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Abstract: In this article, an analytical approach to the study of the behavior of functionally graded FG
coatings under local load is developed. The method is suitable for coatings with a specific structure.
We consider that the coating can be conditionally divided into two zones: a relatively rigid outer and
a relatively compliant inner. The outer layer is modeled by a non-homogeneous plate that bends. We
submit the inner substrate to the hypothesis of a non-homogeneous thin Winkler layer. The solution
of the formulated boundary value problem is constructed in analytical form. Simulation examples for
FG aluminum oxide coatings grown from aluminum sprayed on steel and from compact alloy D16T
are considered. The distributions of equivalent stresses, safety factors and normalized equivalent
stresses in the coatings are studied. It is noted that in a heterogeneous material, the location of the
minimum of the safety factor does not always coincide with the location of the maximum of the
equivalent stress.
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1. Introduction

Research related to the application and formation of functional coatings is of interest
due to the suitability of such coatings to improve the performance properties of structural
materials. The traditional approach involves the use of a coating on the base material’s
surface to provide protection against environmental influences, contact or local loads; to
provide the required aesthetic parameters of the product; etc. [1–4].

In particular, ceramic coatings are widely used in many industries due to their
wear resistance, chemical resistance and thermal properties. Their fields of application
vary from instrumental, energy and aviation engineering to medicine and semiconduc-
tor manufacturing [5–7]. In detail, we note that ceramic coatings include hard coatings,
anti-corrosion coatings, wear-resistant coatings and heat-protective coatings, which are
often used in engineering today [8]. At the same time, ceramic coatings are an integral part
of foundry production. Here, their main role is to form an effective fire-resistant barrier
between the sand substrate and the flow of liquid metal at the stages of casting, hardening
and forming castings [9,10]. Ceramic coatings have proven themselves well for improving
the osteointegration and biomechanical fixation of implants in bone tissue [11,12]. Another
important field of application is ceramic functional coatings used in lenses, optical filters
and solar cells and catalytic coatings for the chemical industry, which contribute to the
development of environmental protection technologies [13,14].

Despite all the advantages of functional coatings, there is the problem of ensuring that
they work in extreme operating conditions, for example, in conditions of high temperatures,
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with intense contact effects or the appearance of local loads [15,16]. The presence of
clear interfaces between individual components of the material, which have different
coefficients of thermal expansion or values of elastic moduli, can lead to the delamination of
components or the appearance of cracks, which causes the destruction of the coating [17,18].
In recent years, a new generation of composite materials has appeared—functional-gradient
materials, which are characterized by the absence of clear boundaries between components
and a continuous spatial change in physical and mechanical properties. One of the main
concepts of creating functional-gradient materials is to obtain a gradient of structures and
properties of components, which would reduce the concentration of internal stresses and
increase the service life of the material in accordance with operational requirements. In
many cases, the presence of a gradient structure of the material makes it possible to develop
products with new, previously unknown characteristics [19,20].

To date, significant progress has been made in the study of the behavior and character-
istics of the destruction of functional and functional-gradient coatings under the influence
of operational loads. The processes of the thermal and thermomechanical destruction of
coatings, including those in the presence of cracks, are discussed in the papers [21,22]. The
review [23] carried out a critical analysis of studies that provide a fundamental understand-
ing of the strength of functional-gradient coatings under dynamic influences and fatigue
loads. In the studies [24–26], the authors successfully use the finite element method to
estimate the internal stresses that occur during the operation of protective coatings.

In coating systems where intermittent high strain rate contact occurs, such as in-
terrupted high-performance machining operations, impact resistance can be critical to
serviceability. In the works [27,28], the principles of operation of the technique for carrying
out nano-, micro- and macroscale impact tests of coatings are considered. The peculiarities
of the determination of wear resistance in the conditions of field tests for abrasion and
shock-abrasive wear and the measurement of hardness using indentation are considered
in the publications [29,30]. The detailed review [31] presents a portfolio of methods for
determining the microstructural, mechanical and thermophysical characteristics of solid
coatings, which allow an understanding of the relationships between the structure and
properties of the coating. The results of the analysis of the behavior and reinforcing ef-
fect of thin coatings and overlays applied to slabs with defects [32–35] and shells with
cracks [36,37] are of important applied value. In this direction, researchers also studied
the patterns of development of operational damage in coatings [38,39] and developed
technologies for healing cracks by injecting pliable [40–42] and non-contrast [43] fillers.

