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ABSTRACT

Protective coatings are used to solve many technical and economic problems. Information on known
methods and approaches to studying the mechanical and adhesive properties of coatings is provided. It is
noted that modern thin-walled structures, as a rule, have a complex geometry. In this case, protective
coatings are formed directly on the surfaces of load-bearing elements. Known adhesion meters have
a number of limitations. There are practically no works on determining the mechanical properties of
coatings and adhesive formed on surfaces of complex shapes. An effective two-dimensional experimental
- theoretical approach to diagnosing the rigidity and adhesive properties of a thin-layer coating formed
directly on the surface of a load-bearing element of complex shape is described. At the theoretical stage
of the study, the spline version of the finite element method is effective, when varying the properties of
the material, we approach the shape of the experimental dome of the considered loading stage.
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Introduction
On the role of protective coatings

Since the 20 th century, thin-walled structures have garnered significant attention. To
ensure the reliable operation of such structures, which are often exposed to diverse
environments, physical fields, and substantial loads, maximizing the protection of their
components from external influences is crucial. Protective coatings are commonly
employed for this purpose. Research in this direction remains highly relevant.

Protective coatings are widely employed to address a multitude of technical and
economic challenges. The degradation or failure of these protective coatings leads to the
exposure of the surface of load-bearing structural components. Consequently, the load-
bearing element becomes directly subjected to the effects of the surrounding
environment and physical fields. This, in turn, results in the development of various
corrosion defects, scratches, localized depressions, and the like on the surface of these
structural components [1,2]. These defects induce alterations in the stiffness properties
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of thin-walled structural elements and give rise to stress concentrations in the defect
regions [3,4].

The requisite properties of coatings, including smart coatings, are achieved through
the development of sophisticated thin-film composite structures and adhesives [5-8].
Various methods and approaches have been devised for applying coatings to the surface
of load-bearing components.

However, during structural operation, various defects also emerge within the
coatings themselves, arising from the environment, physical fields, and deformation of
the load-bearing component. Local delaminations also develop in multilayer composites.
All of these factors induce significant alterations in the structure and stiffness properties
of both the coating and the adhesive [9].

Modern coatings are typically formed directly onto the surfaces of load-bearing
thin-walled structures, which generally possess a non-planar geometry. During operation,
the coating deforms in concert with the load-bearing component. Research into the
mechanical properties of coatings and adhesives on complex-shaped surfaces,
considering the deformations of the load-bearing components, is notably scarce.
Consequently, when determining the mechanical properties of coatings and adhesives, it
is essential to account for the shape and deformation of the load-bearing component [10].

On methods and approaches for investigating the mechanical properties of coatings

When selecting coatings, adhesives, and their application technologies, based on a
specified service life and operational conditions, questions arise concerning the
determination of their structure, geometric parameters, and physico-mechanical
characteristics. To ensure the integrity of coatings on structural components, it is crucial
to effectively design and reliably assess both the initial mechanical properties and those
acquired during operation for protective coatings and adhesives. The challenges of
assessing the mechanical properties of coatings and the adhesion of coatings to load-
bearing components, as well as investigating the patterns of change in coating and
adhesion characteristics under the influence of the environment, physical fields, and
operational factors, are highly relevant. The instrumentation for evaluating the
mechanical properties of coatings remains underdeveloped. The "indenter" method, while
capable of determining material properties in the vicinity of a point of interest, exhibits
limited effectiveness when investigating coatings with complex structures [11].
In [12], the indentation method is noted as an effective tool for studying the mechanical
properties of polyethylene. This method can be used to determine such material properties
as hardness, elastic modulus and rheological characteristics. However, the "indenter”
method, which allows determining the properties of the material in the vicinity of the point
under consideration, is ineffective when studying coatings of complex structure.
Indentation methods, as well as the stretch test method, which consists of stretching a
material sample until it breaks to assess its strength and plasticity, are noted in [13].
Adhesion assessments based on the destruction of the coating in the area of application
of the indenter are considered in [14,15]. The advent of powerful computers has
facilitated the increasing prevalence of computational modeling. Molecular approaches
to investigating the mechanical properties of thin structures are currently in their nascent
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stages. Difficulties arise in describing the complex structure and defects of coatings at
the nano- and macro-scales [16]. Uniaxial tensile testing of specimens is a standard
method [17-19]. However, when investigating the stiffness properties of complex-
structured coatings, uniaxial testing often reveals a significant scatter in test results [20].
On the topic under consideration, there exist inventor's certificates (A.c.) and patents for
inventions, including: A.c. 1742671 USSR, publ. 23.06.92; A.c. 1458766 USSR, publ.
5.02.89; SU 601599 A, 05.04.1978; SU 1441243 A1, 30.11.1988; SU 765697 A,
23.09.1980; US Patents US 5764068A, 09.06.1998 and Japan JP 8313422 A, 29.11.1996,
which provide solutions to certain questions related to this subject. When investigating
the properties of complex-structured coatings, the experimental-theoretical method of
investigation proves indispensable. In particular, for studying initially flat thin coatings
with complex structures, a two-dimensional shell approach is recommended [21]. This
method can also be employed to determine the mechanical characteristics of nano-
coatings within a "coating-substrate” system without separating the coating from the
substrate [22]. The experimental-theoretical method has been further developed for
investigating initially spherical and cylindrical coatings with variable radii [23].

