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High-molecular compounds have been studied, as well as their relationship with other materials and modifications 
made based on various additives introduced. Their findings helped to initiate the development of technologies pro-
viding control over the adsorption process at the phase boundary and polymerization under thermal conditions. The 
paper discusses a method developed involving thermoplastic polymer of the polyolefin (polyethylene) class applied 
to concrete and metal surfaces. This material has high adhesive capacity, is resistant to abrasion, corrosion and other 
destructive factors. Thanks to its improved characteristics this polymer can be considered as an additional waterproof-
ing material in the designs of engineered safety barriers for radioactive waste Class 3 and 4 disposal in near-surface 
disposal facilities (NSDF). 
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Solid and solidified radioactive waste (RW) 
Class 3 and 4 can be disposed of in near-surface 
disposal facilities (NSDF), which are buried or par-
tially buried modular structures made of monolith-
ic reinforced concrete. Depending on its radiation 
characteristics, the waste can be disposed of either 
in metal or reinforced concrete containers stacked 
in several tiers. For such containers, isolation shall 
be provided for several hundred years. Degradation 
of the modular structure, i. e., its concrete walls, 
bottom and slab elements is expected to start in 
100 years. Additional protection of the NSDF both 
from the external impacts produced by groundwa-
ter, aggressive, acidic, alkaline solutions and from 
internal degradation driven by the processes taking 
place inside the RW containers is required to pro-
vide the RW containment throughout the specified 
isolation time especially in case of waste contain-
ing long-lived radionuclides.

Polymeric materials are widely applied by numer-
ous industries. They are categorized according to 
their chemical composition: organic (polyolefins), 
inorganic (plastic sulfur, quartz crystals, etc.), het-
ero-organic consisting of carbon groups and inor-
ganic elements (silicon, boron, organophosphorus, 
etc.).

Basic requirements to protective coating materi-
als include: waterproofing capacity, high adhesion 
to concrete and metals, chemical resistance, ease 
of the application process, durability and low cost. 
These characteristics are best met by polymers of 
the polyolefin class: polyethylene and polypropyl-
ene. These high molecular weight compounds most 
widely used in the industry are chemically inert, 
water resistant and available at a low cost.

Due to wider polymer application, the list of their 
modifications has been considerably diversified by 
additives developed to combine the properties of 
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several polymers with different chemical nature in 
a single composite material. The developed modi-
fied polymers require complex studies focused on 
their structure, bonding regularities, molecular dif-
fusion, welding to assess the adhesion mechanisms, 
the potential for further development of methods 
required to manage the adhesion processes oc-
curring at the adhesive-substrate interface during 
product production and application. The adhesive 
bonding process topology was found to be com-
posed of intermolecular interactions enhanced 
by capillary vapor condensation providing certain 
intensification of chemical processes with guaran-
teed bond formation at the interface of the contact-
ing phases (Figure 1) [1]—[3].

It has been demonstrated that a chemically 
complex interfacial transition zone with a com-
bined structural-mechanical, structural-gradient, 
concentration-gradient structure evolved in the 
steel – polyolefins systems due to thermal oxida-
tion of the polyolefin melt with the reaction itself 
being catalyzed by the metal surface.

It has been proven that the formation of an adhe-
sive interface at the metal-polymer phase boundary 
was basically driven by the adsorption interactions 
between acid-base (donor-acceptor) groups [1], [2].

Depending on the task at hand, special addi-
tives are introduced into polymers to achieve the 
desired properties. Several methods are applied to 
introduce the additives — polar groups — into poly-
olefins. Industrial synthesis of copolymers with a 
desired structure (SEVAMA, SEAK, SEBA) is seen as 
the preferential method.

In case of some intrinsic difficulties encountered 
during the production process, the polar groups 
can get sewed to polyolefin molecules by the graft-
ing method, i. e., radical polymer melt modification 
in an extruder (Figure 2).

