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Abstract: Information is given on the application of the acoustic emission method for studying the
kinetics of destruction of protective and decorative coatings of cement concrete. A different nature
of the destruction of coatings has been established. When evaluating the nature of the destruction,
it was found that for coatings based on polymer-lime and PF-115 paints, after curing, an adhesive
type of destruction is characteristic, while for PVAC coatings it is cohesive. Thermal aging mainly
changes the nature of destruction of PVAC coatings from cohesive to adhesive. With a decrease in
the porosity of the substrate, higher values of the energy released when the coatings are detached
from the substrates are observed. It was revealed that during aging as a result of alternating
freezing-thawing, the greatest destructive effect is observed in the contact zone of the coating with
the substrate. With an increase in the cycles of alternating freezing-thawing, the amount of energy
released at the last stage of loading decreases.
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1. Introduction

One of the most common types of coating failure is the violation of solidity due to cracking, as
well as peeling of coatings [1,2]. Currently, to assess cracking, non-destructive testing methods are
used, for example, eddy current, magnetic and ultrasonic. They allow you to identify surface and
subsurface defects in materials.

The Finite Element Model (FEM) is often used to simulate crack formation [3].

V.V. Shneiderova [4] proposed a method for assessing the crack resistance of protective and
decorative coatings. The technique consists in modeling the process of crack formation in a reinforced
concrete element, during which cracks are created in the concrete under the coating. The state of the
coating above the crack of the measured width is assessed by its continuity at a 20-30-fold increase
through an optical device. The crack resistance index is taken as the width of the crack opening
preceding the one when the formation of the first defect in the coating above the crack was noticed.

Recently, a new scientific direction has been widely developed - fracture mechanics. The
application of the concepts of fracture mechanics makes it possible to obtain qualitative and
quantitative characteristics of crack resistance. The English scientist Griffiths formulated an energy
approach to the quantitative assessment of crack resistance precisely from the standpoint of modern
fracture mechanics. The main idea was that the potential energy of the body, accumulated by it in the
process of elastic deformation, at the beginning of destruction is completely spent on the formation
of new surfaces [5].

In [6,7], the digital image processing (PIV) method is used to determine the displacements and
the presence of cracks in the sample. PIV is the international name for the digital tracer imaging
method. Particle Image Velocimetry (PIV) belongs to the class of non-contact measurement methods.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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By processing digital images, the fields of particle displacements, shear and volume deformations,
etc. can be obtained

The acoustic emission method is also used to assess crack resistance [8-11]. With its help, it is
possible to identify actively developing defects. The samples were tested on a tensile testing machine
of the FM-1000 type using an acoustic emission device (AED). The development of an acoustic device
for measuring the increase in the surface of a crack in the process of its abrupt development is based
on an empirical dependence [12-14].

AS = cE/K? - Y A? 1)

where A4S is the increase in the surface of the crack in the process of its abrupt development;

E is the modulus of elasticity of the material;

Ki - stress intensity factor;

A is the amplitude of the acoustic emission signal during a crack jump;

c - coefficient of proportionality.

When Ki reaches the value of K<*, expressing K* in terms of the crack length and the effective
voltage, we get:

YA =2-m-06?-1-S/c-E )
where ois the average voltage;

I is the reduced length of the defect.

The right-hand side of equation (2) is the total work of fracture due to crack growth. This makes
it possible to determine the destruction energy of the material from the sum of the squares of the
amplitudes of the acoustic emission signals [15-17].

Of interest is the use of the AE method for assessing the resistance of coatings to cracking and
flaking. When using the AE method, it is possible to observe the degradation of materials, the
formation and increase in the size of defects. During loading, acoustic emission (AE) is recorded only
with the onset of microplastic deformation, that is, it is directly related to the motion of defects.

In 2019, the International Organization for Standardization (ISO) developed three new
standards:

e  Standard ISO 16836 Non-destructive testing. Acoustic emission control of technical condition.
Method for measuring AE signals in concrete [18];

e  Standard ISO 16837 Non-destructive testing. Acoustic emission control of technical condition.
Method of qualification assessment of damage in reinforced concrete beams [19];

ISO 16838 Standard Non-Destructive Testing. Acoustic emission control of technical condition.
Method for the classification of active cracks in concrete structures. [20].

The area of application of these standards is the method for measuring signals in concrete and
practical methods for monitoring the technical condition of a structure made of concrete and
reinforced concrete by the AE method.

