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1. Introduction

Coatings, obtained by using the method of metallic 
plasma spray, are characterized by heterogeneous structure, 
formed from disk-shaped deformed particles (splats), which 
are characterized by specific sizes and certain degree of con-
nectedness between themselves. The technology of obtain-
ing such a plasma coating implies the formation of defects in 
it, including dislocations, microcracks, pores [1–3].

The existence of different types of cracks – vertical, 
horizontal, those that occur on the body of grain – particle, 
along the boundary between flattened particles or along the 
interface between the coating and the base, substantially 
complicate both theoretical analysis of the processes of 
destruction and the results of experimental measurements.

Under conditions of loading a composite material (CM) 
in the form of the system “matrix-coating”, the nature of 
crack formation differs significantly from the analogous 
processes of origin and propagation of cracks that occur in 
a continuous solid body. Local states in the area of apex of a 
possible crack determine coefficient of intensity of stresses 
and may contribute to or resist the propagation of cracks 
in the coating itself or in the interphase zone of contact of 
a solid body surface and a coating. Due to heterogeneity, 
anisotropy, polyphase structure of plasma coatings, there 
appear difficulties in selecting methods of studies and fur-
ther analysis of possibilities of obtaining high physical and 
mechanical characteristics of the formed coating [4, 5].

In the process of research into mechanical and physical 
properties, as well as for predicting possible type of destruction 
of a composition system, it is important, first of all, to analyze 

elastic characteristics of plasma coatings. Relevant are also the 
questions, connected with the examination of interrelation of 
combination of properties of the composite material, obtained 
in the process of plasma spraying. This relates, first of all, to 
adhesive and cohesive properties of coatings, physics and me-
chanics of their destruction, fracture toughness, which, in turn, 
depend on elastic characteristics and peculiarities of the lam-
inar disc-shaped structure of coatings. Elastic, adhesive-cohe-
sive and strength properties are the most important parameters 
of coatings and the system “base-coating” as a whole.

2. Literature review and problem statement

A rather large number of studies were carried out regard-
ing physical and mechanical properties, namely, elastic and 
strength characteristics of plasma (gas thermal) coatings. 
Nevertheless, as our experience shows, at present there is a 
lack of substantiated studies, experimental tests and data 
bases on the properties of coatings for conducting calculations 
and simulation of the processes to form coatings [1, 4–8].

The papers are known that present technique and anal-
ysis of results of the experimental studies, as well as solu-
tions for determining the module of elasticity and strength 
characteristics when testing the samples with coating for 
microindentation [6–9], at uniaxial tension [4, 10, 11], for 
the 3- and 4-point bend [12–14].

At present, for determining elastic properties of coatings, 
the most common are the standard methods for testing by 
microindentation [6–9], and the most popular one in terms 
of sensitivity to the depth of penetration is the method of 
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nanoindentation, in particular using the Berkovich indent-
er [8]. In the process of microindentation, they record the 
diagram of introduction of the indenter in coordinates (load 
P – convergence of h of the indenter and the sample). The 
method is based on the analysis of initial stage of the curve 
of load, when deformation has pure elastic character and is 
subject to the Hertz ratio. For the spherical indenter of radi-
us R, initial expression for the load takes the form:

∗= 0,5 1,54P E R h ,3     (1)

where E*=Ec· Ei·[Ei (1–υc
2)+Ec·(1–υc

2)]-1 is the reduced 
Young’s modulus; ν is the Poisson ratio, indices c and i relate 
to the examined material (coating) and the material of in-
denter, respectively. 

After constructing the obtained data in dual logarith-
mic coordinates or the P=f·h3/2 coordinates, it is possible to 
determine, first, E*, and then E of the examined material, 
including the coating.

Nevertheless, determining characteristics of the surface, 
not homogeneous, layers, in particular, plasma coatings, is not 
a trivial solution. In the local places obtained data can essen-
tially differ for certain phases. In this case, one must perform 
approximation, which makes it possible to estimate the total 
integral characteristic of crack formation [4]. To determine 
the module of elasticity Еc and the Poisson coefficient µc of 
plasma coatings, the tests are conducted at static uniaxial ten-
sion [4, 10, 11]. During stretching the sample, longitudinal de-
formation of the base εzs is measured, longitudinal and lateral 
deformation of the coating εzc, εxc in one and the same sample.

However, in the majority of cases, functional plasma 
coatings contain ceramic components, which leads in many 
instances to brittle failure of a coating. The surface roughness, 
existence of micropores and microcracks, poor cohesion be-
tween splats in coating contributes to reduction in elastic and 
strength characteristics of such coatings and composition as 
a whole. As it follows from analysis of a small number of pub-
lications, manufacturing samples for the tensile tests appears 
rather labor-consuming. Furthermore, in the analysis of the 
obtained results, the influence of physical-chemical processes 
of interaction between a coating and a base in the interphase 
zone is not considered [4]. Nevertheless, the technique is suf-
ficiently verified based on the example of different types of 
coatings. The results of studies of elastic characteristics and 
peculiarities of destruction, depending on the defectiveness 
of structure and geometric parameters of coatings (thickness, 
length), are represented in a number of papers [10, 15].