Rather often, the initiation of the gradient coating destruction is caused by contact
or localized loads. Therefore, in the last decade, the analysis of mechanical stresses in
protective coatings caused by contact pressure has been the subject of research by many
scientists [44–48]. These papers demonstrate the effects of factors such as coating stiffness,
friction coefficient and contact geometry on the stress state of coatings and substrates.

One of the fundamental ways to improve the operational properties of products
made of aluminum alloys is to modify the working surface of the product by plasma
electrolytic oxidation (PEO) in order to transform the surface layer into a hard, wear-
resistant and heat-resistant oxyceramic [49]. In general, plasma electrolytic oxidation
is an effective technological method of forming protective oxide coatings on aluminum
and its alloys [50,51], as well as on metals and alloys of metals of the valve group, for
example, magnesium or titanium [52–54]. The use of the PEO method ensures a reliable
(metallurgical) connection between the base material and the coating.

To obtain oxide coatings on parts made of steel and other structural materials, a layer
of aluminum is first applied to their working surface and its mechanical processing (turning,
milling, grinding, etc.) is carried out. After that, the upper part of the aluminum layer is
oxidized, turning it into a ceramic, and the lower part (sublayer) is left unoxidized. The
PEO process is carried out in an electrolyte [55]. Due to the course of plasma-chemical
reactions in the discharge channels, dispersed oxides are formed, which contain different
phases in their composition, including high-temperature α−Al2O3 [48,56].
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The properties of the formed inhomogeneous coating can arbitrarily change in a
certain spatial direction. Traditionally, problems concerning the theory of elasticity for a
heterogeneous medium are described by a system of partial differential equations with
variable coefficients. Analytical solutions of such equations are known only for certain
cases of canonical domains and laws of change of elastic moduli in space [57–59] and do
not have a standard approach.

To develop analytical methods for assessing the stress state of layered coatings under
local load, the authors of this article in their previous publications developed a method-
ological approach based on one-dimensional modeling of the behavior of a layered coating
under an arbitrarily oriented local load [60], in particular when interacting with fixed
or unfixed abrasive particles [61]. The main feature of this approach is as follows: The
outer, sufficiently hard part of the coating is modeled as a plate, and the inner (interface),
sufficiently soft part of the coating or substrate is considered as a Winkler layer. This
technique allows a reduction in the dimensionality of the continuums and usually achieves
an analytical result.

The purpose of our article is to spread the analytical method of studying the stress
state of a functional-gradient coating under a local load in case of an arbitrary change in its
elastic moduli due to thickness. In order to achieve the goal and fulfill the tasks of the work,
the article is organized as follows: First of all, the main hypotheses of the analytical model
of the FGM coating are presented, and the boundary value problem for a heterogeneous
coating under local load is formulated. Then, the analytical solution of the problem is
constructed, and robustness conditions are discussed. After that, calculation examples are
considered for a non-homogeneous oxide coating grown from PEO aluminum sprayed on
steel and for a ceramic coating formed from PEO compact deformed aluminum alloy D16T.
Finally, brief conclusions conclude the publication.

2. Materials and Methods

Consider a rigid element of the structure (a foundation) on which a thin coating is
applied, consisting of an outer, sufficiently rigid functionally gradient layer and a relatively
compliant heterogeneous substrate (Figure 1). This division of a non-homogeneous coating
into hard and soft parts is rather arbitrary, but it allows us to develop an analytical research
method. From a mechanical point of view, the rigid outer layer is considered as a non-
uniform thickness plate, which works for bending, and the pliable inner layer is subject to
Winkler’s hypothesis about the proportionality of stresses and elastic displacements. For
simplicity, the base is assumed to be absolutely rigid. The mechanical contact between the
components on the mating surfaces is assumed to be ideal. The composition is loaded with
a normal force P (N/m), uniformly distributed along the axis z, which is perpendicular
to the plane of the drawing. In addition, we assume the state of plane strain (εz = 0). It is
necessary to study the distribution of stresses in a non-homogeneous coating and establish
the level of the safety margin.

