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Deflection of beam, [mm]
Arc radius of deflected beam, [m]
Curvature of beam, [1/m]
Deposition temperature, [K]
Room temperature, [K]
Coefficients of thermal expansion (CTE) of substrate and coating, resp, [K']
Shear modulus, [MPa]
Balanced moment in beam, [N.m]
Young modulus of substrate and coating resp, [GPa]
Apparent interfacial toughness, [MPa. m *]
Extrapolated interfacial toughness with infinite coating thickness, [MPa. m *°]
Stress intensity factors, [MPa. m 057
Energy release rate, [J/m’]
Critical load, critical crack length, [ N], [pm]
Non-dimensional calibration factors of incremental hole drilling
Interfacial toughness [MPa. m ]
Non-dimensional mismatch Dundurs parameters
Delamination ratio of coating to substrate deformation imprint
Interfacial roughness, [um]
Interfacial shear strength, [MPa]
Coating strength, [MPa]
Residual stress, [MPa]
Crack number
Residual stress calculated by interfacial indentation method, [MPa]
Residual stress by incremental hole drilling, [MPa]
Residual stress based on Godoy approach, [MPa]
Strain deformation
Standard deviation
Angle of between the principle direction and the strain gauges
Mean crack spacing [um]
Critical crack spacing [pm]
Vickers Hardness, [GPa]
Apparent interfacial shear strength, [MPa]
Intrinsic interfacial shear strength, [MPa]
Linear elastic fracture mechanics
Ultimate tensile strength, [MPa]
Yield strength, [MPa]
Scanning Electron Microscope
Electron Probe Micro Analyser
Energy-Dispersive X-Ray Spectroscopy
X-Ray diffraction
Vacuum plasma spray, Atmospheric plasma spray
Flame spray
High-velocity oxygen/fuel, air/fuel
High-velocity impact forging
Cold Gas Spray Method
Detonation- Gun spraying
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ABSTRACT

Coating adhesion and residual stress are the principal parameters determining the
reliability and performance of coated components in service. While many
techniques were employed for adhesion evaluation, none of them possesses
universal suitability. Therefore, it is unfortunately not always possible to compare
measurements obtained by different methods, because of experimentally
determined adhesion values are not free from effects assignable to the
measurement conditions, e.g., loading and geometrical conditions. Therefore,
reliable methods are in high demand for practical adhesion measurements.
Several parameters can influence practical adhesion quantification, e.g., coating
thickness, interface roughness and, in particular, residual stress. Very often, a
single constant value of residual stress is wrongly attributed to coating system in
the engineering application field. Therefore, it is primordial to increase the
fundamental knowledge on residual stress, state, intensity and gradient in coating
and especially, its influence on adhesion to optimize coating performance in

service.

The lack of wide investigations of practical adhesion and the effect of residual

stress, both conducted by various approaches, was the main motivation to

undertake this study. Therefore, the research work presented in this thesis focused
on practical adhesion and residual stress of thermally sprayed coatings with the
following objectives:

1.  enhancement of knowledge of adhesion and on the main influencing
parameters: e.g. coating thickness, interface roughness and, in particular,
residual stresses intensity and gradient,

2. conducting an analytical and experimental study on residual stress and on

the practical adhesion of thermally sprayed coatings, as well as, to express
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these practical adhesion and residual stress in an accurate physical order
using reliable methods and, if possible, to correlate between adhesion
measurement methods,

3.  studying the annealing effect on the residual stress and on adhesion.

Three representative types of coatings of practical interest were selected to cover
wide range of materials: metallic (NiCr 80-20), ceramic (Al,O3) and composite
(WC-Co-Cr) coatings having mainly two levels of thickness and interfacial
roughness. These coatings were obtained using different processes; flame spray,
vacuum plasma and high velocity oxy fuel processes on different substrate
materials having different thermal expansion coefficients, mechanical properties
and application field; e.g., structural steel St 52-3, austenitic chromium-Nickel
steel AISI 304, stainless steel X3CrNiMo13-4, and titanium alloy TiAl-16V4.
The practical adhesion evaluation is often influenced by: loading conditions,
coating thickness, interfacial roughness and residual stresses state and gradient.
Therefore, four methods were selected to measure adhesion:

i.  tensile adhesion test (pull-off) according to EN 582

ii.  interfacial indentation

iii.  in-plane tensile test

iv. Rockwell-C indentation assisted by finite elements simulation

The selection of these methods was based on the following approaches:
1.  loading method:
i.  loading perpendicularly to the interface, in tensile (e.g. pull-off) and
in compression (e.g. Rockwell-C indentation),
ii.  parallel to the interface: in tensile (in-plane tensile test) or in
compression (interfacial indentation).
Furthermore, the way of stressing the coating or the interface is also a very
important issue to investigate the residual stress influence on adhesion and
the degree of adhesion method sensitivity to the residual stress induced.
2. The additional approach of selecting these methods; was to cover a wide

range of test application; e.g. the pull-off and Rockwell-C indentation tests
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are widely used in industries, whereas, the in-plane tensile and interfacial

indentation tests are still under development in laboratories.

To evaluate residual stresses, the experimental and theoretical studies were
conducted using different methods to provide a good insight to residual stress
state, intensity and gradient through coating/substrate system. The testing
methods are hereunder:
i. curvature bending test based on the beam theory to express the state and
intensity of the overall residual stress in the whole sample,
ii. incremental hole drilling to locally provide the gradient of residual stress
through the coating-substrate,
iii.  interfacial indentation methods based on a extrapolating mathematical
model to provide residual stress state and intensity at and near the

interface.

The conclusion of this study can briefly summarized as follows:

1. The origin of residual stress of thermally sprayed coating was identified;
the state of residual stress measured was in coherence with the physical
properties of materials and deposition process. All methods were in
agreement, giving general trend in state and intensity of stress state. The
difference in the measured order of magnitude of residual stress intensity
was attributed to two factors:

1. the difference in physical models of residual stress calculation which
contain certain limits and assumptions,

ii.  the difference in volume of the investigated zone. For example, in
the interface indentation model the resulted residual stress was
restricted to the investigated zone along the interface, the
incremental hole drilling provides a through thickness stress gradient
in a volume of ~1 mm3, whereas, the bending curvature provides

strain measurements of tenth of millimeters over few cm of length.
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However, the residual stress measurements performed by these three
methods provide a large insight to its gradient, intensity and state, and
hence, they are complementary to each other.

The results of tensile adhesion test (EN 582) did not yield a physical value
to quantify the adhesion, and gave very poor fracture information on the
interfacial properties. Subsequently, it could not be correlated to other
tests.

In spite of the good agreement found between the experimental results and
finite elements simulation of Rockwell-C indentation, this method is still
restricted to brittle coatings where a large coating delamination occurs to
fit the theoretical model.

The performed adhesion methods measured mainly what is termed the
“practical adhesion”. From the results, it appears that interface indentation
and in-plane tensile tests provided the best prospects of relating practical
levels of adhesion to the performance of real engineering components in
service. Moreover, a perfect accordance was found in the in-plane tensile
results, since the adhesion values were found to increase with both
increasing coating thickness and interface roughness. However, metallic
coating showed quasi-linear correlation between results obtained by
interfacial indentation and in-plane tensile tests. This is a novel and
important finding recorded in this thesis. It may be noted that this is the
first attempt to compare the results of the two tests. The fact that the two
tests gave perfectly coherent and reliable results demonstrates their
pertinence to evaluate adhesion since they are based on very different
geometric and loading conditions.

Coating annealing helped to decrease residual stress intensity in the
coating and at the interface. Consequently, adhesion was observed to be
decreased. However, the quantified magnitude order of stress relief was

found to be dependent on the coating thickness and interface roughness.
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RESUME

Pour les revétements obtenus par projection thermique, c'est-a-dire entrant dans la
catégorie des revétements épais, 1’adhérence sur le support et les contraintes
résiduelles sont les parametres principaux déterminant leur fonctionnalité et leur
performance en service. Bien que de nombreuses méthodes aient été essayées
pour évaluer 1'adhérence, il n'existe pas, a ce jour, de test satisfaisant toutes les
exigences tant techniques que théoriques nécessaires pour représenter
valablement 1’adhérence d’un revétement sur son substrat. Les tests utilisés
cherchent généralement a provoquer le décollement du revétement, cependant,
ceux qui peuvent s’appliquer a un systeme et une configuration géométrique
donnée ne s’appliquent pas nécessairement a un autre systtme et une autre
géométrie. Dans ces conditions, il est rarement possible de comparer les mesures
obtenues par les différentes méthodes car les valeurs expérimentales sont
directement en fonction de 1la méthode utilisée.

Les parametres qui peuvent influencer la quantification de 1’adhérence sont
I'épaisseur du revétement, la rugosité d'interface et, en particulier, les contraintes
résiduelles toujours présentes apres la projection thermique. Dans le domaine
industriel, quand elle est estimée ou mesurée, c’est bien souvent la valeur de la
contrainte résiduelle moyenne dans le revétement qui est utilisée comme
parametre de conception. Cependant I’intensité et la répartition des contraintes
peuvent étre extrémement différentes d’un revétement a un autre. C’est pourquoi
la donnée de la contrainte moyenne présente certes un intérét mais est tres
insuffisante pour prévoir et comprendre le comportement d’un revétement. Il est
donc de tres grande importance d'approfondir la connaissance fondamentale sur
I’état des contraintes résiduelles et de leurs effets sur I'adhérence afin d’optimiser
la performance de revétement en service.

Méme s’il existe de nombreuses méthodes d’essai, il n’y a pas eu encore d’étude

complete traitant de la validité des approches expérimentales et analytiques mises
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en ceuvre pour évaluer I’adhérence en terme de propriété intrinseque. De plus,
I’absence de mesures systématiques et la difficult¢é de décrire 1’état des
contraintes résiduelles par un ou des parametres pertinents susceptibles d’étre
introduits dans une formulation analytique rend impossible, pour le moment, la
prise en compte des contraintes résiduelles dans un modele prédictif du
comportement. Ces deux aspects ont motivé la présente étude avec, a la base,
I’'idée essentielle de comparer plusieurs méthodes d’essais capables d’aboutir a
une ténacité d’interface ou une énergie de fissuration interfaciale représentatives
de I’adhérence. Pour que I’étude soit la plus complete possible les conditions
d’élaboration les plus variées ont été envisagées. Elles concernent aussi bien les
techniques de projection: i) projection a la flamme (FS), ii) par plasma sous vide
(VPS), iii)) et par flamme a vitesse hypersonique (HVOF), que les matériaux
projetés: 1) métallique (NiCr 80-20), ii) céramique (Al,O3) et iii) composite (WC-
Co-Cr). Les substrats: 1) acier St 52-3, ii) acier austénitique chrome-nickel, iii)
acier inoxydable X3CrNiMol3-4, iv) et alliage de titane TiAl-16V4. Ou encore
les épaisseurs de revétements visés ou la rugosité du substrat avant projection.
De cette facon il est espéré une grande variété de contraintes résiduelles et de
propriétés mécaniques permettant une différentiation des influences des
parametres d’élaboration sur 1’adhérence des revétements et par suite,
I’établissement d’un modele pertinent de comportement.
Du point de vue méthodologique, quatre techniques d’essai ont été employées
pour évaluer 1’adhérence:

1. I’essai de traction selon la norme EN 582,

2. I’indentation interfaciale,

3. I’essai de cisaillement par traction axiale,

4. I’indentation Rockwell-C et modélisation par éléments finis.

Pour évaluer les contraintes résiduelles, trois méthodes tres différentes ont €té
utilisées:

1. I'essai de courbure, associé a des modeles basés sur la théorie des poutres

et du principe de superposition pour déterminer 1'état et l'intensité de la

contrainte résiduelle résultante dans le revétement,
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2. la méthode de percage incrémentale basée sur 1’analyse des déformations
mesurées a ’aide d’une rosette de jauges de déformation permettant
d’estimer le gradient des contraintes résiduelles a travers le revétement
et le substrat,

3. la méthode indirecte qui, a partir des résultats de 1’indentation
interfaciale, analyse en termes de contrainte les variations de la ténacité
d’interface, en fonction de I’épaisseur du revétement.

Les résultats les plus importants sont les suivants:

Quelle que soient les méthodes d’évaluation utilisées, elles aboutissent a une
description de 1’état des contraintes résiduelles en assez bon accord entre elles pour les
tendances générales. Toutefois, on observe une différence significative pour l'intensité
de contraintes résiduelles entre les valeurs calculées, mesurées et évaluées. Cette
différence peut étre attribuée a deux facteurs, i) différence d’hypotheses de calcul dans
les modeles physiques utilisés, i1) différence de volume concerné par I’évaluation ; zone
proche de I'interface pour 1’indentation interfaciale, zone superficielle pour le percage
incrémental et volume total pour la méthode de courbure. Les mesures et estimations
des contraintes résiduelles effectuées par les trois méthodes fournissent cependant une
vision tres utile pour la compréhension des phénomenes d’adhérence. La suivante

(Figure 8-1) permet de comparer les valeurs des contraintes résiduelles obtenues par les

trois techniques utilisées.
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Les contraintes résiduelles dans un revétement NiCr (VPS) mesurées par
différentes techniques

N-V-100-3/SS N-V-100-6/SS N-V-300-3/SS N-V-300-6/SS

-100 -+
-200 -+
-300 +

-400 -

-500 -+

Contrainte résiduelle [MPa]

-600 -+

B Percage incrémentale B Courbure B Indentation interfaciale

-700 -

Figure 8-1: Les contraintes résiduelles dans un revétement NiCr (VPS) mesurées par
différentes techniques.

Les résultats obtenus par 1’essai de traction (EN 582) n’ont jamais pu donner de
résultats pertinents permettant d’estimer une valeur représentative de 1'adhérence
et par suite les résultats obtenus n’ont pas pu €tre corrélés aux résultats obtenus
par les autres essais d’adhérence.

Les résultats obtenus par I'indentation de Rockwell-C ont abouti a trés bonne
concordance entre les résultats expérimentaux et les prévisions issues du calcul
par éléments finis. Cependant cette méthode ne nous a pas permis d’évaluer
I’adhérence pour tous les revétements, car elle est ne donne de résultats que pour
les revétements fragiles et lorsque le délaminage du revétement est assez grand.
Les méthodes d'adhérence effectuées dans la pratique courante n’ont pas d’autre
ambition que de fournir des éléments de comparaison entre des méthodes testées
simultanément. La plupart ne sont pas reproductibles et ne peuvent permettre le
calcul d’une grandeur intrinseque représentative du processus physique
d’adhérence. Ici, nous avons montré que les méthodes d'indentation interfaciale et
de cisaillement par traction offrent les meilleures perspectives du point de vue de
la cohérence et de la fiabilité des grandeurs physiques obtenues. Par exemple,

pour les revétements métalliques, une corrélation quasi-linéaire entre les résultats
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Résumé

d’indentation interfaciale et de cisaillement par traction a été obtenue comme la

montre les figures ci-dessous (Figure 8-2 et Figure 8-3):

K,.[MPa m®5]

Les tenacités interfaciales obtenues par les essais de cisaillement
par traction (K,.) et I'indentation interfacial (K.,) de revétements
NiCr

® VPS NiCr /SS ® FSNICr/St

R’=0.823

2 4 6 8 10 12 14
K, [MPa m®%]

Figure 8-2 : une corrélation quasi-linéaire entre les ténacités interfaciales obtenues par

K,.[MPa m®%]

U'indentation interfaciale et de cisaillement par traction

La tensité interfaciale apparente en fonction de la contrainte
interfaciale apparente de cisaillement de revétements NiCr

€ \/PS NiCr /SS @ FSNICr/St
R’=0.757
&
——
O
@ o
50 100 150 200 250 300 350

La contrainte interfaciale apparente de cisaillement [MPa]

Figure 8-3 : une corrélation quasi-linéaire entre la ténacité interfaciale obtenue par
U’indentation interfaciale et la contrainte interfaciale apparente de cisaillement de

revétements NiCr
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Résumé

Ce résultat est trés nouveau est trés important, car aucune comparaison entre ces
deux tests n'avait jamais été faite. Le fait que les deux essais donnent des résultats
parfaitement cohérents et fiables, montre leur pertinence pour évaluer 1'adhérence.
Cela n’était pas évident a priori, compte tenu de la nature méme de ces essais
effectués dans conditions de chargement de géométrie tres différentes.

Enfin, le traitement de recuit, en permettant 1’établissement d’un nouvel état de
contraintes a I’intérieur du revétement et du substrat a permis de quantifier leur

influence sur 1’adhérence.
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CHAPTER 1 : INTRODUCTION AND
OBJECTIVES

1. INTODUCTION

Thermal spraying is a widely used technique for the production of various
protective coatings to improve or modify the engineering performances and/or
increase component life, e.g. by thermal barrier, wear resistant, and corrosion
resistant surface layers.

The applications field of these coatings are very large and can be found in
aerospace, industrial gas turbines, the petrochemical, gas and automotive
industries.

Coatings can be made from dissimilar materials (metals, ceramics or polymers)
and be sprayed on to metallic or ceramic substrate.

The thermal spray process involves introduction of feedstock materials (powder,
wire or rod) in to the flame. The molten or semimolten droplets impinge the
substrate, flatten, cool down and rapidly solidify to form a thin “splat”. The
deposit is built up by successive deposition and interbonding among the splats.
Therefore, the resulted coating has properties quite different from bulk materials
of the same composition, as consequence of porosity, anisotropy, oxides and
residual stress. In spite of many advantages using thermal spray technique for
surface modifications, (e.g. deposition wide range of materials, low processing
cost, range of coating thickness from few 10 microns up to some millimetres, and
minimal thermal degradation to substrate, etc.), the low adhesion strength, high
porosity, anisotropic properties, and low loading capacity restrict its applications.
However, the adhesion of a coating on its substrate is a crucial parameter
determining the reliability and performance of a coating/substrate system. For
evaluating the coating-substrate adhesion, many methods were developed. A

significant number is based on the linear elastic fracture mechanics (LEFM)
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approach [1-3]. Among the most widespread methods used are indentation tests
[4, 5], shear tests, [6-9] tensile adhesive strength [10-12] and double cantilever
beam (DCB) test [13]. The best test method for a given coating is often the one
that simulates practical stress condition [14-16]. However, each method is related
to a certain type of coating, loading condition and application of the coating. The
experimentally determined adhesion values are thus not free from effects due to
the measurement method used. Therefore it is unfortunately not always possible
to compare measurements obtained by different methods [17]. The test that works
with one coating system may not necessarily work with another [18-20]. Hence,
there is no standard adhesion test for coating system which can fully fill all
material requirements. Bearing in mind that coating adhesion is not a constant in
practical applications, but rather a complicated property that depends on, apart of
the process, loading conditions, on coating thickness [10] and on interface
roughness [21-25]. Furthermore, another crucial parameter is the residual stress in
the coating which can play a significant role on the service performance of

mechanical parts, and can influence the coating adhesion [26-30].

The residual stresses in thermal spray technique are originated mainly from three
sources:

1) quenching stress due to cooling of the splats impinging the substrate surface, ii)
thermal stress caused by the mismatch of thermal expansion of coating and
substrate during cooling the system to room temperature, iii) phase
formation/transformation accompanied by volume change and/or chemical
changes. These stresses are usually superimposed and it is very difficult to
segregate the stress component. However, the resulted final residual stress can be
evaluated using different methods [31]; each method its own limitations,
stemming either from some simplifying assumptions or imprecise knowledge of

relevant physical constants which vary significantly with processing parameters.

Evaluation of the residual stress state is very important, since it can affect the
integrity and the performance of the coating-substrate system. It could have
detrimental or beneficial effects, e.g. high tensile stress usually leads to cracking

of coating [32, 33], whereas, compressive stress can suppress crack formation and
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propagation and may therefore be beneficial increasing wear resistance and
fatigue behavior.

The intensity and repartition of the stresses are also very important parameters.
Giving only an approximate mean stress value, what is often quoted in industry,
is meaningless, since the stress at the interface, which is one of the crucial stress
parameter, can be very different from the mean stress in the coating. Therefore, it
is primordial to increase the fundamental knowledge on residual stress, state,

intensity and gradient in coating to optimize coating performance in service.

