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Abstract—An experimental and theoretical study of contact fatigue damage accumulation at the coating—substrate
interface has been carried out for the case of frictional contact between a smooth coating and a rough counterbody.
Coatings were synthesized via low-temperature thermal decomposition of metal (Al, Zr) carboxylate solutions,
which resulted in the formation of nanoscale amorphous nanocrystalline oxide layers 20400 nm thick (depending
on the concentration of the film-forming solution and the number of loading cycles) on the substrate surface (quartz
glass). The investigation included coating deposition, determination of coating mechanical properties by indenta-
tion, development of the friction test procedure, stress calculation at the coating—substrate interface by modeling
high-cyclic frictional loading, and the choice of a damage accumulation model for the coating—substrate interface
that relates the stress state to the number of cycles to coating spalling. Preliminary tests revealed the coating compo-
sitions and coating deposition techniques that provide the highest spalling resistance under cyclic contact loading.
Parameters in the relation for contact fatigue damage accumulation were determined and the model was verified by
analyzing the experimental load dependence of the number of cycles to coating spalling on the microscale. It has
been shown that the linear damage summation model conventionally used for describing failure due to fatigue da-
mage accumulation in some materials can be applied to investigate the coating—substrate interface whose properties

depend not only on the properties of the interfacing materials but also on the coating deposition technique.
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1. INTRODUCTION

The spalling of coatings in friction is an important
issue in the mechanics of frictional interaction, and in
the development of materials and coating deposition
techniques for friction joints. There are two causes of
failure at the coating—substrate interface: an increase
above the threshold stresses, and a cyclic variation of
stress fields in frictional interaction that leads to failure
by a fatigue mechanism. A standard method for estimat-
ing the coating adhesion to the substrate is a scratch test
that reveals the threshold stress values, the surpassing of
which causes contact failure. Unfortunately, there are no
similar standard methods of durability estimation for
coatings that peel off by the contact fatigue mechanism.
Some authors studied experimentally the contact fatigue
failure of thick coatings [1, 2], but without considering
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spalling of these coatings. One of the main reasons for
the absence of such studies is the time consuming experi-
ments. On the other hand, thin coating deposition techni-
ques are currently being developed in which the coating
thickness is comparable to the size of the contact spots
due to roughness. There is a high stress concentration
near the actual contact spots, including at the interface,
and the migration of the actual contact spots with the re-
lative motion of the surfaces is accompanied by a cyclic
change in the stress fields. The cyclic changes occur at
the microlevel in this case and therefore the duration of
the experiment can be significantly reduced.

The aim of this paper is to develop an experimental
and theoretical method for studying contact fatigue fai-
lure (spalling) of thin (up to 0.5 um) coatings in frictio-
nal contact with a specially prepared rough surface. The
theoretical part is based on the previously developed [3—
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5] methods for determining the stress state and the dam-
age accumulation function in multiple frictional con-
tacts.

2. MODELING OF CONTACT FATIGUE
DAMAGE ACCUMULATION AT THE
COATING-SUBSTRATE INTERFACE

The first stage of modeling included the stress state
determination at the coating—substrate interface.

The rough surface was modeled by a periodic system
of spherical indenters of radius R located in the sites of a
hexagonal lattice with period / (Fig. 1). The system of in-
denters slides with a constant velocity along the boun-
dary of a two-layered elastic half-space; the sliding di-
rection coincides with the Ox axis direction. The system
is loaded by the period-averaged pressure p, and the
tangential stresses T,, that balance the tangential stres-
ses acting on the contact areas. These loading parameters
are interrelated by the Coulomb—Amontons law, i.e.,
T, = Up,, where U is the coefficient of sliding friction.
When solving the contact problem, we assumed that the
influence of the friction-induced surface tangential stres-
ses on the normal stresses and displacements can be ne-
glected.