Let us introduce a system of Cartesian coordinates with the origin on the surface and
the axis y directed deep into the half-space (Figure 1). Under the accepted assumptions, we
will write the equation of equilibrium of a non-uniform coating on an elastic base [62]:

D
d4uy

dx4 + kyuy = Pδ(x), x ∈ (−∞, ∞). (1)

here uy is the transverse component of the elastic displacement vector of the physically
neutral surface of the plate;

D =

H∫
0

E(y)
1− ν2(y)

(y− yC)
2dy (2)



Ceramics 2023, 6 1882

is the bending rigidity;

yC =

H∫
0

E(y)
1− ν2(y)

ydy

 H∫
0

E(y)
1− ν2(y)

dy

−1

(3)

is the ordinate of the location of the physically neutral surface;

ky =

 H+h∫
H

1− ν2(y)
E(y)

dy

−1

(4)

is the coefficient of stiffness of a non-homogeneous foundation; E(y), ν(y) are piecewise
continuous functions for Young’s modulus and Poisson’s ratio of the coating material; H is
the thickness of the rigid layer; h is the thickness of the substrate; δ(x) is the Dirac function.

At infinity, moments and transversal forces must fade:

D
d2uy

dx2 (±∞) = 0, D
d3uy

dx3 (±∞) = 0. (5)

Thus, the boundary value problem (1) and (5) describes the desired field of vertical
movements of the cover plate on an elastic base.
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3. Results and Analysis
3.1. Analytical Solution

The solution to problem (1), (5) was found in the form

uy(x) =
P

8Dλ3
y

e−λy |x|(cos λy x + sin λy|x|), (6)

where λy = 4
√

ky/(4D) is a pinching factor, the dimension of which is the inverse of
the length.

According to displacements (5), the bending moment in the coating was determined:

M(x) = −D
d2uy

dx2 (x) =
P

4λy
e−λy |x|(cos λy x− sin λy|x|)
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and the contact stress on the hypothetical interface is

σ(x) = −kyuy(x) = − P
2

λye−λy |x|(cos λy x + sin λy|x|)

Stresses in an inhomogeneous plate are calculated using the following formulae:

σx(x, y) =
E(y)

1− ν2(y)
M(x)

D
(y− yC)

=
E(y)

1− ν2(y)
y− yC

D
P

4λy
e−λy |x|(cos λy x− sin λy|x|)

σy(x, y) = σ(x)
y
H

= − P
2

λye−λy |x|(cos λy x + sin λy|x|)
y
H

, y ∈ ( 0, H),

and, in the inhomogeneous Winkler layer, according to the formulae

σx(x, y) = 0,

σy(x, y) = σ(x) = − P
2

λye−λy |x|(cos λy x + sin λy|x|), y ∈ ( H, H + h).

The strength of the functional-gradient coating is evaluated according to the Mises
criterion. Therefore, the strength condition for a plane-strained coating will be

σeq ≡
√
(1− ν(y) + ν2(y))(σ2

x + σ2
y )− (1 + 2ν(y)− 2ν2(y))σxσy ≤ [σ]. (7)

here σeq is the equivalent Mises stress, [σ] is the allowable stress for a non-homogeneous
coating material ([σ] = σY(y)/n, where σY is yield strength and n is the safety factor).

The obtained results make it possible to determine the value of the permissible load,
which depends on the mechanical and geometric characteristics of the layered coating.

3.2. Approximation of Functional-Gradient Properties

For the practical simulation of the behavior of ceramic oxide aluminum coatings,
a linear approximation of the distribution of their mechanical characteristics over the
thickness of the plate was used:

E(y) = E(0) + (E(H − 0)− E(0)) y
H ,

ν(y) = ν(0) + (ν(H − 0)− ν(0)) y
H ,

σY(y) = σY(0) + (σY(H − 0)− σY(0))
y
H , y ∈ (0, H).

(8)

here, at y = 0, we have the properties of surface spinels, and at y = H − 0, we have the
properties of the α-phase near the interface.