On approaches to determining the adhesion of coatings to a load-bearing element

Determining the adhesion of coatings to load-bearing structural components has received
considerable attention. A review of standard methods for assessing the adhesive strength
of special coatings is given in [24]. The interaction between the adhesion strength and
the tensile properties of coated laminates is noted in [25]. It is obvious that the adhesion
strength of the coating is affected by both the properties and the technology of coating
application [26,27]. An analysis of some adhesion assessment methods for heat-
protective coatings is given in [28]. A technique for assessing the adhesion of thin-film
coatings is considered in [29]. Some aspects of increasing the adhesion of metal coatings
are presented in [30]. The effect of temperature on the adhesion of films to substrates is
noted in [31]. The choice of adhesion assessment method for antifriction coatings is
considered in [32]. In [33], it is noted that grinding and sandblasting are effective in
improving the adhesion strength.

The following methods are known for determining adhesion properties: the tear-off
method, which allows determining, in particular, the adhesion of the paint and varnish
coating to various substrates; the method of lattice cuts, including X-shaped cuts and
parallel cuts for visual assessment of coating delamination.

Methods have been developed to determine the adhesion strength of coatings to
substrates, as evidenced by inventor's certificates and patents, including: A.c. USSR
No. 183459, publ. 17.06.1966; Patent RF No. 689411, publ. 10.05.1995; Patent RF
No. 2207544, publ. 27.06.2003. However, these methods suffer from drawbacks such as
low accuracy, technological complexity, and low throughput. A known method for
assessing the adhesion of elastic films utilizes "bubble" parameters [34], but this
approach, along with its inherent limitations, exhibits a scatter in results.

Specialized instruments known as adhesiometers (e.g., PSO-XMG series) are
available for evaluating coating adhesion to substrates [35]. However, these devices
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exhibit limitations, notably the difficulty in ensuring measurement consistency when
studying the influence of different factors, among others.

A method for evaluating coating adhesion to a flat substrate has been
developed [36]. Further developments of this method, refining the results of adhesion
studies on substrates, are detailed in [37].

Modern thin-walled structures are typically characterized by complex geometries,
harmoniously blending functional purpose with architectural expressiveness. In these
designs, protective coatings are formed directly on the surfaces of load-bearing elements.
Notably, research is scarce regarding the determination of mechanical properties of
coatings and adhesives on complexly shaped surfaces.

An algorithm for diagnosing the mechanical and adhesive properties of a coating
system on a complex surface of a structural element is outlined below. This algorithm
assumes the availability of experimental coating pull-off data, specifically the parameters
defining the dome shape and base as a function of air pressure introduced through a
central aperture in the structural element.

Algorithm for determining mechanical and adhesion properties of a coating
on a load-bearing surface of a structural element of complex shape

Numerical investigation tool

Established software packages can be utilized during the theoretical phase of the
investigation. However, when examining the mechanical and adhesive properties of a
coating applied to the surface of a load-bearing element with complex geometry, the
spline-based finite element method proves most effective [38].

A load-bearing structural element of complex geometry 1 with a protective
coating 2 is under consideration (Fig. 1(a)). The structural element 1 is parameterized by
parameters t 1, t %, t >of a parallelepiped 3 [39], where:

: (1)
and the coating 2 is parameterized by parameters t %, t 2 of a rectangle 4 (Fig. 1(b)) [37-39]:
r=7(t't?). (2)

Fig. 1. A scheme of parametrization

A distinction is made between thin-walled structural elements of complex canonical
geometry, where the mid-surface is described by analytical formulas, and elements of
complex non-canonical geometry, where the mid-surface is not described analytically,
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but rather specified point-by-point. When considering thin-walled elements with
complex non-canonical geometry, challenges arise in the parameterization stage [40].
For cases where the structural element geometry is not analytically described, an
experimental parameterization approach can be employed, as exemplified by Patents of
the Russian Federation Nos. 2374697 and 2665499.