The following conditions are fulfilled on the upper
boundary of the coating (z= H):

W(l)(x, J/)+W(O)(x: )’)= f(x7 y)_Sa (x7 y)e w;,
oM =0, (x, e o, i=1,2,..,00, (1)

‘ESZ) =0, r(ylz) =0, 0<x<oo, 0L y<oo,
Here, f(x, ) is the form of an arbitrary indenter, ; is the
actual contact spot, and w(x, ), W (x, y) are the
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Fig. 1. Schematic of a frictional contact between a periodic

system of indenters and a two-layer elastic half-space: /—
coating; 2—substrate; 3—indenter.
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normal displacements of the coating surface and in-
denter surface, respectively.

The load P’ applied to each indenter and the nominal
pressure p, are related by the ratio

P'=nR’p, =\3/21p,. 2
The equilibrium equation is used in the form
P’ = [[ p(x, y)ds, (3)
;

where p(x, y) is the contact pressure distribution.
The coating—substrate interface (z= 0) is assumed to
be in the conditions of complete adhesion:
W =w®, o0 =@, o0 =)
(2) (2) @)

z 2 Xz ° nglz) :ngzz)‘

The method of solving the contact problem with condi-
tions (1)—(4) is described in Ref. [3]. It is based on the
use of the localization method [6], the boundary element
method, in which the influence coefficients are deter-
mined using the Hankel integral transforms [7], and an
iterative procedure.

The obtained contact pressure distributions are then
used to calculate the stresses arising in frictional contact.
The following conditions are fulfilled at the upper boun-
dary of the coating:

ol =6, =1

o (x,3) = p(x, 1), W =—up(x, ), (x, 1) w,,

G(zl) :0’ T(rlz) :09 (XaJ/)E(Dp (5)
T(ylz) =0, 0<x <o, 0L y<oo,
The lower boundary of the layer is under boundary con-
ditions (4).

The problem with boundary conditions (4), (5) is re-
duced to the determination of the internal stresses due to
the constant distributed load and is solved by the method
based on double integral Fourier transforms [7]. The
contribution of the tangential forces acting on all contact
spots to the layer stress state within one period was stu-
died using an approach based on the principles of locali-
zation and superposition [ 3, 4]. By calculating the stress
distribution at the interface between the elastic layer and
the half-space, we determined the maximum stress am-
plitude values along the Ox axis that coincides with the
sliding direction of the indenter system. It was assumed
that the maximum amplitude values are in the plane
passing through the geometric center of the contact area.
As aresult, the function At is calculated for the layer—
half-space interface, which determines the maximum
amplitude values of the maximum tangential stresses
and is independent of the coordinates.

The function A, is used as an input parameter for
the modeling of contact fatigue failure at the coating—
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substrate interface. The model employs a macroscopic
approach [8, 9], i.e., a positive time nondecreasing func-
tion Q(M, ¢) is defined which characterizes the material
damage at an arbitrary point of the interface M(x, y) and
depends on the stress amplitude values at the given
point. A linear damage summation model is used. Failure
occurs in the time point ¢ when the damage function
reaches a specified threshold value. The rate of fatigue
damage accumulation dQ(x, y,7)/dt is related to the
amplitude value At; of the maximum tangential stresses
by the dependence [4, 6]:

% = (AT (x, 3, 0" (6)
Here, ¢ and m are the experimentally determined con-
stants characterizing the strength properties of the inter-
face.

Since the considered problem is periodic, the damage
function does not depend on the x and y coordinates and
is a function of only time ¢, which can be expressed in
terms of the number of cycles V, i.e., O = O(N):

Q(N)=]qun(n)dn+ O (7
0

where O, is the initial damage of the material, and
g, (n) is the coordinate-independent damage accumula-
tion rate.

Failure occurs when the critical damage value is
reached. This condition can be written as follows:

O(N) =1, ®)
where N” is the number of cycles to failure.

With the assumption of linear damage summation at a
zero initial damage value, Eq. (8) is written as

Ne(at)™ =1. 9)

The values of N* can be estimated experimentally,
and the stress amplitude values can be determined from
calculations for different load values. Therefore, we can
find the values of the parameters ¢ and m.

q(xa Y, t) =

3. CONDITIONS FOR THE APPLICABILITY
OF THE CONTACT FATIGUE DAMAGE
ACCUMULATION MODEL FOR DESCRIBING
AN EXPERIMENT ON COATING PEELING

The model proposed above can be applied to study
experimentally and theoretically the strength properties
of the coating—substrate interface, provided certain con-
ditions are met.