Application of the method of acoustic emission in assessing the durability of protective and
decorative coatings will optimize the composition of paints, predict their durability in order to obtain
coatings with a set of specified properties

2. Materials and Methods

To assess the regularities of changes in the properties of coatings during aging, we used
polyvinyl acetate PVAC, polymerized lime, acrylate, alkyd PF-115 and oil paints. Paints were applied
to solution substrates in two layers with intermediate drying for 20 min. In this case, the porosity of
the substrate was varied from 20% to 28%. After curing the coatings for 28 days, the colored solution
samples were subjected to thermal aging at a temperature of 60°C, freeze-thaw. The adhesion of the
coatings was determined by the normal peel method. When the washer was torn off, the nature of
the destruction of the coatings was recorded. To assess the crack resistance of the coatings, the method
of acoustic emission was used.

The samples were tested on a tensile testing machine of the FM-1000 type using an acoustic
emission device (AED). In our studies, acoustic emission of samples was studied using an acoustic
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emission device (AED) based on a standard AF-15 device. AED made it possible to record all the most
important parameters of AE signals: amplitude, duration of the acoustic emission signal, intensity,
total number of individual AE events, total AE energy in accordance with GOST 25.002-80
"Calculations and strength tests in mechanical engineering. Acoustic emission. Terms, definitions and
designations". The acoustic emission device (AED) includes a recorder of the type H-338 and dual-
beam universal oscilloscope C1-74.

The acoustic emission device, which was used to receive and record AE signals, is characterized
by a preamplifier input sensitivity of less than 2 mV in the frequency range of 50-150 kHz. The
informative parameters of the AE were the total number of AE signals at two discrimination levels
and the signal energy. The loading was carried out in steps of 0.1 of the expected strength. At each
stage of loading, the samples were kept until the termination of the AE. The speed of movement of
the gripper in all experiments was the same and amounted to 100 - 10 m / s. Analysis of the
numerical values of the energy of the AE signals on the loading curve of the prototypes makes it
possible to judge the nature of destruction and the degree of brittleness of the coatings. As a sensitive
element of the AE signal converter, piezoceramics of the lead zirconate titonate type TsTS-19 is used.
In order to obtain a good acoustic contact, the AE transducer was pressed with a constant force to the
end surface of the prism sample through a thin layer of petrolatum grease using a special rubber band
or attached to this surface using a fast-drying glue, for example, cyocrine.

To assess the crack resistance of the coatings, the stress intensity factor Kic was determined using

a Vickers indenter (Figure 1).
\ 2C

2a

Figure 1. Scheme of the formation of radial cracks from the corners of the imprint Vickers in brittle
materials.

To do this, we determined the length of radial cracks formed from the corners of the Vickers
indenter indentation and the indentation diameter [21]. The critical coefficient of intensity of tension
was determined by a formula

K, = 0.028H§(E/H)0-5(c/a)1-5 3)
where H —Vikkers’s hardness;
C - semi-length of radial cracks;
a —semi-length of diagonal print

3. Results

According to the data shown in Figures 2—4, one can judge the processes occurring in the
coatings after curing and heat-treatment. At the same time, we can talk about a significant effect of
aging factors on the nature of destruction of protective and decorative coatings of cement concretes.
Figures 1 and 2 show graphical dependences of energy release on the level of loading for a polymer-
lime coating after curing. Analysis of the data obtained indicates that an increase in the porosity of
the substrate leads to a decrease in the adhesion strength (Table 1). These data are confirmed by the
higher values of the sum of squared amplitudes of acoustic emission signals (energy) released when
the coatings are detached from substrates with a lower porosity. So, the value of the sum of squared

amplitudes of acoustic emission signals released at a substrate porosity of P =20% is 1.68 V>cm?, and
at P=28% -0.49 V>-cm?2.
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Table 1. Effect of substrate porosity on adhesion strength of coatings.

Adhesion strength value, MPa

Coating name Impact type substrate porosity, %
20 24 28
PVAC harden.mg 1.72 2.47 2.8
Thermal aging 100h 1.7 2.36 2.66
Polvmer- lime hardening 2.6 1.86 1.79
Y Thermal aging 100h 33 25 2.1
hardening 1.11 0.79 -
PEATS Thermal aging 100h 1.96 1.84 -
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Figure 2. The sum of squared amplitudes of acoustic emission signals release curve for polymer-lime
coatings after curing 1 - on substrates with P = 20%; 2 - on substrates with P = 24%; 3-on substrates
with P =28%.
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Figure 3. The sum of squared amplitudes of acoustic emission signals release curve for polymer-lime
coatings after thermal aging 1 - on substrates with P = 20%; 2 - on substrates with P = 24%; 3-on
substrates with P = 28%.
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Figure 4. The sum of squared amplitudes of acoustic emission signals release curve for PVAC coatings
after curing 1 - on substrates with P = 20%; 2 - on substrates with P = 24%; 3-on substrates with P =
28%.