More widespread, compared to the tensile tests of com-
posite materials, are bend tests [4, 12–14] whose results 
make it possible to obtain and analyze data for calculating 
the module of elasticity in the linear section. The calculation 
of modulus of elasticity of the flat samples at bending when 
the curve “deformation-load” is recorded, depending on the 
applicable load, sample flexure and its geometric dimensions, 
is performed by formula [13]:

∆
=

× ∆

3

3

L P
E ,

4H B 1000 f
     (2)

where L is the distance between supports; H, B are the 
thickness and width of sample; P is the applied force; f is the 
sample’s flexure.

Application of methods for processing results of mechan-
ical static tests for bending and microindentation makes 

it possible to obtain and analyze not only the elastic char-
acteristics of coating, but to examine the processes of its 
destruction in the form of exfoliation or cracking. Based on 
the results of these experiments, the data were received on 
crack resistance (fracture toughness), adhesive and cohesive 
strength of coatings [7, 9, 12–14]. In particular, the meth-
od of indentation is one of the most widespread methods, 
which makes it possible to run both qualitative and quan-
titative analysis of destruction of compositions of the type 
base-coating and to determine parameters of crack resis-
tance (Kс). Using the Vickers pyramid, the formation of sev-
eral possible systems (morphologies) of cracks is examined: 
cracks under the apex of indenter and in the angles of its 
imprint. According to the Palmqvist crack system, critical 
coefficient of crack resistance is calculated by equation [7, 9]:

=
⋅

C 1
2

P
K k ,

a l
     (3)

where k is the coefficient that depends on the geometry 
of indenter and the examined material; a is the half of the 
length of diagonal of the imprint of Vickers indenter; l is the 
length of crack.

When exploring bending, different sections of the curve 
of deformation are examined, by which the intensity of 
released energy is calculated or coefficient of intensity of 
stresses, as well as analysis of adhesive-cohesive strength of 
the coatings is conducted [12, 14, 15]. It follows from these 
papers that, in spite of existing, sufficiently large, collection 
of semi-empirical dependencies for determining parameters 
of the coatings, there are the differences observed in their 
values because of difficulty in consideration of mechanisms 
of deformation and destruction in each particular case. Nev-
ertheless, obtained data are used as the estimated character-
istics for the defectiveness of coatings.

One of the most precise methods of determining normal 
Young’s modulus of elasticity E (shear modulus G) is a phys-
ical method of studies, based on measurements of attenua-
tion of energy of elastic vibrations in the volume of a solid 
body – the method of internal friction (IF). Classical case is 
the expression, which establishes interrelation between the 
Young’s modulus of elasticity and the resonance frequency 
(f2) of fluctuations of the sample, according to dependency 
G=K·f2, where coefficient K is the function of geometric di-
mensions and mass of the sample, and in the case of torsional 
oscillations, when using wire samples, it depends on the mo-
ment of inertia of the torsion pendulum [5]. This approach is 
used for different materials, including composites.

However, for determining elastic properties of particular 
coatings on the samples, this approach is not correct. For 
specific regimes (deformation, stress, temperature) of the 
samples without coating and with coatings based on the ex-
perimental data on parameters of internal friction Q-1, it is 
possible to obtain expression for the modulus of elasticity, as 
well as coefficient of internal friction of the particular coat-
ing Qc

-1, depending on other characteristics of components 
of the system “base-coating” [5, 16].

In a general case, it is possible to state that standardized 
or proposed new techniques, as a rule, lead to different re-
sults because of particular peculiarities when determining 
the necessary characteristics in each specific case. Therefore, 
of interest is comparative analysis of existing data, accumu-
lation of new data and generalization of obtained data, which 
would consider these peculiarities of plasma spraying.
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3. Aim and tasks of the study

The purpose of the work was the analysis, using different 
calculation-experimental methods of research, of elastic and 
strength properties of the composite materials, connected 
with peculiarities of forming the structure and composition 
of coatings at plasma spraying.

To accomplish the set goal, the following tasks were 
solved:

– to develop calculation-experimental technique of 
determining the modulus of elasticity of plasma coatings 
with the use of measurements of attenuation of elastic vi-
brations energy (the method of internal friction – IF) and 
of bending tests;

– to compare the obtained results with the data of other 
alternative methods of measurements, such as microindenta-
tion, tensile test;

– to analyze crack resistance and cohesive strength of 
plasma coatings taking into account the phase composition 
and peculiarities of structure of the obtained coatings, as 
well as the interphase zone.

4. Materials and methods of research into the influence 
of structure of plasma coatings on the properties of 

composition

4. 1. Materials and the utilized research equipment
For the research we used Armco-iron and steel with 

coatings from the sprayed powder materials – Mo, NiAl, 
NiCrВSi (PG-10) and compositions from the mixtures, which 
include nano components in the form of oxides SiO2 (aerosil),  
Al2O3·SiO2 (alumo-aerosil, symbol – АlаL [5, 17–19]. 

The coatings were applied to the surface of the samples 
by plasma spraying at the modernized installation UPNS-
304 (made in Ukraine) with the plasmatron, which provided 
for the laminar discharge of plasma flow.