2. OBJECTIVES

The lack of systematic investigations on practical adhesion and on the effect of
residual stress relief and particularly, the unreliability of the standard test methods
in approaching intrinsic adhesion value of coating-substrate system have

motivated the present work. The main objectives are the following:

1. to increase the fundamental understanding and identification of residual
stress origin,

2. to enhance the knowledge of adhesion and on the main influencing
parameters (apart of the process): e.g. coating thickness, interface
roughness and, in particular, residual stresses relaxation.

3. to develop an analytical and experimental study on residual stress
induced and on the practical adhesion of thermally sprayed coatings, as
well as, to express these practical adhesion and residual stress in an
accurate physical order in reliable method,

4. to evaluate the possible correlations between adhesion methods,

5. to study the annealing effect on the coatings, subsequently, quantifying
the adhesion and residual stress relaxation.
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PART A: LITERATURE SURVEY

CHAPTER 2 : OVERVIEW OF
THERMALLY SPRAYED COATINGS

Thermal spray coatings are produced by melting and projecting a material in a
stream of droplets impacting against a substrate and building up a surface coating
with very wide range of coating thickness and substrate temperature (Figure 2-1).
The earliest record of thermal spray processing is from the beginning of the
1900s, when a Swiss engineer, M. U. Schoop, presented patents for a system
where lead and tin were melted in a welding torch by the energy of an
acetylene/oxygen flame. He modified the arrangement to be able to spray
powdered materials, and then patented, in 1909, the wire-arc spraying process
(Figure 2-2). In the 1960s there was an expansion of the thermal spray
techniques, due to the development of plasmas. These techniques were able to
satisfy the increasing demand for thermal barrier and wear resistant coating
systems. More recently, most developments have focused upon increasing
particle velocities, thus allowing a decrease in the temperature of the sprayed
particles, obtaining coatings with high adhesion strength, high density and lower
oxide content [34-36]. This led to the development of processes such as cold
spraying, where the particles are sprayed in a solid state at very high velocity.

Today, thermal spraying includes a wide range of processes where coating
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materials, in a wire or a powder form, are heated, with an electrical current, a

plasma gas or a torch, and sprayed in particle form, which can be molten,

partially molten or solid, with a carrier gas onto a substrate to form a coating.

Coatings can be made from dissimilar materials (metals, ceramics or polymers)

and be sprayed on to metallic or ceramic substrate. The scope of coating

deposition is to improve or modify the engineering performances (for instance

resistance to wear, corrosion or high temperature) and/or increase component life.

This process can be also applied for repairing the damaged part [37, 38]. The

applications of these coatings are very wide and can be found in aerospace,

industrial gas turbines, the petrochemical, gas and automotive industries.

Thermal spray methods offer a range of advantages over other coating techniques

[39].

5.

. it can be deposited in wide range of materials,

. low processing cost, since the deposition efficiency can vary from 1 to

45 kg/h,
wide range of coating thickness from few 10 microns up to some

millimetres (Figure 2-3),

. wide application range, e.g. wear resistance, thermal barrier coating,

high temperature oxidation resistance, etc,

minimal thermal degradation to substrate.

Some of disadvantage of this process are:

1.
2.
3.
4.

© 2011 Tous droits réservés.

low bond strength,
high porosity,
anisotropic properties,

low loading capacity, etc
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Solid or powder leedsiock

Thermal spray torch alectnc
or gas heat source

Fanicle acosleration

Figure 2-1: schematic presentation of thermal spray process.

METALLISATOR

Figure 2-2: first gun on 1913 by Dr. M. Schoop.
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Figure 2-3: area map of typical coating thicknesses and substrate temperatures of
different coating techniques [40].

1. THERMAL SPRAY PROCESSES

The fundamental principles of all thermal spraying processes are similar. Powder
or wire consumable heated by oxy-fuel combustion (flame & HVOF) or
electrically (arc & plasma) until molten or soft, and projected at speed onto a
substrate to form a coating.
Thermal spraying processes have been widely used for many years throughout all
the major engineering industry sectors for component protection and reclamation.
Recent equipment and process developments have improved the quality and
expanded the potential application range for thermally sprayed coatings.
Therefore, thermal spraying is divided into four main categories:

1. Flame spraying.

2. High velocity oxyfuel (HVOF) spraying.

3. Plasma spraying.

4. Arc spraying.
Since plasma sprayed, flame, and HVOF coatings were the main focus of this

study, this processing technique will be described first.
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1.1 FLAME SPRAYING (FS)

Flame spraying is the oldest of the thermal spraying processes. The consumable
(usually a powder or a wire) is heated and propelled onto a substrate to form a
coating. A widespread of variety of materials can be deposited as coatings using
this process and the vast majority of components are sprayed manually.

Flame spraying uses the heat from the combustion of a fuel gas (usually acetylene
or propane) with oxygen to melt the coating material, which can be fed into the
spraying gun as a powder, wire or rod.

The powder flame spraying process is shown in Figure 2-4. The powder is fed
directly into the flame by a stream of compressed air or inert gas (argon or
nitrogen). Alternatively, in some basic systems, powder is drawn into the flame
using a venturi effect, which is sustained by the fuel gas flow. It is important that
the powder is heated sufficiently as it passes through the flame. The carrier gas
feeds powder into the centre of an annular combustion flame where it is heated. A
second outer annular gas nozzle feeds a stream of compressed air around the
combustion flame, which accelerates the spray particles towards the substrate and

focuses the flame [41, 42].

Poveder Burning gases=s Spraved material

N

Fuel gases Nozzle Spray Etreé.ll

Aspirating gas Frepared substrate —.

Figure 2-4: Schematic of the powder flame spray process[42].
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1.2 PLASMA SPRAYING (PS)

The plasma spraying process involves the latent heat of ionized inert gas (plasma)
being used to create the heat source. The most common gas used to create the
plasma is argon; this is referred to as the primary gas.
The plasma torch consists of a cone shaped cathode and annular anode, which
forms the nozzle (see Figure 2-5). An inert gas (usually argon, complemented
with hydrogen or helium) is introduced into the chamber to form the plasma.
Plasma is generated when a high-current pulse creates an arc between the
electrodes. This causes ionization of the gas and the resulting plasma jet flows out
the nozzle. Near the water —cooled walls of the anodes, there is a thin revolving
layer of cooler, non-conductive gas that confines the plasma to the centre of the
anode. This plasma can have velocities of several hundred m/s and temperature of
the order of 15000 °C and above. Therefore, even high melting point refractory
materials can be melt and sprayed. The feedstock material is introduced radially
in general into the plasma jet through a feeding rube mounted near the nozzle; so
that the hottest part of the jet is utilized. The plasma jet then melts the particles
and propels them towards the substrate. Powder feeding is a critical step in the
whole operation, determining the particle trajectory in the jet. For a successful
coating deposition, the particles should be sufficiently heated to thoroughly melt
without evaporation and should attain sufficient velocity to flatten and spread
upon impact. Numerous studies, both theoretical and experimental were devoted
to the problem of plasma-particle interaction [43-48], since a number of other
factors influence the particle heating and acceleration e.g., torch and nozzle
geometry, operation power, plasma heat content and velocity, size and density of
the powder. There is many techniques based plasma spraying:

o APS : Atmospheric Plasma Spraying

o VPS : Vacuum Plasma Spraying

. RPS : Reactive Plasma Spraying (for example a N2 gas is used)

. IPS: Inert Plasma Spraying (for example, when the atmosphere is a

neutral gas)

. HPPS: High Pressure Plasma Spraying
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Plasma Gas + Current

Water Cooled Nozzle
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External Powder Injector Substrate
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Figure 2-5: schematic presentation of plasma spray process.

1.3 HIGH VELOCITY OXY-FUEL SPRAYING (HVOF)

HVOF is a thermal spray process utilising the combustion of gases, such as
Hydrogen or a liquid fuel such as kerosene. Fuel and oxygen mix and atomise
within the combustion chamber under conditions that monitor the correct
combustion mode and pressure. The process creates a high velocity which is used
to propel the particles at near supersonic speeds before impact onto the substrate.
One of the basic rules of spraying is that high combustion pressure = high gas
velocity, high particle velocity and resulting high coating quality.

One of the key benefits of this system's high velocity is the extremely high
coating density and low oxide content. The low oxides are due partly to the speed
of the particles spending less time within the heat source and partly due to the
lower flame temperature (around 3,000 °C) of the heat source compared with
alternative processes.

Oxygen and fuel (kerosene, acetylene, propylene or hydrogen) mixture is
introduced in the combustion chamber of the gun as shown in Figure 2-6 . It
burns into a flame when ignited and the burnt gas acquires a very high
temperature and escapes from the confinement of the small chamber at a high
velocity while undergoing rapid expansion. From one end of the gun, powder is
pushed into the center of the flame by a carrier gas. The particles melt and are
immediately carried to the target by the hot gas through the nozzle of the gun at a
high velocity [49, 50].
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The HVOF process is one of the most popular thermal spraying technologies and
has been widely adopted by many industries due to its flexibility and the superior
quality of coatings produced. HVOF thermally sprayed coatings are used in a
wide range of other applications such as the gas turbine, petroleum[51], chemical,
paper/pulp [52], automotive [53] and manufacturing industries [54]. Tungsten
carbide-cobalt (WC-Co) is the coating material under review in the report, has
many applications in the above mentioned industries [55] , due to its impressive
mechanical properties. The coating application of the WC-Co material is very
popular; however the spray-forming of this material has not been widely

documented [56-61]

Fuel

Laval nozzle

Oxygen
Coating —»
Shock diamonds
Powder with nitrogen carrier gas
Compressed air
Substrate ——®

Figure 2-6: schematic presentation of High Velocity Oxy-Fuel spraying process.

2. COMPARISON BETWEEN THERMAL SPRAY PROCESSES

Figure 2-7 shows the different gas temperature in function of particle speed for
the different processes in thermal spray coating. It is noticeable that HVOF
provides a higher particle speed than that in VPS or FS. Gas temperature and
particle speed are two important parameters and have a direct impact on the
microstructure as shown in Figure 2-8 as a typical NiCr 80-20 sprayed by
different techniques, where the difference in oxide content, porosity and
morphology are well pronounced. However, these general properties of coatings

are listed in Table 1.
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Powder Flame

- Plasma Arc
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Figure 2-7: gas temperature in function of particle velocity for different thermal spray
processes [40].

Where:

HVOF: High-velocity oxygen/fuel.

HVAF: High-velocity air/fuel.

HVIF: High-velocity impact forging [62].
CGSM: Cold Gas Spray Method [63] .

EPD: Electromagnetic Powder Deposition [64].
DGUN: Detonation- Gun spraying [36].

Table 1: A comparison of thermal spraying process and coating characteristics [42]

Particle | Adhesion | Oxide | Porosity | Deposition | Typical deposit

Velocity MPa content % rate thickness
m.s™ % kg.hr! mm
Flame 40 10-40 2-5 5-15 1-10 0.2-10
Plasma | 200-300 20-70 1-3 5-10 1-5 0.2-2
HVOF | 600-1000 >70 1-2 1-2 1-5 0.2-2
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Figure 2-8: microstructure of different coatings process of the same powder of NiCr 80-

20 and steel substrate.

3. COATING BUILD-UP, STRUCTURE AND PROPERTIES

Thermal spray coatings are built up by the accumulation of splats formed by the
deposition of individual molten droplets (Figure 2-9) to form splats. Coating
characteristics such as porosity, adhesion strength, and roughness depend on the
shape of these splats and how they bond with each other and with the substrate
(Figure 2-10). The form that splats assume after solidification is a function of
process parameters such as particle size distribution, velocity, temperature, and
degree of solidification, and substrate material and temperature [65]. Splat
morphology has been widely investigated [65-71] since it has very important
effect on coating adhesion. Sakakibara et al. [72] investigated yttria-stabilized
zirconia particles on a polished stainless steel surface and found the disk splat
showed a significant increase in adhesion. However, as common feature of all
thermal spray coatings is their lamellar grain structure resulting from the rapid
solidification of small globules, flattened from striking a cold surface at high
velocities as shown in Figure 2-9 and Figure 2-11 and. Between the lamellae, a

numerous of voids are generated. This void structure has been widely studied [73-
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77]. Such structural features e.g. voids, oxides and not melted particles give rise
to anisotropic coating properties, both thermal and mechanical [78].

For instance, the proportion of true-contact and no-contact areas was found to
have a significant influence on thermal conductivity, Young’s modulus [79],
adhesion and quenching stress [80].

Particule incidente

e
S S
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\, Flux liguide
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=
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Figure 2-9 : melted particle splashing against the substrate [81].

Splat melted and spread Oxidized particle

Porosity Not melted particle

Substrate

Figure 2-10: typical thermally sprayed coating morphology.
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Figure 2-11 Comparison between experimental results (a) and numerical modelling (b)
Obtained by Mostaghimi et al[ 82, 83].

On the other hand, when a molten particle strikes the surface, it interacts with the
substrate in such manner that a weak or a strong bond is created. A strong bond
maybe explained by the formation of metallurgical bond between the impinging
particles and the surface. Localized diffusion between the melted substrate and
particle have been proposed as the mechanism for this metallurgical bond [84,

85].
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CHAPTER 3 : RESIDUAL STRESS IN
THERMALLY SPRAYED COATINGS

1. DEFINITION AND ORIGIN OF RESIDUAL STRESS

The residual stresses can be defined as those stresses that remain in a material or
body after manufacture and processing in the absence of external forces or
thermal gradients [86]. Residual stress measurement techniques invariably
measure strains rather than stresses, and the residual stresses are then deduced
using the appropriate material parameters such as Young's modulus and Poisson's
ratio. Within a measurement volume, in both, surface plane and through the
depth, a single stress value is often considered which is a wrong consideration.
However, Residual stresses are divided in three types:

1. type I. macro residual stresses that vary within the body of the
component over a range much larger than the grain size,

2. type II: micro residual stresses that operate at the grain-size level, which
result from differences within the microstructure and the presence of
different phases or constituents in a material,

3. type III: are micro residuals stresses that exist within a grain, essentially
as a result of the presence of dislocations and other crystalline defects.

Types II and III are often grouped together as microstresses.
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Figure 3-1: categorisation of residual stresses according to length scales [86].

Micro residual stresses often result from the presence of different phases or
constituents in a material. They can change sign and/or magnitude over distances
comparable to the grain size of the material under analysis.

The sources of stress generation in thermally sprayed coating are mainly

quenching and thermal stresses [32]:

1.1 QUENCHING STRESS

When a droplet impinges on a substrate during spray deposition, it tends to spread
to form a splat, which then quickly solidifies and cools. During this cooling, the
thermal contraction of the splat will be inhibited by the underlying material, so
that a tensile stress will be generated in the splat. Since splats are typically a few
pm in thickness, it can always be assumed that they are on a massive substrate
and the misfit strain associated with the contraction is entirely accommodated
within the splat. The quenching stress is therefore given by the product of the
misfit strain and the modulus of the deposit oy= 0y AT Ey. The value of the
quenching stress can vary over a wide range, but it is always in tensile. The
tensile quenching stress level can theoretically achieve in the GPa range. But
those values are normally well below such level: in fact, they usually range from
a few MPa to a few hundred MPa. The main reason for this is the relaxation
process during splat quenching e.g. microcracking, plastic flow, creep, interfacial

sliding etc. (Figure 3-2)

38

http://doc.univ-lille1.fr



© 2011 Tous droits réservés.

Thése de Mousab Hadad, Lille 1, 2010

Chapter 3: Residual stress in thermally sprayed coatings
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Figure 3-2: Schematic illustration of the stress distributions within a single splat before
and after various stress relaxation phenomena have taken place [32].
The magnitude of quenching stress does not depend strongly on the substrate
material, but varies significantly with the coating materials and the following
spraying conditions:
. spraying distance due to the changes in intersplat bonding associated
with increase in particle temperature and velocity,
. the deposition rate, determined by powder feed rate and torch traverse
speed, as discussed in [87, 88],
o the substrate temperature T where its variation affects the final residual

stress during spraying. as shown in Figure 3-3 [32].
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Figure 3-3: schematic diagram of the variation of the final residual stress ( 0;) with
substrate temperature T, during spraying: a) 0. < as, b) o, > o5 [32], (6,=quenching
stress).

Generally, metals have better wetting properties, better contact with the substrate
and may be therefore able to retain higher stress than brittle ceramic, where the
stress is largely reduced by cracking [89]. In metallic coatings, positive
dependence of quenching stress on substrate temperature was observed in the
lower temperature range, while a negative dependence found in the higher
temperature range. Therefore, quenching stress increases with temperature due to
improved intersplat bonding (since the Young modulus increased and decreased
porosity were observed) up to a point where the intrinsic strength, decreasing
with temperature, becomes a limiting factor [90]. This effect is more pronounced
for metals than for ceramics, which has higher melting point and thus only the

first mechanism plays a significant role in common deposition temperature range.

1.2 THERMAL STRESS

This is originated from the substrate-coating cool together, with or without
thermal gradients. However this is a macroscopic because the sprayed coating can
be considered as a continuous solid. This stress can be either tensile or
compressive depending on the thermal expansion coefficients and thermal
gradient and this can be expressed by:

E,

1-v

c

(e.(T,)-a () (T, -T.) 3-1

O-rh

Where: T,. deposition temperature [K],

T,.. ambient temperature [K],

40

© 2011 Tous droits réservés. http://doc.univ-lille1 fr



© 2011 Tous droits réservés.

Thése de Mousab Hadad, Lille 1, 2010

Chapter 3: Residual stress in thermally sprayed coatings

0 0. : coefficients of thermal expansion (CTE) of substrate and coating,
resp. [K ! 1,
E. : Young modulus of substrate [MPa].

If o > o, the induced stresses during the secondary cooling will be tensile and
the resulting residual stresses in the coating will always be tensile. If o < o, the
resulting residual stresses in the coating may be either tensile or compressive,
since the residual stresses which arise from the primary cooling (quenching) are
always tensile. Therefore, the magnitude and the sign (+: tensile; -: compressive)
of the resulting residual stress will depend on the balance between these sources.

A summary of this model is given in Table 3-1.

Table 3-1: Induced stresses in the coating during thermal spraying [91]

Origin of stresses O < O O¢ = O O¢ > O
Quenching stress + + +
Thermal stress - 0 +
Resulted residual stress + or - + +

+ ; tensile stress / - ; compressive stress

These stresses are superimposed on the ones already present from the deposition
process. In addition to these two main sources, there are a various factors that can
affect the stress, e.g. phase transformation accompanied by volume change,
chemical changes (oxidation).

The residual stress can affect the integrity and the performance of the coating-
substrate system. It could have detrimental or beneficial effects, e.g. high tensile
stress usually leads to cracking of coating [32, 33], whereas, compressive stress
can suppress crack formation and propagation, if it is in too high intensity, this
can cause coating delamination from substrate [92, 93]. Other factor may be
included is stress-induced phase transformation [94, 95]. This stress can be

calculated from the following equation:

:Ec(l—p’/p”)

3.2v -1)

3-2

P.tranformation

In which p*and p™“concern the densities of the coating material, prior to phase

transformation, respectively. For example, a free standing alumina sample heated
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to a temperature above 1373 K, a phase Y having a density of p"= 3.67 g/cm3
transforms to phase o of density p~"= 3.98 g/cm3. It is noticeable that the resulted

residual stress can be expressed as the sum of the all previous considered stresses:

Ores= unenching +Othermalt OP. transformation

2. THE INFLUENCE OF ANNEALING ON RESIDUAL STRESS

Residual stresses are often considered as unwanted and detrimental. However, as
reviewed by Hurrell et al [96], there are many ways either to reduce potentially
harmful residual stresses, or to introduce beneficial residual stresses to prolong
life. At least two stress relief mechanisms are important:

1. plasticity caused by the reduced yield stress at elevated temperature which

occurs essentially instantaneously as the temperature increases,

2. creep mechanisms which occur over a longer period of time.
It should be noted that because plastic strain generated from the misfit cannot be
relieved by local plastic flow but requires larger scale rearrangement. However,
the aim of post annealing of coating-substrate system is to reduce the residual
stress intensity within the coating and at the interface. Depending on the
temperature, annealing can mainly modify the distribution field of residual stress
around the interface [97, 98]. However, Laribi [99] found a significant reduce of
residual stress after annealing molybdenum coating on steel substrate and also
found a chemical diffusion of a €(FexMoy) fragile intermediate phase at interface.
Lesage [98] found the annealing treatment of NiCr coating at 600°C led to a
considerable improvement of coating adhesion due to the reinforcement of the
metallurgical bonding between the coating and the substrate which was attributed
to inter diffusion of iron, nickel and chromium. Brossard [100] found in NiCr
sprayed particles on the stainless steel substrates an inter-diffusion between both

materials, and grains growing across the interface into both phases.
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3. METHODS TO DETERMINE RESIDUAL STRESS

Residual stress measurements methods are divided in many categories:
1. analytical or numerical e.g. mathematical [101-103],
2. material removal techniques like hole drilling and layer removal [104-108],
3. mechanical methods like; curvature, displacement, or strain measurement
[32, 109-111],
4. diffraction like X-ray or neutron methods [26, 112-114].

