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Statement of the problem. The growth of reliability and durability of machine parts 

and mechanisms, technological equipment and cutting tools is the challenging problem in 

various branches of industry. This is due to the fact that the costs of repairs and manufacturing 

of spare parts cause significant material and social damages. Among all the existing approaches 

concerning this problem solving, a number of methods of structural materials surface 

strengthening providing significant improvement of metals and alloys properties play an 

important role. The main place among these methods is occupied by electrophysical methods 

of coating, which are the most high-tech and environmentally friendly ones. The most 

progressive is the method of condensates depositing in vacuum under the conditions of the base 

ion bombardment (CIB method). This kind of processes are used to obtain wear-resistant, heat-

resistant multilayer coatings. Such are, for example, TiN, TIC, ZrN and HfN. The coatings 

operational properties directly depend on the stressed state in them. Therefore, determination 

of the stressed state structure in coatings and factors that affect it is an important task. 

Analysis of the available research results. Stresses occur in the process of ion 

bombardment due to the changes in the crystalline structure, as well as due to the differences 

in the thermal expansion of the coating and block, the applied load and microdefects in the 

coating itself. During operation, the applied external load affects the size and nature of the 

stresses in the coating. The stress gradients can result in the coating fracture or its separation 

from the base. 

As it is proved by different scholars (particularly [1], [2]), the total stress in coating   

is the sum of three components: 
 

( ) (з) ( ) ( )п T в      , (1) 
 

where 
(з)  are stresses occurring in the process of coating, they are called residual; 

( )в  are 

stresses from the applied forces; 
( )T  is thermal component. 

As mentioned in this paper [3], investigations carried out by E. Orovan [4], 

M. Davydenkov [5], I. Birger [6], L. Dehtyar [7], A. Vahramyan, Yu. Petrova and 

Z. Solovyova [8, 9], Ya. Savchuk [10] and other researchers are concerned with residual stresses 

in coatings. The structuring of all existing methods of residual stresses investigation, their 
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advantages and disadvantages are described in paper [3]. In this paper we will focus 

in theoretical and theoretical-experimental methods. The Irish scientist George Johnston Stoney 

[11] laid their foundations in 1909. He derived the formula that connects the stresses in coating 

with the material bending radius after coating 
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known as Stoney's formula. Here and H  and h  are relatively the base thickness and coating; 

E  and   are Young's modulus and Poisson's coefficient of base material;  is the surface 

curvature is bent due to the coating (Fig. 1); 
1

R
  . 

 

 
 

Figure 1. Scheme of the effect of the coating on the curvature of the surface 

 

Later, a large number of papers where formula (2) was specified appeared among which 

papers by V.V. Lyubimov and others. [2] and X. Feng, Y. Huang, A. Rosakis [12, 13] 

should be noted. The authors of paper [3] offered their theoretical-experimental method for 

residual stresses determination. Its essence is to determine the stress 
(з)  through the solution 

of the problem of the plane stressed state of the plate with a thin coating h<<H (the thickness 

of the condensate film is h = 1÷10 μm and the thickness of the sample is H = 0,5÷1 mm ) coating 

(Fig. 2). 
 

  
 

Figure 2. Calculation scheme for determining of stresses [3] 
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 Using the equilibrium equation of the bent bar with thin coating, the authors received 

for 
(з)  expression 

 

2
(з)

2

1
6 (1 )

EH

Rh






, (3) 

 

where 
1

  is Poisson coefficient for the coating material. By formula (3) and the following 

experiments the stresses in the coating were determined. Vacuum ion-plasma coatings Ti, TiN, 

Ti-Nі-N, Nі and Мо-N sprayed at temperature 4000С C and cooled to 200С were investigated 

in paper [14]. The calculation of residual stresses 
(з)  showed that in all investigated coatings 

the compressive stresses occurred. This fact can be considered positive when the body is 

exposed to further loading by external forces, particularly while working under friction 

conditions. The same results were confirmed by Ya.I. Savchuk [10] investigations. In his paper, 

the experimental values of residual stresses were determined according to the samples 

deformation by gradual layers removal. It is shown that in the titanium nitride coatings the 

compressive stress depends on the layer thickness and the larger thickness is, the smaller is the 

stress. 