Physical and mechanical properties of both the coating 
and the composition “base-coating” were determined by 
the results of mechanical bending tests, according to the 
designed calculation-experimental techniques [5, 14, 20]. 
In particular, the experiments were conducted at the in-
stallation of the model KOGEL (made in Germany) whose 
mechanical part was complemented by a personal computer 
with installed specific software. The connection between the 
computer and sensors of the installation was provided by an 
electronic init in the form of ATsP ADC121S021.

The tests were carried out on the samples of size 100×10×1 
with the plasma coatings of thickness 50–150 µm, applied to 
one side of the sample. 

The measurements of energy absorption of elastic vibra-
tions by the method of internal friction for determining the 
modulus of elasticity of coating were conducted at the in-
stallation, which is a “reverse torsion pendulum”, fabricated 
at Physics Department of the T. Shevchenko Kiev National 
University (Ukraine, Kiev) 5, 19. The measurements were 
conducted on the wire samples made of pure iron of diameter 
1 mm and length 100 mm.

4. 2. Calculation-experimental technique of deter-
mining physical and mechanical characteristics of plasma 
coatings at bending tests

During exploration of physical and mechanical char-
acteristics in the process of bending tests of the material 

with the coating using the analog-to-digital converter, 
we recorded the curve “load – deformation”, where there 
are different section-zones observed, corresponding to the 
given test, which characterize stages of the deformation 
[5–7, 13, 14]. Calculation of the modulus of elasticity is 
performed in the first section (at the initial stage), where 
a linear dependency of stress on elastic deformation of  
the sample is observed and on its geometric dimensions 
[5, 13, 14, 20]. 

The final solution for determining modulus of elasticity 
of the coating using (2), taking into account flexures of the 
base and the coating, moment of inertia and after appropri-
ate transformations, will take the form:

− + +
=

2

c b3

A A C
E E .

2R
    (4)

In equation (4), R=h/H; A=4R2+6R+4–F; C=4 R2 (F–1); 
F=fb/fcom=(1+R)3·Ecom/Eb are the ratios of flexures of the 
base to flexure of the composition “base – coating”; h is the 
thickness of coating; Eb, Ec, Ecom is the modulus of elasticity 
of base, coating and the composite “base – coating”.

For determining the modulus of elasticity of the com-
posite plasma coating we used the technique, based on 
measurement of internal friction Q–1 of the samples without 
the coating and with the coating. After processing experi-
mental data of the temperature and amplitude dependencies 
of internal friction Q–1=f(T, γ) (TDIF, ADIF) of the system 
“base – coating” at the appropriate level of deformations and 
a specific temperature, parameters of the coatings are calcu-
lated, in particular, normal module of elasticity E or shear 
modulus G [5, 16, 21].

To determine capacity of the material of the coating to 
resist destruction, the analytical solutions were used, as well 
as results of the bending experiments, which make it possible 
to analyze crack resistance of interphase zone of the system 
“coating – base” and corresponding area of the coating itself 
at its exfoliation and cracking [5, 20, 22].

The calculation-experimental technique, with underly-
ing positions of classical theory of strength and the results 
of bending tests, was used for the calculations of cohesive 
strength of the coatings themselves. As follows from experi-
mental results, at reaching a certain level of load, the origin 
and growth of specific forms of cracks are observed. Strength 
in this case is calculated by critical load and at maximum 
stress in coating, necessary for crack formation in the appro-
priate sections [5, 12–14]. The final solution for evaluating 
the strength of materials with coatings at a three-point 
bending test takes the form:

⋅ − ⋅
σ =

+
st com

st
b b c c

Р l (e h) E
,

4 J E J E
   (5)

where Ps is the load, which causes either cracking or exfoli-
ation of coating, is determined by the diagram; l is the dis-
tance between supports; h, H is the thickness of coating and 
base; Ec·Eb is the modulus of elasticity of coating and base, 
Jb·Jc are the moments of inertia of base and coating; e is the 
distance of neutral line from the surface of base. 

By using the approaches examined above, we obtain val-
ues of critical stresses for appropriate conditions, at which a 
coating is either destroyed or exfoliated. The given positions 
are verified based on the example of different types of the 
systems “base – coating”.
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5. Results of research into elastic and strength properties 
of the plasma coatings

5. 1. Determining the modulus of elasticity of compos-
ite coating by the method of internal friction

When determining characteristics of plasma coatings 
by the method of internal friction (IF), the measurements 
of the temperature and amplitude dependencies of internal 
friction (TDIF, ADIF) are conducted; in this case, the 
peculiarities of analysis and processing 
of results appear in comparison with 
pure metals.

Examination of the loss factor Q–1= 
=f(T, γ), as a function of the modules 
of elasticity of materials of coating and 
base, as well as thickness of coating 
and base, is the subject of paper [16]. 
Using this method, after a number 
of transformations, expression for the 
modulus of elasticity of plasma coat-
ing as a function of the modulus of 
elasticity of materials of the base Eb 
Е0, thickness of the coating hc and the 
base hb, as well as loss factors (Q–1) 
for the system “base – coating” takes 
the form [5]:

( ) ( ) ( )
( ) ( )

−−
− −

−− − − −

   = − + ⋅ + ×      

× − ⋅ −

11 2 21 1
c b b c

11 1 1 1
c b

E E h 1 h 1 Q 1 Q

Q Q Q Q ,  (6)

where Qb
–1, Qc

–1 is the internal friction in a base without the 
coating and in the coating; h =hc/hb is the relative thickness 
of coating. 