For coatings with a developed ceramic phase, we will also use the piecewise linear
approximation (0 < a < H):

E(y) =
{

E(0) + (E(H − 0)− E(0)) y
a , y ∈ (0, a)

E(H − 0), y ∈ (a, H − 0)
,

ν(y) =
{

ν(0) + (ν(H − 0)− ν(0)) y
a , y ∈ (0, a)

ν(H − 0), y ∈ (a, H − 0)
,

σY(y) =
{

σY(0) + (σY(H − 0)− σY(0))
y
a , y ∈ (0, a)

σY(H − 0), y ∈ (a, H − 0)
.

(9)
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For the characteristics of the compliant substrate, we used linear approximation
or constants:

E(y) = E(H + 0) = E(H + h),
ν(y) = ν(H + 0) = ν(H + h),

σY(y) = σY(H + 0) = σY(H + h), y ∈ (H, H + h),
(10)

or piecewise constant functions (H < b < H + h):

E(y) =
{

E(H + 0), y ∈ (H + 0, b− 0)
E(H + h), y ∈ (b + 0, H + h)

,

ν(y) =
{

ν(H + 0), y ∈ (H + 0, b− 0)
ν(H + h), y ∈ (b + 0, H + h)

,

σY(y) =
{

σY(H + 0), y ∈ (H + 0, b− 0)
σY(H + h), y ∈ (b + 0, H + h)

.

(11)

After calculating the quadratures (2), (3) taking into account the approximation (8), we
find approximate expressions for the ordinate of the neutral plane and the cylindrical stiffness:

yC ≈
E(0)

1−ν2(0)
+2 E(H−0)

1−ν2(H−0)
E(0)

1−ν2(0)
+ E(H−0)

1−ν2(H−0)

H
3 ,

D ≈

(
E(0)

1−ν2(0)

)2
+4 E(0)

1−ν2(0)
E(H−0)

1−ν2(H−0)
+

(
E(H−0)

1−ν2(H−0)

)2

E(0)
1−ν2(0)

+ E(H−0)
1−ν2(H−0)

H3

36 .

(12)

In turn, using approximations (9), we obtained a much more cumbersome result:

yC ≈

(
E(0)

1−ν2(0)
+2 E(H−0)

1−ν2(H−0)

)
a2
6 + E(H−0)

1−ν2(H−0)
H2−a2

2(
E(0)

1−ν2(0)
+ E(H−0)

1−ν2(H−0)

)
a
2+

E(H−0)
1−ν2(H−0)

(H−a)
,

D ≈
[

E(0)
1−ν2(0) +

(
E(H−0)

1−ν2(H−0) −
E(0)

1−ν2(0)

)
yC
a

]
(a−yC)

3+yC
3

3 +

+
(

E(H−0)
1−ν2(H−0) −

E(0)
1−ν2(0)

)
(a−yC)

4+yC
4

4a + E(H−0)
1−ν2(H−0)

(H−yC)
3−(a−yC)

3

3 .

(13)

In addition, using Formula (4), we find expressions for the bed coefficient that corre-
spond to approximations (10) and (11):

ky =
E(H + h)

1− ν2(H + h)
1
h

, (14)

ky =

(
(b− H)

1− ν2(H + 0)
E(H + 0)

+ (H + h− b)
1− ν2(H + h)

E(H + h)

)−1

. (15)

3.3. Calculation Examples
3.3.1. Example 1

To obtain an oxide ceramic coating on parts made of steel or other widely used
structural materials, a layer of aluminum is first applied to their working surface and its
mechanical processing (turning, milling, grinding, etc.) is carried out. After that, the upper
part of the aluminum layer is oxidized, turning it into a functional-gradient ceramic, and
the lower part (sublayer of aluminum) is left unoxidized. The PEO procedure is carried out
in an electrolyte. The physical and mechanical properties of the obtained oxide coatings
depend on the chemical composition of the material applied to the steel base and the
electrolyte and on the electrical parameters of the process. It should be noted that, when
oxide coatings are obtained, a loose layer is formed on their surface, which consists of
low-temperature phases of oxides and spinels formed from the chemical elements of the
applied material and the electrolyte. To ensure the quality of the surface of the oxide
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coating and the accuracy of the geometric dimensions of the parts, the upper loosened layer
is removed by mechanical processing with a blade (turning tool , cutter) or an abrasive
(grinding wheel) diamond tool. The optimization of these machining processes, as well as
the rational operation of finished products, involves consideration of the behavior of the
Al–Al2O3 oxide coating on a steel base under the influence of a local load. In this example,
we will consider two options: a functionally gradient oxide coating with a linear change
in mechanical properties over the entire thickness (FG coating) and a developed ceramic
coating with a thin gradient layer on the surface (FG/ceramic coating).