The polyethylene base accounts for 80—90 % of 
the coating mass. Functional additives accounting 
for 10—20 % (pigments, stabilizers, fillers, compati-
bilizers) are designed to improve adhesive, strength 

properties and the stability of composites over time. 
Some additives (titanium dioxide, discrete carbon, 
basalt fibers, etc.) are universal, i.e., combining 
functions of chemically resistant fillers and com-
pounds able to reduce material shrinkage, as well as 
contributing to the preservation of relevant prop-
erties over time. Thereby, the long-term isolation 
period can be extended for the objects requiring 
certain protection from external influences with 
lower coating costs involved.

A method has been developed based on high-
density polyethylene (HDPE) to produce a powder 
composite with functional additives applied as 
protective anti-corrosion coatings on the surfaces 
of concrete and steel structures exposed to water, 
aqueous solutions of acids, alkalis, salts, surfac-
tants and biological compounds.

Under the developed method, granules are fab-
ricated from modified polymer threads supplied 
from an extruder. In mills, granules are crushed 
into powder with a particle size of 140–315 microns 
(Figure 3).

Along with polymer composite, a two-component 
epoxy primer can provide comprehensive protec-
tion of concrete structures (surface pre-treatment). 
Primary treatment: application of its first coat and 
drying to ensure adhesion to the concrete surface. 
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Figure 1. Adhesive polymer interaction  
with the substrate surface

Figure 2. Extruder for polymer melting and mixing 
with additives
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Figure 3. Stages of polymer composite production:  
a) modified polyethylene threads supplied from an extruder, 

b) granule fabrication, c) granules grinded to powder 
with a particle size of 140—315 μm
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Then, the second primer layer is applied to ensure 
adhesion with the thermoplastic polymer compos-
ite used later.

After that, a thermoplastic polymer composite is 
applied by gas-flame spraying (Figure 4) involving 
an installation with air and propane supply.

Algorithm of the process is as follows:
1) pre-treatment of the intended surface (clean-

ing, applying a primer to the concrete surface);
2) preliminary surface heating with a flame to a 

temperature of 150—200 °C (if a composite is ap-
plied on a metal base);

3) flame surface spraying of polymer powder;
4) visual and instrumental quality control of the 

coating layer (continuity, thickness), elimination of 
defects;

5) application of the second and subsequent lay-
ers (if necessary).

Gas-flame pneumatic unit for polymer compos-
ite spraying is designed to cover large-sized objects 
and to treat hard-to-reach spots, as well as to apply 
the coating to horizontal, vertical, inclined surfaces. 
In this case, an adjustable air-propane flame is ap-
plied providing necessary adjustment of the spray 
rate and the polyethylene (polypropylene) compos-
ite supply.

The total protective layer thickness (two layers of 
primer + coating) amounts to 1.0 mm (when applied 
in one layer). According to the SP 72.13330.2016, 
adhesion with concrete accounts for at least 
10.2 kg/cm2. If necessary, two-three or more layers 
can be sprayed to provide greater coating thickness. 
Together with the applied primer, it provides air-
tightness, resistance to aggressive media and high 
dielectric properties.

The particle size affects the coating thickness and 
the uniformity, as well as the polymer composite 
consumption rate. At the same temperature level 
and heating time, particles with a diameter of over 
400 μm may not completely pass into a highly elas-
tic state as compared to particles of 150—200 μm, 

which results in a bumpy surface reducing its 
strength. On the other hand, particles smaller than 
100 µm can become viscous and, therefore, might 
get partially entrained with the air flow. Thus, care-
ful propane and air supply rate adjustment is re-
quired. The total thickness of the concrete - coating 
system amounts to 1—5 mm (Figure 5).

To slow down the aging process, to prevent crack-
ing and under-film corrosion, UV adsorbers and UV 
stabilizers (UV — ultraviolet) are introduced at the 
pre-production stage into polymers if intended to 
be applied on concrete surfaces under atmospheric 
conditions. Since under factory conditions the ad-
ditives are introduced into the polyethylene base 
melted at high temperature by active mixing, they 
get distributed as evenly as possible in the material. 
Open literature sources state that the insulating 
properties of polymer composites (before their deg-
radation starts) can be retained for 200 years [14].