Equation (6) includes a number of components, which 
are determined for specific modes (deformation, stress, and 
temperature) directly in the experiment (Q–1, Qb

–1) or are 
calculated (Qc

–1). 
To determine coefficients of internal friction directly in 

the coating Qc
–1 in equation (6), it is possible to use the Fa-

vstov solution for describing decrement of elastic vibrations 
energy attenuation in the system “base-coating” δsys in tor-
sion depending on a number of parameters [21]:

( )( )
( )

δ − δ −
δ = δ +

− +

4 4
c b b

sys b 4 4 4
b b

G R R
,

G R R R
  (7)

where δs, δc is the decrement of vibrations attenuation in 
the base and the coating; G  is the relative shear modulus; 
R and Rb is the radius of cylindrical sample with the coat-
ing and without the coating, respectively.

By solving jointly system (7), (8) with regard to the 
fact that the coefficient Qc

–1=δc/π, we obtain expression for 
coefficient of internal friction of the coating itself depend-
ing on parameters of the system. Fig. 1 demonstrates as an 
example data on measurements of internal friction (Q–1) in 
the samples of iron (curve 1) and the system “iron – coating”  
(curve 2), as well as results of processing these measure-
ments directly for the coatings (curve 3) of Mo and NiAl.

The estimated curves (4)–(7) in Fig. 1, b characterize 
energy losses in the coatings with different possible ratios of 
the modules of elasticity of coating and base Ē=Ec/Eb. Pro-

cessing these data for the NiAl coating leads to linear depen-
dency of energy dissipation (energy attenuation) of elastic 
vibrations and ratio of the moduli of elasticity Ē in the form:

− − −= ⋅ − ⋅ ⋅1 2 3
cQ 1,4 10 4 10 E.    (8)

Further combination (6)–(8) makes it possible to deter-
mine coefficient of internal friction and modulus of elasticity 
of the corresponding coating for specific conditions of mea-
surements.

The values of modules of elasticity of the plasma coatings 
according to the results of measurements and calculations of 
internal friction are represented in Table 1.

Table 1

Values of Young modules of elasticity and cohesive strength 
of plasma coatings

Coating 
composi-

tion

Methods for determining modu-
lus of elasticity of coating Е, GPa

Strength, MPa 

IF  
(equation 

(6))

Bend 
(equation 

(4))

Tension, 
indentation

σcoh, 
(equation 

(14))

σst,  
(equation 

(5))

Mо 100
89,  

(100 [7])

(65),  
((210–290) 

[7])
71 136

NiAl
99,  

28–105
80 131–150 236 284

Al2O3
54,  

(64 [16])
45 82 46 20…80

GP–12 ,10 
(NiCrBSi)

111 55 (120 [16]) 82 154

AlNi – 
(SiO2 

Al2O3)
157 131–143 119 438 374

GP–10 –  
(SiO2 

Al2O3)
193 86 – 110 185 536 472

Note: in the brackets are literature data, represented for comparison

Table 1 also displays generalized results for modulus of 
elasticity of the coatings, obtained with at bending tests, 
according to calculation-experimental technique (4), as well 
as in tension and indentation. Literature data are represent-
ed in brackets. As we see, there are certain discrepancies, 
sometimes essential.

  

 

  

 
a                                                                       b 

Fig. 1. Internal friction in the samples made of iron without coatings (curve 1), 
samples with coatings (curve 2) and the coatings separately (curve 3): a – Mo;  

b – NiAl; curves (4)–(7) are calculated for Ē=0,5; 0,8; 1,0; 1,5, respectively



Materials Science

53

5. 2. Crack resistance of plasma coatings
5. 2. 1. Energy balance in the system “base – coating” 

at cracking and exfoliation of the coating
Crack resistance , as well as other physical and mechan-

ical properties, depend on the obtained laminar (lamellar) 
structure of plasma coatings and are determined by the atom-
ic-molecular bonds between the lamellae in the coating itself 
and in the interphase zone “coating-base” [3, 5, 13, 17, 20, 22].

The process of crack formation at deformation is char-
acterized by intensity of the released energy G1с in separate 
local sections of the composition system “base – coating” and, 
accordingly, by the coefficient of crack resistance K1C. The 
estimation of energy balance at the moment of crack initiation 
is assumed as the base of analytical studies. Under the action 
of load, the coatings of different composition display different 
forms of destruction – adhesive or cohesive. In practice, the 
process is realized frequently, during which cracking of the 
coating is accompanied by its simultaneous exfoliation. In 
this case, intensity of the entire released energy G is spent 
both on the cracking and exfoliation of the coating in a certain 
proportion depending on the properties of coatings and of the 
obtained composite material. The critical level of released 
energy depends on the critical load of destruction.