Let us suppose that a layer of aluminum is deposited on a flat steel part, from which
a layer is grown by means of plasma electrolytic oxidation Al2O3. The thickness of the
heterogeneous oxide layer is H = 250 µm, the thickness of the aluminum substrate is
h = 50 µm. The reference values for the mechanical characteristics for approximations (8),
(10) are presented in Table 1, the distribution of mechanical characteristics by thickness of
the composite coating is shown in Figure 2.

Table 1. Mechanical properties of the FG coating grown by oxidation of sprayed aluminum.

Material Layer Boundary Coordinate
y, µm E, GPa ν σY, MPa

Al2O3
0 150 0.17 175

250 – 0 400 0.32 300

Al
250 + 0 75 0.34 67

300 75 0.34 67
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The dimensionless values of equivalent stress were calculated using Formula (7):
Hσeq/P, as well as the safety factor n = σY/σeq and its inverse value of the normalized
equivalent stresses n = σeq/σY (Figure 3). We normalized the safety factor so that n = 1
there; (x, y) = (0, H − 0) where the equivalent stress reaches a maximum.

As seen from Figure 3, the stressed state is concentrated around the line of application
of the concentrated force, and the largest equivalent stresses are observed on the lower face
of the oxide layer (on the line (x, y) = (0, H − 0) ).

We should pay attention to the fact that we are dealing with a non-uniform coating, so,
in order to estimate its limit state, we must also take into account the spatial distribution
of the strength characteristics (in this case, the value of the yield strength of each layer).
Therefore, a more correct characterization of the limit state of a layered coating is provided
by the distribution of the safety factor or normalized equivalent stress. Despite the fact
that the maximum equivalent stress is reached in the oxide layer, the ultimate equilibrium
of the coating will be disturbed first in the aluminum substrate, where the margin ratio is
the smallest.
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Now, let the oxidized layer of sprayed aluminum consist of a surface gradient layer
with a thickness of a = 50 µm and high-quality ceramics with a thickness of H− a = 200 µm;
the parameters of the substrate do not change. The reference values for the mechanical
characteristics for approximations (9), (10) are given in Table 2. The distribution of mechan-
ical characteristics by thickness of the composite coating is presented in Figure 4, and the
characteristics of the stressed and limit states of the composition are shown in Figure 5.

Table 2. Mechanical properties of the FG/ceramic coating grown by oxidation of sprayed aluminum.

Material Layer Boundary Coordinate
y, µm E, GPa ν σY, MPa

Al2O3

0 150 0.17 175

50 400 0.32 300

250 − 0 400 0.32 300

Al
250 + 0 75 0.34 67

300 75 0.34 67
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Comparing the data in Figures 3 and 5, we can reveal the influence of the alignment of
the mechanical properties of the coating by thickness on the stress state and strength of the
coating–substrate system. In particular, the presence of a sufficiently thick ceramic layer
increases rigidity and reduces stress in the coating. At the same time, the character of the
destruction does not change: the weakest link remains the aluminum substrate, in which
the reserve factor practically retains its previous minimum value.
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3.3.2. Example 2