Another powder composite based on HDPE has 
been developed and certified for application in pro-
tective coatings on the surfaces of steel structures 
being exposed to water, aqueous solutions of acids, 
alkalis, solutions of salts, surfactants and biologi-
cal compounds; resistant to weathering, sudden 
changes in moisture and temperature levels and 
characterized with high electrical isolation capac-
ity. Coatings with a thickness of 0.5—0.8 mm are 
produced in accordance with the GOST 9.410 re-
quirements based on the following process flow: 
metal billets with cleaned and phosphated surfaces 
are heated and immersed into a boiling layer (aero-
dispersion) of polymer powder; further heat treat-
ment goes non-stop until the powder adhered to 
the metal gets completely melted.

An electric spark flaw detector with a brush elec-
trode is used to check the quality of the insulating 
coatings produced on metal and other electrically 
conductive base surfaces. This method shows the 
defects on a large area of a dry billet: pores, cracks, 
voids, foreign inclusions, uneven layer thickness in 
a range from 200 microns to 7 mm that could evolve 
both during coating production (surface coating 

a	 b

Figure 4. Gas-flame pneumatic spraying of a polymer coating: 
a) anti-corrosion coating of a metal anchor,  
b) waterproofing coating of a concrete wall

Figure 5. Samples of a polymer (HDPE) coating 
with a 1—5 mm-thick layer applied to concrete tiles 

by the flame spraying method
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application) and its operation. Such detectors are 
able to explore both internal and external surfaces 
of structures (Figure 6a). The electrode operates at 
a maximum voltage of 30 kV.

Thickness gauges either of magnetic (on a ferro-
magnetic base) or ultrasonic type are used to check 
the thickness of polymer coatings applied to con-
crete surfaces in a range of 0—5 mm (Figure 6b).

Polymer composite properties depend on the 
selected components and functional additives; 
relevant case study focused on tensile strength is 
shown in Figure 7.

Under radiation exposure certain polymers are 
able to get structured absorbing the ionizing radia-
tion, thereby, considerably reducing potential RW 
impacts on the environment. Polyethylene is one of 
this kind: it is rich in hydrogen and provides effec-
tive protection against fast neutrons, which, when 
colliding with hydrogen atoms, lose their energy 
and tend to move at a slower pace, hence, they are 
not able to trigger the ionization processes. For neu-
tron protection purposes, boron is added to polyeth-
ylene: it absorbs slow thermal neutrons [15], [16].

A specific standard is in place to test certain ma-
terial types, namely, Enamel for a Weather-and Ra-
diation-Resistant Decontaminating Anti-Fouling 
Fungus-Resistant Coating (patent RU No. 2703636, 

2018) [17]. Characteristics of the polymer compos-
ite (based on HDPE) for concrete and metal surface 
coating were brought in line with the requirements 
specified in this standard (Table 1).

It is believed that “radiation exposure has the 
greatest impact on cement-containing waste forms 
with LRW immobilized inside the containers, the 
least (radiation factor is absent almost complete-
ly) — on the building near-surface repository struc-
tures” [18]. Therefore, given the high radiation re-
sistance of polyethylene (106 Gy), coating material 
on the surface of NSDF building structures won’t 
degrade, which should be yet demonstrated by ad-
ditional research.

Table 2 summarizes the main properties of the 
polymer composite applied as coating on steel 
structures.

Polymer composites are produced by Metall-
PlastPriority LLC (Magnitogorsk) operated by 
UralEnergoResource (annual production capacity 
of up to 300 t). Given the tasks at hand (anti-cor-
rosion coating of shaft reinforcement, concrete and 

a	 b

Figure 6. Devices used to check the quality of polymer 
coatings: a) electric spark flaw detector,  

b) magnetic thickness gauge

Figure 7. Tensile strength of polymer composite samples

Table 1. Characteristics of a polymer composite applied 
as a coating on concrete and metal surfaces

Indicator Value (evaluated/based 
on polymer testing)

Conditions of coating operation
Marine moderately cold, 
marine tropical — OM 

(GOST 9.104-79)

