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INTRODUCTION

Instability of operating properties of objects made from

ceramic materials under extreme external action conditions

suggests development of special methods for improving their

reliability [1, 2]. A promising area for resolving this practical

task is application of functional coatings on ceramic objects

[3]. A combination of favorable effects has been achieved

and described in detail in [4]. However, complication of the

structure of a surface layer of a heterophase system leads to a

marked change in its stress-strained state [5]. In individual

cases this leads to defect formation at phase boundaries, and

this has a very unfavorable effect on ceramic component op-

erating efficiency [6]. Therefore the fact of defect develop-

ment requires special attention in choosing coatings or a spe-

cial approach to effective design of ceramic objects with

functional coatings [7].

Design of ceramic components, at whose surface pres-

ence of functional coatings is proposed, is a complicated

task. As a rule during its solution primary attention is de-

voted to fulfilling functional requirements for a coating [8].

The whole “horizon of possible problems” has not been ana-

lyzed adequately, in particular the effect of a selected func-

tional coating on behavior of the “basic” ceramic, which is

very demanding for operating conditions, and correspond-

ingly loading.

Different loads form l special stress-strained states in ce-

ramic material [9 – 13]. This specific nature predetermines

features of material degradation and failure. Examples have

been demonstrated in this respect for use of ceramic tool

coatings [14, 15]. For example, with one of the operating re-

gimes a coating provides a manifold increase in ceramic tool

life, and in other an unfavorable effect is observed. This oc-

curs on a general background of fulfilling basic requirements

for a functional coating. Other examples exist of an ambigu-

ous effect of functional coatings on ceramic object operating

indices.

The reason for an ambiguous effect of functional coat-

ings on operating properties of ceramic objects has not so far

been established. Therefore revelation of the nature of this

effect is an important scientific and practical task, whose so-

lution will make it possible to plan effectively ceramic com-

posite systems for specific fields of application. In order to

resolve the problem a set of studies has been carried out for

the effect of coatings on structural stress inhomogeneity in

ceramics under action of different external loads. The results

obtained will be presented in future publications.

The present article considers features of the stress-strained

state of structural elements of oxide-carbide ceramic without

and with a coating of titanium nitride under action of a con-

centrated force.
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RESEARCH PROCEDURE

Experimental study of the structural stress inhomo-

geneity in ceramic, by which we understand a change in

stresses �11, �22, �12, and stress intensity �i at a surface (in a

surface layer) of structural ceramic elements under action of

an external load, is almost impossible due to their small di-

mensions. Therefore in order to resolve this task numerical

modeling was used for deformation processes of a structur-

ally inhomogeneous medium.

On the basis of results of studying the structure of a

VOK71 ceramic plate with a TiN coating using a VEGA 3

LM Tescan scanning electron microscope, its microstructural

model was plotted. Assumptions provided in [16] were used

for guidance. The model describes an inhomogeneous lay-

ered medium, and consists of the following ceramic struc-

tural elements (Fig. 1): a grain, intergranular phase, coating,

and contact metal. A design layout was formulated on the ba-

sis of this model with the following assumptions: 1) a plane

problem is considered, 2) ceramic is an inhomogeneous and

defect-free material, 3) coating and metal are uniform and

defect-free materials, 4) there is no plastic strain.

The design layout (Fig. 2) is presented in the form of a

structure consisting of uniform structural elements: grains of

ellipsoidal shape and size a = 2 �m, b = 3 �m, which are

fixed in a matrix through intergranular phase with thickness

�f = 0.2 �m. At the outer side of a grain, intergranular phase,

and matrix, there are successively placed coatings layers �c

thick and gray cast iron with thickness �c =2 �m thick. With

�c = 0 �m the structure in question is uncoated, but with

�c = 5 �m it is a structure with a coating. Calculations were

carried out for a construction, determined by the following

parameters: n1 = 6, n2 = 6, n3 = 6, n4 = 4, c = 2.5, which are

used with automatic generation of finite elements in a design

layout.