By differentiating expression (1) with respect to t *u t 2 for all nodal and integration
points, the coordinate vectors #; u 7,, the first fundamental metric tensor a; and the

fundamental determinant a are calculated for the coating:
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Subsequently, Christoffel symbols of the second kind are calculated:
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along with the components of the second fundamental metric tensor b:
by = M- by = =0 by = (5)
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Tangential forces 7" and bending moments M for the coating in a physically linear
formulation can be expressed as [41]:

ik — T (aa*s +vcl k) [Viug — bjsw + Vouy — bsjw + (Vjw + bju) (Vw + b™un)),
. Eh3 .. ..
the = Zah (aaks + velcks) [-7;(Vew + biw) — b (Vs — bsmw)], (6)

t=0,c?=-c*=1/Va; i,j, k s,l,m=1,2,

where T * M * are tangential forces and bending moments, E is the elastic modulus of of
the coating; v is Poisson's ratio, h is the coating thickness, u=u;, v=u,; w are the
components of displacements of the middle surface of the coating, V; is the symbol of
covariant differentiation with respect to a;; a ’ are the contravariant components of the
first fundamental metric tensor.

The governing relations are derived from Lagrange's variational equation:

W —6A =0, (7)
where oW is the variation of the shell's strain potential energy, JA is the variation of the
work done by external forces acting on the structural element.

The solution within each mesh cell is represented using an interpolating Hermite
bicubic spline, and the problem is then reduced to solving a system of algebraic equations:
[BI{U} = {R}, (8)
where [B] is the stiffness matrix of a system with a banded structure, {U} is the vector of
unknowns, {R} is the load vector.

Diagnostic algorithm

Initially, the stiffness characteristics of the coating are investigated. The components of
parameterization are calculated using Egs. (1)-(5) for the initial state of the load-bearing
element with a coating (Fig. 1). Further, for each loading stage, based on the
experimentally determined coordinates of the dome base (Fig. 2), a numerical model of
coating deformation under pressure p is constructed - all components of
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parameterization are calculated using Egs. (1)-(5); in nodes coinciding with the dome
base, displacements are zeroed, the load is applied to elements located under the dome,
and the stress-strain state calculation is performed according to Eqg. (8).

Fig. 2. Formation of a dome

The source material employed in this study was Class F fly ash sourced from Raichur
Thermal Power Corporation Limited (RTPCL), Karnataka, India. The fly ash confirmed to
IS 3812 2003 (part 1&2) [26].

At each loading stage p, using the iterative adjustment method- by varying material
properties (Young's modulus E and Poisson's ratio v), the shape of the experimental dome
at the considered loading stage is approached. This determines process the distribution
of the stress-strain state of the coating. When required, curves "strain ¢ - stress o,
"Young's modulus E - strain &" are constructed. Thus, the mechanical properties of the
coating are determined.

Next, the adhesion properties of the coating to the surface of the load-bearing

element are investigated. In general, the coating detachment forces T, vary significantly
along the contour. Knowing the tangential forces T * at the calculation nodes along line 5
of the dome base (Fig. 2) from the current loading stage solution, we can determine the
local value of the normal adhesion stress 7. at the surface of the load-bearing element 1
(Fig. 1) using the following equation:
Notr = Totr(mo X ml)/ [ho(l — & 82)]’ (9)
where Ty = f(T ™) is the detachment force, which depends on the values of tangential
forces T * at each point along line 5 of the dome base; hy is the coating thickness before
deformation, &, & is the coating deformation in the normal and tangential directions
along line 5 of the dome base.

Conclusions

Employing protective coatings is an effective strategy for safeguarding structural load-
bearing elements from environmental and physical field exposure. The requisite
properties of coatings, including smart coatings, are achieved through the development
of sophisticated composite structures and adhesives.

Selecting coatings, adhesives, and their application technologies raises questions
regarding the determination of their parameters. The available tools for assessing the
mechanical properties of coatings remain underdeveloped.
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To determine the mechanical and adhesive properties of a coating system with a
complex structure applied to a load-bearing element with complex geometry, a two-
dimensional approach proves effective. This approach involves an experimental-
theoretical method rooted in a spline-based finite element method (FEM).

An algorithm for diagnosing the mechanical and adhesive properties of coatings on
the surface of complexly shaped load-bearing structural elements is described. This
algorithm serves as a reliable tool for researchers, designers, and practicing engineers alike.
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