It is worthy to remind that X-ray is based on the deformation of the crystal lattice
due to residual stresses. This method is also called “sin’> ¥” method, and also
practicable for another sources of radiation-neutrons.

The neutron diffraction method allows penetrating neutrons through-thickness
stress profiling without any material removal whereas the X-ray diffraction is
considered as a complementary technique; it can determine stress only in a thin
surface layer. This “sin® ¥ method was used to measure stress in plasma sprayed
coating and some limitations were found in absorption or radiation in a few um
for the X-rays and a few cm for neutrons, furthermore, it was difficult to
determine for porous or graded coatings. However, such radiation methods are
time consuming and expensive [31]. However, each technique has certain
advantages and limitations. The incremental hole drilling method is becoming
more and more important because of the in situ measurement in depth profile, the
dependency of the component geometry, its quasi-nondestructive character since
the small hole can be filled by different techniques e.g. welding or galvanic
deposition, one of the disadvantage of this method is the residual stress required
are measured in small volume and local [115-122].The advantage of the curvature
method that allows determination of stresses in thick layers of graded or
inhomogeneous composition, and is non-destructive and gives also a whole trend
of residual stress for large volume [123-125]. A brief introduction of different
analysis model based on beam theory curvature will be conducted using the

following approaches:
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3.1 STONEY APPROACH

The main assumption of Stoney equation [126] is the coating thickness is
moderately thin compared to substrate (h.<<hg), and the coating properties are
closely resemble substrate. Therefore, he considered only the elastic modulus of

substrate in his equation to give an average value of residual stress intensity.

KE “h’
GSroney = : - 3-3
6h,
3.2 CLYNE APPROACH

Based on force momentum balance, the misfit strain A¢ in the x-direction resulted
from two plates bonded together arises during a change in temperature (Ag=aAT)
with stress distribution of ox(y) and a curvature x as shown in
Figure 3-4. The stress intensity ox(y) and curvature x can be evaluated from
simple beam bending theory. The unbalanced momentum is resulted from the
opposite forces (-P and P). When the two plates are joined, an unbalanced
moment M generates curvature x of the composite plate. The momentum can be
expressed by:

h, +h,
M=res
where /. and h; are the thicknesses of coating and substrate respectively.
The curvature of a beam « is equal to the through-thickness gradient of strain, and

can be expressed as:

K=—
X

where X is the beam stiffness.

When the condition h.<< hs does not apply, then stresses and stress gradients are
often significant in both constituents. Therefore, Clyne et al. [123, 127] have
proposed mathematical expressions, which predict how axial residual stresses
may change through coating thickness (y-axis) as shown in

Figure 3-4. These axial stresses depend on the coating and substrate Young’s
moduli and also on the thermal expansion mismatch between them. Considering

an imposed misfit strain Ag, in the x-direction, such as would arise during a
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change in temperature, the resultant stress distribution, Oy(y), and the curvature K
were obtained from the simple beam bending theory. A general expression for
uniform misfit strain considering that h.<<hg was obtained:

E’h} +4E.Eh’h, +6E.Ehh> +AE.E h.h’ + Elh!
' GE,E (h, +h )hh,

Ae=K

34

Where E; and E. are the Young modulus of substrate and coating respectively,
(hg=H in our case) and h. are the thickness of the substrate and the coating,
respectively, v, is the coating Poisson ratio.

From

Figure 3-4, we should distinguish two of residual stress at the interface, one in the
coating and one in the substrate. However, the gradient of residual stress can be

calculated as the following equations:

EC ' hSEX '

o.(y=0)=-A¢- —E.'k0 3-5
E'h E'
o(y=h)=—Ae - ———"+E 'k(h. -0 3-6
C(y c) hL_EC"i‘hSES' c ( 4 )
E'hE'
o (y=—hs)=—Ae-———=—F "k(h. -0 3-7
(=) WEwhE e Ko
E'h E'
o, (y=0)=Ae-—< <5 __F x5 3-8
‘ hC EC '+hS ES ' ‘
2 2
— thc_thx 3_9
2(h,E.—hE))

Where the dis the distance to the neutral axe which has by definition a constant

axial length in spite of the deflection.
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Figure 3-4: Schematic of the generation of curvature in a flat bi-materials plate [123].

3.3 CHIU APPROACH

Chiu [124] defined an average residual stress corresponding to the equilibrium
stress in a real coated component as:

O Chin = KM 3-10

6(h, +h,)h,

This average residual stress in the coating Gcpiy 1S equal to the arithmetic average
between the residual stress at the surface in the coating and the residual stress at
the interface in the coating. It is interesting to note that Gcpiy converges to 0 when
the hs/ hc ratio decreases. Therefore, this approach is limited to the coating

thickness, since a thick coatings deposited on relatively thin substrates will often

exhibit an average residual stress in the coating close to 0.

3.4 GODOY APPROACH

Godoy et al [125] defined an average in-plane normal stress at the interface in the

coating and residual stress at the interface in the substrate, which is given as an

average value of equations 3-5 and 3-8 by:
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_0.(y=0)+0,(y=0)

O-Godoy - 2 3_11
o (y=0)=—Ae—LNME _pigs 312
o (y=0)=Ae.—Le B _p s 3-13

hE '+hE' °

47

http://doc.univ-lille1.fr



© 2011 Tous droits réservés.

Thése de Mousab Hadad, Lille 1, 2010

Chapter 4: Adhesion test of thermally sprayed coatings

CHAPTER 4 : ADHESION OF
THERMALLY SPRAYED COATINGS

1. DIFINITION AND BASIC OF ADHESION

The word “adhesion” comes from the Latin verb “haerere” (to adhere, to stick to
something). The prefix “ad” stands for “to”. So adhesion means sticking together
of materials. Adhesion is the force of attraction between molecules of different
substances while cohesion is the force of attraction between molecules of the
same substance. However, the American Society for Testing and Materials
(ASTM) (D907-70) defines adhesion as “the state in which two surfaces are held
together by interfacial forces which may consist of valence forces or interlocking
forces or both”. These bonding forces can be “Van der Waals” forces,
electrostatic forces and/or chemical-bonding forces which are effective across the
interface. An important distinction is made between basic adhesion, that is the
maximum possible attainable value, and experimental or practical adhesion,
which can be termed bond strength or adhesion strength [128, 129]. The
relationship between the experimentally measured adhesion (EA) and the basic
adhesion (BA) is given by:

EA = f(BA, other factors).

Such that EA < BA. However, in reality EA << BA owing to the effect of other

factors on the test. These include residual stresses in the coating and the technique
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used for measuring the bond strength (EA). Therefore, adhesion can be

manifested in three different categories:

1.1 FUNDAMENTAL ADHESION

It is related to the nature and strength of the binding forces between two materials
in contact with each other, such forces like; ionic, covalent, coordinate, metallic,
hydrogen and Van der Waals. But this basic definition of adhesion is not very
helpful as it is not possible either to calculate the contribution of each binding

force or to measure adhesion forces in practical systems.

1.2 THERMODYNAMIC ADHESION

It is defined the change in free energy when an interface is formed (or separated)
and is expressed as:

Wa= %+ Y2 — Vsis2 4-1

In which %; + %, represent, respectively, the specific surface free energies of
material 1 (substrate), 2 (coating) and ¥ ; ;> represent the interfacial specific free
energy. In case of liquid coatings, W4 can be easily determined by Wy= %y
(I+cos@) where .y is the surface free energy of the liquid and ¢ is the contact

angle of the liquid coating on the substrate.

1.3 PRACTICAL ADHESION

It signifies the forces or the work required to remove or detach a film or coating
from the substrate. This includes the energy required to deform the coating and
substrate as well as the energy dissipated as a heat or stored in the coating. The
relationship between practical adhesion and fundamental one is expressed by:

Practical adhesion = f (fundamental adhesion, other factors) [130] 4-2

The fundamental adhesion denotes the energy required to break chemical bonds
at the weakest place in the coating-substrate system. The other factors can be
residual stress in the coating, thickness, mechanical properties of coating and
substrate, work consumed by plastic deformation, mode of failure, etc. The

pertinent question is can one determine fundamental adhesion by making
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practical adhesion measurement? It is very difficult, and maybe impossible to
quantitatively determine the contribution due to the multitude of chemical factors.
We can only hope to observe an increase in practical adhesion by improving the

fundamental one.

2. METHODS OF ADHESION MEASUREMENT

Many methods have been developed for evaluating the coating-substrate
adhesion. Among them, a significant number is based on the linear elastic fracture
mechanics (LEFM) approach [1-3]. But, there are no universal tests for
measuring coating’s adhesion. Each method is related to a certain type of coating,
loading condition, application of the coating etc. This can be explained by the
variety of coating systems which represent different types of dissimilar material
interfaces that are present in many industrial applications (metal/metal,
metal/ceramic, polymer/metal, polymer/ceramic, etc). The tests that work with
one coating system may not necessarily work with another [18-20]. Though, there
is no standard adhesion test for coating system which can suite all materials.
Among the most widespread methods used are indentation tests [4, 5], shear tests,
[6-9] tensile adhesive strength like ASTM C633, ASTM F1147, ISO 14916, EN
582 [10-12] and double cantilever beam (DCB), where a large scatter of the
results was observed and must be viewed quantitatively even the test system was
very sensitive [13]. The best test method often becomes the one that simulates
practical stress condition [14-16]. We should also note that adhesion is not a
constant in practical applications, but rather a complicated property that depends
on loading conditions on coating thickness [10] and on different parameters such
as grit blasting to roughen the substrate surface [21-25]. Furthermore, the residual
stresses due to the mismatch in thermal and mechanical properties between
coatings and substrate are of importance [26-30]. However, Coating adhesion
measurement methods can be divided in many categories as classified by Mittal
[129]:
1. Qualitative and quantitative methods.
2. Destructive and non-destructive methods.

3. Mechanical and non-mechanical methods.
4

Fully developed, partly developed and the methods under development.
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5. Practical methods and the methods of academic interest.

6. Routine and non-routine methods.

Further review of measurement methods was reported by Kharlamov [131], who

summed up all applied methods in Figure 4-1.
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Figure 4-1: adhesion measurement methods reported by Kharlamov [131].
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2.1 TENSILE ADHESION TEST (PULL -OFF)

The coatings are usually tested in a manner similar to that described by the DIN
EN 582 [132] (ASTM Standard C633). This test consists of two cylindrical
samples of 25 mm diameter, sprayed one and the counter body as shown in
Figure 4-2. They are joined using an adhesive agent according to the standard
test. Therefore, they are cured at elevated temperature. The adhesive strength is
averaged from several tensile test results from the simple relation: Gy.x = F/A,

where F is the maximum force at failure, and A is the area of the cylinder surface.
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Figure 4-2: schematic presentation of tensile adhesion test according the standard
configuration EN 582 [132].
Figure 4-3 shows the mode of coating failure and this can be described as either
failure within adhesive (glue), adhesive, or cohesive. Adhesive failure takes place
when the entire coating separates from the substrate whereas cohesive failure is
occurs when failure takes place entirely within the coating. True adhesive failure
(also termed interfacial failure) rarely occurs because of the rough nature of the
substrate surface and adhesive failure in this case is defined as taking place near
to the interface where the fracture surface exhibits areas devoid of the coating.

Figure 4-4 shows an example of interfacial and adhesive mode failure.

53

http://doc.univ-lille1.fr



Thése de Mousab Hadad, Lille 1, 2010

Chapter 4: Adhesion test of thermally sprayed coatings

_— —PLUG INITIAL SET-UP
{CI ) ADHESIVE
COATING
A ———SUBSTRATE

(b] My ygre witiin aoesve
m (poor test)
kS

FAILURE WITHIN COATING
{cohesive)

(c)

FAILURE AT COATING-
SUBSTRATE INTERFACE

{adhesive)

(d)

Figure 4-3: modes of coating failure [133].
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Figure 4-4: An example of failure analysis of Al,Oj; coating showing a zone A (bright) on
the counter part corresponds to the extent of the interfacial failure (between coating and
substrate), and zone B (dark) showing an adhesive failure (between the coating and the

glue) took place, a) counter body, b) coated body.

This test method suffers from the following difficulties:

1. simple tensile tests are difficult to perform, and very often the mixture
applied force in tensile and shear lead to misinterpret the results [134],
the alignment must be perfect to insure uniform loading to the interface,

limitation by the strengths of available adhesive,

the possibility of adhesive penetrating within the coating,

AR

stresses produced during setting of cement or adhesive,
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6. non-uniform stress distributions or stress concentrations over the contact
area during the pulling process [135].
In spite of all of these factors are sources to affect the adhesion strength measure,

this test is still widely applied in industries.

2.2 INTERFACIAL INDENTATION

Some authors have used indentation tests searching to generate and propagate a
crack at the interface in order to determine the adhesion between a coating and its
substrate. Indentation may be performed at the surface of the sample
perpendicularly to the coating [4, 136] or in a cross-section: either into the
substrate near the interface [137] or directly at the interface between the substrate
and the coating [138] as shown in Figure 4-5. The indentation is performed using
a pyramidal Vickers indenter. Choulier [139, 140] showed that the generated
cracks have a semi-circular shape and are localised in the interface plane crack
radius (a) which can be measured by optical microscopy and he suggested the

following equation for the cracking energy:

PZ
G.=C— 4-3

3

a
This relation, which was deduced from empirical or theoretical considerations,
involves a factor P’/a’ relating the indentation load P to the crack length a.

Richard et al [141] suggested that an interface toughness would be strongly

dependent on the Young modulus E and the coating hardness H as given by:

1/2
K.=C, (5] L 4.4

3/2
a

The previous formulations by Choulier and Richard do not fully represent well
the behaviour experimentally observed for these materials. Therefore, further
development to relate adhesion properties to the critical indentation load at the
interface was carried out by Chicot and Lesage [142-144] who first used the
critical point (P, a.) characterized by crack length at interface a. propagated
when a critical load P, is achieved. Based on that critical point, the authors
defined the apparent interface toughness as a mechanical characteristic

representing the adhesion of a thermal sprayed coating on its substrate:
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1 P
Ko.=—F7——X— 4-5
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C

Where (i = 68°) is the half angle of the indenter.

I P

Substrate

Coating

Figure 4-5 : Schematic representation of the interfacial indentation [145]

The research group of Lesage [142-144] represented the relation between crack

length and indentation load using logarithmic scales (Figure 4-6).

1. Logarithmic of the half diagonal of Vickers (di/2)
2. Logarithmic of crack length at the interface (a)
A

“— No cracks —><— Cracking at the interface ~——p

P,
Logarithmic the applied load (P)

»
»

Figure 4-6: bilogarithmic presentation of load-crack length/Vickers imprint and the
critical point (P.a.)
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This way Chicot and Lesage were able to develop further the model by
considering the mechanical properties of a theoretical material representing the
global behaviour of the interface:

172
K, =0,015"% (Ej 4-6
H 1

9

Where (E/H); is the characteristic of mechanical properties of the interface. The
methodology adopted to determine this characteristic is described here under.
From Figure 4-7, the geometrical condition of the coating - substrate should be
considered to calculate the average diagonal of indenter imprint d; as well as the

plastic deformed zone radius of b, at interface and they are expressed by:

d, _dr+ds 4-7
2

bI:bR+bS 4.8
2

Coating

/2
[ a2

Interface

Substrate

Figure 4-7: schematic presentation of the Vickers imprint and the plastic zone [142, 143]

The diagonal of Vickers hardness is defined by the general equation:

H=c. L 4-9
d?

Where H is the hardness and C is constant, P is the load and d is the diagonal of
the imprint. The radius of the plastic zone is defined by the equation established

by Lawn [146] including the mechanical property of materials:

b=i\/Ecotm§ 4-10
2\H
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Where & is the half angle between two lateral faces, for Vickers is & = 74°.

Replacing 4-7 and 4-8 in 4-10 we obtain:

12
(ﬁj 2 b2 bths 411
H) cot3¢ dp cot3&  dy +dg

In replacing the dg, ds, bgr, bs in the equations defined in 4-9 and 4-10, we can

obtain the expression:
( E jl/Z ( E j1/2
172 e o
E H H
(_j = H > 2t H . 172 4-12
S P [ B PPN s &
HR HS

Recent work of Liu [147-149] revealed by his finite elements modelling that the

stress intensity factor calculated prior to the interfacial indentation tests was in

mode /, and this confirm the hypothesis of Chicot and Lesage.

2.3 IN-PLANE TENSILE TEST

The interpretation of the tensile test data to extract intrinsic fracture and
interfacial properties of the coating — substrate system, like any other type of
mechanical tests, is still non-trivial. Hu and Evans [150] obtained some analytical
results on cracking and decohesion of thin film coatings on ductile substrates by
assuming a sliding (yielding) interface and linearly elastic coating and substrate.
Their results cannot be applicable to the cases when the substrate is undergoing
fully plastic deformation [151-153]. Using the shear lag model, Aveston et al.
[154] analyzed extensively the multiple fractures in brittle fibres embedded in
unidirectional fibre reinforced composites and several researchers therefore
applied the crack fragmentation test model based on Kelly and Tyson theory
[155-160] of stress transfer of single fibre relating the critical fibre length to
interfacial shear stress. Agrawal and Raj [151, 161] presented a theoretical
analysis to estimate the ultimate shear strength of a metal-ceramic interface using
the crack density or spacing data obtained from a tensile test (Figure 4-8). They
also concluded that the maximum and minimum crack spacing between the

cracks should differ by a factor of two. However, their analysis was based on the
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assumption of a sinusoidal distribution of the interfacial shear stress and the

validity of such an assumption has not been examined in detail.

Transverse Cracks in
the Ceramic Film

LY

\\Thlck Metal Substrate
{Deforms Plastically)

Figure 4-8: schematic presentation of shear lag proposed by Agrawal [151, 161].

Yang [162] also used the same approach of calculating the shear strength which is
given by:

T.0,..h,

= 5

max

4-13

where, h. is the coating thickness and O, is the maximum crack spacing at crack
saturation level and o, = E.. &

The ultimate shear strength of the silica films on annealed 99.9% pure copper and
nickel substrates was estimated to be 900 and 1400 MPa, respectively. However,
these numbers are questionable as they greatly exceed the shear flow strength
level for both metal substrates. Similarly, the ultimate shear strength of the NiO-
Pt interfaces reported by Shieu et al. [163] to be as high as 4460 MPa for a Pt
substrate with a tensile strength of 145 MPa is also rather doubtful. However,

Chen [164, 165] adjusted the Agrawal approach as given by:

4.0, .h,
T =——cc 4-14
(m+4).0,

ax

He considered an elliptical configuration of shear stress distribution and non
sinusoidal as Agrawal did. In addition, he took into account the residual stress in
coating and obtained accurate results of TiN coating and AISI 304 substrate.

