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Abstract. The article considers separation of wear resistant coatings of tool and engineering
materials which arises both during coating fabrication and use of the product. The cause of this
phenomenon is assumed to be related to thermal residual stresses generating on the coating-
substrate border. These stresses have been analyzed and methods are provided to calculate it
after produced composite material is cooled down from the temperature of coating synthesis to
the ambient temperature. A no-fracture condition has been stated in relation to coating-
substrate thicknesses, temperature differences and physical and mechanical properties of
combined materials. The issue of intermediate layer incorporation with pre-set parameters has
been discussed. A co-effect of thermal residual and functional stresses on the strength of the
boundary layer has been considered when heating, tension and compression of a product with
wear resistant coating. Conclusions have been made, as well as recommendations to improve
fracture strength of products with thin wear resistant coatings.

L.Introduction

Wear resistant coatings layered on the surfaces of tool and engineering materials are widely applied in
mechanical engineering in order to improve frictional surface layer life along with retention of
strength characteristics of the product. For instance, leading companies [1, 2] coat high-speed steel and
hard alloy cutting edges with variously combined thin layers of refractory material carbides and
nitrides and aluminum oxide (TiC, TiN, Al,O; etc.). Here, the total thickness of coating doesn’t exceed
10 — 20 um. If this value is exceeded a coating gets brittle and can separate both under action of
functional stresses and when coating layers [3,4]. A similar phenomenon can also appear when
surfacing, spraying, chrome or nickel plating and during some other processes with a distinguished
border between layers (there is no significant diffuse zone). When breaking away interlaminar cracks
arise on coating — base material (substrate) border. We consider a general approach to solve the
problem of fracture strength of coating in terms of thermal residual stresses analyzed and stated in
papers [5-8].

2 Results and Discussion

Calculation of thermal residual stress in laminated composite materials.

A product with a coated surface is a two-layer composite material where a surface layer is much
thinner than a substrate. The strength of multi-layer composite materials depends not only on ultimate
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strength of layer materials but on interlaminar strength. It is often the strength of two adjacent layers
that restricts integrity of a composite. It is caused by product heating up to a significant temperature

(T #) when composite material manufacturing. After sintering, surfacing, coating, layer-by-layer

synthesis a composite is cooled down up to the ambient temperature (TO ). Herewith, thermal residual
stresses arise on the border of two adjacent layers because of different linear expansion coefficients. If
it exceeds the ultimate strength of any layer material cold interlaminar cracks appear and a composite
material gets improper for this product.

If thermal residual stresses are smaller than the ultimate strength of layer materials monolithic nature
of a composite is assured, however, it can reduce strength properties of a product. The layer of
material with a bigger coefficient of linear expansion tends to decrease its dimensions more than the
layer with a smaller coefficient of linear expansion. As the result, the first layer will be stretched by
the second one and it will be pressed by the first one. In material with a bigger coefficient of linear
expansion thermal tension residual stresses arises, and in material with a smaller coefficient of linear
expansion there are compressive thermal residual stresses [4].

Let us consider a two-layer composite material synthesized at temperature difference AT =T, -T,
and subject to thermal residual stresses only (Fig.1). The coefficient of linear expansion of material 1

@ E, and Poisson’s ratio is 'ul, those of material 2 are a2, E,

a1>a2.AS

is 1, its coefficient of elasticity is
and 2, respectively. We consider first the case, when the thickness of a single layer in a
composite product is far smaller then its length and width, the state of two-dimensional stresses will
arise in it when cooling down, Hook’s law for it is as follows [9].
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Figure 1. A diagram of two-layer composite material subject to thermal
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For lack of external stresses maximum thermal residual stresses o, will be on the border of layers.