The objective of the paper is to carry out the comparative analysis of theoretical and 

experimental methods for determining the basic mechanical characteristics of the coatings and 

to offer the model of the problem of the stress state analytical determination, to modulate the 

stress state in the coating and, on this basis, to determine the critical value of the stresses under 

which the coating fractures or separates, to compare the results obtained with known ones 

within the model framework. 

Statement of the problem. Significant thermal stresses in coatings occurs in two cases: 

a) under the large difference in the values of temperature coefficients of linear expansion 

(TCLE) of coating materials and the bases; b) under considerable difference in the temperature 

of the coating formation and its operation. The temperature stresses are also affected by the 

temperature gradient along the thickness during the coating formation. Assuming that the 

coating thickness is substantially less than the substrate thickness, and the deformations do not 

exceed the plastic boundary, the monograph [1] authors derived the formula for stresses 
( )T  
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where   is the difference of TCLE coating and the basis; T  is temperature difference 

during spraying and measurement. The obvious drawback of formula (4) is the absence of 

coating thickness effect. 

The theoretical-experimental method for stresses 
( )T determination taking into account 

the coating thickness is proposed in paper [14] according to the formula 
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where 
T

E  is the modulus of the base material elasticity at measuring temperature (ti°); 
1T

  is 

Poisson coefficient of the coating material at a measuring temperature (ti°); 
1

R , 
T

R  are the 
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radii of the coated plate curvature: before and after coating. The radii were calculated during 

the heating process according to the curve of the sample arrow. The residual stress values for 

ion-plasma coatings Ti, TiN, Ti-Nі-N, Nі and Мо-N sprayed at temperature 4000 С and cooled 

to 200 С were calculated by means of these experiments. It is concluded that during the spraying 

of vacuum ion-plasma coatings the compressive stresses occur in the obtained condensates. The 

value of these stresses is proportional to the difference between TCLE of the base and the 

coating, as well as the modulus of the condensate material elasticity. Stresses are formed due 

to structural and thermal factors. The values of such stresses depend on the temperature of the 

base during the spraying process. The disadvantage of this method is the failure to take into 

account the fact that the thermophysical characteristics of ion-plasma condensates change with 

temperature change. 

It is shown in paper [15] that withing the range of ion spray temperatures (100 − 

8000C) the dependence of TCLE on temperature T can be assumed as linear. Therefore, for 

stresses ( )
( )

T
z  in the coating at level z  above substrate at temperature ( )T T z , 

the following formula is offered by the author of paper [16]: 
 

0
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where 
0

T  is the temperature at spray beginning; 
0 1 1

A a a c ; 
0 1 1 1 1 1 0 1 1

B a b c a b c a a d   ; 

0 1 1 1 0 1 0 1 1
D a b d a b d b b c   ; 

0 1 1
K b b d ;    1 0 0 1

1 1R Ha ha     ;  

   1 0 0 1
1 1S Hb hb     , where 

0
a , 

1
a , 

0
b ,

1
b , 

1
c  i 

1
d  are the coefficients in the following 

equations; 
1 1 1

( )E a bT z  ; 
0 0 0

( )E a b T z  ; 
1 1 0 1 1

( )c d T z       . 

The change function T(z) should be simulated for the investigated coating. Indices 1 and 

0  are related to the coating and the bases.  

Formulation of the coating. We offer to consider the body with the coating under the 

plain deformation conditions. The axes of coordinates are selected as shown in Fig. 3. Let us 

assume that the coating thickness h  is considerably smaller than the base thickness h H ; 

the stresses 
x

  and y
  in the coating do not exceed the elastic limit. We consider the 

availability of deep scratches or areas with imperfect adhesion with L  length at the contact 

point (Fig. 4). Therefore, the stresses occurring in the coating can cause the fracture of both 

coating itself and its separation from the base [17]. 
 