In the process of thermal aging, an increase in the hardness of the coatings is observed, which
indicates the occurrence of structure formation processes at this stage of aging.

Thermal aging for 100 h leads to an increase in the strength of both the polymer-lime coating
itself and the contact area of the coating with the substrate (Figures 2 and 3). This is evidenced by the
data on the increase in the value of the energy (the sum of squared amplitudes of acoustic emission
signals) released at the last stages of destruction when the coating is torn off. This allows us to talk
about the predominance of structure-forming processes over destructive ones at this stage. With an
increase in the porosity of the substrate, a significant decrease in the released energy of the AE signals
occurs. So, after thermal baking at the substrate porosity P = 20%, the sum of squared amplitudes of

acoustic emission signals is 1.88 V2-cm2, while at P = 28% it is - 0.87 V2:cm2 In addition, it should be

noted that on substrates with high porosity, the release of AE energy occurs at the early stages of
loading, which, in our opinion, is explained by a higher concentration of initial defects in the contact

zone, which accelerate the fracture process due to a larger plastic zone [22-26].
When studying thermal aging, it was recorded that an increase in the thermal aging time leads

to a regular increase in the value of the stress intensity factor. For example, after thermal aging of
polymer-lime coatings for 100 hours, an increase in the value of the stress intensity factor from
Ki=0.044 MN/m'2 (after curing) to Ki=0.053 MN/m!2is observed, and after 200 hours this value is
K1=0.0546 MN/m'~.

Figures 4 and 5 show the dependences of the released energy on the loading level for PVAC
coatings. The destruction of PVAC coatings after curing is characterized by high values of the released
energy at the last stage of loading. But at the same time, the nature of destruction of PVAC coatings
is fundamentally different from polymer- lime coatings. With an increase in the porosity of the
substrate, an increase in the energy released under the action of the load occurs. In our opinion, this
is due to the fact that as a result of the separation of the PVAC coating, the contact zones are involved
in the process of destruction. After thermal aging for 100 h, a decrease in the number of AE signals is
observed. This indicates that the decrease in the operational resistance of PVAC coatings at this stage
of aging is mainly due to destructive processes occurring in the contact zone. So, for example, when
the porosity of the substrate is P = 20% the sum of squared amplitudes of acoustic emission signals

released at the last stage of loading is 1.38 V2-cm? after curing, and after heat aging it is 0.99 V>-cm=.
With an increase in the porosity of the substrate, this tendency persists [27].
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Figure 5. The sum of squared amplitudes of acoustic emission signals release curve for PVAC coatings
after heat aging 1 - on substrates with P = 20%; 2 - on substrates with P = 24%; 3-on substrates with P
=28%.

The nature of the destruction of the PF-115 coating is shown in Figure 6. The test results indicate
the presence of a plastic component during the destruction of cured coatings. A sharp decrease in the
AE signal energy (sum of squared amplitudes of acoustic emission signals) released during the
destruction of coatings on substrates with higher porosity is observed.
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Figure 6. The sum of squared amplitudes of acoustic emission signals release curve for PF-115 coating.
1-after curing on a substrate with a porosity of P =20%; 2 - after curing on a substrate with a porosity
of P =24%; 3 - after thermal aging on a substrate with a porosity of P =20%; 4 - after thermal aging on
a substrate with a porosity of P = 24%; 5- after hardening on the putty surface.

The numerical values of the sum of squared amplitudes of acoustic emission signals are
significantly lower than the data obtained when testing PVAC and polymer-lime coatings, which
indicates the formation of a more defective contact zone. An increase in the porosity of the substrate
promotes a higher concentration of defects. After thermal aging for 100 h, an increase in the adhesion
strength of the coating is observed. The data obtained indicate an almost complete absence of the
plastic component, since there are no pulses at the early stages of loading. Curing of coatings on a
substrate with a porosity of P = 24%, previously filled with a composition of oil-glue putty,
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contributes to the formation of a more uniform structure of the contact layer. Thus, the sum of
squared amplitudes of acoustic emission signals upon destruction of PF-115 coatings on a putty
substrate is 1.5 V2cm-2, while in the absence of a putty it is 0.53 V>cm?2,

When assessing the nature of destruction, it was found that for coatings based on polymer-lime
and PF-115 paints, after curing, an adhesive type of destruction is characteristic, while for PVAC
coatings it is cohesive (by coating). Heat aging basically changes the nature of destruction of PVAC
coatings from cohesive to adhesive.