Cracking phenomenon is known to occur in composite materials consisting of

brittle films adhering to high-elongation substrates, and a list of literature
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concerning with the phenomenon is found in a monograph by Wojciechowski et
al [166]. A shear lag model was adopted by Wojciechowski et al, who explained
the mechanism how the stress piled up in segmented films of Ni-Fe alloy
adhering to a polyimide substrate. However, their model did not take into account
the residual strain which might have affected the fracture process considerably.
Yanaka [167] suggested a crucial modification to the shear lag model for the
multiple cracking of thin films in order to take into account the residual strain.
However, the obtained results were found over estimated in calculating the
critical fracture strength which lay in between 200 and 300 MPa and more than
twice larger than published values for bulk Si02 glasses may this attributed to the
complicated fracture using this modified shear lag, since tensile and bending are
involved in this loading stress. Besides only relatively simple and inexpensive
testing instrumentation is needed, a tensile test produces in a well-controlled
manner a large array of parallel cracks over the nominally homogenously
deformed ductile substrate and it allows also in situ observation of cracking and

decohesion of the coating via various microscopy tools.

2.4 ROCKWELL INDENTATION

Drory and Hutchinson 1996 [136] proposed using the indention perpendicular to
the coating surface to determine the interfacial toughness of coating- substrate
(Figure 4-9). This test method is quite attractive since a small volume is needed to
perform such test. The objective of this test is to produce a local delamination.
The driving force of the delamination is considered to be the elastic-plastic
deformations of the substrate [S]. Important information required to determine the
interfacial fracture toughness is the radial surface displacement of the indented

material, around the indenter.
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Figure 4-9 Schematic representation of the indentation perpendicular to the
coating surface pprinciple of Rockwell indentation test [136].

Under loading, the plastic deformation of the substrate is encouraged in this test.
The measurement involves loading by the diamond brale indenter (Figure 4-10).
The coating delamination radius of coating resulted from indentation will be
correlated to the later stress induced to calculate the interface toughness.

Evaluation the interface toughness will be introduced in chapter 5.

applied load P

e

Il . R
it ~ diamond
V— . \ brale *C’ /s
M\ indenter /', sample

¢ ¢,/ surface

depth &

Figure 4-10: brale indentation test.

2.5 OTHER METHODS

The four-point bending test with notched symmetrical interfacial cracks (Figure
4-11) consists of a central notched bimaterial flexural beam [168, 169]. This
method allows the measurement of the interfacial fracture toughness for a large
range of stress factor mode mixity and for relatively equal normal and tangential

stresses. The vertical displacement in the middle of the specimen is recorded
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during the experiment by means of a displacement transducer. Even the simple
geometry is simple, but the vertical cracking of coating made the evaluation of

the interfacial toughness difficult [169, 170].

P/2b

Figure 4-11: notched four points bending test with symmetrical crack at the interface.

The configuration of the double cantilever beam (DCB) specimen is shown in
Figure 4-12. The coating layer is glued by an adhesive to the lower arm of the
DCB specimen. The lower arm is manufactured from a material, which is stiffer
than the adhesive. Both extremities of the specimens are loaded in tension in
order to allow delamination between substrate and coating. This testing method is
attractive because of the existence of a simple analytical solution to calculate the
interfacial fracture toughness [171, 172]; as well as, the experimental
observations show a more stable crack growth than those derived from other test
methods [173]. However, one of the limitations in this test method is the bonding

strength of the adhesive agent.
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T L
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= a -J.* L-a >
FI

Figure 4-12: schematic presentation of a double cantilever beam specimen used to
measure the mode I toughness of adhesive bonds [174].

The scratch test is a test method considered for qualitative evaluation of adhesion
as suggested by Perry [175, 176] who studied the adhesion of of TiN and TiC
CVD deposited coatings on steel. However, this test method is may be suitable

for hard thin coatings (about 2-20 pm).
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PART B: MATERIALS AND EXPERIMENTAL
PROCEDURE

CHAPTER 5 : MATERIALS AND
EXPERIMENTAL PROCEDURE

1. MATERIALS
1.1 SUBSTRATES

Four metallic materials were used as substrates. Their chemical compositions are
summarized in Table 5-1.

1. Structural steel St 52-3 (steel number 1.0570). This steel is often used in civil
construction industry.

2. Austenitic chromium-Nickel steel AISI 304 (steel number 1.4301). The main
applications of this material are: marine equipment, nuclear vessels, paper
industry, pressure vessels, chemical equipment and textile dyeing equipment.
This steel exhibits good corrosion resistance, higher ductility, excellent
formability and low carbon content when comparing to St 52-3.

3. Stainless steel X3CrNiMo13-4 (steel number 1.4313) is mainly used in the
heavy mechanical construction component such as water turbine wheel.

4. Titanium alloy TiAl-16V4 (alloy number 3.7165). This alloy is used for the

fabrication of biomedical implants for its good biocompatibility.
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Table 5-1: chemical composition of substrates

Substrates Limit of chemical composition in wt %
C Si Mn P S Nb Al N
St 52-3
0.2  0.15-0.5 1.6 0.035 0.035 0.02-0.04 0.02 0.009
Si Mn P S Cr Fe Ni
AISI 304
0.08 1 2 0.045 0.03 18-20 74 8-10.5
Si Mn P S Cr Mo Ni
X3CrNiMol3-4
0..05 0.60 1.00 0.035 0.015 125-14 040-0.70 3.50-4.50
Ti Al \% (0} Fe Ni
TiAl-16V4
0.08 Rest 5.5-6.75 3.5/4.5 0.2 0.4 0.05

SUBSTRATE PREPARATION BEFORE COATING DEPOSITION

Substrate samples were:

e Degreased with acetone and alcohol with particular attention in handling the
samples with gloves to avoid any surface contamination.

e Sand blasted with blocky alumina abrasive particles to produce surface
roughness Ra 3 and 6 um using grits of (F80) 0.150-0.212 mm and F24 with
0.600-0.850 mm diameter, respectively.

¢ Roughness measurements using an optical profilometer (Alti-Surf 500-
Cotec-France) with maximum resolution of 10 nm in z axis, 0.5 wm in X,y

lateral axes. The Ra value is averaged from five measurements.

1.2 COATINGS

The following powders have been considered in this work. They represent
metallic, ceramic and cermet materials, respectively.
1. NiCr 80-20 with grain size of 45-90 um. This coating is widely used to
protect the substrate against corrosion
2. AlLO3 99.5 wt% powder with grain size of 5-25 um. Such coating is often
used to protect the substrate against wear, chemical attack and sometimes
as thermal barrier over a very wide range of temperatures.
3. WC-Co-Cr (81.1 wt%, C 5.3 wt%, Co 10wt% and Cr 3.6wt %). with the
grain size of 20-50 wm. This coating is widely applied in industry as an

excellent erosion wear resistant material, in particular, for water turbine

blade.
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Scanning electron microscopy (SEM) and Powder-shape® system based on a
scanner [177, 178] have been used in order to characterize the grain morphology

and statistical grain size distribution.

1.3 DEPOSITION PROCESSES

Three processes were used to deposit the powders: i) flame spraying (FS), ii)

vacuum plasma spraying (VPS) and iii) high velocity oxy fuel (HVOF) spraying.

1.3.1 FLAME SPRAYING (FS)

Al;O3 and Ni-Cr 80-20 were deposited on two substrates: St 52-3 and TiAl-16V4,

the parameters of deposition are summarized in Table 5-2.

Table 5-2: Parameters of flame spray process

Coatings Al,O3 Ni-Cr 80-20
Air pressure [bar] 3 3
Acetylene pressure [bar] 0.7 1

O, pressure [bar] 4 1.4
Stand-off distance [mm)] 150 250
Pre-heating T [°C] 250 375

1.3.2 VACUUM PLASMA SPRAYING (VPS)

Ni-Cr 80-20 was also deposited by VPS to avoid oxidation during deposition and
to achieve higher density than that obtained by flame spraying process. The

deposition parameters are summarized in Table 5-3.
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Table 5-3: Parameters of vacuum plasma spraying process

Parameters Coating: Ni-Cr 80-20
Stand-off distance [mm)] 275
Robot speed [mm/s] 300
Chamber pressure [mbar] 100
Preheating T [°C] 280
Gas plasma [1/min] 46 Ar, 6 H,
Gas powder [l/min] 1 Ar
Courant plasma [A] 750
Tension plasma [V] 54.8
Energy plasma [kW] 43.1
Temperature of deposition Ty [°C] 480

1.3.3 HIGH VELOCITY OXY FUEL (HVOF) SPRAYING

WC-Co-Cr powder was HVOF sprayed on X3-CrNiMo 13-14 stainless steel
substrate. Cermet based WC—Co—Cr thermally sprayed coating is considered to
be potential wear resistant coating material, since the WC grains are very well
bonded to the metallic matrix. The hard WC particles in the coatings lead to high
coating hardness and high wear resistance, while the metal binder Co—Cr supplies
the necessary coating toughness [179, 180]. The range of HVOF spraying
parameters are summarized in Table 5-4 (the exact parameters cannot be
communicated because of the confidentiality agreement between EMPA and the

industrial partner)

Table 5-4: parameters of high velocity oxy fuel (HVOF) spraying process

Parameters Coating: WC-Cr-Co
Spray gun Top-Gun
Kerosene pressure [bar], flow rate [1/h] 21-23, 20-24

O, pressure [bar], flow rate [1/min] 20-21, 800-1000
N, pressure [bar], flow rate [[/min] 9-10, 15-17
Spraying distance [m] 0.3-0.5

The sandwich based cermet coatings (combinations from 26 to 29 in Table 5-5)
consists of three layers: i) cermet outer layer, ii) interlayer and ii) cermet inner

layer deposited to the steel substrate.
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Different interlayers were deposited on the first HVOF sprayed cermet WC-Co-
Cr coating, then a cermet coating was sprayed as the upper coating to form the
multilayered structure as shown in Figure 5-1. Interlayer coatings such as NiCr
80-20 and Co-Cr were deposited by HVOF on the first cermet coating. Ni layer
was electrochemically deposited on the cermet coating at 55 °C using optimized
parameters, 1.3 A and 5 V for 7 minutes, to achieve an uniform and continuous
coverage of the Ni layer. The thickness of the Ni layer was approximately 60 pm
and the cermet coating surface exhibits a Ra = 5 um of roughness. After having
deposited the Ni layer, only the half of the Ni-electroplated samples were grit
blasted to achieve a roughness of around Ra ~ 4.5 pm. This is termed as Ni-
plating-X (combination 29 in Table 5-5 ). The other Ni-electroplated samples
were not grit blasted (combination 28 in Table 5-5) as shown in the cross section
in Figure 5-2. The final layer of the multilayer coating is constituted by cermet
and it has been deposited using the spraying conditions shown in Table 5-4.

The justification of such sandwich structure is the following: the outer cermet
layer exhibits high hardness to improve abrasion behavior whereas the ductile
interlayer is to accommodate the impact shock of particle in erosion. This
sandwich has potential improvement in life time of coated tools used in mining,

drilling tunnels and grinding as well as in water turbine blades.
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Figure 5-2: micrographs of Ni-plating within cermet coatings, a) the grit blasted Ni-
plating coating (combination 29), b) the Ni-plating coating as deposited without grit
blasting (combination 28 in Table 5-5).

1.4 POST ANNEALING OF COATED SAMPLES

In order to investigate the influence of residual stress release on coating adhesion,
some of VPS NiCr 80-20 coated samples were annealed in oven up to T,,=800°C

for 75 minutes and cooled in air to room temperature.

1.5 NOMENCLATURE

The test matrix is divided in three main parts prior to deposition process as shown
in Table 5-5, flame sprayed (FS), vacuum plasma sprayed (VPS) and high
velocity oxy fuel sprayed (HVOF) coatings. The coating thickness value is
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nomenclature with the sign (*) stands for the samples annealed at 800°C.

Table 5-5: nomenclature of coating combinations

Coating | Interface
§ %ﬂ E thickness | roughness
§ § g Coatings Substrates Nomenclature
~ O | Z h.pum Ra pm
1 NiCr 80-20 St 52-2 100+23  3+03  N-F-100-3/St
2 NiCr 80-20 St 52-2 300+ 32 3+£03  N-F-300-3/St
= | 3 NiCr80-20 St 52-2 100+ 23 6+0.5  N-F-100-6/St
g 4 NiCr 80-20 St 52-2 300+ 32 6+0.5  N-F-300-6/St
,CE 5  NiCr 80-20 TiAl6V4 100+ 23 3+£03  N-F-100-3/Ti
“ 6  NiCr 80-20 TiAl6V4 300+ 32 3+£03  N-F-300-3/Ti
7  NiCr 80-20 TiAl6V4 100+ 23 6+0.5  N-F-100-6/Ti
» 8  NiCr 80-20 TiAl6V4 300+ 32 6+0.5  N-F-300-6/Ti
= 9 ALO; St 52-2 100+ 23 3+£03  Al-F-100-3/St
10 ALO; St 52-2 300+ 32 3+£03  Al-F-300-3/St
11 ALO; St 52-2 100+ 23 6+£05  Al-F-100-6/St
O: 12 ALO; St 52-2 300+ 32 6+£05  Al-F-300-6/St
< 13 ALO; TiAl6V4 100+ 23 3£03  Al-F-100-3/Ti
14 ALO; TiAl6V4 300+ 32 3£03  Al-F-300-3/Ti
15 ALO; TiAl6V4 100+ 23 6+0.5  Al-F-100-6/Ti
16 ALO; TiAl6V4 300+ 32 6+05  Al-F-300-6/Ti
17 NiCr 80-20 AISI 304 100+ 21 3+£02  N-V-100-3/SS
18  NiCr 80-20 AISI 304 100+ 21 3+£02  N-V-100-3/SS*
= | 19 NiCr80-20 AISI 304 300+ 26 3+£03  N-V-300-3/SS
w g 20  NiCr 80-20 AISI 304 300+ 26 3+£03  N-V-300-3/SS*
g b: 21 NiCr 80-20 AISI 304 100+ 21 6+03  N-V-100-6/SS
“ 22 NiCr 80-20 AISI 304 100+ 21 6+03  N-V-100-6/SS*
23 NiCr 80-20 AISI 304 300+ 26 6+03  N-V-300-6/SS
24 NiCr 80-20 AISI 304 300+ 26 6+03  N-V-300-6/SS*
25  WC-Co-Cr X3CrNiMol3-4 500+ 30 5+0.6  Cer/ steel
. -F_, 26  WC-Co-Cr NiCr 80-20 220+ 20 5 £0.8  Cer/NiCr/ Cer
E % 27  WC-Co-Cr CoCr 220+ 20 5 +0.8  Cer/CoCr/ Cer
A 28  WC-Co-Cr Ni plating 220+20 4.5 £0.5 Cer/Nipl/ Cer
29  WC-Co-Cr Niplating-X 22020 1 £0.1  Cer/Nipl- x/ Cer

70

http://doc.univ-lille1.fr



© 2011 Tous droits réservés.

Thése de Mousab Hadad, Lille 1, 2010

Chapter 5: Materials and experimental procedure

1.6 PHYSICAL PROPERTIES OF MATERIALS

The physical properties of coatings and substrates are presented in Table 5-6.
Their hardness Hv, Young’s modulus E, ultimate tensile strength (U.T.S) and
yield strength (Y.S) have been measured by one of the two following methods; 1)
low-load indentation techniques [181, 182], ii) standard tensile tests according to
ISO 6892 [183]. The hardness values were averaged from 10 measurements. The
porosity of each coating was determined via image analysis by SEM. Assuming
that resolution limits are considered, porosity within a microstructure can be
easily detected by image analysis due to the high degree of contrast between the
dark pores (voids) and the reflective coating material. Work by Fowler et al
[184, 185] has shown that image analysis can reproducibly detect and measure
microstructural features (pores, cracks, etc.) in thermal spray coatings. The
reliability of these methods for specific experiments and metallographic
conditions was statistically tested to give a 95% confidence level. The coefficient
of thermal expansion (CTE) and v Poisson ratio were taken from literature [186-

189].

Table 5-6: physical properties of substrates and coatings

Porosity  CTE YS U.T.S

Materials E GPa Hv 0.1 % um/mK MPa MPa
St 52-3 214 138 £ 16 0.3 12 471 568
AISI 304 202 248 £ 6 0.29 17.2 740 834
AISI 304/annealed 192 204 £7 0.29 17.2 537 716
X3CrNiMol13-4 210 260 +28 0.29 10.9 673 864
TiAl-16V4 151 354 £23 0.34 8.6 865 1034
NiCr 80-20 (FS) 98 195 +30 0.28 6.8 13

NiCr 80-20 (VPS) 187 293 £13 0.26 4.2 12.5

NiCr 80-20 (VPS) * 142 251 +16 0.26 4 12.5

ALO;(FS) 49.5 286 + 41 0.25 7 54

WC-Co-Cr (HVOF) 266 1432+ 141  0.26 2.1 5.8

NiCr 80-20 (HVOF) 100 387 +£42 0.29 32

CoCr (HVOF) 144 697 £ 63 0.3 4.8

Ni plating 243 516 +31 0.31 0.2

* denoted for annealed samples
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1.7 MORPHOLOGY OF COATINGS

The morphology of each coating is shown in Figure 5-3. Flame sprayed NiCr 80-
20 shows pronounced oxide layers between the splats and high porosity content,
whereas the same coating deposited by VPS, is quasi oxide-free between the
splats and has less porosity. Oxide interfaces between splats can be seen for the
HVOF sprayed NiCr 80-20 with very low porosity.

Regarding the morphology of CoCr, some non-molten particles and very
important oxide layers between splats can be seen. Distribution of WC phase can
be seen in dark grey in the WC-Co-Cr coating. Investigation on the relation
between microstructure features and wear mechanisms of materials subjected to

solid particle erosion was previously reported by Hadad [190, 191] .
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Interfaces between splats

Cermet

e) f)

Figure 5-3, a) micrograph of FS NiCr 80-20, b) micrograph of VPS NiCr 80-20, c)
micrograph of HVOF NiCr 80-20 sprayed as intermediate layer, d) micrograph of
HVOF CoCr intermediate layer, e) micrograph of Ni plating morphology, e) HVOF
WC-Co-Cr coating morphology.
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2. EXPERIMENTAL PROCEDURE FOR RESIDUAL STRESS
MEASUREMENTS

2.1 CURVATURE BENDING TEST

The dimensions of the testing samples were 150x40x8 mm. The profile length
was 75 mm measured by mechanical profilometer UBM (Figure 5-4) with an
acquisition rate of 20 measured points per 1 mm. The samples were measured in
four steps;

1) substrate as received,

i1) grit blasted substrate,

ii1) after spraying,

iv) after annealing at 800°C.
The residual stress was determined using different theoretical approaches. In all
approaches, the deflection of samples f was calculated directly from the acquired
data from the profilometer. Therefore, an arc radius configuration was assumed to
calculate the curvature [192] :
f. L

4
2 8- f

e 5-1

1
K
If the coating is in compression, the convex configuration can be observed, and if
the coating is in tensile stress, a concave behavior will be observed (Figure 5-5).

Other assumption is that the stress in z axes is negligible.

Mechanical stylus

Figure 5-4: Mechanical profilometer UBM.
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y [mm] Coating

/

Coating in tensile

Coating in compression \‘ f X [mm]

Substrate

Figure 5-5 : Curvature configuration, convex and concave according to compression or
traction stresses.
In chapter 3, different approaches were advanced for residual stress measurement
based on curvature tests e.g. Stony, Clyne, Chiu and Godoy theories. Clyne and
Godoy approach [125, 193] have been found attractive since the Godoy model
calculates the average in-plane stress at the interface in the coating and residual
stress at the interface in the substrate which is expressed in 5-2 to 5-5. Whereas,
Clyne model provides an analytical solution for through coating thickness as

described in chapter 3.

O'C(y=0):—A8-M—EC'K§ 5-2
h.E'+hE'
E'h E'
oc(y=h)=—Ae ——2—= _+FE'x(h -6 5-3
C(y c) hCEL."l'hSES' c ( ¢ )
E'hE'
o (y=—hs)=—Ae- ——=35 _—F'x(h.—0 54
res(y ) hCEC,+hXEX, C ( ) )
E'h E'
o,(y=0=Ae —————-E_ 'k0 55
‘ hL‘ EL‘ '+hS ES ' ‘
oc(y=0+0.(y=0
O-Godoy = L(y ) b(y ) 5-6
2
2 2
Where 5=M 5.7
2(h,E.—hE))
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2.2 INCREMENTAL HOLE DRILLING TEST

This measurement technique consists of two stages:

1. Removal of the stressed material by drilling a small hole on the surface

coating till substrate.