A change in the total elastic energy in the system base – 
coating, released both at cracking and at exfoliation of the 
coating, is represented in the form [20, 22]:

∆ = ⋅ + ⋅b cU 2G c G h.     (9)

In this case, energies in the base and in the coating are 
represented as Gb=(K1c

b)2/Eb and Gc=(K1c
c)2/Ec, respec-

tively; intensity of the released energy of the system at crack-
ing, equal to the ratio of energy ΔU, spent for this process, to 
thickness of the coating (G=ΔU/h), takes the form:

⋅
= +b

c

2G c
G G ,

h
     (10)

where c is the half of length of an interphase crack. 
Intensity of the released energy of the system at cracking 

in our case, according to results of the studies, is described 
by dependency [20, 22]:

( )σ σ = + π τ 

2
c c

cb
c

h
G f E .

E 3
    (11)

In (11), σc is the stress in the coating (applied and re-
sidual); f(Ēcb) is the tabulated function, dependent on the 
ratio of modulus of elasticity of the coating and the base  
Ēcb=Ec /Eb; h is the thickness of the coating. 

For evaluating the tendency of the system for cracking, 
they apply the so-called critical parameter of cracking Ψс, 
dependent on the stress in the coating σ and the crack resis-
tance coefficient KC [20, 22]:

Ψс= ( )σ = πc cbK / h f E .    (12)

In the final analysis, the joint solution (10)–(12) leads to 
expression for the critical number of cracking of the system 
in the form:

( )  ψ = π + −   σ σ∫
c/h inph inph

c 1с c 1с
c cb 2 2

0

E G 2E G c
f(E ) 2 d c / h .

h h h
(13)

Formula (13) describes different processes during de-
struction of the system “base – coating” from the point of view 
of energy balance, released as a result of cracking and exfolia-
tion of the coating. The first term under the root characterizes 
crack resistance of the coating itself during development of 
crack in it, the second one – state of exfoliation of the coating, 
and the third one describes deformation processes that occur 
when these two processes take place – cracking/exfoliation. 

Fig. 2 demonstrates dependency of the parameter of 
cracking on the coefficient of crack resistance of the ex-
amined compositions. The bold lines indicate the sections 
that correspond to critical parameters of crack resistance of  
the examined systems of coatings.

Fig. 2. Theoretical dependency (interrelation) of the criterion 
of cracking Ψс and coefficient of the crack resistance K1с of 

the coatings

The process of transition from cracking to exfoliation is 
presented in Fig. 3 in the form of dependencies of the critical 
parameter of cracking Ψс on the ratios of half of length of an 
interphase crack and thickness of the coating (с/h), as well as 
ratios of the released energies in the coating and the interphase 
zone at critical conditions of deformation 1cG =G1c

c/G1c
inph.

Dependency, demonstrated in Fig. 3, a, demonstrates that 
when the condition c/h>2 is met, simultaneous processes of 
cracking and exfoliation pass into the process of exfoliation; 
the process of cracking prevails before it. Fig. 3, b displays 
dependency of the critical number of cracking and exfoliation 
on the ratio of released energy in the coating to the released 
energy in the interphase zone. It follows from the illustrated 
results that at the condition 1cG =G1c

c/G1c
inph≥1, there occur 

processes, analogous to the processes, examined above.
Fig. 4 displays theoretical values of the freed interphase 

energy ΔG (on the border between the base and the particle) in 
the case of exfoliation of the coating depending on the relative 
area of physical-chemical contact phf  for the NiAl coating.

The influence of the size of original particles of the pow-
der material Rp and the ratio of modules of elasticity of the 
coating and the base E  on the dependency ΔG≈ phf . Accord-
ing to results, for the larger particle sizes and at equality of 
modules of elasticity of the coating/base, the smallest amount 
of energy is necessary for propagation of an interphase crack. 
The obtained values are correlated with diameter of particles 
of the powder, the quantity of interparticle contacts and 
depend on chemical, phase composition of the coating and 
on porosity of the coating. Depending on the magnitude 
of relative contact area phf  for appropriate technologies of 
applying coatings, there is a connection between interphase 
strength and the parameters of spraying, structure (porosi-
ty) and deformation properties (critical deformation) of the 
coatings [17, 23]. In this connection, fundamental is the fact 
of the presence of nanocomponents in the material of coating.
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a                                                 b 
Fig. 3. Dependencies of the critical parameter of cracking Ψс 

on: a – the relative length of exfoliation (с/h);  
b – the ratios of the freed energies in the coating and in the 

interphase zone = c inph
1c 1c 1cG G / G ,  (c is the half the length of 

an interphase crack, h is the thickness of coating). Curve 1 
describes exfoliation, curve 2 – cracking

The values of coefficients of the intensity of stresses K1с, 
which correspond to the values of intensity of the released 
energy at exfoliation or cracking of the coating GС, are given 
in Table 2.

Fig. 4. Calculated dependency of intensity of released energy 
during development of interphase crack on the relative 

area of a single contact of particles of NiAl of the coating 
for different ratios of modules of elasticity of the system 

coating/base and at different values of radius of particles of 
the original powder: 1 – Ē=0,25, Rp=25 µm;  
2 – Ē=0,5, Rp=35 µm; 3 – Ē=1, Rp – 50 µm

5. 2. 2. General analysis of the process of crack forma-
tion at static tests

The obtained results correspond to the critical values 
of intensity of energy and coefficient of crack resistance 
for the examined systems, which characterize cohesive and 
adhesive strength for each particular zone separately, as well 
as integral indices K1C, ΔGΣ for the system as a whole. These 
data, obtained based on theoretical examination of energy 
balance during crack formation in the coating, are presented 
in Table 2. According to the results of widespread methods of 
evaluating the crack resistance KС of the coatings, based on 
results of bending tests, tension tests, indentation (nanoin-
dentation), the cracks are revealed in the coating, which are 
spread perpendicularly and in parallel to the interface sur-
face, as well as by the interphase zone. At different methods 
of testing, examination of coefficients of crack resistance KС 
for different sections of the system provides the possibility to 
determine the character of its cracking.

