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Abstract: In this study, the stress state of metal coating on a steel substrate under tensile straining was investigated by with finite element
modelling with the aim of better understanding the mechanism of delamination for the coating. The investigations showed cracking and
delamination of the coating by the application of uniaxial tensile strain to the substrate. Due to interfacial stress crack appeared in the
coating-substrate interface. The stress measurements in coated substrate, using FEA, indicated interfacial shear and peeling stresses at the
interface near the edges of the coating under tensile load. When tensile stress is applied externally on the coated substrate, the coating
exhibits multiple cracking perpendiculars to the tensile direction, and then interfacial debonding occurs. A good agreement is found between
the modelling approach and the corresponding experimental tensile tests of the coated specimens. The effect of coating thickness on the
evolution of the stress distribution was also studied. The cracking and delamination of the coatings with a thickness ranging from 90 to
160 xm was studied by tensile test experiments. The estimation of the stress distribution and concentration at the interface during these
experiments allows the failure stress of the coating in the interface coating—substrate to be evaluated.
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1. Introduction

For many years now, protective coatings have been extensively
used to confer some properties to substrate. In many cases, these
properties are dependent on adhesion strength of the coatings. The
coatings are however generally submitted to high level of external
stresses and are then susceptible to cracking and/or delamination.
Failure can occur during the application of the coated substrate and
results in the decrease service lifetime. There is thus a need to
reliably measure the adhesion strength of the coating. Different
methods are used for estimation of adhesion strength [1]. Various
studies have related the coating cracking behaviour and shear
interface strength by analytical models [2] that produces results
through a uniaxial tensile test.

One of the most perspective methods for estimation strength
properties of coating is the technique of stretch of flat standard
tensile specimen with coating [3, 4]. This method used of stress
concentration near of free edge of coatings, which causes their
delamination at the tensile tests.

Usually in the research devoted to the tests of specimen with
coating influence of technological conditions is studied on fracture
character and evaluation of stress state at the coating-substrate
interface during tensile test is practically absent. Therefore problem
devoted to the study of the stress state in coated substrate at the
tensile test is topical.

In this paper, we will show how stress state in coating-substrate
interface can affect the mechanical failure of the plasma-sprayed
coating and especially their resistance to delamination. To this aim,
stress distribution in coated test specimens under tensile stresses
have been studied by finite element modelling. The study has been
carried out on Co-Cr alloy coating sprayed by plasma spraying on
steel substrate, which will be considered as specimens for
evaluation of adhesion strength.

2. Materials and methods

2.1. Experimental

Coated specimens were pulled uniaxially at room temperature
using a testing machine (FM-1000) with a strain gauge attached to
monitor the strain levels (Fig. 1). Coating delamination occurs by
induced stresses in the coating-substrate interface near the free edge
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of the coating. Cobalt-chromium alloy powder was used for
spraying [5]. Spraying of coatings was carried out on specially
created plasma equipment [6]. Coating of 90 um in thickness was
sprayed onto 1Kh18N9 (AISI 302) stainless steel (containing
0.9% C, 16.7% Cr, 7.8% Ni, 0.37% Si, and 1.47% Mn) substrate
1.5mm in thickness. Coating delamination occurs at a tensile
applied force which generates a stress in the uncoated substrate
of 752 MPa.

Fig. 1. Flat specimen (dog-bone shape) with plasma-sprayed
coating (the left part of the specimen) from Co-Cr alloy powder

2.2.  Numerical simulation

Studies were conducted by the method of modelling by finite
element analysis. Substrate with coating on the top and bottom
surfaces was investigated. Material behaviour of the substrate and
coating was modelled as elastic. The schematic diagram of the
coated substrate and his finite element model is shown on Fig. 2.

Differences in elastic properties between the coating and the
substrate result in stress singularity at the free edge of the coating
for tensile coated specimens. Fine finite element mesh was
constructed in the vicinity of the free edge of the coating. The mesh
around the vicinity of the free edge is divided most finely with the
smallest mesh size of 0.7 um. The elastic properties of substrate and
coating (table) were determined by stretching of coated specimen
according to the procedure given in [7]. The tensile test of the
coated specimen (Fig. 2) was used to evaluate the Young’s moduli
and Poisson’s ratios of the coating and the substrate by monitoring
of strains on their surfaces. Stress distribution in the specimen at
coating delamination is resulted on the Fig. 3 — Fig. 5.
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Fig. 2. (a) Schematic diagram of the coating-substrate systems,
(b) schematic showing the geometry of the half of the modelled
coated specimen (with thicknesses h and H of the coating and half
substrate) and boundary conditions. The triangles represent node
path, where a restriction of movement in the x- and y-axis

Table. Elastic parameters of the materials

Material Elastic Poisson's ratio
modulus
(GPa)
Substrate 1Kh18N9 199 0.28
Coating | Co-Cr alloy 70 0.3

3. Results and Discussion
3.1 Results of numerical modelling

The finite element modelling results show that stress
distribution in coated substrate are generally nonuniform in the
coating-substrate interface and through the thickness of the coating
as well as the substrate. The stress gradient through the coated
substrate is essential. This through-thickness stress gradient is
difficult to consider in analytical modelling [2].