Fouling, points/month 4/12 (GOST RV 9.412-
2001)

Mushroom resistance, points 0 (GOST 9.050-75)

Radiation resistance, MGy, not less than 1 (GOST 9.706-81, 
method 1)

Decontamination factor for 137Cs,  
not less than 

100 (GOST R 53371-
2009)

Contact angle, degree 113—116 (goniometric 
method)

Adhesion, MPa, not less than, point, 
and no more than

8 (GOST 27890-88) 
2 (GOST 15140-78)

Hardness according to the pendulum 
device type TML (pendulum A),  

rel. units, not less than
0.6 (GOST 5233-89)

Impact strength (device type U-1A, 
striker diameter 8 mm), cm, not less than 50 (GOST 4765-73)

Film elasticity in bending, mm,  
no more than 2 (GOST 6806-73)

Resistance to deactivating formulations 
acting at a temperature of (65 ± 5) °C,  

h, not less than

72 (GOST 9.403-80, 
method B)

Resistance to static action of 3 % NaCl 
solution at a temperature of (23 ± 2) °C, 

h, not less than

720 (GOST 9.403-80, 
method A)
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metal structure surfaces, anchor support, electrical 
insulation of sites in workshops, etc.), various ad-
ditives are introduced to the produced composites. 
A concrete surface of 1 m2 can be coated at a cost of 
1.0—3.0 thousand rubles depending on the thick-
ness of the applied layer and the location of the 
object.

Advantages of polymer composites 
can be summarized as follows:
•• have been designed as protective mono- and multi-
layer coatings applied on the surfaces of concrete 
and steel structures to provide their insulation 
when exposed to water, aqueous solutions of ac-
ids, alkalis, salts, surfactants and biological com-
pounds; have high electrical insulation capacity;

•• the composite designed to apply anti-corrosion 
coatings on steel structures meets the require-
ments of the GOST 9.602, the GOST 55436 as re-
gards steel adhesion, strength and elongation at 
break, resistance to temperature fluctuations, di-
electric continuity;

•• the coating applied to extend the service life has 
stable adhesive bonds with concrete and steel 
structures, can be operated in a temperature 
range from – 60 to + 60 °C, is resistant to abrasion, 
cracking, chipping; its bending elasticity amounts 
to up to 700 %, stretching — up to 150 %; provides 
poor moisture absorption (non-hydroscopic);

•• sustains color under ultra-violet exposure (UV) 
fading out by 1 % in 20 years;

•• has neutral pH level, is highly resistant to biodam-
age and fouling, immune to water pH level fluc-
tuations and environmentally friendly.
Table 3 shows the comparative performance 

characteristics of polyurethane (PPU 328, PPU 329), 
epoxy and polyolefin polymer coatings produced in 
Russia. 

Figure 8 demonstrates staged startup of EBS con-
stituting to the modular NSDF structures (normal 
evolution scenario: normal evolution of natural 
processes and natural EBS degradation causing 
gradual decrease in their strength levels and insu-
lating capacity) [4], [19]. If a polymer coating is ap-
plied from both sides of the walls, the bottom and 

Table 2. Properties of a polymer composite applied 
as a coating on steel structures

Tested parameters Testing method Level

Melt flow index (2.16 kg, 190°С), g/10 
min GOST 11645-73 5—6

Volatile component content, 
not more than, % GOST 26359-84 0.5

Residue on sieve 0.315 mm (50 mesh), 
not more than, % Sieve analysis 5

Tensile strength, not less than, MPa GOST 11262-2017  

(ISO 527-2:2012)

12

Tensile strain at break, not less than, % 100

Adhesion
n/cm, not less than GOST 9.602-2016 70

points, not more than GOST 32702.2-2014 1

Corrosion resistance (7 days/10% HCl/ 
10% NaCl/1% NaOH), not less than, %* GOST 12020-2018 95

Resistance to UV rays (500 h), not less than, % * GOST 9.401-2018 95

Resistance in neutral hydrochloric fog, 
not less than, hours

GOST 34388-2018 
(ISO 9227:2012) 1,000

Dielectric continuity, not less than, kV/mm GOST 9.602-2016 10

Crack resistance, not less than, hours GOST 13518-68 500

Melting point, not less than, °С GOST 33454-2015 125

Thermal cycling from – 60 to + 20°С,  
not less than, cycles GOST 9.602-2016 10

* Chemical corrosion resistance and UV resistance indicate the 
material percentage that retains its tensile strength and elonga-
tion at break.

