer thermal insulation coatings does not 

adequately determine their thermal insulation efficiency, as it is significantly influenced by the 
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technological properties of the dispersed system itself, which greatly affect the distribution of 

fillers within the coating volume, internal stresses between components, and structural defects. 

Simultaneously, the introduction of aluminosilicate fillers leads to a significant increase in 

the composition's viscosity, which is attributed to the high adsorption properties of the fillers. In 

this context, there is a growing interest in studying their influence on rheological characteristics, 

which are a determining factor for technological properties [29]. The results of determining the 

rheological properties of highly filled compositions are presented in the form of flow curves (the 

relationship between shear stress τ (Pa) and shear rate Dγ (s⁻¹), as shown in Fig. (1 a) and 

viscosity curves (the change in viscosity η (Pa·s) as a function of shear stress τ (Pa), as shown in 

Fig. (1 b). 

  

а) б) 

Figure 1. Rheological dependences of WD on the content of MS 40 wt. % and A-300 wt. % in the form 
of flow curves (a) and viscosity change curves on shear stress (b). 

During the film formation process, there are changes in the chemical composition, 
structure, and properties of the material. Conformational changes in macromolecules occur, 

surface activation of the substrate is possible, and stresses may appear in the contact layer. All of 

these factors influence the nature of adhesive interactions, and this influence becomes more 

significant when there is greater divergence in the conditions of film formation and the 

application of paint coatings. 

Аdhesion of film formers refers to the establishment of a bond between the film and the 

substrate onto which it is applied. Conclusions regarding adhesion are typically made based on 

adhesive strength, which represents the force required to break the adhesive bond. Adhesion is 

a critically important property of protective coatings. Many properties of coatings, including 

durability and protective capabilities in operational conditions, significantly depend on the 

magnitude and stability of adhesion. 

Fig. 2 illustrates the adhesion strength response surfaces (σpeel, MPa) of WD coatings as a 

function of the degree of filling with aluminosilicate microspheres 40 wt. % and hydrophobized 

aerosol 1.5 wt. % (WDTherm). 
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Figure 2. Response surfaces of WD adhesive 
strength from MS content and aerosil. 

Figure 3. The influence of temperature on the 
adhesive strength of WD and WDTherm. 

As shown in Fig. 2, the combined use of the MS filler and aerosil, compared to the unfilled 

WD, allows for an almost twofold increase in adhesive strength (0.49-0.58 MPa). 

It is known that elevated temperatures can affect the adhesive strength of coatings to 

substrates. To determine the practicality of using the developed formulations for insulating hot 

water supply pipelines, tests were conducted to assess the impact of temperature on the 

adhesive strength of the developed thin-film water-dispersion thermal insulation coatings 

(WDTherm) compared to coatings based on unfilled styrene-acrylic dispersion (WD), as shown 

in Fig. 3. 

It is established (Fig. 3) that raising the temperature to 80 °C has almost no effect on the 

adhesive strength of both the developed WDTherm composition and the unfilled styrene-acrylic 

dispersion DW. This is because these compositions are in the glassy state, which is characterized 

by the stability of their physical and mechanical properties. At the same time, the fracture 

behavior is cohesive, and no delamination of coatings from the substrate was observed during a 

240-hour exposure at a coolant temperature of 80 °C. Thus, the results of determining the 

adhesive strength of the investigated highly filled styrene-acrylic water dispersions (WDTherm) 

indicate that coatings based on them have high adhesive properties to the concrete surface. The 

adhesive strength of WDTherm to dry concrete (with moisture content in the surface layer up to 

4 %) exceeds 1.0 MPa, and delamination mainly occurs in the surface layer of concrete. 

During the research to assess the potential application of the developed acrylic water 

dispersions as thermal insulation coatings for pipelines, the alteration of heat transfer through 

the cylindrical wall of a metal pipe with the application of the developed thermal insulation 

coating on its surface was investigated. 

The parameters of the metal pipe are as follows: the wall thickness with an internal 

diameter (dint) is 36.3 mm, and the external diameter (dext) is 41.5 mm. The ratio of the steel 

pipe's diameter to its length (L) is relatively small, which allows neglecting heat losses through 

the end faces of the wall. The pipe carries water heated to a temperature of 90 °C.  

The thermal conductivity coefficient is constant and taken as λm=50.6 W/(m·K). To evaluate 

the effectiveness of WDTherm, paint layers of 1 mm, 2 mm, and 4 mm are applied to provide 

insulation for the pipe. 