Thermal residual stresses on the upper surface of layer 1 and on the lower surface of layer 2 equal to
zero, and inside the layers they are distributed linearly (see Fig.1). Let us denote the cross-section area

of layer 1 as F; = bh,, and that of layer 2 as F, = bh,, where b is the width of layers, h, and A, their
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thicknesses, the condition of equilibrium of forces provided that composite material on the border is
uniform is as follows

1 max 1 max
EO'OI bhl :EO'OZ bhz
max max hl
Hence, Cpy =04 — (3)
h2

The absence of thermal cracks on border of layers in a composite material is to be assured by the
condition of deformations equality [6]. In layer 1 deformation caused by thermal cooling down
& =aAT is opposite in direction to residual stresses caused by thermal residual stresses, in layer 2
these deformations are added. Therefore, in terms of equations (1) and (2) we have:
_ O-(I;llax(]‘_ll’ll) =(Z2AT+ O-glsx

E 1 E 2 (1 —H, )

For the case under consideration (&, > &, ) maximum tension stresses in layer 1 are the most

o, AT 4)

disadvantageous conditions in terms of interlaminar cracks arising in a composite material. It is
calculated according to (4) and (3) as follows:

max AT(“I _a2)
= 5
O-Ol l_lul s 1 ﬁ ( )
E, E,(1- ) hy

We denote the ultimate tension strength of layer 1 material as ¢, and the safety factor as k£ =1 in

view of deviated real physical and mechanical parameters of layer materials in a composite from the

designed parameters (k_. =~ 1,5). Then the condition of fracture strength in a two-layer composite

material (see Fig.1), cooled down by temperature difference AT and not subject to operating thermal
and functional stresses, is written as follows:
O AT(a, -a,)
ko 1- H n 1 ﬁ
E, E,(1-u,) h,
It is worth noting that the condition (6) enables the first phase of designing a composite and a coated
composite aimed at assuring their uniformity when manufacturing. For this purpose we express layer
thicknesses relation in terms of equation (6):
h E,(1-u,)
L2 [EAT( — )k~ (1= )0, |72 —=2 @
h, 101
Inequation (7) sets the limit for layer thicknesses relation in a two-layer composite, after it’s
exceeded interlaminar thermal cracks will arise in the lay.

Similarly to the case, when ¢, < ¢, , the following condition of fracture strength is obtained:

ﬂ S O-b2E2 (8)
hy [AT(az —a)kE, —(1-u,)o,, ]El (I=p)

where o, - ultimate strength of the second layer material

(6)

When deducing the inequation (8) we took into consideration that after cooling down layer 1 will be
pressed and layer 2 — stretched.
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Breaking away after coating.

In terms of mentioned above information we consider the issue of coatings breaking away in respect
to technologies of soldering and surfacing. Equations (7) and (8) preset the condition of a coating non-
breaking away from the substrate unless a composite is exposed to an external stress. Figure 2
provides an example of fracture strength borders calculated according to (9) and (10) for a two-layer

composite consisting of steel 60 (o, =1500 MPa; o = 1,5-10°° I/UC; 1=03; E=218500
MPa) and tungsten-cobalt hard alloy BK8 (o, =1590 MPa; o = 51-107°° l/"C; 1 =023,
E =598400 MPa). It demonstrates that the relation of layer thicknesses depends significantly on
operating temperature of a composite manufacturing. There will be no thermal cracks when heating
less 500°C, it conforms to conditions of low-temperature soft soldering. If the temperature of the
process is higher (hard soldering, powder sintering, surfacing), the relation of thicknesses of composite
layers are to be taken into consideration. Figure 2 demonstrates that when ¢, > o, (steel coated hard
alloy substrate) the thickness of the upper layer of a composite increases in direct proportion to the rise
of operating temperature, and when «, < &, (hard alloy coated steel) it decreases according to a
hyperbola dependence.

Therefore, coated composites can have thermal residual stresses inside their structure before they are
used; the value of these stresses depends on the operating temperature of composite manufacturing and
on the difference of thermal linear expansion coefficients of layer materials. One should take it into
consideration when designing coated products because functional stresses being algebraically added to

thermal residual stresses can cause either coating separation or increase in the strength of coating-
substrate cohesion.
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Figure 2. Fracture strength borders for a two-layer composite.

It is worth mentioning that after a two-layer composite is cooled down thermal residual stresses arise
in the layer of steel in both cases, and thermal compression residual stresses grow in hard alloy layer,
that is, we have a preliminary stressed material.

Layered composites whose coating and substrate are made of the same material have been studied so
far. Provided that thickness relations resulted from conditions (7) and (8) are improper for composite
functioning, the purpose of designing can be achieved by introducing between the layers an
interlaminar layer being a mixture of source materials (two-layer coating). The simplest way to
produce composites of this kind is powder metallurgy. In terms of mixture laws [10], physical and
mechanical properties of an interlaminar layer are determined as follows:

- ultimate strength
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Ope =00 + 0,0, =0, —U (0, —0y);
- coefficient of linear expansion
a, = +a,0, =a, —v(a, —a,);
- Poisson’s ratio
U, = [0 + 1,0, =ty =0 ([, — 41y) .
- modulus of elasticity
E . =Ev +E,=E,+v/(E -E,)
=V/V.