Table 2 displays in brackets the results of such alterna-
tive studies on crack resistance of plasma coatings, as well as 
numerous literature data. It is necessary to note that crack 
resistance is controlled by connections between lamellae in 
the coating. Determining the beginning of propagation of a 
crack on the curve “load – flexure” is hindered because of 
characteristic laminar composition structure of coating, its 

defectiveness, and this is the main reason for the difference 
in data on crack resistance, which follows from Table 2.

Theoretical estimation of crack formation, based on 
energy balance in the system, does not imply separate exam-
ination of cracks in different directions with respect to the 
interface boundary (perpendicular or parallel).

Table 2

Crack resistance K1с (MPa·m1/2) of plasma coatings and  
the system “base – coating”

Coating 
composition

Systems 
(general)

Coatings  
(local,  

cracking)

Interphase 
zone  

(exfoliation)

Coatings  
(experiment)

Mo 3,32 3,198 1,09 (0,93…3,2 [7])

NiAl 6,44 6,04 2,74 1,6

Al2O3 1,2 (1,8 [3]) 0,47 (1,84 [3])

NiCrBSi 4,5 3,7–5,5 1,8 1,84

NiAl+Alal 12,42 11,1 6,83 6,83–11,0

NiCr+Alal 18,93 16,24 11,928 12,0–16,0

But even with a certain approximation, experimental 
and calculated values of crack resistance have similar values 
(Table 2).

These values of crack resistance can be compared to such 
very important properties as adhesive and cohesive strength 
of the considered coatings [5, 20, 22].

5. 3. Cohesive strength of plasma coatings
The magnitude of cohesive strength of the coating is 

affected by a number of factors. Such factors, first of all, 
include ratios of modules of elasticity of the basic material 
and the second phase, non-equilibrium state of boundaries 
of different sections inside the composition, boundaries be-
tween the deformed particles. 

Crack resistance and cohesive destruction are strongly 
dependent on the bonds between the lamellae.

For theoretical evaluation of the cohesive strength of a 
plasma coating we will use the approach, applied to a porous 
body. If we consider plasma coating as a material in the form 
of dispersed compact body, then the theory of mechanical 
strength establishes connection of structure of such a com-
position body depending on radius of the particles Rp, diam-
eter of the pores D, with a quantity of interparticle contacts 
and with strength of such structure of the body Рm in the 
form of dependency [24]:

( )= = α = β′ ′ ′
22 2 2 10 2

m pP p 4R n p / D n 10 p (1 D ) .  (14)

The sample may, with a specific approximation, be used 
for a cermet body of the type of plasma coating.

Ref. (14) represents the parameter p/ by strength of a sin-
gle area of contact between flattened particles, the number 
of these single contacts and factor β, which is a function of 
porosity of the coating, density of the solid phase and volume 
of pores per unit of mass [24].

To evaluate strength of the single contact area p’ in (14), 
we will use positions of the theory of destruction, when it 
examines limiting state at the moment of origin and prop-
agation of a microcrack, which leads to destruction of the 
material, characterized by the appropriate stress coefficient 
K1с. In our case, a contact zone between the two flattened 
particles during tensile test can be represented by a model 
of material, weakened by interphase crack in the coating 

 

 

 

 

ph



Materials Science

55

[25]. Expression for the load, necessary for destroying such 
a separate contact area between the particles, takes the form:

( )( )
−

= ⋅ ⋅ − =

= ⋅ ⋅ π ⋅ ⋅ − ν ⋅ ⋅ ⋅ γ

1C

2 1 d
ph inph

p' 2y 2y K 1 f z

2 y 2 y (1 ) f E ,   (15)

where y is the radius of the contact area; (z)=0,339z2+ 
+0,136z5, z=2y/х; х is the distance between contact areas; 
for our conditions, function f(z)<<1. 

When constructing dependency (15), they proceeded 
from the following considerations. Coefficient of stress 
intensity in equation (3) takes the form K1c=√G1c·√Ec and 
characterizes crack resistance of the interface between  
the coating particles. Intensity of the released energy of the 
system at cracking of coating is expressed in a general case as 
G1c=2γc while effective surface energy γc=γinph relates to the 
total area of a single area of the contact fph, flattened in the 
process of impact of the particle with radius y=2,03·Rp [25].

In the process of formation of a multilayer plasma coat-
ing, strong bond is realized not over the entire area of phys-
ical contact fph between atoms of the interacting deformed 
particles, but only on its certain part fd that consists of spe-
cific number of active centers. According to position about 
dislocation character of active centers, we assume that area 
of the active center with high energy is determined by stress 
field of the dislocation, which reached the contact surface, as 
well as by fields of the adjacent dislocations [26].