The results of measuring the temperatures of the surface (t, °С) and the heat flow density 

(ql, Wt/m2) and thermal conductivity coefficient (k) depending on the temperature of the heat 

carrier are shown in Table 2 and Fig. 4. 

https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/heat+carrier
https://context.reverso.net/%D0%BF%D0%B5%D1%80%D0%B5%D0%B2%D0%BE%D0%B4/%D0%B0%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9-%D1%80%D1%83%D1%81%D1%81%D0%BA%D0%B8%D0%B9/heat+carrier
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Table 2. Surface temperature of the metal pipe and heat losses. 

t, °С 

 Metal pipe with the coating 

Metal pipe WD  
0.5 m 

WDTherm  
1 mm 

WDTherm  
2 mm 

WDTherm  
4 mm 

ql k ql k ql k ql k ql k 

20 0.2 

0.89 

0.5 

0.37 

0.5 

0.22 

0.5 

0.21 

0.6 

0.20 

30 0.7 1.8 1.5 1.7 1.7 

40 1.4 3.2 2.3 2.9 2.9 

50 1.6 3.7 2.7 2.9 3.1 

60 1.8 4.4 3.4 3.5 3.6 

70 2.7 6.2 4.9 5.2 5.2 

80 3.2 7.3 6.7 6.9 6.8 

90 3.9 9.4 7.9 7.8 7.8 

The data in Table 2 and Fig. 4 convincingly demonstrate that applying WDTherm thermal 

insulation to the metal pipe with a thickness ranging from 1 mm to 4 mm at a heat transfer fluid 

temperature of 80 °C helps reduce the external surface temperature of the metal pipe by 25 % to 

31 % and decreases the heat transfer coefficient by 75-78 % compared to a bare metal pipe. 

 

Figure 4. The relationship between the change in surface temperature of the cylindrical wall and the 

temperature of the heat transfer fluid for the metal pipe, the metal pipe with the WD coating, and the 

WDTherm coating. 

Thus, the temperature dependence of the bare metal pipe is linear, unlike the metal pipe 

with the applied WDTherm coating, where there is a plateau in the temperature range of                  

60-80 °C, corresponding to the operating temperature range of hot water supply. This 

demonstrates the effectiveness of using thin-film thermal insulation coatings in the high-

temperature range. The technological and operational parameters of the developed coating are 

provided in Table 3. 
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Table 3. Technological and operational parameters of the developed coating. 

Parameters  Value 

Mass fraction of non-volatile substances in the composition, %, not less than 50.0 

Drying time to degree 3 at a temperature of (20±2) °C, min 40.0 

Density in the liquid state, g/m3 0.6 

Hydrogen ion concentration, pH of the composition, not less than 8-9 

Coverage, g/m2 105 

Resistance to static water exposure, hours, not less than 72 

Water permeability class, kg/(m2 ·h0.5) W3 (low) 

Water vapor permeability class, g/(m2·day) V2 (medium) 

Adhesive strength to concrete, MPa 1.2 

Thermal conductivity coefficient, W/(m·K) 0.0416 

Linear thermal transmittance coefficient for a 2 mm thick coating 0.21 

Kinetic resistance of the compositions, months 7 

Consumption of WDTherm per square meter, thickness of 1 mm, kg/m2 0.6 

The developed thin-film thermal insulation water dispersion coating has a low density, so it 

does not impose additional loads on the object, does not create a sail effect, is environmentally 

safe, and generates no waste during application. 

Thus, the developed thermal insulation coating demonstrates quite high operational 
characteristics. The manufacturing process of the coating is relatively simple and involves 

mixing the components in a single technological cycle, enabling the production of a 

homogeneous mixture with improved technological and operational parameters. 

4. Conclusions 

As a result of the conducted research, new thin-film thermal insulation compositions (with a 

thermal conductivity coefficient ranging from 0.0416 to 0.083 W/(m∙K)) for building 

applications with improved technological and operational properties have been developed. It 

has been established that the application of the developed coatings with a thickness of 4 mm 

allows for a 31 % reduction in the external surface temperature of the metal pipe and a 78 % 

reduction in the heat transfer coefficient compared to a metal pipe without coating. 

Introduction of aerosil into the high-fill water dispersion system to regulate the rheological 

properties at the stage of production of coatings or before using them. That allows to combine a 

number of positive effects simultaneously: decrease in the viscosity of the material during 

application (without dilution) due to application of high shear rate and viscosity increase 

(structuring) after application, as well as during storage and transportation.  
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The results of the adhesion strength tests for the developed thermal insulation coatings 

indicate that these coatings have high adhesive properties to the concrete surface. The adhesion 

strength of the coatings to dry concrete (with surface moisture up to 4 %) is more than 1.0 MPa. 

At the same time, the detachment primarily occurs at the concrete's surface layer. 

The simplicity and speed of applying thin-layer thermal insulation paint coatings offer 

significant advantages over traditional insulation materials. The use of such insulation can 

significantly reduce the cost and complexity of insulation work. An advantage is the ability to 

insulate surfaces with complex configurations. When using traditional insulation materials, 

certain components in thermal systems, such as shut-off valves and relief valves, often remain 

uninsulated or partially insulated, leading to additional heat losses. These coatings can 

substantially reduce these additional heat losses on challenging-to-insulate surfaces and also 

protect them from potential freezing during sub-zero temperatures. 
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