A counterbody for friction tests must be rough, with
single-level roughness of relatively periodic structure. In
this case, the average values of the period and curvature
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radius of the roughness can be used to construct a peri-
odic model. Taking into account the relative sliding and
a large number of cycles, this averaging is justified for
use in a model that assumes a linear damage summation
over each loading cycle.

The roughness of the coated substrate and the coating
surface must be much smaller than the counterbody
roughness. The coating thickness must be comparable
with the size of the actual contact spots.

The value of the friction coefficient must be low to
exclude the associated mechanisms of coating failure
(microcutting, debris formation, temperature flashes
causing structural changes, etc.).

Contact conditions at the macrolevel should be such
that the nominal pressure can be calculated with regard
to the compliance of the rough layer. The pin-on-disk
contact is optimal because, as was shown in Ref. [6], the
macroscopic pressure is well balanced due to the rough-
ness, so that it can be considered constant with a small
error.

The materials of the coating and the substrate should
remain elastic in the considered stress ranges. The struc-
ture of the materials must be such that they can be con-
sidered homogeneous on the scale of the model.

4. METHOD OF OBTAINING THE COATING-
SUBSTRATE COMPOSITION FOR
EXPERIMENTAL RESEARCH

The investigated coatings were formed by low-tem-
perature thermal decomposition of isomeric carboxy-
lates of metals. The main stages of the process include
the synthesis of film-forming solutions of individual me-
tals (metal carboxylates), mixing of the metal carboxy-
lates in the required proportion and their deposition on
the substrate surface with the gravimetric control of the
amount of film-forming solution, and thermolysis. Ther-
molysis can be carried out at different temperatures,
which mainly determine the phase structure of the result-
ing coating. The thickness of a single oxide layer is 20—
150 nm (depending on the solution concentration). For
the synthesis of microsized coatings, the deposition—
thermolysis procedures are repeated [ 10]. The substrate
was made of quartz glass KUVI with small surface
roughness. Our previous studies have shown [11, 12]
that, unlike coatings on steel substrates, coatings on
glass are free from defects and cracks induced by resi-
dual stresses.

The investigation was performed for an alumina and
zirconia composition because the technology allows the
synthesis of a ceramic two-component Al,0,-ZrO, ma-
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Table 1. Samples for preliminary tests
No. 1 2 3 4 5 6 7 8 9 10
Al:Zr 10:1 6:1 10:1 6:1 10:1 6:1 10:1 6:1 10:1 6:1
T,°C 600 700 700 800 800
Thickness, nm 140 140 200 140 240
Young’s modulus, GPa 133 127 154 153 156 152 146 146 148 173
Number of cycles X107 1.2 1.2 0.4 0.5 0.8 0.8 0.5 0.6 0.6 1.2

terial known for its mechanical properties, such as
strength, wear resistance, thermal and chemical stability
[13]. The crystallite size in the synthesized coating is
mainly determined by the temperature and time of heat
treatment, which allows control over crystallite growth
and thereby reduces the conditions for the formation of
bulk structural defects [14]. Moreover, Al,0,—ZrO, coat-
ings are eutectic. Their structural strength is provided
inter alia by cracking inhibition at the interface of mutu-
ally inert phases, which ensures good adhesion between
the substrate and the oxide layer.

Samples for preliminary studies differed in the pro-
portion of oxides in their composition, and in the final fi-
nishing temperature and thickness (Table 1). Based on
the preliminary tests, we chose the material for the main
tests conducted on 18 identical samples.

5. METHOD FOR DETERMINATION OF ELASTIC
PROPERTIES OF COATINGS BY INDENTATION
RESULTS

Models for the calculation of the stress state and con-
tact fatigue damage accumulation can be used if we
know the elastic characteristics of the coating, substrate
and counterbody materials. The Young’s modulus of the
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used quartz glass was calculated earlier and is equal to
110 GPa[11]. All samples for preliminary tests were ex-
amined by nanoindentation using a NanoTest 600 nano-
indenter (MicroMaterials Ltd., UK).