At the same time, according to analysis of the processes, 
caused by the appearance of dislocations onto the surface 
of the area fph, the share of the entire complete surface  
fd/fd= d

phf ,  which participates in the formation of durable 
chemical bonds by the mechanism of plastic deformation, 
will amount to d

phf =ρ·Sd. The area Sd. is the area of a single 
active center, on which durable chemical bonds are formed. 
Dislocation density ρ can be calculated by the results of 
measurements of internal friction and calculations of dis-
location structure – magnitudes of dislocation grid and 
segments [5, 17–19, 23, 25]. According to available results, 
dislocation density, depending on the technology of coatings 
spraying, reached ρ=(2…5)·107 cm–2 at the area of a single 
active center, accepted for approximate calculations equal 
to Sdmax=7,8·10–9 cm2. Then, according to experimental and 
calculation data, relative contact area, on which durable 
chemical bonds between the flattened particles are formed, 
is within the limits d

phf =0,1…0,6 depending on the compo-
nents of plasma coating. Since the area of active centers 
with durable bonds is examined, then, accordingly, the area 
of interaction and the value of energy decrease, and in (15) 
it is necessary to consider that G1c=2· d

phf  γc, that is, cohesive 
strength, as well as crack resistance, depend strongly on 
bonds between the lamellae.

The magnitude of relative contact area substantially 
affects the processes of destruction that occur at loading 
the materials with coatings, and it is examined in this work 
relative to parameters of crack resistance. 

Fig. 5 presents dependency of the breaking load p’ in (14), 
(15) on the relative area at destruction of a single contact of 
diameter dcon≈2·Rp· phf  between two lamellae. Marks «+» (bro-
ken curve) show values of coefficient of crack resistance, relat-
ed to the interphase zone with a specific diameter of contact of 
two deformed particles and corresponding destructive force.

The calculated values of general strength, according 
to solution by (14) and (15) converted per unit area, are 

represented in Table 1. To calculate strength of a compos-
ite porous coating, according to (15), we accept data from 
Table 2 as the values of intensity of stress for K1с. Table 1 
also demonstrates the data obtained on the basis of calcu-
lation-experimental technique in accordance with (5). A 
certain correlation between the calculated values of cohesive 
strength (14), (15) and breaking stress (5) is observed.

Fig. 5. Dependency of effort, necessary for destroying a 
single contact area, on the relative contact area of two 

lamellae from powder: 1 – NiAl; 2 – NiAl – (Al2O3–SiO2); 
3 – NiCr – (Al2O3–SiO2)

6. Discussion of results of the effect of structural 
peculiarities on the module of elasticity, crack resistance 

and adhesive-cohesive properties of plasma coatings

An important characteristic of the examined coatings is 
specific microstructure in the form of disc-shaped crystal-
lites (splats), which are in physical-chemical contact among 
themselves whose level is determined by many factors. For 
this structure, characteristic are the existence of a complex 
network of pores and microcracks in the particles body.

As it follows from results of the studies (Tables 1, 2), there 
is a  significant variation in the obtained values of module of 
elasticity, cohesive strength, crack resistance of plasma mul-
tiphase coatings. Essential feature of the obtained results is a 
strong influence on the modulus of elasticity of micro – struc-
tural parameters, such as thickness of the flattened particles, 
diameter of the contact area and distance between the area 
of contact in real coatings. Such a non-equilibrium state and 
complex structure contribute to realization of specific stressed 
state in the interphase zone and in the coating itself and, 
therefore, lead to the formation of different dislocation struc-
ture in these areas of the system “base – coating”. Depending 
on the composition formulation, conditions of conducting ex-
periment, dynamics of the dislocations at deformation changes 
and it is possible to obtain different physical and mechanical 
characteristics of coatings. For example, different data on the 
modulus of elasticity Еc were received in the case of spraying 
onto iron and steel (Х18Н10Т). Such results can be explained 
by using different methods of measurements and analytical 
processing of experimental data by different authors.

From analysis of the standard curve “stress-strain” 
during bending tests in the process of deformation in appro-
priate sections of the coating and in specific moments, they 
observed, at the particular load P, the origin and further 
rapid development of crack. Cracks may spread both in the 
horizontal (parallel to the interface) direction and in the 
vertical through the basic layer of coating to the interface 
boundary and may develop subsequently into an interphase 
crack [5, 7, 12, 20]. Manifestation of one or another system 
of cracks is connected both with the technology of obtain-

ph
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ing coating, in accordance with its structure, chemical and 
phase composition, and with the magnitude of applied load.

Local states in the area of apex of a crack play the main 
role in the behavior of crack under loading conditions. The pe-
culiarities of crack formation are the consequence of laminar 
structure of a plasma coating, which is formed from splats. In 
this connection, during the application of stresses, tempera-
ture fields, destruction (crack formation), first of all, may 
occur via cracking of the coating itself and/or its exfoliation. 
Residual stresses that appear in the coating may contribute to 
the screening of cracks, moreover, excellent in the case if they 
act perpendicularly to the direction of propagation of cracks 
or in parallel to the interface boundary of the system “coat- 
ing – base”, according to [7]. Creation of a network of mi-
crocracks may cause the screening of apex of the head crack, 
thus changing the conditions of crack formation. Thus, for 
example, a low value of modulus of elasticity of the molybde-
num coating (65 GPa) compared to steel (210 GPa) leads to 
significant screening of cracks, caused by elastic mismatch.