2. Measurement of the relaxation strains occurring around the hole by means

of an extensometric rosette.

We used a HBM- RY 61 Drill-Hole Rosette illustrated in Figure 5-6 is fitted with

a drilling bush which, together with an auxiliary device, ensures correct centring

of the drill.

Figure 5-6: a) drill- hole Rosette, b) configuration of RY 61 drill-hole Rosette.

The drilling kit was borrowed from HBM. The operating parameters of hole

drilling are summarized in Table 5-7. The strain gauges were connected to the

data acquisition system in Wheatstone half-bridge. Surface preparation has

crucial importance in strain gauging, because it influences the quality of the

adhesion between the test specimen and the strain gauge. The surface preparation

was performed as the following:

L

il.

iii.

iv.

© 2011 Tous droits réservés.

surface degreasing using "HBM" cleaning solution, which is
basically a mixture of acetone and isopropanol,

manual abrasion of the specimen surface with abrasive paper N° 400
to reach a roughness value of Ra ~ 3 pum,

cleaning with ethanol to remove the dust originated by the abrasion
process,

degreasing using "HBM" cleaning solution to assure a total removal

of all the possible debris that may remain on the specimen surface.
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The strain gauge is finally glued using "HBM X60" as an acrylic based adhesive.
The ambient temperature was around 22 °C and the relative humidity was around

60%.

Table 5-7: Parameters of operating incremental hole drilling

Parameters Value

Drill diameter d, [mm)] 1.5
Rotational speed of drill [t/min] 2’800

Type of gauge HBM 1-RY61-1.5/120
Number of incremental steps en z-axe (for h, = 100 [um]) 10

Number of incremental steps en z-axe (for h, = 300 [um]) 30

A comprehensive description of the method and the formulae for evaluation of
the measurement results made in the 0°/45°/90° directions are given in the ref
[194-196]. Amongst these, Hoffmann has used the same HBM- RY 61 Drill-Hole
Rosette.

Once the microdeformations are measured for the three gauges a, b and ¢, one can
determine the principle directions. The principle direction 1 makes an angle ¢
(equation 5-8) with the trigonometric direction prior to a, the principle direction 2

makes an angle of 90° with the principle direction 1.

Table 5-8 shows the principle of ¢ calculation between the principle axe and a

direction of the rosette.

1 e+ —2gl

@ =—arctan| —*—% " 5-8
2 £, — En

Table 5-8: calculated ¢ between the principle axe and a direction of the rosett
Nominator >0 >0 <0 <0
Denominator >0 <0 <0 >0
— arctan( nom | z_1 arctan( nom ) z + 1 arctan( nom )| T— 1 arctan( " )
0 denom’| 2 2 enom | 2 2 denom 2 enom
0<@p<45° 45° < <90° 90° << 135° 135°< ¢ < 180°

When a strain gauge is bonded to the sample surface and a small hole is carefully
drilled, a certain amount of deformation will occur as a result of removal of

residual stress that initially existed in the specimen. Therefore, each measured
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incremental strain change is the result not only of stresses in the drilled increment
but are also influenced by stresses in previously drilled increments. In other word,
the residual stress calculated release 1S Gegt+AC s Where AG,es = E. A€ So that, it
is of primary importance that the numerical values of the hole drilling calibration
constants k; and k, should accurately represent the mechanics of the hole drilling
process. The fundamental equation describing the relationship between the
released strains measured during hole drilling and the underlying residual stresses
has been established based on the principles of superposition of strain states [197-

199].

de 1
Z=—K@®@.o 5-9
& E (2).0(2)

The nominal measured strain €, can be calibrated in correlating them to K; and

K, as the following [200]:

Ag, =K\(2)¢&,,+K,(2veE,, 5-10
Ag) =K (2)€,, K, (z).v.[em,c +€,, —gm,,,] 5-11
Agan = Kl (Z)‘gm,c _KZ (Z)‘v'gm!a 5']2

Two-dimensional system here is considered, since the stress normal to a free
surface can be neglected. It is possible to calculate the magnitude and direction of
the maximum residual stress in the component by combining the principal
residual stresses 6 and ;. The calculation is based on the experimental strain
measured at each n™ increment of depth, €%, Sbin and €5, and calibration
coefficients K; and K.

The change in the hole geometry must also be taken into account. Each
previously removed layer affects the total strain measured on the surface. So the

strain measured on the surface due to the removed layer is expressed as follows

[201, 202]

i=n—1
e’'=¢,,’ - Zeml where j=a,b and c¢ shown in Figure 5-6.
i=1
For example:
2
& = 8m,3a - 2873 = 8m,3a - (AS& + Ag;3)

i
i=1
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where ejmn is the total strain measured on the surface when removing the n®

increment. €}, corresponds to the part of the total strain related to layer i when the
n™ increment is removed. The schematic drawing of the drilling process is shown

in Figure 5-7.

Residual stress

Hole drilling

(o3 Stress relaxation

max # O min

Nominal g

m

Calibrated strains Calibration

&l constants k;, k,

in

Figure 5-7: processing scheme for residual stress determination using the hole drilling
method.

Once the strains €%, , ebin and €°;, are calibrated, the final principal stresses Gpax

and o are calculated according to the specifications of the Rosette HBM [196]

E b E b2 2
O min =——— (&0 + ) T—54/ (€ + €5, =28, + (&5, — &, 5-13
max, min 4A m lﬂ) 4B J( m m lﬂ) ( m lﬂ)

Where A and B are dimensionless calibration constants depending on the
diameter and depth of the hole.

_a 4y, 2a || a0 At

2r,.1; Tk 2r,.1,

A 5-14

v = Poisson's ratio for the measurement object material,
1, = external radius of the measurement grid,
1; = internal radius of the measurement grid,

a = radius of the drill hole.

The directions of the principal stresses must be determined according to the

schema given in section for the 0°/45°/90 ° rosettes.
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Replacing the dimensional values of this specific rosette (RY 61) in (5-13): r,=3.3

mm, 1; = 1.8 mm and a = 0.75 mm:

b a c b \2 a a2
__Ec'(gian+8in)+_Ec'\/(gin+8in_28in) +(gcin_gin)

O-max min — - 5-]5
' 0,1894(1+v,) 0,7576-0,0606-(1+v.)

The model used to determine the residual stress distribution is based on the
hypotheses indicated below:
1. the stress determined is homogeneous in the removed layer,
1.  the material is elastic, isotropic and linear,
ii.  the normal stress is negligible,
iv.  the rosette geometry is perfect,
v.  the residual stress determined is less than the elastic limit of the material,
vi.  all displacements are continuous at the interface between the coating and

the substrate.

The absolute equivalent stress can be determined using Von Mises equation:

— 2 2
O-VonMises - \/O-max t+0 ~ O nmax0, 5']6

min max "~ min

2.3 RESIDUAL STRESS BY INTERFACIAL INDENTATION

The interfacial indentation test allows determining the residual stress in the
coating. However, to avoid any misleading, the residual stress model will be

introduced in (section 3.2) after introducing the indentation method.
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3. EXPERIMENTAL PROCEDURE FOR ADHESION MEASUREMENTS
3.1 TENSILE ADHESION TEST (EN 582)

Testing samples of 25 mm diameter were joined with the cylindrical counter parts
according to the standard test EN 582 [132] using an adhesive agent. The tensile
load was applied with the Universal Epprecht-Multitest tensile machine. The
mean adhesive strength values were avaraged from three to five tests performed
under the same conditions and one as a blind test without coating in order to
calculate the adhesive strength of the glue. The tensile adhesive strength was

calculated by:
Omax = F/A 5-17

Where F is the maximum load at rupture and A is the normal section of sample.

The sample geometry is shown in Figure 5-8.

NN NN NN

)]

s

2
LR

50 min.

Counter body ——»

7777777
30

7 7 7 77/

M6
B25

Figure 5-8: Schematic presentation of tensile adhesion test according the standard
configuration EN 582 [132].
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3.2 INTERFACE INDENTATION TEST

Coated samples were cross sectioned to have 40 mm width and 30 mm length as
shown in Figure 5-9-a and polished up to 1 um grit size. A conventional
pyramidal Vickers micro indenter (Leitz Wetzler- Germany) with the angle of
two opposite faces of 136° £ 0,3° with integrated optical microscope was used.
The load at interface was maintained constant at least for 30 seconds in order to
avoid the dynamic indentation. The lengths of diagonal imprint d and crack a

were optically measured (100x of magnification) as shown in Figure 5-9-b.

P 40 mm o~
Load [N] |
Substrate |
.......... A
Coating
a)
d a, d/2 [um]
Aalum] A
- /2 [pm] O
2a aclb---oooooo
Pc PIN]
b) c)

Figure 5-9: a) schematic 3D presentation of interface indentation on the cross section, b)
crack measuring and diagonal hardness at the interface, c) bilogarithmic plot of two
segments, diagonal of hardness and crack length.

The measured diagonals of the indent and associated crack length values can be
plotted in a bilogarithmic diagram versus the indentation load. The two straight
lines associated to these two measurements segments cross at the critical point

(P, a.) as shown in Figure 5-9-c. This point is very important since it represents
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the resistance to crack initiation at the interface, i.e. a parameter related to the
resistance to cracking of the interface. Knowing the critical point, the interface
toughness can be calculated by the model proposed by Chicot and Lesage [145,
203-205] in the following equations:

172

P

K., =o,o15%-(£J 5-18
c H I

Where the ratio (E/H); representing the properties of the materials each part of the

interface is given by the following equation:

(E jl/z (E jl/Z
172 oy T
(Ej sy 519

H . 1+(115J1/2 1+([—]RJ1/2
HR HS

This method implies statistical calculation of cracks length induced by
indentation. For example, the plot to determine the critical point contains
averagely 10 to 15 points; each point is usually obtained from 6 to 10 indentation
measurements.

Lesage and Chicot [97, 206] have shown that coating thickness has a large
influence on interface toughness results. The residual stress effect on interface
toughness is represented by a parameter f. This parameter is a function of the
residual stress intensity and interfacial crack lengths. This influence can be

expressed by:

A (hz,a(h))
t

K, =K

ca ca0

5-20

where K., is the interface toughness, K. is the extrapolated toughness for an
infinite thickness where the residual stresses are negligible as shown in

Figure 5-10, A is the coating thickness, flo(h), a(h)] is a parameter depending on
residual stresses and interfacial crack length. Lascar works [207], Lesage and
Chicot [97, 206] define the hypothesis that the interface zone behaves as a brittle

bulk material.

2
K, =Ko+ a 5-21

ﬁ O s+

where o, is the residual stress intensity, 2 / 7% is a coefficient associated to the

ca0

Vickers indent, and a9 is determined with the following system:
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P E 1/2

K 0 =0.015—2 (EJ (extrapolated value) 5-22
c0 i

log(a,,,) =a+ B.log(P,)  (apparent hardness segment) 5-23

Finally, from the precedents equations, the residual stress can be expressed by:

_ (Kca B KcaO ) * \/;

o
res
2./a.,

5-24

The G5 of equation 5-24 can be calculated without any knowledge of how could

be the intensity and repartition of the stress.

Kcal

4

Kca3

K., [MPa.m"’]

>

S ;
Jo o o

Figure 5-10: extrapolating K., from infinite thickness of coatings

3.3 IN-PLANE TENSILE TEST

The tensile tests were carried out on a micro-tensile stage (Kammrath & Weiss
GmbH, Dortmund, Germany) which has been inserted under the light microscope
(this can also be used inside a SEM). The whole geometry were defined
according to the standard tests of ISO 6892 [183] as shown in Figure 5-11.
Videos of the specimen surface were captured during tensile testing from frontal
and upper sides. This was done on 1 to 24 in Table 5-5 samples, coated with one

side and loaded along its longitudinal axis. The displacement rate was 64 um/s
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measured using an extensometer. The span of displacement measured was 20
mm. The Young modulus, yield strength and ultimate tensile strength were
calculated from 6—€ curve with these tensile experiments.

Each combination of FS samples was tested only once, whereas, each
combination of VPS samples was tested 3 times. Particular attention was paid to
the evaluation of adhesion in this section. The theoretical approach will be

discussed in details in chapter 7.

b)

Figure 5-11: a) micro-tensile stage ( Kammrath & Weiss GmbH, Dortmund, Germany,
b) sample configuration according to ISO 6892 [183] with one plane side coating.

3.4 ROCKWELL-C INDENTATION AND FINITE ELEMENTS
SIMULATION

3.4.1 PRINCIPLE AND MEASUREMENTS

The method to determine the interface toughness has been proposed by Drory
[136] for thin film deposited on a ductile substrate. This method has many
advantages: 1) low cost, ii) current widespread use in metallurgical laboratories.

The coated samples are placed in a Rockwell hardness tester using a conic brale
C-indenter of 120° with a tip radius of 200 um. 250 Kg of load (upper force limit
of experimental setup) have been used as a method for assessing the adhesion of

coating on ductile substrates. This requires the measurement of the radius of the
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residual impression of the indented substrate and the coating delamination radius
D/d or R/a as shown in Figure 5-12- a & b. A 3D topographic micrograph of a
Rockwell-C indentation through the coating of Al,O3 on the substrate of TiAI6V4
is shown in Figure 5-12-c. D and d both values have been measured by an optical
profilometer.

The indenter creates free edges in the coating at the radius a where it contacts the
coating. From this edge, where the coating experiences the highest induced
stresses, an interfacial crack between the coating and the substrate may be
initiated, spreading outward radially to the point where the energy release rate
available to drive the crack drops below the interface toughness. The interfacial
delamination of the Al,O3 coating on the Ti alloy substrate is shown for example
in Figure 5-12-c is accompanied by delamination and breaking-up the coating at a
distance R to leave a narrow annular part of coating behind the interface crack tip.
The coating in the example is well adherent and is partially detached around the
indentation. The radius of the delamination around the hole stops growing as soon
as the total strain energy in the layer locally equals the effective adhesion energy.
The delamination radius is thus a measure of the adhesion. The deformation field
around the indentation in the pure substrate can be simulated by finite elements

modelling assuming the coating thickness is negligible to the indentation depth

[5, 16, 136].
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T
]
e

Substrate

(b)

Figure 5-12,a) axisymmetric geometry of indentation experiment for mechanics analysis

[136], b) schematic presentation of delamination radii R/a in the model, c) a
topographic macrograph of the indentation and delamination.

3.4.2 NUMERICAL MODELLING BY FINITE ELEMENTS ANALYSIS

In this work, a finite element model has been established to simulate the
indentation including effect which was not treated by Drory like friction
coefficient of the indenter against the coating. The model contains a numerical
simulation of the indentation combined with fracture mechanics analysis of the
crack propagation at interface to allow the determination of interface toughness.

The axisymmetric model consists of 3270 fully integrated elements. Ideal elastic—
plastic material behaviour for the substrates has been assumed. The finite
elements mesh used is shown in Figure 5-13 with the assumption that the indenter
is infinitely stiff. The displayed radial strain decreases at the surface with
increasing distance from the indentation. The model takes into account several

non-linearities like large deformations, plasticity and mechanical contact and
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therefore a calculation takes several hours. Furthermore, 0.1 of frictional

behaviour between indenter and counter-body has been assumed.

This model may suit mainly brittle coatings [208]. However, metallic and ceramic

flame sprayed coatings samples were tested. Based on the model of Drory and

Hutchinson [136], the radial stress, released rate energy and interface toughness

can be calculated as the following:

— EC
1-v%c

Where the residual strain is given by:

(g (M +E )+ V(€ o (M) + E)) 5-25

rr,c

_1-v
res res
EC

where G, . is the radial stress generated by the indentation in the coating, from

5-26

this stress components, the critical strain energy release rate G, and the interface

fracture toughness Kjc can be calculated [136, 208, 209]:

Gczm.aﬂ(lf)z 5-27
2E,
k= | e Ce 5-28
(1-v.7)
: :
¢

Figure 5-13: axisymmetric simulation by Abaqus in loading mode.

The boundary conditions such as the elasticity and plasticity of materials were
acquired from the o—¢€ curve obtained from the previous performed standard
tensile test ISO 6892 [183] taking into account the true stress and true strain

which are calculated from the following equations [210]:
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OTrue = O-N()m (1 + gN()m) 5-29
8True = Ll’l(l + gNom) 5-30
4. SUMMARY

This chapter is a detailed account of the experimental procedures and protocol
followed during the investigation. To start with, the substrate and powder
materials have been introduced and the processes used to deposit the coatings
have been stated. This is followed by an elaborate description of the strain
measurement procedures to determine the residual stress using various
approaches like curvature bending, hole drilling and interfacial indentation
methods. However, to evaluate adhesion, pull-off, in-plane tensile, interfacial
indentation and Rockwell indentation methods were described. Finally, the

computational procedure to estimate stain and stress has been stated.
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PART C: RESULTS AND DISCUSSION

CHAPTER 6 : RESULTS OF RESIDUAL
STRESS

1. RESULTS OF CURVATURE BENDING TESTS

The average in-plane residual stress at the interface of a coating and its substrate
was determined based on the beam theory using two approaches:

e Clyne [193] who developed an analytical solution for the stress induced
through the whole coating section. Table 6-1 and Figure 6-1 show some
results of residual stress distribution based on curvature bending.

e Godoy [125] whose methodology allows the estimation of the stress at and
near the interface which is our zone of interest. Figure 6-2 shows the
residual stress calculated for the as sprayed and annealed VPS NiCr-80-20

coatings.
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-13

“ s

Figure 6-1: stress distribution in as sprayed N-V-300-3/SS and annealed coatings (in
yellow) N-V-300-3/55* as highlighted in bold in Table 6-1
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VPS NiCr 80-20 coating combinations
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Figure 6-2: bending curvature residual stress of VPS NiCr 80-20 coatings measured and
calculated using Godoy approach.
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Table 6-1: some of residual stress results calculated for one sample among three of each
combination of as sprayed and annealed (denoted by *) VPS NiCr coatings obtained

from bending curvature based on Clyne approach [127]

Residual stress distribution [MPa]

Combinations

Oc (y=hc) Oc (y=0) Os (y=0) Os (y='hs)
N-V-100-3/SS -531 -531 -16 13
N-V-100-3/SS* -391 -297 -12 10
N-V-300-3/SS -378 -382 -31 23
N-V-300-3/SS* -218 -225 -24 13
N-V-100-6/SS -567 -568 -17 14
N-V-100-6/SS* -556 -423 -17 14
N-V-300-6/SS -425 -429 -35 26
N-V-300-6/SS* -372 -292 -39 23

The approaches of Clyne and Godoy gave different results, as it can be seen on

Figure 6-2 and Figure 6-1. The analytical model of Clyne is mainly a stress
distribution and the model takes only into account the induced stresses which
arise from the secondary cooling (thermal stress), subsequently, residual stresses
are always overestimated. However, Godoy considered the average stress in
coating and the substrate at the interface zone, which represent our particular
interest studied zone. Therefore, bending curvature analysis by Godoy approach
will be considered in our study and will be compared to other measurements

methods.

2. RESULTS OF INCREMENTAL HOLE DRILLING TESTS (IHD)

The residual stress state and gradients of as sprayed and annealed VPS NiCr 80-
20 coatings were measured by the hole drilling method as previously described in
chapter 5. Only coatings of thickness 300 um were tested, because the method is
known to give less precise results for coatings of a lower thickness such as 100
um [211]. The negative stress values stand for compressive state, whereas the
positive values stand for tensile one.

Figure 6-3 and Figure 6-4 show the incremental hole drilling results for two
different coatings, VPS NiCr 80-20 as sprayed and annealed, with 300 um of
thickness with two levels of roughness, Ra=3 and Ra=6 pum. The theoretical

interface location is placed on the graph, but may vary slightly prior the
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interfacial roughness. Such location (highlighted in blue) is referred as "near

interface" in the rest of the document.
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Figure 6-3: through-thickness residual stress of a) as sprayed VPS NiCr 80-20 with 3 um
of interface roughness (combination 19: N-V-300-3/SS) showing the gaps in residual
stresses and b) the annealed sample (combination 20: N-V-300-3/SS%).
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Figure 6-4: through-thickness residual stress of a) as sprayed VPS NiCr 80-20 with 6 um
of interface roughness (combination 23: N-V-300-6/SS) and b) the annealed sample
(combination 24: N-V-300-6/5S%).