In a model of a titanium carbide TiC grain (density

� = 4.9 g/cm3, elasticity modulus E = 484 GPa, Poisson’s ration

� = 0.22, linear thermal expansion coefficient � = 7.95 � 10–6 K–1);

intergranular phase of magnesium oxide MgO (� = 3.4 g/cm3,

E = 315 GPa, � = 0.18, � = 13.4 � 10–6 K–1), uniformly dis-

tributed over the outer grain contour; ceramic matrix of alu-

minum oxide Al2O3 (� = 5.68 g/cm3, E = 180 GPa, � = 0.2,

� = 8.5 � 10–6 K–1); titanium nitride TiN coating layer

(� = 5.44 g/cm3, E = 440 GPa, � = 0.25, � = 9.3 � 10–6 K–1),

and layer of gray cast iron SCh32 (� = 5.68 g/cm3,

E = 180 GPa, � = 0.2, � = 10.5 � 10–6 K–1). Thermal con-

ductivity 	, W/(m·deg) of materials prescribed by equa -

tions 	 = 23.2e0.0002T, 	 = 7871.2/(T – 125) + 3.6 � 10–33T10,

	 = 2100T–0.78, 	 = 36.6e0.00045T, and 	 = 44.028e–0.0005T for

TiC, MgO, Al2O3, TiN, and SCh32 respectively. A complete

list of reference books from which the values of these indices

were taken are provided in [17].

In future a construction without a coating will be called

the system (TiC–MgO–Al2O3)–SCh32, and a construc-

tion with a coating will be called the system

(TiC–MgO–Al2O3)–TiN–SCh32.

Concentrated force F was applied to a free surface of a

construction in the design layout, operating on its radius sec-

tion at angle 
 = 45°, and also distributed force P and heat

flux Q, which operate on sections with length l1 and l2. From

surfaces free from a heat flux, heat removal was provided

into the surroundings with a constant coefficient

h = 105 W(m2·deg).

Numerical experiments were carried out in an automated

RKS-ST v.1.0 thermal-strength calculation system [17]. In

order to analyze results of numerical experiments a method

of control points (CP) was used by which we understand

fixed finite elements of a construction [18]. The number and

positions of CP were determined taking account of the aim of

the present study. A fragment of an actual finite element net-
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Fig. 1. Microphotograph of the contact area of VOK71 ceramic

with TiN coating.

Fig. 2. Design layout.



work with CP labelling is shown in Fig. 3. All of the selected

CP are arranged in the surface layer of a grain (CP1 – CP24),

intergranular phase adjacent to a grain (CP25 – CP42), inter-

granular phase, adjacent to matrix (CP43 – CP60), and

matrix adjacent to intergranular phase (CP61 – CP78).

Stresses in coating layers and metal were not separated and

not studied in the research. After performing calcula-

tions values of stresses �11, �22, �12, and stress intensity �i

(� � � � � �
i

� � �
11

2

11 22 22

2

12

2
4 ) in each CP were obtained.

Results of calculations were presented in the form of

temperature and stress fields, and also curves connecting nu-

merical stress values with CP position. For a quantitative es-

timate of the structure of stress inhomogeneity in each sur-

face layer of an element of ceramic structure the following

indices were used: maximum �max (greatest value of tensile

stresses), minimum �min (least value of compressive stresses,

and average �av values of stresses �11, �22, �12, and �i, range

 of change in stress (taking account of their sign), number

of changes in stress sign, and also their standard deviation s.

CONCLUSION

The procedure developed on the basis of an automated

system of thermal-strength calculations for ceramic plates

makes it possible to study stress inhomogeneity in ceramic

structural elements.

The article was prepared with support of the Russian

Ministry of science in fulfilling research work within the

framework of a state assignment.
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Fig. 3. Diagram of CP location in ceramic structural elements.
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