It is assumed that when the Berkovich pyramid,
which is currently the most common indenter head, is
forced into the coating to a depth not exceeding 1/10 of
the coating thickness, the influence of the substrate can
be neglected and standard software designed for homo-
geneous bodies can be used. However, in the case of hard
coatings, the indentation results must be interpreted tak-
ing into account the deformation of a softer substrate
[15]. Earlier, we developed a method for calculating the
elastic characteristics of thin hard coatings based on
cone indentation with a known indenter tip radius [16].
In this study, the experiment was performed using a dia-
mond cone indenter with a cone angle of 60° and a tip ra-
dius of 10 wm; the load resolution was 60 uN and the pe-
netration depth resolution was 0.04 nm. Indentation was
carried out under controlled load, with a preload of
0.1 mN. The load—indentation depth curves were plotted
during loading and unloading. The unloading rate was
the same as the loading rate. A series of 10 experiments
was conducted for different points on the surface. The
maximum load was 5 and 10 mN.
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Fig. 2. Loading—unloading curves plotted in indentation of sample No. 9 (a); averaged experimental unloading curve (/) and calculated
elastic indentation curve (2) with a coating elastic modulus of 148 GPa (b).
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(b)

Fig. 3. Examined coatings before (a) and after testing (b).

The elastic modulus of the coating was calculated by
solving a contact problem for a two-layer elastic half-
space and a smooth indenter, which is a special case of
the problem with boundary conditions (1)—(4). In this
case, it is impossible to invert the problem in order to de-
termine the unknown elastic modulus for known load
and indentation depth values, because the form of the
pressure distribution function is not known in advance.
At the same time, it is possible to solve a series of contact
problems with a varying elastic modulus, to plot the
curve of indentation depth versus elastic modulus in the
selected range and at a fixed load, and to choose the elas-
tic modulus value that gives the experimental indenta-
tion depth value. With a large number of points on the
unloading curve, we can obtain many elastic modulus
values that are close within a small experiment and cal-
culation error. The following algorithm was used: five
out of ten unloading curves were selected to provide a
minimum spread, and then the averaged experimental
unloading curve was calculated to select ten points with
different loads on it. The elastic modulus was calculated
for these points and then the average value was deter-
mined.

As an example, Figure 2a illustrates the loading—un-
loading curves obtained for sample No. 9, and Figure 2b
shows the averaged experimental unloading curves /
and 2 obtained in modeling the elastic indentation of a
cone indenter into the coating with regard to the defor-
mation of the coating, substrate and indenter materials;
the coating elastic modulus determined by the above de-
scribed method was equal to 148 GPa.

The results of elastic modulus determination for all
coating samples are given in Table 1.

PHYSICAL MESOMECHANICS Vol.21 No.6 2018

6. CONTACT FATIGUE TESTING OF COATINGS

Reciprocating pin-on-disk tests were carried out on a
UMT-3 tribometer (CETR) at a given speed. The prin-
ciple of the tribometer operation is described in Ref. [17].

The pin was a cylinder of 6 mm in diameter made of
quartz glass, coated with the studied coating on one of its
ends (Fig. 3a). The counterbody was a steel bar mea-
sured 70 x 20X 10 mm’. Its wear face was ground on a
rough stone and then polished. The polishing provided a
relief on the counterbody whose surface profile (along
the pin motion direction) is shown in Fig. 4. The average
roughness density 7 =20 mm'.

The pin-on-disk test setup is shown in Fig. 5. The
tests were carried out with the displacement amplitude
A =7.5 mm and the frequency n = 10 Hz with lubrica-
tion. The lubricant was added in the amount necessary to
achieve a low friction coefficient and prevent microcutt-
ing, but to negate the effect of the roughness in the con-
tact area. The lubricant material was synthetic diesel oil
with a viscosity of SW-40.