Since the greatest destructive effect on protective and decorative coatings is exerted by their
alternating freezing and thawing during operation, it was necessary to assess the degree of influence
of such an effect on the adhesion strength of the coating to the substrate. Figure 7 shows the energy
release curve for PVAC coating after curing and 15 cycles of alternating freezing and thawing. It
should be noted that the release of AE energy for PVAC coatings after 15 cycles of alternating
freezing-thawing occurs at the early stages of loading, which, in our opinion, is explained by a higher
concentration of defects both in the coating itself and in the contact zone (curve 2).
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Figure 7. The sum of squared amplitudes of acoustic emission signals release curve for PVAC coating
1- after curing; 2- after 15 cycles of alternating freeze-thaw.

It was found that in PVAC and polymer-lime coatings on a solution substrate, “embrittlement”
occurs after a certain duration of exposure to alternate freezing and thawing. Cracks in the coatings
when the Vickers indenter is pressed in appear only after 15-20 test cycles. The value of the critical
stress intensity factor of the PVAC coating is Ki=0.088 MN/m'?, and for the polymer lime coating
Ki=0.069 MN/m!2 (Table 2).

Table 2. Parameters of cracking of protective and decorative coatings in the process of cyclic freezing-

thawing.
The ratio of the crack
Coating name Impact type Hardness H, half-length C to the size Stress intensity factor,
N/mm? of the indentation half- K1, MN/m??
diagonal a
0 85 1 0.065
PVAC (porosity 5 125 1 0.08
P=20%) 10 140 1 0.084
11 180 1.4 0.088"
0 75 1 0.065
PVAC (porosity 5 80 1 0.066
P=26%) 10 102 1 0.08
15 174 1.23 0.083"
0 21.7 1 0.024
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Polymer lime 5 47.6 1 0.05
( oroni P=20%) 10 522 1 0.052
POTosty ° 20 60.8 1.54 0.06°
Polymer lime 0 27 1 0.029
( oroni P=26%) > 38 1 0.04
P Y ? 14 57 1.2 0.056"
0 61 1 0.056
Acrylic curing on pre- - . 0,023

filled surface

* critical stress intensity factor.

PVAC coatings are characterized by an increase in crack resistance with an increase in substrate
porosity from 20% to 26%. The critical value of the stress intensity factor for PVAC coatings with a
substrate porosity of 20% is Ki=0.088 MN/m?32. At the same time, the appearance of cracks in the
coating during the introduction of the Vickers indenter was recorded after 11 cycles of alternating
freeze-thaw. At a substrate porosity of 26%, the appearance of cracks is observed only after 15 cycles
of alternating freeze-thaw. Preliminary preparation of the substrate surface has a significant effect on
the crack resistance of protective and decorative coatings. For example, priming the substrate surface
leads to an increase in the crack resistance of coatings. At the same time, the appearance of cracks
when the Vickers indenter was pressed into the PVAC coating on a substrate with porosity P=20%
was observed after 15 cycles of alternate freezing-thawing. Puttying the surface before painting in
order to reduce the porosity of the substrate leads to an increase in the crack resistance of the coating.
Thus, the stress intensity factor of the acrylate coating deposited on the surface of the substrate after
its preliminary preparation was Ki=0.023 MN/m?¥?, while without preparation it was Ki=0.056
MN/m32. The results obtained indicate that the high porosity of the substrate leads to the formation
of an inhomogeneous, more defective coating structure, characterized by the formation of cracks at
an earlier stage of aging. This is also evidenced by acoustic emission data.

Figure 8 shows the energy release curve for acrylate after curing, 15 and 25 cycles of alternating
freezing and thawing. Analysis of the results indicates that alternating freezing-thawing has the
greatest destructive effect on the contact area of the coating with the substrate. With an increase in
the cycles of alternating freezing-thawing, the amount of energy released at the last stage of loading
decreases. So, after curing, the sum of squared amplitudes of acoustic emission signals is ), 42 =1.96

V2cm?, after 15 cycles of alternating freezing-thawing Y A* = 1.36 V2cm?, and after 25 cycles of

alternating freezing-thawing Y, A% = 0.89 V2-cm?. In addition, it should be noted that the nature of
the destruction in all considered cases was adhesive.
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Figure 8. The sum of squared amplitudes of acoustic emission signals release curve for acrylate
coating 1- after curing; 2- after 15 cycles of alternating freeze-thaw; 3- after 25 freeze-thaw cycles.
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4. Conclusions

Thus, the application of the method of acoustic emission makes it possible to assess the nature
and kinetics of destruction of coatings of cement concretes and to give a comparative quantitative
assessment of the resistance of coatings based on the information of acoustic energy of destruction.
The methodological approach used in the work, in our opinion, makes it possible to optimize the
compositions of protective and decorative coatings, to predict the resistance of coatings in order to
obtain coatings with a set of specified properties.
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