The principal stress components G i, and Gnax through the as sprayed coating
section are illustrated in Figure 6-3-a and Figure 6-4-a showing a compressive
stress field along the whole coatings thickness, which become less compressive
towards the coating surface. The variation in principal stresses is mainly due to
the direction of plasma torch translation. Such variation of principal stresses was

also observed in literature [107, 115, 212-215].
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In order to express the through-coating stress profile in one magnitude order, one
can distinguish different intensities:
i. The mean equivalent Von Mises stress near the interface zone
(highlighted in blue Figure 6-3-a) was determined and presented in Figure
6-4 and Table 6-2. The order of magnitude is expressed in Figure 6-5
including the standard deviation to indicate the gradient of residual stress
within three points near interface zone. The mean equivalent Von Mises
stress is only an approximation upon the local stress intensity, but it did
not provide any information about the stress distribution. The effect of
annealing on residual stress will be discussed in the next section.
ii.  The gap between residual stresses located at the interface and at the
substrate are presented in Figure 6-3-a for the two principal directions and
designed as AGyes (min) aNd AGres (max)- Figure 6-6 and Figure 6-7 show the

absolute values of these gaps AGres (max) @1d AGies (min) respectively.

Table 6-2: Von Mises stresses near the interface of combinations and residual stress gap

between interface and substrate in VPS NiCr 80-20 coating

Von Mises v.s. depth MPa MeanV.Mies ST A G smax A O resmin
Combinations (5 57 0.3 0.35

mm mm mm MPa MPa MPa MPa
N-V-300-3/SS 115 121 128 121 7 274 243
N-V-300-3/SS* | 170 166 163 166 4 67 113
N-V-300-6/SS 173 195 230 199 29 272 272
N-V-300-6/SS* 87 241 312 213 115 255 207

95

© 2011 Tous droits réservés. http://doc.univ-lille1 fr



Thése de Mousab Hadad, Lille 1, 2010

Chapter 6: Residual stress in thermally sprayed coatings
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Figure 6-5: mean equivalent Von Mises stress within the near interface for the NiCr 80-
20 as sprayed and annealed.
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Figure 6-6: the gap AGC;., may in residual stress between interface and substrate for the
NiCr 80-20 as sprayed and annealed.
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Residual stress gap between substrate and interface
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Figure 6-7: the gap AG;,s min in residual stress between interface and substrate for the
NiCr 80-20 as sprayed and annealed.

It is acknowledged that if the stress/strain behavior is nonlinear due to yielding or
other causes, the calculated residual stresses will be erroneous [215]. Localized
yielding due to the drilling of the hole may occur if the initial residual stress is
close to the yield strength of the material. Therefore the measurements are
considered as valid only if the residual stresses are below 70% of the yield
strength as it is recommended by Grant [215]. Even more cautious standard
ASTM E 837-01 [216] states that this technique is only valid in situations where
the residual stresses do not exceed 50% of the yield strength. In this work, the
highest absolute value of residual stress was found to be 271 MPa. The yield
strength of NiCr is approximated to be three times the Vickers hardness value
[217, 218], to give 293 x 3= 879 MPa. Subsequently, the highest residual stress
value can present around 30% of yield strength.

Furthermore, it is well recognized that the hole drilling method is not accurate
below (approximately) 50% of the hole diameter because the depth reached by
the drill is too far from the surface where the strain gauges are placed and the
variations of their deformation very difficult to measure [202]. In experimental
studies, the hole diameter is 1.5 mm, the results therefore, are considered to be

reasonably accurate for drilling depths up to 0.6 mm.
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Some other problems can also influence the precision of the measurement. For
example, Sasaki et al [219] have shown in a recent work that the eccentricity of
the hole is also an important experimental parameter to consider. When there is
no measurable eccentricity, the hole drilling method allows to determine the
stress with an error of not more than 3% of the actual value. When there is a
noticeable eccentricity, the error can be of 20% - 30% of the true value. Oettel
[220] also estimated the uncertainty of the gauge itself at 3% of the highest level
of strain. Schajer [221], Grant [215] and Valente [212, 222] also pointed out
various sources of error, but the operator skill has been identified as probably the

most important parameter in achieving a reliable and quality measurement.

3. RESULTS OF RESIDUAL STRESS BY INTERFACIAL
INDENTATION

Table 6-3 summarized the residual stresses results obtained by interfacial
indentation (methodology explained in 3.2 chapter 5). Tensile stresses were
obtained for all coatings on Ti alloy substrate while the other combinations were
in compressive stress, the reason of these different states in residual stress will

discussed in the next section.
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Table 6-3: summary of residual stress results determined by interfacial indentation

2| & & h: Ra K., a K. Ores
§ '*E 'E Combinations

&S| 2 gm pum MPa.m®™ pm  MPa.m® MPa

1 N-F-100-3/St 100 3 1.68 23.9 2.39 -159

2 N-F-300-3/St 300 3 2.31 8.00 2.39 -24

=3 N-F-100-6/St 100 6 1.64 35.80 2.14 -90

g 4 N-F-300-6/St 300 6 2.08 13.0 2.14 -14

.C; 5 N-F-100-3/Ti 100 3 1.42 1.12 0.78 386

g 6 N-F-300-3/Ti 300 3 1.41 3.94 0.78 62

7 N-F-100-6/Ti 100 6 3.18 0.58 0.74 646

- 8 N-F-300-6/Ti 300 6 1.01 0.32 0.74 525

= 9 Al-F-100-3/St 100 3 1.34 2.62 1.62 -60

10 Al-F-300-3/St 300 3 1.59 2.83 1.62 -14

11 Al-F-100-6/St 100 6 1.86 1.78 0.59 -60

S| 12 Al-F-300-6/St 300 6 0.73 1.87 0.59 -80

:El 13 AI-F-100-3/Ti 100 3 3.01 0.77 1.41 28

14 AI-F-300-3/Ti 300 3 1.02 5.30 1.41 14

15 AI-F-100-6/Ti 100 6 3.94 0.58 0.74 646

16  Al-F-300-6/Ti 300 6 0.77 0.32 0.74 525

17 N-V-100-3/SS 100 3 1.47 41.0 4.81 -462

18 N-V-100-3/SS* 100 3 2.19 24.0 3.92 -309

S 19  N-V-300-3/SS 300 3 4.44 12.5 7.81 -92

% 2 20 N-V-300-3/SS* 300 3 3.81 20.8 3.92 -21

>~ i:) 21 N-V-100-6/SS 100 6 1.68 66.1 3.94 -246

g 22 N-V-100-6/SS* 100 6 2.91 15.9 2.51 91

23 N-V-300-6/SS 300 6 3.69 16.0 3.94 -56

24 N-V-300-6/SS* 300 6 2.55 12.4 2.51 12

* highlighted combinations are denoted for annealed samples

4. DISCUSSION

Results of residual stress obtained from bending curvature, incremental hole
drilling and interface indentation all revealed a compression stress field achieved
in the as sprayed NiCr coatings on the steel substrates. These results can be
therefore explained by the physical properties of coating-substrate systems as

previously stated in table 5-6 chapter 5. For example, the as sprayed VPS
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NiCr/AISI304 system has (o = 12.5 < o= 17.2 pm/mK) and the resulting
induced stresses are dependent on the magnitude of the stresses which arise from
the secondary cooling (thermal stress), bearing in mind that the induced stresses
due to the primary cooling (quenching) are always tensile. Because the
Ao =4.7 ym/mK value in this coating —substrate system is quite significant (even
at high temperature as observed by Ishida [223]. Figure 6-8 shows the increase of
the CTE of both, coating and substrate and the droop of E modulus accordingly)
for the stresses induced by thermal shrinkage when the specimen is cooled down
from the process temperature to room temperature (AT is around 730 K).
Therefore, the compressive stresses associated to the secondary cooling process

are dominant.

200 SUS304 20 © sysso4 .-
160 - L .
© 29 16
S 120 ¢ s r I
“ A ™ 80Ni20Cr
M 80 |- \l‘ b 12 L
80Ni20Cr |
40 r—\ ' 8 -
0 ; ey L T
0 400 800 0 400 800
Temperature °C Temperature °C

Figure 6-8: Young modulus and thermal expansion coefficient of NiCr 80-20 plasma
sprayed coating on SUS 304 substrate [223].

The results from interfacial indentation shown in Table 6-3 revealed that a tensile
stresses were occurred in all coatings sprayed on Ti alloy substrate. This can be
explained by the following points:
1. For the FS NiCr coatings on Ti alloy substrate, as this system
characterized by o.=14>0,=8.6 um/mK. Evidenced tensile residual
stresses are resulted and this is in agreement with literature [224, 225] as

well as with the predicted theoretical stress state as reported in Table 6-4.
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Table 6-4: induced stresses in the coating during thermal spraying [91]

il.

Origin of stresses O < Ol O¢ = Ol O¢ > O
Quenching stress + + +
Thermal stress - 0 +
Resulted residual stress + or - + +
+ ; tensile stress / - ; compressive stress
Regarding the Alumina coatings on Ti alloy substrate, where

0=5.7<0s=8.6 pm/mK (at room temperature), at the spraying conditions
(melting temperature of alumina (bulk) is around 2000 °C and the
substrate preheating up to ~250°C), the coefficients of thermal expansion
are getting closer (0, = 10 and 0= 9.2 pym/mK, an approximative value is
assumed taken from [226]), it means that the Ao value is maybe tending to
be very small. Therefore, the tensile stresses associated to the primary
cooling (quenching) process are dominant (quenching stress is always in

tensile).

The stress distribution, its intensity and state (sign) in the coating, is strongly
dependent on the specific spray process [227] and processing conditions [228].
Figure 6-9 gives a schematic presentation of the stresses that could be obtained
using different temperature deposition, The final residual stress state through the
whole coating/substrate system is the result of the superposition of stresses of
different nature induced during the spray process: quenching, thermal mismatch,
and peening stresses, together with the compressive stress state of the substrate
induced during the grit blasting prior to spraying [229-231] (see Figure 6-10).

In addition to these stress sources, there are a various factors that can affect the
stress, e.g. phase transformation accompanied by volume change and chemical

changes like oxidation.
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Figure 6-9: schematic profile of residual stress as function of temperature of deposition
of molybdenum, a) a low T, b) middle T,, c) high T, [232].
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Figure 6-10: Schematic presentation of radial stress distribution in HVOF sprayed
coating (Inconel 718 coatings on Inconel 718 substrates) [229].

Lyphout [229, 230] found compressive stress is achieved in both coating and in
substrate at the interface, but the difference in stress amplitude at the interface
AGS;Cim seems to significantly decrease when coating thickness is increased and
this is in perfect agreement with our results illustrated in Figure 6-2.

Figure 6-11 shows a comparison results of VPS NiCr of residual stress obtained
by bending curvature, interface indentation and incremental hole drilling (IHD)
methods. However, two statements are to be considered:

1. for coatings with 100 wm thick; the residual stresses obtained by the
bending curvature and interfacial indentation methods seem to be in a
comparable order of magnitude. This agreement is not found at higher
coating thickness e.g. 300 um because residual stresses obtained by

interfacial indentation are localized in a small volume circumscribed at the

interface zone,
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ii.  for coatings with 300 um thickness, the residual stresses obtained by
bending curvature and incremental hole drilling show a comparable order
of magnitude.

However, main residual stresses were found to decrease with the increase of
coating thickness, and this was mainly attributed to possible annealing effects on
the stress in previous layers caused by heat input from new layers.

The difference in residual strress intensities obtained by previous methods is
possiibly attributed to the following factors:

1.  the difference in the relevant measurement volume/area of the coatings-
substrate system, for example, the hole drilling measurements are
localized to a volume of the order to 1 mm’ , whereas, the interface
indentation measurements are localized on loaded zone along the
interface for important length of sample section (40 mm long), while the
curvature measures the stress in coating of tenth of millimeters over a 7
cm of length.

ii.  the difference in analytical model and assumptions of residual stress

estimation.

This can be schematically illustrated in Figure 6-12 containing the three models
of residual stress. The measured bending curvature is based on the beam theory
using Godoy appoach as an average residual stress at the interface between
substrate and coating and denoted by oGodoy. In the incremetnal hole drilling; the
profiles obtained could be expressed in a single value such as the gap in radial
stress between interface and substrate op. The residual stresses obtained with
interfacial indentation denoted by ai,q were calculated starting from several (up to
100) indentation measurements while curvature residual stresses are averaged
mainly from 3 measurements. It is very interesting to see every testing method of
residual stress gives a unique value and has different characteristics, e.g. interface
indentatation can provide a very coherent results at and around the interface,
whereas the bending can give very general information about residual stress state
and intensity of all the sample, lastly, the incrementatl hole drilling method can

locally provide in a small volume, a through coating gradient of residual stress.
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To conclued, the methods employed are complementary, and each can supply
unique information.

Residual stress measurements using different techniques

N-V-100-3/SS N-V-100-6/SS N-V-300-3/SS N-V-300-6/SS

-100 -

-200 -

-300 -

-400 -

-500 -

Residual stress MPa

-600 -

-700 -
HIHD M Bending curvature M Interfaceindentation

Figure 6-11: Residual stress of as sprayed VPS NiCr coating measured by different
techniques.

Coating Substrate

Surface

Crap

J(ﬁ)dqr

Figure 6-12: schematic presentation of different model of residual stress calculation.
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4.1 EFFECT OF ANNEALING ON RESIDUAL STRESS

The annealing treatment up to 800°C for 75 min that has been carried out on the
samples aiming to reduce the intensity of residual stress in the coating and at the
interface. The general residual stress results obtained after annealing showed a
partial release within the range of 20% down to 65%. These orders of reduction
were also observed in the following references [98, 99].

Results obtained from bending curvature confirm an important residual stress
relief was occurred as shown in

Figure 6-2. For coating with 300 wm thickness, the residual stress relief was
measured in the range of 30% down to 40 %. For coating with 100 um thick, two
different orders of relief can be observed:

1.  for coating with Ra= 3 um of interface roughness, a decrease down to
65% was achieved,

ii.  coating with Ra= 6 um of interface roughness, only a 22% of residual
stress relief was measured. This may be explained by the fact of a higher

of mechanical interlocking (higher interfacial roughness) helped to retain
more the residual stress.

Figure 6-3 and Figure 6-4 illustrate the principal stresses intensiti€s G min and Cmax
through the coating and show for the as sprayed samples a compressive stress
field along the whole coatings thickness. The annealed profile can be
distinguished by two components of principal stress, one is in compression and
the other was developed after annealing to be in tensile, this stress conversion to
tensile can be explained by two reasons:

1.  the elastic stress relief and conversion prior to the direction of plasma
torch translation,

ii.  phase transformation or/and new phase formation after annealing which
led to an important relief of residual stress and to a partially conversion
to tensile stress state. This case will be analyzed and discussed later in
chapter 7, where chromium segregation and chromium carbide have

been observed within the coating and at the interface.
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However, this residual stress conversion to tensile state was locally observed and
was not the dominant stress field within the coating, because the bending
curvature results did not show any tensile behavior in the annealed samples.
However, Figure 6-5 shows higher Von Mises stress value for annealed specimen

than for as sprayed ones. This can be explained by the calculation of Von Mises

equivalent stress (o

VonMises

=\/<7iw+0'2 -0 o, ), as the difference between G min

min max~ min

and Om,x components near interface zone in annealed samples is higher than that
in as sprayed one, the Von Mises stresses subsequently are larger as illustrated in
Figure 6-4. However, to avoid this misleading, an example can be given; the Guin
at the interface of as sprayed sample is -225 MPa whereas, the 6 i, = -76 MPa at
the interface of annealed sample.
Results obtained by interfacial indentation method shown in Table 6-3 indicate an
important release in the residual stresses was achieved after annealing, in
particular, combinations 22 and 24, a conversion in residual stress state from
compression to tensile was occurred, for example, in combination 24, the residual
stress converts from —56 to +91 MPa, it is very interesting results since this
conversion has also been partially observed locally in incremental hole drilling
results. This conversion in residual stress state is previously discussed in the
previous paragraph.
After annealing, Weyant [233] observed a decrease of residual stress intensity in
the thermal barrier coatings (consisting of a NiCoCrAlY bond coat and an yttria-
stabilized zirconia (YSZ) topcoat) and a reduction of residual stress gap between
the substrate and the coating. However, as reviewed by Hurrell et al [96], there
are many ways either to reduce potentially harmful residual stresses, or to
introduce beneficial residual stresses to prolong life. At least two stress relief
mechanisms are important:

1. plasticity caused by the reduced yield stress at elevated temperature which

occurs essentially instantaneously as the temperature increases,

2. creep mechanisms which occur over a longer period of time [234].

It should be noted that because plastic strain generated from the misfit cannot be
relieved by local plastic flow but requires larger scale rearrangement. Depending

on the temperature, annealing can mainly modify the distribution of residual
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stress around the interface [97, 98]. Furthermore, annealing can affect
significantly the microscopic residual stress type I and II as previously reported in
chapter 3, and less the thermal stress issued from the mismatch of CTE of coating
and substrate. For example, Laribi [99] found a significant reduction of residual
stress after annealing molybdenum coating on steel substrate, where a chemical
diffusion of a e(FexMoy) fragile intermediate phase at interface was observed.
Lesage [98] found the annealing treatment of NiCr coating at 600°C led to a
considerable improvement of coating adhesion due to the reinforcement of the
metallurgical bonding between the coating and the substrate which was attributed
to inter diffusion of iron, nickel and chromium. Brossard [100] found in NiCr
sprayed particles on the stainless steel substrates an inter-diffusion between both

materials, and grains growing across the interface into both phases.

5. SUMMARY

In this chapter, the results of residual stress measurements were reported using
three methods; curvature bending, incremental hole drilling and interfacial
indentation. The obtained results can be summarized in the following points:

1. the residual stress obtained using all methods were measured to be in
compression state in NiCr coatings on the steel substrates. This was explained
prior to the physical properties e.g. CTE, of coating-substrate systems,

2. tensile stress were obtained using interfacial indentation were occurred in all
coatings sprayed on Ti alloy substrate. Evidenced tensile stress in the system
FS NiCr coatings-Ti alloy substrate was achieved, since this system is
characterized by o.=14>0,,=8.6 pm/mK. On the other hand, the tensile stress
achieved in the alumina coatings-Ti alloy substrate system was found to be
mainly associated to the primary cooling (quenching) process,

3. comparing residual stress results of VPS NiCr obtained three previous
methods. Two statements can be considered according to coating thickness:

1. a comparable order of magnitude in residual stress was achieved in
coatings with 100 wm thickness when comparing results of bending

curvature to interfacial indentation methods,
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ii.  for coatings with 300 wm thickness, the residual stresses obtained by
bending curvature and incremental hole drilling show a comparable
order of magnitude.

Every testing method of residual stress has some characteristics and advanges,
e.g. interface indentatation can provide very coherent results at and around the
interface, whereas the bending can give very large information about residual
stress state and intensity of all the sample, while, the incrementatl hole drilling
method can locally provides residual stress through-coating profile. The
difference in residual stress intensities obtained by the three methods is not only
attributed to the difference in analytical model in residual stress estimation, but it
is also related to the relevant measurement volume/areas of the coatings-substrate
system, for example, the hole drilling measurements are localized to a volume of
the order to 1 mm3, whereas, the interface indentation measurements are localized
on loaded zone along the interface for important length of sample section (40 mm
long), while the bending curvature measures the strain in coating of tenth of
millimeters over a 7 cm of length. However, the methods employed are
complementary, and each can supply unique information.