A relatively high ratio of yield strength to specific gravity, high thermal conductivity
and corrosion resistance are key advantages that make aluminum alloys technologically
attractive and cost-effective structural materials. However, in a number of cases, insufficient
wear resistance, heat resistance, and vulnerability to thermal shocks remain restraining
factors limiting the use of aluminum alloys. In order to use the advantages and eliminate
certain disadvantages of aluminum alloys, engineers use PEO technologies for the surface
strengthening of aluminum alloys. Aluminum deformed alloy D16T has fairly high me-
chanical properties compared to other aluminum alloys, and its products are widely used
in industry and everyday life. This alloy belongs to the aluminum alloys of the Al–Cu–Mg
system, and it is subject to hardening and natural aging. Intermetallics formed in the
microstructure are the main factor in the strengthening mechanism of this alloy. However,
these intermetallics lead to microelectrochemical inhomogeneity of the alloy, which leads
to pitting corrosion, intergranular corrosion or delamination. Therefore, deformed alloys of
such a system are used clad with a layer of aluminum and/or subjected to PEO [7].

Let us now consider the case of local loading of the ceramic layer obtained by plasma
electrolytic oxidation of the compact aluminum alloy D16T. A thin layer of annealed
aluminum appears under the oxide layer in the alloy, so the substrate is also heterogeneous.
We denote H = 250 µm as the thickness of the oxide layer, b− h = 50 µm as the thickness of
annealed aluminum, h = 1000 µm as the total thickness of the substrate. The initial data for
approximations (8), (11) are given in Table 3. Figure 6 illustrates the mechanical properties
of the composite structure. The results of the calculations are presented in Figure 7.

As in the previous example, the peak of the equivalent stress is observed on the lower
face of the oxide coating. Here, we have the minimum value of the safety factor. Thus, the
composition will be destroyed by the cracking of the oxide layer.

Table 3. Mechanical properties of the coating FG grown by oxidation of a compact alloy D16T.

Material Layer Boundary Coordinate
y, µm E, GPa ν σY, MPa

Al2O3
0 150 0.17 175

250 − 0 400 0.32 300

Al
250 + 0 70 0.34 70
300 – 0 70 0.34 70

D16T
300 + 0 75 0.34 330

1250 75 0.34 330
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coating formed by oxidation of the D16T alloy.

Now, let us change the composition of the coating, considering the FG/ceramic coating
option. The parameters for approximations (9), (11) are presented in Table 4. The graphs in
Figure 8 describe the mechanical properties of the coating and substrate. The simulation
results are shown in Figure 9.

Table 4. Mechanical properties of the FG/ceramic coating grown by oxidation of a compact
alloy D16T.

Material Layer Boundary Coordinate
y, µm E, GPa ν σY, MPa

Al2O3

0 150 0.17 175

50 400 0.32 300

250 − 0 400 0.32 300

Al
250 + 0 70 0.34 70

300 – 0 70 0.34 70

D16T
300 + 0 75 0.34 330

1250 75 0.34 330
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Figure 9. Distribution of equivalent stresses, safety factor and normalized equivalent stresses in the
FG/ceramic coating formed by oxidation of the D16T alloy.

An increase in the proportion of high-quality ceramics in the oxide coating grown on
the D16T alloy leads to a decrease in the equivalent stresses and, therefore, to an increase in
the value of the permissible local load. The type of structural integrity violation does not
change: the destruction begins by cracking the lower face of the oxide coating.
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4. Conclusions

The developed calculation method allows the analytical monitoring of the influence of
the gradient of the mechanical characteristics of the composite coating on its stress state
and ultimate equilibrium under local load. We emphasize that the method is suitable for
analyzing the mechanics of an FGM coating, which can be conventionally divided into
two zones: the outer, relatively rigid zone and the inner, relatively compliant one.

It was established that the limit state of a non-uniform coating is reached at the place
of the minimum of the safety factor, which does not always coincide with the location of
the maximum of the equivalent stress.

It is shown that a ceramic coating grown on aluminum sprayed on a steel base exhausts
its load-bearing capacity due to the destruction of the substrate. The coating formed by
PEO of the D16T alloy cracks due to bending on a compliant substrate.

An increase in the proportion of high-quality ceramics in oxide coatings leads to a
decrease in equivalent stresses and, therefore, to an increase in the value of the permissible
local load. The type of violation of structural integrity and the distribution of the safety
factor in the dangerous area practically do not change.

The authors see further steps of scientific research in the transition from calculation
based on the concept of allowable stresses to calculation based on the limit state.
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