- volume concentration of material 1 in the mixture;
v, +u =1

v
where !

v, =V, / Ve - volume concentration of material 2 in the mixture, whereas
Let us substitute these values for the criterion of fracture strength (7). Then, a condition of no cold
thermal cracks between the upper layer of coating and mixture is as follows:

ﬁz [ElAT(a1 -a, )k_(l_ﬂl )O-bl]M )
hc El O_bc
The same condition for the mixture and substrate material:
b _ [5.7(a, e —(1- ), 120 25) (10)
h2 Ec Gbc

If a grade composite is produced according to the principle o, <a,. <o, we have the similar

conditions of fracture strength assuring obtained on the basis of equation (8)
h L : (11)
hc [AT(ac - al )kEc - (1 - /uc )O-bc ]El (1 - lul )

e« Gb2E2 .
h, [AT(Ot2 -, )kEz _(1_,”2 )O-bZ]Ec(l_/’lc)

Therefore, a monolithic nature of grade composite with interlaminar layers of multilayer coating can
be obtained by varying volume concentrations of adjacent materials in the mixture with equations (9)
—(12).

Functionally stressed breaking away

If a coated product is used under thermal functional stresses the relation of coating and substrate
thicknesses can be selected on the ground of formulae (7) and (8), where AT is the difference of
coating synthesis temperature and functional temperature. If coating is stressed by forces, for instance,
friction force, the problems of strength of materials are to be resolved according to the loading
conditions.

Let us consider a two-layer composite with b-wide rectangular cross-section synthesized at

temperature difference AT =T, —T, and subject both to tension force P and thermal residual

(12)

stresses. Top A, -thick material has a coefficient of linear expansion ¢7;, modulus of elasticity £, and
Poisson’s ratio 4, while bottom #A,-thick material has parameters: «,, E, andp,, whereas
o, < a, . As the result of force P action there is tension stress in the bar
P
o,=—"—"""— (13)
(hl + hz) b

For the case under consideration according to formula (7) maximum thermal residual stresses can be

calculated on the upper surface of the bottom layer and according to formula (8) — on the lower surface
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of the top layer in a two-layered composite. If this residual stress is added to functional tension stress
in terms of (13), the total stresses on the border of layers will equal to
AT(a, — ) P

- for layer 1 - = ; 14
e I 1=, b (hthy)b (19
E (1-p,) E, h
- forlayer2 - & = AT(a, —a) n P . (15)
> 1_/“2 1 h72 (h1+h2)'b

E, E (=) h
In formula (14) the first summand will be negative (&, < &, ), in (15) — positive. Therefore, under
action of a force compressive thermal residual stresses in coating will be compensated through tension
stresses caused by an external force. On the contrary, in layer 2 (substrate) these stresses will sum up
and probably cause a crack on the border of the layers. Then, the condition of fracture strength of a
two-layer coated composite cooled down by the temperature difference AT and stressed by tension
force P is as follows

Thy o AT(a, —a;) N P
k 1—/12_ 1 hfz (hy+h,)-D
E, E(l=p) h
If a coated composite is compressed the equation (14) is critical and on its ground the condition of
fracture strength can be deduced which is similar to equation (16).

(16)

Summary

1. When designing wear resistant coated products a probability of coating separation is to take
into consideration. It is caused by thermal residual stresses arising between coating and
substrate when they are technologically heated and an obtained composite is cooled down.

2. For coatings with a distinct border with the product thermal residual stresses depend on
physical and mechanical properties of coating and substrate materials (coefficient of linear
expansion, modulus of elasticity, Poisson’s ratio, and ultimate strength), temperature of
product heating when synthesizing, and material thicknesses relation.

3. Obtained no-cracks conditions make it possible to match the thickness of coating with its
production technology even at the stage of designing composite materials.

4. The problem is resolved to calculate fracture strength of thermally and functionally stressed
layered composite materials, and depends on the type of stress coated products are subject to
(tension, compression, bending etc.)
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