4. The effect of annealing can be concluded in the following points:

i.  The general effect of annealing treatment up to 800°C for 75 min reduced
the intensity of residual stress in the coating and at the interface. From
bending results, coating with interface roughness of Ra= 3 um showed a
decrease in residual stress down to 65%, whereas, coating with interface
roughness of Ra= 6 um, only a 22% of a decrease was achieved. This may
be explained by the fact of a higher of mechanical interlocking helped to
retain better the residual stress within the coating.

ii.  IHD method showed a compressive stress components along the whole
coatings thickness in the as sprayed samples, the profile of annealed
sample showed one of principal stress component was in compression and
the other was developed after annealing to be in tensile, this is mainly due
to the elastic stress relief and conversion prior to the direction of plasma
torch translation, and/or new phase formation after annealing. This case

will be analyzed and discussed later in chapter 7, where chromium
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segregation and chromium carbide have been observed within the coating
and at the interface.

Some of annealed results (e.g. combinations 22 and 24) obtained by
interfacial indentation method revealed also a conversion in residual stress

state to tensile for the same reasons explained above.
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CHAPTER 7 : RESULTS OF ADHESION
MEASUREMENTS

1. TENSILE ADHESION MEASUREMENTS (EN 582)

Tensile adhesion tests were carried out on combination samples 1-16 and 25-29.
The results including the standard deviation and fracture modes are summarized

in Table 7-1.
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Table 7-1: results of tensile adhesion tests according to the EN 582
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% .én -qg . O (tensile S.D Fracture
g § § Combinations
= O & MPa MPa mode
1 N-F-100-3/St 82 4 co
2 N-F-300-3/St 54 17 co
- 3 N-F-100-6/St 70 9 co
g 4 N-F-300-6/St 51 5 co
S 5 N-F-100-3/Ti 59 20 co
“~ 6 N-E-300-3/Ti 40 6 co
7 N-F-100-6/Ti 61 11 co
" 8 N-F-300-6/Ti 48 6 co
= 9 AI-F-100-3/St 90 7 co
10 AL-F-300-3/St 42 10 ad/co
11 AI-F-100-6/St 91 8 co
S 12 AI-F-300-6/St 68 11 co
= 13 AI-F-100-3/Ti 105 36 ad
14 AI-F-300-3/Ti 41 23 ad
15 AL-F-100-6/Ti 100 5 ad/co
16 AI-F-300-6/Ti 78 10 ad
25 Cer / steel 64 11 ad
= § 26 Cer /NiCr/ Cer 62 2 ad
S| 3 27 Cer/CoCy/ Cer 26 2 co
T3 28 Cer /Ni pl/ Cer 62 4 ad
29 Cer /Ni pl- x/ Cer 64 4 ad

The denoted letters co and ad as fracture mode stand for adhesive failure (failure within the glue)

and cohesive failure (failure within the coating), respectively.

Figure 7-1 and Figure 7-2 show the tensile adhesive strength values of metallic

and ceramic coatings respectively. In both figures the tensile adhesive strength

was observed to decrease with increasing the coatings thickness.

This can be explained by the glue used in the test that penetrates within the

porous coating at the same level for the thick and thin coating, but the volume

ratio of the strengthened layer (with the glue) to the volume of coating is

different. Subsequently, the tensile adhesion may increase in the thin coating. As

the flame sprayed coatings exhibit high porosity level up to 7 %. Therefore, the
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penetration of the glue is an important parameter which can invalidate the
physical properties of the coatings [235].

Tensile adhesive strength results for the sandwich based cermet coatings are
shown in Figure 7-3. The failure of coatings was occurred adhesively between the
glue and the substrate of counter body except for the combination 27 where the
Co-Cr interlayer failed cohesively. This can be explained by the high
concentration of oxide present within this coating that reduces the adhesion
between the splats. Regarding the influence of interfacial roughness on adhesive
strength, it is seen that both, ceramic and metallic coatings show a general
tendency to increase with increasing Ra value until an optimum that depends on
the substrate and coating materials. We have to precise that Ra is a topographic
parameter, is only the representative of the average 2D roughness. Since it is
unable to take into account the true area of contact between substrate and coating,
it cannot explain accurately the effect of interface roughness on adhesion [25,

236, 237].

The effect of coating thickness on tensile adhesive strength was reported in ref
[238]. Greving [10] found also the tensile adhesive strength of NiAl coating
decreases with increasing coating thickness and he attributed this to the tensile
residual stress distribution at the free-edges of coatings. Since the intensity of the
free edge stress increases with the coating thickness, the tendency for debonding
was more likely to appear in thicker coatings. Greving used layer-removal
method to evaluate the in-plane residual stress within the coatings [10, 239]. The
stress distribution along the z-axis has been assumed to follow a known pattern in
this case. However, such assumption of residual stress in z-axis seems to be weak
in our opinion, because the main influencing stresses are concerned with the
stress in X-Y plane. Unger [240] also reported a similar decrease in bond strength
for a plasma sprayed NiAl coating on Inconel 718 substrate. However, his
findings illustrate the tendency for bond strength to decrease as coating thickness
increases. Either of these two references did not elaborate on the type of failure,
i.e., cohesive or adhesive that has taken place. Han [11, 241] simulated an
axisymmetric crack at the interface edge between the coating and substrate for the

same tensile test configuration to predict coating failure based on the energy
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release rate. In spite of the fact that this crack extension was far away from real
test conditions, the prediction of adhesive strength was in good agreement with
experimental data.

Tensile adhesive tests involve a complex mixture of tensile and shear forces
which render the interpretation of the results difficult [242]. Moreover, it has been
discussed extensively in the literature [2, 18] that this test cannot be related to
fracture mechanics indices like toughness, as the crack propagation is

spontaneous and depends on the critical flaw size at the interface.
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Figure 7-1: results of tensile adhesive strength test of metallic coatings according to EN
582.
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Tensile adhesive strength of ceramic coatings

111

N
Q:‘:&(

0?,6\
:),Q

x,
Q-}f"' (o\"}'
& 4 o
2 S
& < & &
¥ ¥ ¥ ®

Coating combinations

Figure 7-2: results of tensile adhesive strength test of ceramic coatings according to EN
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Coating combinations

Figure 7-3: results of tensile adhesive strength test of sandwich combinations according

to EN 582.

To conclude, such adhesive failure cannot yield to a physical value to quantify the
adhesion and one can only assume that adhesion strength at the interface is
stronger than those values obtained. The results that we obtained demonstrate that

the tensile adhesive test might be no longer usable for the thermal spray coatings
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that are routinely produced nowadays. Since the adhesion between these coatings
and their substrate exceeds the resistance of the glue, fracture appears in majority
cohesively in the coating or “adhesively” in the glue. Allowing the fact that the
test is very time consuming, costly and gave very poor information on the
adhesion properties of the materials and it is probably going to be abandoned in
the near future in profit of more powerful tests. Some of them are described and

used in the following.

2. INTERFACIAL INDENTATIONS

Table 7-2 shows the results of the interfacial indentations of the whole coating
combinations as well as the critical load P, and the critical crack length a.. The
sandwich based cermet coating combinations were tested by the indentations
performed at the interface between the cermet coating and interlayer as shown in
Figure 7-4. This interface was investigated, since a previous study showed that

this location where the failure took place under tensile adhesion and shear tests.
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2| & 8 h. Ra a, P. (E/H)" Kea
§ ‘§ 5 Combinations o
~ QO Z pum  pm pm N - MPa. m™

1 N-F-100-3/St 100 3 5.21 0.13 8.34 1.68

2 N-F-300-3/St 300 3 6.10 0.26 8.34 2.31

- 3 N-F-100-6/St 100 6 14.03 0.16 8.34 1.64

g 4 N-F-300-6/St 300 6 11.93 0.66 8.34 2.08

§ 5 N-F-100-3/Ti 100 3 0.84 0.01 7.12 1.42

g 6 N-F-300-3/Ti 300 3 5.35 0.19 7.12 1.41

7 N-F-100-6/Ti 100 6 3.51 0.09 7.12 3.18

» 8 N-F-300-6/Ti 300 6 1.34 0.02 7.12 1.01

= 9 Al-F-100-3/St 100 3 1.55 0.02 8.93 1.34

10 AI-F-300-3/St 300 3 2.61 0.05 8.93 1.59

11 Al-F-100-6/St 100 6 4.95 0.12 8.93 1.86

O"’ 12 Al-F-300-6/St 300 6 2.95 0.03 8.93 0.73

T; 13 AI-F-100-3/Ti 100 3 3.01 0.06 7.25 3.01

14 Al-F-300-3/Ti 300 3 4.80 0.09 7.25 1.02

15 Al-F-100-6/Ti 100 6 2.57 0.06 7.25 3.94

16 AI-F-300-6/Ti 300 6 4.01 0.05 7.25 0.77

17 N-V-100-3/SS 100 3 0.16 5.82 8.61 1.47

18 N-V-100-3/SS* 100 3 0.13 4.01 8.75 2.19

= 19 N-V-300-3/SS 300 3 1.46 12.17 8.61 4.44

(£ g 20 N-V-300-3/SS* 300 3 3.46 24.21 8.75 3.81

> CE 21 N-V-100-6/SS 100 6 0.04 1.96 8.61 1.68

< 22 N-V-100-6/SS* 100 6 0.01 0.74 8.75 291

23 N-V-300-6/SS 300 6 0.21 3.84 8.61 3.69

24 N-V-300-6/SS* 300 6 0.07 2.33 8.75 2.55

25 Cer / steel 500 6 35.49 13.44 7.67 7.32

- -§ 26 Cer /NiCr/ Cer 250 6 6.51 0.35 4.87 1.53

g -E 27 Cer /CoCr/ Cer 250 6 3.67 0.11 4.49 1.04

a fg 28 Cer /Ni pl/ Cer 250 6 8.54 1.01 5.96 3.62

29 Cer /Ni pl- x/ Cer 250 1 18.41 6.15 5.96 6.97
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v

Cermet

\ / Cermet

Coatings

(a)

Interlayer

Figure 7-4: (a, b) schematic presentation of interfacial indentation on sandwich based
cermet coatings, b): interfacial indentation on sandwich structure (combination 29).

Concerning the coatings on Ti alloy, the effect of coating thickness on the
apparent interfacial toughness is exactly the same whatever the nature of the
coating as shown in Figure 7-5 and Figure 7-6, i.e. a decrease of the K. with
coating thickness (except for 4. = 100 pum NiCr where K, is almost the same than
for h. = 300 um) was observed. This is because the state of residual stress at the
interface is in tensile and this has been previously determined in Table 6-3 using
the relation K., = f(1/ h. °) and was in agreement with physical properties of

matarials.
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For the steel substrate it seems to be an inverse behaviour, i.e. the apparent
interface toughness generally increases with coating thickness (except h.= 300 for
combination Al-F-300-6/st) and the relation K.,= f(1/ h. 2 ) suggests a state of
compressive stress at the interface (Figure 7-7 and Figure 7-8). This is in perfect
accordance with the residual stresses calculated using the curvature methodology
which gave smaller compressive stress values for higher thickness.

However, Steel and Ti alloy substrates have different thermal expansion
coefficients. After spraying and cooling, this could lead to a very different state of
residual stress either tensile or compressive in the coating even for identical
spraying conditions. The difference in materials is a known to affect the state of

stress in an important extent and possibly the sign of the stress [91, 243].

Interface toughness of FS NiCr coatings on Titanium alloy substrate

Kca MPa. m®s

N-F-100-3/Ti N-F-300-3/Ti N-F-100-6/Ti N-F-300-6/Ti

Coating combinations

Figure 7-5: apparent interface toughness of NiCr coatings on titanium alloy substrate.
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Interface toughness of FS ceramic coatings on Titanium alloy substrate

K., MPa. m%-5

Al-F-100-3/Ti Al-F-300-3/Ti Al-F-100-6/Ti Al-F-300-6/Ti

Coating combinations

Figure 7-6: apparent interface toughness of Al,Oz coatings on titanium alloy substrate.

Interface toughness of ceramic coatings on steel substrate

111,

Al-F-100-3/St Al-F-300-3/st Al-F-100-6/St Al-F-300-6/St

K., MPa. mo%s
(o]

Coating combinations

Figure 7-7: apparent interface toughness of AL,O; coatings on steel substrate.
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4 - Interface toughness of FS NiCr coatings on steel substrate
3 E
P
£
o]
o
=
= 2
:.:“
) I I
0
N-F-100-3/5t N-F-300-3/St N-F-100-6/St N-F-300-6/St

Coating combinations

Figure 7-8: apparent interface toughness of FS NiCr coatings on steel substrate.

From Figure 7-9, the apparent interfacial toughness of Cer /Ni pl- x/ Cer shows
higher than that of Cer /Ni pl/ Cer, because in the interfacial indention, the
loading and stress intensity at the interface by interfacial indentation could drive
the crack easily in the smooth interface than that roughened one. The combination
Cer /NiCr/ Cer shows a low interfacial toughness value comparing to Ni plating
interlayer and this was related to the microstructure features and mechanical
properties of the inner layers, since the thermal spray technique provides different
microstructure of coatings than that obtained by electrochemical deposition, e.g.
interfaces between splats and in some cases oxides and these can facilitate crack
propagation. On the other hand, Ni plating showed to have better mechanical
properties than the other inner layers (Table 5-6). Combination 29 with Ni-
plating-X interlayer shows a dense and strong interface to cermet coating in

Figure 5-3 and Figure 7-10-a, whereas, the combination 27 with Co-Cr as
interlayer exhibit lots of oxide layer are many microcracks propagated through
the coating during indentation as shown in Figure 7-10-b. However, other
adhesion test e.g. impact test was carried out on such sandwich combinations,
fracture analysis was detailed. Results of sandwich adhesion were previously

reported by Hadad [190, 191].
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Interface toughness of sandwich based cermet coatings

K., MPa. m%5
S
1

w
1

Cer [ steel Cer /NiCr/ Cer Cer /CoCr/ Cer Cer /Ni pl/ Cer Cer /Ni pl-x/ Cer
Coating combinations

Figure 7-9: apparent interface toughness of sandwich based cermet coatings.

. R AP N
Co-Cr interlayer coating .

Figure 7-10: micrograph of indentation at the interface between interlayer and cermet
coating, a) combination 29- Cermet/Ni Plating-X /Cermet, b) interfacial indentation and
cracks propagation through the Co-Cr inner coating in combination 27 Cer /CoCr/ Cer
[190, 191].
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The effect of residual stress relief on interfacial toughness can be seen in Figure
7-11 and this will be discussed in section 5-2 in this chapter, after having anlysed
the annealed samples. However, Figure 7-12 and Figure 7-13 illustrate an
example of as sprayed and annealed coatings in bilogarithmic graphs inlcluding
error bars (cannot be seen, they are very small) to determine the critical point p,
and a., subsequently, the interface toughness.

To conclude, such test method did not give only a physical order of adhesion, but
also, this method could be applied for a wide range of dissimilar coatings and
substrates. In our case, metallic, ceramic and composite coating materials were all

tested, the coherence of results gave a meaningful physical order of adhesion.

Interfacial toughness of VPS NiCr

HAssprayed W Annealed

N-V-100-3/SS N-V-100-6/SS N-V-300-3/SS N-V-300-6/SS

Coating combinations

Figure 7-11: apparent interfacial toughness of VPS NiCr as sprayed and annealed
coatings.
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Interfacial indentation of N-V-300-3/SS as sprayed

10000 -
% g lInterface crack length
o dy/2 Half diagonal of Vickers print R2=0.963
© intersecionP (a, p.)
1000 ~
£
E
£ _
£ 100 - R?=0.996
-
Q
1]
S
> 10
I
1 T T T 1
0.1 1 10 100 1000

Load [N]

Figure 7-12: bilogarithmic plot of two segments, diagonal of hardness and crack length
of VPS NiCr as sprayed coating.

Interfacial indentation of N-V-300-3/SS* annealed

1000 - ,
¥ alnterface crack length R"=0.981
o d/2 Half diagonal of Vickers print
0 intersecion P (a, p.)

100 - R’=0.988

£

S

<

o

x

Q
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© 10
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Figure 7-13: bilogarithmic plot of two segments, diagonal of hardness and crack length
of VPS NiCr annealed coating.
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3. IN-PLANE TENSILE TEST

The aim of this study is to apply the fragmentation technique via in-plane tensile
test for thermally sprayed coating to drive expressions for interface coating
toughness at critical strain and for the interfacial shear strength at the crack
saturation level from simple stress transfer analysis.
Two cases in our analysis are considered:

i.  ductile coating on ductile substrate (NiCr coating),

ii.  brittle coating on ductile substrate (Al,Os coating),
In the first case, the coating failure was dominated by cracks population as shown
in Figure 7-14-a &b. In the second case, is involving brittle coating on ductile
substrate: the critical strain is reached when the first crack appears and propagates
through the interface and leads to coating decohesion as shown in Figure 7-14-c
& d. Therefore, based in a theoretical model, the energy release rate and the

corresponding interface toughness will be calculated.

Crack

¥

Figure 7-14: a) schematic side view of coating with crack fragmentation, b) upper view
micrograph of coating governed by cracks fragmentation, c) schematic side view of
coating failure with crack propagated through the coating then to the interface, d) upper
view micrograph of coating failure by crack propagation in the coating and through the
interface.
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3.1 THEORETICAL MODEL OF STRESS TRANSFER ANALYSIS

The origin of the elastic stress transfer is based on the theory of fibre composite,
where the interface transfers the stress from matrix to the fibre. Kelly et al. [244]
first assumed that for reinforcement with discontinuous fibres, the applied load
must be transferred to the fibres by means of shear forces at the fibre/matrix
interface. If the matrix is a metal, the plastic flow will occur there first. It is
further assumed that the whole of the matrix yield plastically and flows past the
fibre which is stretched by the shear forces acting at the interface.

Kelly and Tyson [244] defined the critical length at the saturation stage under
tension loading as the largest fragment which cannot break. So a fragment of
length /. (I +¢) always breaks whereas one of length /. (I- &) does not. Owing to
this definition, all the fragments are uniformly distributed and will have a final
crack spacing of between [, /2 and [.. Therefore, the critical fragment length is

defined as:

o =2, 2max 245 71

T
where o,.« 1S the tensile stress in fibre at the distance /. from the end of the fibre,
T is the shear stress at interface and r is the fibre diameter (Figure 7-15).
In composite materials, several researchers therefore applied the crack
fragmentation test model based on Kelly and Tyson theory [155-160] of stress

transfer of single fibre relating the critical fibre length to interfacial shear stress.

Figure 7-15 illustrates a simple single fibre model [245].
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(©)

(d) =
gy

= ,.._&3_&,

“x Udagysdx s-27,/7

Figure 7-15: single fibre composite element: a) unstressed and b) stressed, c) shows the
fibre -matrix interfacial stress and fibre internal stress transfer, d) shows the fibre length
equal to the critical value [245].

Calculating the mean crack spacing is by analogy of car parking system is used,
the minimum average spacing between cars of length parked at random in a given
space. The average crack spacing in a length of composite has been quoted by
Kimber and Aveston et al, [154, 155] to be (1,36 [./2) and this was theoretically
and experimentally proved by Beeby [246, 247] who also found an average crack
spacing of the same value. The critical crack spacing [, has also been
experimentally determined and modelled in several situations [6, 248] and was

related using a stochastic failure approach to the average fragment length at
saturation; the exact calculation of / as the mean crack spacing when an increase
in strain does not lead to further fragmentation of the coating is [/ =0,67...

Fraser et al. [248] originally described the fibre fragmentation test and they are
based on coupling of statistical fibre strength model with a computer simulated
stochastic model. The test results were found in a good agreement with the

theoretical models of critical crack spacing. The fibre composite test has become
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one of the key methods to study failure mechanisms in fibre-reinforced
composites, and most of the theoretical treatments of the fragmentation test can

be found in the corresponding literature [249-258].

3.2 DETERMINATION OF INTERFACIAL SHEAR STRENGTH VIA
CRACK FRAGMENTATION TECHNIQUE

In our case of study; a coating/substrate system is considered. The applied shear
stress is being transferred from substrate to the coating and it generates
progressive transversal crack fragmentations of coatings till cracks density
reaches the saturation level. Therefore, cracks spacing can be calculated on the

strained coatings.
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Figure 7-16: a): equilibrium of infinitesimal of coating dx length and h. thickness along
the loading direction, b) shear stress distribution on membrane.