Table 3. Comparative performance characteristics of polymer coatings

Coating Parameters Polyurethane Epoxy Polyolefin (PE, PP)

Chemical resistance
Reduced resistance to alkalis, 

not resistant to organic 
solvents

High resistance to general acid, carbon dioxide, sulphate 
chloride, alkaline; high petrochemical, electrochemical 

resistance; water (steam) impermeability

Operating temperature – (50…30)… + (80…120) °С – 60… + (60…100) °С – (60…30)… + (60…80) °С

Flammability Burns in case of open flame

Smoke generation High High, with soot Low

Toxic oxidation/combustion products Carbon monoxide, hydrogen 
cyanide, isocyanate vapor

Carbon monoxide, ethereal, 
phenolic, amine compounds

Carbon monoxide. Possibly 
formaldehyde, acetaldehyde

Impact crack resistance Good Good Good (PE), Good (PP)

Electrical resistance degradation 
temperature ≥ 40 °C Data are not available > 80 °C

Erosion rate when exposed to HF etching Erosion/oxidative degradation rate increases in the following series PE < PP < EP < PU

Time elapsed since coat application till 
the start of its operation 24 hours At least 48 hours 24 hours
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the top slabs, the time period while the concrete 
structures (EBS 3) remain intact before the degra-
dation processes get initiated increases from 100 to 
300 years (from one side).

Polymer coating and lining (i. e., both external 
and internal application) of concrete RW containers 
of the NZK-150-1.5P type (EBS 1) is expected to in-
crease the time of their reliable isolation from 300 
to 500 years (degradation initiated from one of the 
sides). The total time period while the safety barri-
ers of the modular NSDF structures are believed to 
remain intact assuming normal evolution scenario 
is expected to increase from 1,900 to 2,300 years.

Conclusion

Additional protection from internal and external 
impacts is required to provide the long-term iso-
lation of long-lived radionuclides with their half-
lives exceeding thousands of years and disposed of 
in modular NSDF structures. Certain requirements 
are applied to relevant materials: chemical resis-
tance, waterproofing capacity, high adhesion to 
concrete and metals, ease of coating/lining appli-
cation. These parameters appear to be best met by 
polyethylene and polypropylene. These materials 
are seen as most industrially available and versatile, 
provide chemical inertness, water resistance and 
are available at a low cost.

 Polymer composites intended for use as protec-
tive anti-corrosion mono- and multi-layer coatings/
linings applied on the surfaces of concrete and steel 
structures exposed to water, aqueous solutions of 
acids, alkalis, salts, surfactants and biological com-
pounds have been developed. These materials are 
resistant to sudden changes in moisture and tem-
perature levels and have high electrical insulation 
capacity.

The polyethylene base accounts for 80—90 % of 
the coating mass; functional additives — 10—20 % 
(pigments, stabilizers, fillers, compatibilizers, etc.). 
The insulating coating preparation process involves 

polymer mixing by extrusion method with function-
al additives at high temperature resulting in gran-
ules of a complex composition that are subsequently 
crushed into a powder with a particle size of 140—
315 microns. This powder is applied by pneumatic 
flame spraying to the surface of concrete or metal 
structures in one or several layers with melting. The 
coating thickness amounts to 1—5 mm.

Robust waterproofing capacity, good adhesion 
to concrete, metals, ease of application are seen as 
important advantages of such composites when it 
comes to addressing the challenge of extending the 
time of modular NSDF structure isolation, namely, 
of relevant wall, roof and bottom slab structures, 
concrete and metal containers with RW. Neverthe-
less, additional studies are required to refine the 
evaluated containment capacity provided by such 
composites over geologically important timeframes.
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