The stress analysis showed that the most stressed area
(singularity point) is near of free edge of the coating. The normal
stress achieves maximum value near of free edge at coating-
substrate interface (Fig. 3). The normal stress distribution at the
surface of a coating segment is shown tensile stress at the centre of
the coating and compressive stress near the free edge. Compressive
stress near the edge of coating occurs is due to the bending of the
coating under the deformation of the substrate. The maximum
normal stress in the coating is limited by its cohesion strength and
upon further straining the coating will divide in two segments.

Coating cracking resulted in a redistribution of the normal stress
and the shear stress at the coating—substrate interface.
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Fig. 3. Normal stress, oy, in the specimen in the vicinity of
the free edge at coating delamination
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Fig. 4. Shear stress, 7, in the specimen in the vicinity of the free
edge at coating delamination
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Fig. 5. Peeling stress, oy, in the specimen in the vicinity of the
free edge at coating delamination

The shear stress distribution at the coated substrate is shown in
Fig. 4. The analysis of this distribution along coating-substrate
interface was shown, that shear stress decrease slowly in direction
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of the coating centre. Peeling stress decrease more intensively
(Fig. 5). Thus they change the nature from tensile stress to
compressive one in direction of the coating centre.

Thus, most stressed area and consequently the zone of the most
probable delamination of coating are located near its free edge.
Here are most interfacial shear and peeling stresses.

2.3 Effect of coating thickness

The effect of coating thickness on the evolution of the stress
distribution was studied. Specimens with metallic coating in
thickness 100 and 160 um accordingly on the 1Kh18N9 steel also
subjected tensile testing. The specimen with coating in thickness
160 um after the test was shown on a Fig. 6. Forces were measured
at coating delamination. Coatings 100 and 160 um in thickness
were detached at loadings which cause in the uncoated substrate
stress 625 and 340 MPa accordingly. Therefore when thickness of
the coating increased, decrease in interfacial stresses at
delamination was observed.

Fig. 6. Specimen with Co-Cr alloy plasma-splayed coating 160
um in thickness after tensile testing

The following material properties and experimental data were
used in the calculations normalized interfacial shear and peeling
stress: coating thicknesses are 160, 100 and 90 um respectively;
stress in the uncoated substrate at coating delamination are taken as,
340, 625 and 752 MPa, respectively (Fig. 7, Fig. 8).
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Fig. 7. Normalized interfacial shear stress, oy, along the
normalized distance, x/I, obtained from the finite element analysis
for h=160, 100 and 90 ym at oy, =752, 625 u 340 MPa
respectively

3.3 Failure mechanisms

Delamination effects were studied for a coating on steel. After
the stretching of the substrate during tensile testing we have
cracking and delamination of fragmented coating or delamination
without cracking.

Several stages with different deformation mechanisms are
observed during tensile test of a coated substrate namely:

(a) cracking of the coating followed by a reduction in the
fragment size and than delamination of the coating (h = 100 and
90 um);

(b) delamination of the coating without cracking (h = 160 pum).
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Fig. 8. Normalized interfacial peeling stress, o,/ oy, along the
normalized distance, x/I, obtained from the finite element analysis
for h=160, 100 and 90 gm at oy, =752, 625 u 340 MPa
respectively

4. Conclusion

In the present work, tensile tests were performed on a coated
substrate. The experimental results were analyzed by finite element
modelling.

1. The maximum stress in the coated substrate occurs at the
coating-substrate interface, and several stages with different
deformation mechanisms could be discerned for tensile testing of
coated on substrates:

(a) cracking of the coating followed by a reduction in the
fragment size and than delamination of the coating;

(b) delamination of the coating without cracking.

2. Peeling stress change the nature from tensile stress to
compressive one in direction of the coating centre.

3. Both peeling stress and shear one in the coating-substrate
interface influence on coating delamination. These stresses are
necessary take into account both at strength calculations of
structural component with coating and at measurement of adhesion
strength.
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