 
Figure 3. Coated body in plane deformation 

  

https://doi.org/10.33108/visnyk_tntu2018.04


Determination of stresses in materials with evaporated coatings 
 

 
 

28 ………… ISSN 2522-4433. Scientific Journal of the TNTU, No 4 (92), 2018 https://doi.org/10.33108/visnyk_tntu2018.04 

Separation will occur either through the coating fracture or by cracks extension along 

the interface surface, starting from scratch, or due to deformations over the area of imperfect 

adhesion caused by the applied compression forces [18] (Fig. 4). It is necessary to determine 

the critical values of external forces provoking the destruction of the coating. 
 

 
 

Figure 4. The substrate with a coating with an imperfect adhesion area under the influence of external forces 

 

First, let us consider the case of coating fracture by crack extension along the contact 

area or coating cracking under the action of tensile forces. Fracture will not occur if tension in 

the coating does not exceed the coating boundary strength, i.e. 
 

( ) ( )

1 1
( )

в B
z   (7) 

 

where ( )

1

B  is the coating material tensile strength. (Other fracture mechanisms are not 

considered). The strength is related to the stresses by dependence 
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To find the critical value of stresses 
( )

1

в  taking into account that h H  let us simulate 

the problem by known one for the infinite half-space with the coating for 0 z h  . On the 

media interface at 0x   two identical semi-infinite cracks where zero tangent stresses are 

formed. This problem is called modified Kelly problem, and its solution by J-integral method 

is derived by G.P. Cherepanov [19]. He defines the critical value of the deformation at which 

plate cracking or chipping occurs: 
 

 2

1 1

1

1

2 1
a

hE

 


 
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where 
1

a  is the adhesion work; 
1

 , 
1

E  are relatively Poisson coefficient and the Young 

modulus for coating. Taking into account that the stresses and deformations remain elastic, 

Hooke's law is justified: 
 

( ) 1 1
1 2

1
1

в E






. (10) 

If we substitute the result (9) into (10), we derive the formula for the determination of 

the stress critical value 
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The adhesion work a

i
  adhesion can be determined experimentally, as shown, 

especially, in [20, 21]. 

Results of the investigation and their discussion. In the framework of our coating 

model based on the formulas (1) and (11), taking into account the values of residual 

stresses [14] and the work of adhesion [2], the graphs for full stresses (
( ) ( ) ( )

1

п в з    ) in 

coatings made of Ti (Fig. 5), TiN (Fig. 6), Ti-Ni-N (Fig. 7) are constructed. Thermal stresses 

are not calculated in this case. 
 

 
 

Figure 5. The stresses in the Ti coating under the action of tensile forces on depend of coating thickness: 

2
45

a J

m
  ; ( )

4
з   GPa [22] 

 

Figure 6. The stresses in the TiN coating under the action of tensile forces on depend of the coating thickness: 

2
25

a J

m
  ; 

( )
6820

з   MPa 
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Figure 7. The stresses in the Ti-Ni-N coating under the action of tensile forces on depend of the coating 

thickness: 
2

60
a J

m
  ; 

( )
840

з   MPa 

 

As it is evident from the figures, the stresses in coatings decrease with increase of their 

thickness and are compressible due to high residual stresses. This is especially obvious in 

titanium coatings, which, in addition, at the temperature of ion bombardment lose their initial 

mechanical characteristics and become anisotropic. The use of TiN or Ti-Ni-N base coatings 

make it possible to increase their fatigue strength. It is possible to investigate the nature of stress 

state changes more competently in case of the sample deformation measurement directly during 

spraying. 

Taking into account formula (8), it is possible to find the critical value of the external 

forces P , which will cause stratification or destruction of the coating. 