The coating spalling was examined visually every
5 min during the experiment after the friction process
was stopped and the lubricant was wiped off from the

z, um

0 300

X, Jm

Fig. 4. Surface roughness profile of the counterbody.
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Fig. 5. Pin-on-disk test setup.

sample. If the coating remained intact, the sample was
returned to the holder to continue the test. Otherwise, the
experiment was interrupted and the sample was photo-
graphed under an MBS-10 microscope equipped with an
image digitizer. The backlight was adjusted so that to
highlight the entire coating surface. In so doing, the un-
coated patches were dark (Fig. 3b). The number of cyc-
les to coating failure was determined from the relation-
ship N* =4 Atmn, where tis the total test time.

The main tests were preceded by preliminary tests
conducted at the load P=4 N to identify the most resis-
tant out of the studied coatings. The coating types and
test results are given in Table 1.

The main tests were performed on nanosized Al,O,—
ZrO, coatings with amorphous and nanocrystalline
structure (~6 : 1 phase ratio) synthesized by low-tempe-
rature thermal decomposition of isomeric Al and Zr car-
boxylates. Thermolysis involved a two-stage treatment:
slow (~80°C min ') heating to 500°C and additional an-

Z, nm (a)

I(I)O X, nm

~100 0
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nealing at 600°C (for 5 min). The ratio of metals in the
initial film-forming solution was 1Zr: 1.3Al.

The selected coating was tested under the same con-
ditions but with a higher load varied from 10 to 30 N. The
number of cycles to microscopic coating failure ranged
from 1.3 x 107 (for aload of 30 N) to 2.2 x 107 (for a load
of 10 N). The friction coefficient in all tests did not ex-
ceed 0.1.

7. EXPERIMENTAL AND THEORETICAL
RESULTS

Modeling was performed with the following experi-
mentally obtained input parameters: the elastic moduli
of'the coating—148 MPa, substrate—110 MPa and steel
counterbody—210 MPa, the coating thickness of 140 nm,
the average roughness curvature radius of 9 um, the aver-
age roughness period given above, the coefficient of fric-
tion assumed to be 0.1 in all calculations for generality,
and the total load on the contact ranging from 10 to 30 N;
the load values were used to calculate the average load
on a roughness element by Eq. (2) and the number of
cycles to spalling for each load value.

Figure 6 shows the distributions of the maximum tan-
gential stresses under a roughness element (the plane of
section passes through the center of the contact area and
is parallel to the sliding direction) for the minimum
(10 N) and maximum (30 N) load values. Note that the
stress distribution is close to symmetric due to a small
value of the friction coefficient. The figure shows the
stress values in the maximum points in the coating. The

z, nm b
140 — — ( )

0.368 GPa

—2(|)0 X, nm

Fig. 6. Distribution of maximum tangential stresses under a roughness element under a load of 10 (a) and 30 N (b) applied to the pin.
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Fig. 7. Load dependence of the number of cycles to spalling.
Experimental values (points) and the curve obtained from
Eq. (9) withm=0.52,c=4.2x10'.

fact of complete spalling of coatings indicates that de-
spite lower stress concentrations at the coating—substrate
interface this region is most susceptible to contact fa-
tigue failure. The amplitude values of the maximum tan-
gential stresses at the interface AT, in the considered
load range vary from 68 to 167 MPa.

Obviously, the values of the parameters ¢ and m in
Eq. (9) can be calculated using only two values of A7,
and N* obtained for different loads. The result can be
verified if there are more data for a sufficiently wide load
range. By averaging the results obtained for each pair of
points on the experimental N* versus load curve, we
calculated the values of m =0.52 and ¢ = 1.9 1016. Fi-
gure 7 illustrates the experimental values and the curve
obtained from Eq. (9) for the calculated values of the pa-
rameters. A good agreement of the results proves the ad-
equacy of the model for describing the contact fatigue
mechanism of coating spalling.

8. CONCLUSIONS

A method has been developed for the experimental
and theoretical study of coating spalling due to contact
fatigue damage accumulation in contact with a rough
counterbody.

It was shown that the linear damage summation mo-
del adequately describes the load dependence of the
number of cycles to spalling for thin oxide-based coat-
ings.

Experiments and calculations were performed for the
considered substrate—coating composition to estimate
the parameters ¢ and m entering the equation that relates
the amplitude values of the maximum tangential stresses
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arising in sliding friction between a rough counterbody
and the coating surface with the number of cycles to
coating spalling.
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