Crack formation during indentation, in spite of certain 
similarity with the bending tests, are characterized by its 
special features. The values of crack resistance in the parallel 
or perpendicular directions of indentation are determined 
by microstructure of the splats and by the accuracy of deter-
mining the coefficients k in (3). Differences in the obtained 
data are connected, in the first place, with the selected zone 
of action on the sample, and, accordingly, with the selected 
calculation technique. In this case, boundary between the 
splats proves to be the weakest component of microstructure 
of the plasma coating.

For the examined systems “base – coating”, the character 
of fracture of coating under conditions of the applied bend-
ing stress is various. 

It follows from the results of bending tests of a Mo-coat-
ing that the crack resistance for the perpendicular direction 
is approximately 3 MPa √m, and total crack resistance for 
the parallel direction of crack propagation is 2 MPa √m.

Adhesive destruction was observed for the Al2O3 coat-
ing; in this case, intensity of released energy in the inter-
phase zone reached 25–30 J/m2. For the Al2O3 coating, 
the coefficient of intensity at the modulus of elasticity  
Еn=82 GPа, amounted to K1c=1,17 MPа √m. This value cor- 
responds to the relative area of physical contact, which is ap-
proaching a value of 0,4, which may be considered a limiting 
value for the transition to exfoliation of coating.

With an increase in the coating density and with its mod-
ulus of elasticity approaching elastic characteristics of basic 
material, the probability of cracking decreases, resistance 
to destruction increases. Under these conditions, the prob-
ability of exfoliation along the interphase zone increases, 
on one hand, but, on the other hand, destruction of surface 
layers of the basic material is possible, especially at durable 
adhesion bonds, when physical contact area approaches the 
theoretical maximum ( →phF 1) [20]. In this case, the coeffi-
cient of crack resistance for aluminum oxide increases up to  
3,6 MPa m1/2. Changing the technology of spraying, it is 
possible to change coefficient K1С, since the surface energy 
of grain boundaries changes due to different factors.

For the coatings based on the thermo-reacting powder 
NiAl, predominantly cohesion destruction of the coating 
was observed, in this case, intensity of the released energy in 
the coating reached the order of 50–65 J/m2. Coefficient of 
crack resistance for the coating AlNi in the region с/h~2 was 
K1c=5,636 MPа∙m1/2.

A study of the coatings based on the mixture AlNi – SiO2 
revealed that the coatings demonstrate cohesive character 
of destruction; in this case, intensity of the released energy 
reached the order of 75–85 J/m2. The coatings demonstrated 
rather high indices of the fracture toughness (Tables 1, 2), 
which is explained by the presence of ultra-dispersed oxide 
nanocomponent SiO2 in the powder mixture that possess 
high reactivity [17], also in the combination with a specific 
technology of its spraying.

Table 2 vividly demonstrates that, compared to the tradi-
tional coatings, materials with ultra-dispersed components 
have higher (approximately by 2 times) indices of crack resis-
tance, both of the interphase zone and the coating.

The performed calculation and analysis of mechanical 
tests of the samples with different types of plasma coatings 
established interrelation between fracture toughness of the 
coating itself, as well as of the interphase zone, with some 
microstructural and technological parameters of spraying.

7. Conclusions

As a result of conducted research into internal friction of 
the system “base – coating”, as well as mechanical bending 
tests, we calculated the modules of elasticity of composite 
plasma coatings in accordance with the developed tech-
nique. Creation of different mechanical mixtures of coatings 
with presence of ultra-dispersed components (aerosils) leads 
to the increased elastic properties of composite materials.

In the comparative analysis of elastic properties of 
plasma coatings with multiphase structures, a considerable 
variability in the values of modulus of elasticity is observed, 
which is possible to explain by using different methods of 
measurements and analytical processing of experimental 
data by different authors.

The coatings, examined in the work, demonstrated con-
siderably high indices of fracture toughness. These results 
are explained by the presence of dispersed nanocomponent 
in the powder mixture in the form of aerosil (SiO2) at the 
appropriate technology of plasma spraying. It follows from 
the obtained data that materials with ultra-dispersed com-
ponents have higher indices (approximately by 2 times) of 
crack resistance, both of the coating itself and of the inter-
phase zone.

It is argued in the course of examination of exfoliation 
or cracking that, due to characteristic laminar composition 
structure of the coating, its defectiveness, determining the 
start of crack propagation on the curve “load – flexure” is 
hindered, and this appears to be the basic reason for the 
variability of data on crack resistance in the course of com-
parative analysis with other original sources.

The values of intensity of the released energy Gс and 
coefficients of intensity of stresses Kс at exfoliation or 
cracking are compared to such properties as adhesive and 
cohesive strength of the considered coatings. The presence of 
nanocomponents in a multiphase coating contributes to the 
formation of durable cohesive and adhesive bonds inside the 
coating and along the interphase zone.

Under conditions of multiphase structure of a plasma 
coating, the character of origin and development of microc-
racks is predetermined by non-equilibrium state of boundar-
ies between separate flattened particles, by the level of their 
interaction in the contact zone, by the ratio of modules of 
elasticity of different crystallites in a coating.
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