Let us consider the substrate compression with the coating, if due to imperfect adhesion, 

the area with characteristic size L  appeared on the interface surface (Fig. 4). The author of the 

paper [19], and for this case, simulated the problem and found the critical value of the 

deformation in which the coating is expanded. This can lead to destruction. The value is equal 

to: 
 

 2 2 2

1

1 2

1

3

h

L

 



  (12) 

 

The critical stress value conforms with it  
 

2 2

( ) 1

1 2
3

в E h

L
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аnd compressive force 
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2
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https://doi.org/10.33108/visnyk_tntu2018.04


Oleksandr Hasiy, Ihor Horbachevsky 

 

ISSN 2522-4433. Вісник ТНТУ, № 4 (92), 2018 https://doi.org/10.33108/visnyk_tntu2018.04 ……………………………… 31 

On the basis of equation (14) we obtain condition for preventing the coating fracture in 

the case of imperfect adhesion:  
 

2 3

1

2
3

E h
P

L


  (15) 

 

If efforts P  are known, one can assess the possibility of this coating type fracture. 

Conclusions. The comparative analysis of theoretical and experimental methods for 

determining the main mechanical characteristics of coatings is carried out, specifically: due to 

the relationship between the stresses in coating with material bending radius after coating; due 

to the solution of the problem of the plane stressed state of the plate with thin coating using the 

equilibrium equation of the curved beam. The calculation of the residual stresses 

of Ti, TiN, Ti-N-N, Nі and Мо-N coatings carried out on its basis showed that in all investigated 

coatings the compressive stresses occur during spraying. It can be considered as positive during 

the following body loading by external forces, particularly while operating under friction 

conditions. The results of the investigations of the influence of the difference in temperature 

coefficient values of coating and basis linear expansion on the residual stresses are analyzed. 

The estimated model for determining the critical stress values at which occur the peeling of the 

coating is proposed. Conditions for the beginning of the destruction of a coating are formulated, 

if zone with an imperfect adhesion appeared in the contact area of the coating and the substrate. 
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ВИЗНАЧЕННЯ НАПРУЖЕНЬ У МАТЕРІАЛАХ З 

НАПИЛЕНИМИ ПОКРИТТЯМИ 
 

Олександр Гасій; Ігор Горбачевський 
 

Національний лісотехнічний університет України, Львів, Україна 
 

Резюме. Розглянуто структуру напруженого стану в тонких йонно-плазмових покриттях та 

вплив різних чинників на працездатність конструкцій з такого типу покриттями. Проведено 

порівняльний аналіз теоретико-експериментальних методів визначення основних механічних 

характеристик покриттів, а саме: через співвідношення, що пов’язує напруження у покритті з радіусом 

вигину матеріалу після нанесення покриття; через розв’язок задачі про плоский напружений стан 

пластини з нанесеним тонким покриттям з використанням рівняння рівноваги зігнутої балки. Розрахунок 

залишкових напружень покриттів Ti, TiN, Ti-Nі-N, Nі і Мо-N показав, що у всіх досліджуваних покриттях 

при напиленні виникають стискуючі напруження, що можна вважати позитивом при подальшому 

навантаженні тіла зовнішніми зусиллями, зокрема під час роботи в умовах тертя. Проаналізовано 

результати досліджень впливу різниці у значеннях температурного коефіцієнта лінійного розширення 

покриття та основи на залишкові напруження. Запропоновано модель для визначення критичного 

значення напружень, за якого відбудеться відшаровування покриття за умови, що товщина покриття  

суттєво менша товщини основи, а напруження у покритті не перевищують границю пружності. Відтак 

відшаровування відбуватиметься або через руйнування покриття, або шляхом поширення тріщини 

вздовж границі контакту, починаючи від подряпини, чи з причини деформацій над областю недосконалої 

адгезії, зумовлених прикладеними стискаючими зусиллями. Сформульовано умову уникнення руйнування 

покриття, якщо на поверхні розділу покриття та основи виникла ділянка з недосконалою адгезією. 

Побудовано графіки зміни напруження по товщині покриттів Ti, TiN, Ti-Nі-N. 

Ключові слова: йонно-плазмове покриття, залишкові напруження, термічні напруження, 

внутрішні напруження, модуль Юнга, коефіцієнт Пуассона, робота адгезії, границя міцності. 
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