The shear stress at the interface T can be calculated from the equilibrium of
infinitesimal of coating of dx length, thickness h. and width W; under tensile

stress o, parallel to the interface as shown in Figure 7-16.

W.he .o, +W, dxz =W, h, (0, +do,) 7-2
do, _ T 7-3
dx h

(4
According to the previous analysis, the equation (7-3) was integrated with
similar approach to that found in composite relating the critical length to shear

stress [154, 155, 245]. Where the critical crack spacing in our case /. is defined as
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the minimum length for which the generated tensile stress ., . reaches a critical
value to nucleate a crack and lead to breaking of the coating [245, 259]:

o-max, c 7-4
T

If we consider [ = 0,67.,, the equation (7.4) becomes:

o
T=134h 7-5

/
Figure 7-17 shows, the fragment length I;, the mean crack spacing [ can be
calculated at increasing strain levels £ in terms of the inverse of crack density
"CD" when i the cracks number are transversally propagated within the coating
experimentally counted in L length unite:
CD _———— - 7'6

L

Replacing (7-6) in (7-5), we can express the interfacial shear strength versus
crack density:

T=134h, .0, ..— 7-7
L

L,

© 2011 Tous droits réservés.

(@) (b)

Figure 7-17: a) schematic presentation of side-view of bi-layer system loaded in tensile
stress, b) example of upper view of crack fragmentation in NiCr 80-20 thermally sprayed
coating on a Steel substrate.
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Figure 7-19 shows a cross sectioned FS NiCr coating on a steel substrate with
different magnifications after substrate rupture. The substrate is completely
strained up to 19%. The cracks within the coating are at the last stage of
saturation level of fragmentations. In spite of crack bifurcation in some case
through the interface (point C in the bottom of the micrograph), it is very
interesting to observe a strong adhesion and an intact interface in the middle of
the fragmented coating.

In tensile loading, the crack fragmentation process can be divided mainly in three
stages as shown in Figure 7-18.

In the first stage "A", the tensile loading increases with time till cracks randomly
take place within the coating, where the tensile strength of coating attaints his
highest value Omax c. In ductile coatings, the first crack appears in coating within
the plastic deformation stage. In the second stage "B" which corresponds to a
semi-linear increase of crack density where new cracks nucleate and crack
spacing increases accordingly. In the last stage "C", nor further cracks initiate, the
fragmentation rate virtually stops and reaches the saturation stage and this can be

accompanied with some coating delamination.

25 4 C
B
2 1 |
E
£ 1.5 *
£
2 ),
Z
w
g 1
T
-
g A ’
5
05 \ /
0 ¢
0 2 a4 6 8 10 12
Strain %

Figure 7-18: the three main stages of coating fragmentation (example of combination 3,
N-F-100-6/St).
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Figure 7-19: cross sectioned FS NiCr 80-20 thermally sprayed coating on a Steel
substrate showing transversal cracks with yellow arrays perpendicular to the interface
and crack bifurcation through the interface.
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3.3 RESIDUAL STRESS RELAXATION

The equation (7-7) presents only the apparent interfacial shear strength, since the
residual stresses are not explicitly accounted for. Therefore, interfacial shear
strength is a value of practical adhesion and not an intrinsic property of
coating/substrate system. This T is a sum of an intrinsic term 7%y, and residual
stress term Tres.

The formation of cracks in the coating produces a relaxation in the macroscopic
stresses in the coating and at the interface coating-substrate, subsequently, will
result in a proportional change in apparent interfacial shear strength [260].
Therefore, the apparent interfacial shear strength is linearly dependent on the
residual stress. The magnitude of the stress relaxation Ay is proportional to the
residual stress exhibits in the coating o;s. In elasticity theory, the stress relaxation
mechanism at the coating/substrate interface was found to be inversely
proportional to the radial distance from the crack [261-263]. Grosskreutz and
McNeil [262] assumed that the stress is elastic, and then the relaxation field will
be over the fragment length characteristic. In fragmentation, the average stress in

fragment decreases with decreasing fragment size till the saturation stage is
reached. At the saturation crack fragmentation, /= 0.67.. as previously reported.

Therefore, the average residual stress at the saturation (Gj.sc) can, with the
assumption of constant shear stress, yield

o, =0670, 7-8
Therefore, the apparent tensile strength G.x . can be expressed:

Omax.c = Oint(lc)+0,67.Cres 7-9
The term oiy(l.) presents the intrinsic tensile strength of the coating
Oint(lc)=Omax.c- 0,67.0rs and onmax, ¢ 1S the apparent tensile coating strength that can
be measured experimentally when first crack appears in the fragmentation stage.
Considering T as the sum of an intrinsic term 7%y, and residual term 7. This T can
be expressed by replacing (7-9) in (7-4), and in (7-5):

r=1, +7,, =24, Jol) +z 0979 134, Zuslle) 20’67'%

c

7-10
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However, any change in residual stress level will result in a proportional change

. . Ao
in apparent interface shear strength Az =1.34.n, . —2.
o

Replacing the equation (7-10) in (7-7), we can finally express the apparent

interfacial shear strength (AISS) versus the crack density:

T=134h.0

max ¢ *

i i
T 1344 (0, (1) +0,67.0,, )Z 7-11

Whereas the intrinsic interfacial shear strength (IISS) versus the crack density

can be given by:

7, =134h.0, 7-12

mt

i i
l)y—=134.h (0. —0.67.0 )—
(C)L c( max ¢ res)L

3.4 DETERMINATION OF THE APPARENT COATING STRENGTH

The membrane stresses (we call it membrane to differentiate it to the bending
one) in homogenous plate are distributed uniformly in the whole cross section. In
plates with surface layers (perpendicular to loading axes) with different
properties, the stresses will be different in each layer.

The tensile force externally applied can be a sum of two forces using the cross

sectional approach, the equilibrium of diagram forces can be expressed as the

following:

F=F .+ F; 7-13
Considering the plane strain tensile modulus:

B = E. 7-14

R (S
oH=0.h. +0h, 7-15
O':O'C.h—c+as.h—s 7-16
H H

¢ and s are denoted for coating and substrate respectively, H is the whole
thickness of bi-layer sample (Figure 7-17), h is the thickness of substrate or
coating, Gis the tensile stress and vis the Poisson's ratio.

Considering the bi-layer strains are equal before first crack occurs in the elastic

domain:
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o. O, E

’
S

& =€ =—-=—-,0,=0,— replacing this in (7-16), this will give:
TETETE E placing (7-16) g
h. E_h
o=0.] S+ 3.5 7-17
H E H
c
oE =g N g I 7-18
H ' H

The stress distribution is schematically presented in Figure 7-20. ¢ . reaches the
maximum value of Gy.x, . When first crack channels within the coating. Replacing
the effective elastic moduli (7-14) in equation (7-18) to obtain the apparent

coating strength:

o.E.H 7.19

o.= >
1-v

E.h + ~ |E-hy
1-v,

Coating ] O

E, > E,
Substrate O

—] O

<«—— E(<E ., F

Cs

Figure 7-20: stress distribution in coating-substrate system loaded by uniaxial force.

3.5 DETERMINATION OF ENERGY RELEASE RATE

The amount of energy released by unit increment of fracture surface is referred to,
as the strain energy release rate G with the principle of Griffith [264], the crack
will propagate, if the energy release rate attains or exceeds a critical value.

G>G, 7-20
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The critical value G, corresponds to the energy necessary for the creation of unit
area fracture surface, and this can be supplied by loading forces and generally
expressed as:

G=W _dUu 7-21

T dA dA

where dW is the work done by external forces during the increase of the crack by
a surface of dA, and dU is the increment of the energy simultaneously in the
body. However, the quantity G, is the fracture energy which is considered to be a
material property in bulk materials which is independent of the applied loads and
the geometry of the body. The interface toughness was derived from the analysis
of energy release rate G, for crack channelling in the coating- substrate system
[12, 136, 259, 265] taking into account the internal stress contribution. In this
case the G, is expressed by:

2
max ¢ )

_ E (GVES + O-

G
€2 E,.

hg(a,B) 7-22

Where Gmaxc 1s the apparent coating strength, can be calculated from equation (7-
19), and g(a f) are the non-dimensional mismatch Dundurs parameters [8, 265-
268] since the elastic properties of materials can be characterized by two
constants: elastic modulus and Poisson's ratio. Two materials thus need four
constants. However, if these materials are strongly bonded together, the strains in

the interface area depend only on two parameters o and [ as these are given

bellow:
az—E;_E; =lﬂc(l_2V§)_luv(l_2Vc) 7_23
E(+E;" 2 p(-v)—p(-v,)
E ’ EC S
Where: y =—25% and E, ;=—> 7-24
c,s 2(1_Vc s) l-v.

The parameters o and B both vanish when dissimilarity between elastic properties
of the materials is absent. & and B change signs when the materials are switched.
It is clear from (7-23) that o can vary from -1 to +1. In Addition, the physical
admissible range of B with respect to o can be obtained by restricting | (the shear
modulus) to be positive and requiring 0 < v < 0.5 such that |0(—4B |Sl. The

Dundurs o and 3 parameters were calculated prior to the mechanical properties of
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materials, g (o, B) was depicted from the detailed study performed by Beuth as

shown in Figure 7-21 [8]. The summarized Table 7-3 presents all these

parameters.
10 T T T T I T
L
=
8 —
- _ﬁ= 0
- = a/4
8 |—
= i
S 3
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Figure 7-21: plot of g(a, b) for a fully cracked film problem [8].

Table 7-3: summary of Dundurs parameters @, [ and g prior to coating combinations

o Nicar“ﬁyS/ Ti | ALFs/Steel | AIFS/Ti |NiCr VPS/SS | NiCr VPS /S
N°1-4 N° 5-8 N°9-12 N°13-16 As sprayed Annealed
E,[MPa] | 97500 97500 47500 47500 187653 14235
ve [] 0.265 0.265 0.25 0.25 0.265 0.265
E°,[MPa] | 104864 104864 50667 50667 201826 15310
4 [MPa] | 38538 38538 19000 19000 74171 5626
E,[MPa] | 214000 151000 214000 151000 202088 192000
v [-] 0.29 0.29 0.29 0.29 0.29 0.29
E.[MPa] | 233650 164865 233650 164865 200644 209630
4 [MPa] | 82946 58527 82946 58527 78329 74419
a -0.38 022 -0.64 0.53 -0.04 -0.86
0.13 -0.08 022 0.19 -0.03 -0.28
0.9 12 0.93 0.9 1.25 118

In the tensile experiments of brittle coating and ductile coating, the strained
coating follow the substrate deformation till first crack occurred transversally

within the coating parallel to the interface. Therefore, this energy release rate
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approach stands for calculating the fracture energy to channel crack at interface as
shown in equation (7-22).
The crack of brittle Al,O3; coating propagates within the coating and extends

though the interface as presented in Figure 7-22.

*—'*D—"O' T | T ﬂ'c—a—‘-«r

== %

Interfacial
Decohesion

Substrate
(a)

Figure 7-22: interfacial decohesion of Al,O; coating.

If the substrate or coating has lower toughness compared to the interface,
cracking may occur in the substrate or in the coating [268], but that possibility is
not considered here. The fundamental approach to evaluate the interface coating
toughness of brittle film was investigated by Thouless [269-272]. The energy
release rate for the plane strain interface crack under axial tension was studied by

Mincek and Henrik [12, 273, 274] and can be expressed by:

1-v2 2
Ec '(O-max, c + @ res )

1=v2 2 .2 :
G, = (ki +kj)=05 e 7-25

Where Kj and Kj; are the stress intensity factors. The interface toughness fracture

can be expressed by [12, 208]:

K, = E. G, .26
(1-v7)

3.6 RESULTS AND DISCUSSION

In-plane tensile tests were carried out on coating combinations from 1 to 24. The
results can be divided in three tables prior to the deposition technique. The
interface coating toughness, apparent intrinsic interfacial shear strengths are

tabulated in Table 7-4, Table 7-5 and Table 7-6.
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Table 7-4: apparent interfacial shear strength and interface coating toughness of FS

NiCr coatings
= c Gres © i Apparent/ (g(; Kic
g 2| Nomenchature | | intrinsict | 7.02) | (B9-7-26)
©\|= MPa | Mpa | Crack | IMPal 5 os | npa mos
number
1 N-F-100-3/St 239 -158 7 56/31 26 1.6
2 N-F-300-3/St 247 -24 4 99/93 231 4.9
S| 3 N-F-100-6/St 241 -89 10 81/61 48 2.2
% 4 N-F-300-6/St 244 -24 5 123/115 227 4.9
% 5 N-F-100-3/Ti 759 386 10 254/261 1060 10.5
% 6 N-F-300-3/Ti 713 62 3 215/220 2812 17.2
7 N-F-100-6/Ti 754 646 16 404/421 1011 10.3
8 N-F-300-6/Ti 736 525 4 296/437 856 9.5

Gres ¥ the residual stress calculated from the interface indentation (Table 6-3)

Table 7-5: interface toughness of FS Al,Oscoatings

A Omaxc (Eq.G7c.25) Kic (Eq. 7.26)

§ g Nomenclature s s

Oz MPa J.m MPa m
9  AI-F-100-3/St 368 90 2.1
10 AI-F-300-3/St 349 312 4.0
11 AI-F-100-6/St 358 89 2.1

2: 12 AI-F-300-6/St 368 273 3.7

é 13 Al-F-100-3/Ti 679 261 3.6
14 Al-F-300-3/Ti 576 844 6.5
15  Al-F-100-6/Ti 709 497 5.0
16  Al-F-300-6/Ti 596 600 5.5
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Table 7-6: results of VPS NiCr as sprayed and annealed coatings

Apparent/ Kic
o Omaxc MPa 6,.s MPa Crack N° L (Eq. 7.26)
=2 I ’ intrinsic t MPa 0.5
S| 2 MPam”
g s Nomenclature
©l~ Mean |S.T| Mean | S.T | Mean |S.T| Mean S.T Mean | S.T
17 N-V-100-3/SS 700 6 -449 152 20 1 92/52 3/11 3.5 2.1
18 N-V-100-3/SS* 521 8 -156 10 18 1 61/48 3/1 5.7 0.1
§ 19 N-V-300-3/SS 666 20 -203 19 16 3 219/174 38/30 11.2 0.8
E 20 N-V-300-3/SS* 503 2 -121 17 13 1  126/106 8/9 10.3 0.5
Z| 21 N-V-100-6/SS 693 20 -290 22 28 2 129/92 11/11 5.7 0.6
»n
g 22 N-V-100-6/SS* 504 15 -225 35 21 1 69/49 5/1 4.4 0.3
23 N-V-300-6/SS 672 3 -231 20 22 2 292/225 27/22 10.7 04
24 N-V-300-6/SS* 510 6 -166 19 13 1 128/100 9/10 9.3 0.7

When a ductile coating on ductile substrates subjected to uniaxial tension, the
coating undergoes elastic deformation while the metal substrate undergoes
elastic—plastic deformation. As the continuity between the coating and the
substrate must be maintained at their interface before failure, this gives rise to
interfacial shear stress when the coating inhibits deformation of the substrate. As
a result of the interfacial shear stress, force is transferred from the substrate to the
coating. As the substrate deformation increases, this tensile stress will accumulate
and eventually reach the fracture strength of the coating. Parallel long cracks then
show up on the surface of the substrate with the coating in a direction
perpendicular to the tensile loading axis. Once the first array of multiple channel
cracks are formed throughout the once continuous coating, the stresses within the
cracked coating segments are relaxed and modified by the free edges of cracks.
The first crack was occurred within the coating after 1.5-3% true strain of
substrate-coating system, the energy release rate therefore was determined based
on this stress-strain value. The interfacial shear values were measured after
reaching the fragmentation saturation level and were determined at 8-10% true
strain of coating-substrate system.

The maximum reached value of interfacial shear strength Tma should be lower
than or equal to the maximum shear flow stress of the substrate (i.e. the maximum
shear stress can be exerted through the ductile substrate undergoing elasto- plastic

deformation). These maximum values were found to be 123, 437 and 292 MPa of
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coatings on St 52-3, Titanium alloy and AISI 304 substrates respectively as
shown Table 7-4 and Table 7-6. One can estimate the shear flow stress of
materials assuming the Von Mises isotropic plasticity, the shear stress is only
1/+/3 of the tensile yield strength as reported in Table 5-6.

For example; the yield strength of Ti alloy substrate is 865 MPa, according to
Von Mises, the shear strength will be 499 MPa. (The coating yield strength was
approximated to be three times the Vickers hardness value [217, 218]). To sum
up, the obtained apparent interfacial shear strength (AISS) values were compared
to shear flow stress of materials and we found that the AISS did not (in all the
cases) exceed the shear strength of substrates. In addition, the maximum error bar
(standard deviation) of AISS presented in such test was measured to be within

10% of the mean AISS value.

Figure 7-23 and Figure 7-24 show the apparent and intrinsic interfacial shear
strength (AISS and IISS) of all coatings. The IISS is lower in magnitude than the
AISS only for all coatings deposited on steel substrate, and this is due to the
compressive residual stresses exhibited in the coating. The inverse behavior was
observed for coatings on Ti alloy substrate, and this was mainly attributed to the
tensile residual stress exhibits in the coating. These both behaviours, in tension
and compression residual stress are in perfect harmony with the previsous
investigation of residual stress in chapter 6.

Figure 7-25 shows the apparent interfacial shear strength (AISS) in a perfect
accordance in general trend to the interface fracture toughness of FS NiCr coating
on steel substrate. The (AISS) increased with the increase the coating thickness

and roughness.
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Apparent and intrisic interfacial shear strength FS NiCr steel and Ti alloy

substrate
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Figure 7-23: apparent and intrinsic interfacial shear strength of F'S NiCr and Al,O;
coatings

Intrisic interfacial shear strength of VPS NiCr as sprayed and annealed coatings
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Figure 7-24: apparent and intrinsic interfacial shear strength of VPS NiCr coatings
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Apparentinterfacial shear strength and interface coating toughness of FS NiCr
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Figure 7-25: apparent interfacial shear strength and toughness of FS NiCr coatings on
steel substrate (coloured bars are accorded to the vertical axes).

The results of metallic coatings on Ti alloy substrate are presented in Figure 7-26,
an inverse behavior was observed to that of steel substrate, and this opposite
behavior was mainly attributed to the residual stress state (in tensile) as
previously observed and reported in chapter 6. The ceramic coating results
presented in Figure 7-27 shows the AISS increased with coating thickness

increasing and less sensitive to interface roughness.

142

http://doc.univ-lille1.fr



© 2011 Tous droits réservés.

KlC [MPa mo's]

Thése de Mousab Hadad, Lille 1, 2010

Chapter 7: Results of adhesion measurements

500 - Apparent interfacial shear strength and interface coating toughnessof FS _ 5
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Figure 7-26: apparent interfacial shear strength and toughness of FS NiCr coatings on
Ti alloy substrate (blue bar values are belonging to the right axe).
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Figure 7-27: interface coating toughness of flame sprayed alumina coatings on both
substrates, steel (blue bars) and Ti alloy (red bars)

The annealing effect will be discussed later. However, an important decrease of
AISS can be observed due to annealing (Figure 7-28). The interfacial shear
strength and the interface coating toughness of VPS NiCr as sprayed coating

revealed interesting accordance between these both orders of adhesion presented
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in Figure 7-29 showing a very good agreement with the apparent interfacial shear
strength AISS prior to the increase in coating thickness and roughness. Annealing
led also to decrease in interface coating toughness as presented in Figure 7-30
(except annealed samples of N-V-100-3-SS was higher than that of as sprayed
one, this was mainly due to AG=[Gmaxc+ (-Ores)] calculated in the energy release

rate G, =05 %.((, vo, )% .h,. » because the residual stress relaxed in very

large extent in the as sprayed sample and Ac therefore was smaller to that in the
annealed one, subsequently, the energy release rate was greater). The high scatter
in the Kjc of N-V-100-3/SS observed in Figure 7-30 was mainly attributed to the
variation of residual stresses measured by bending curvature.

The shear stress distribution along the interface (Figure 7-16) of a cracked coating
segment obtained in this work is not sinusoidal at all as previously suggested by
Agrawal and Raj [151, 161]. Consequently, their method of measuring the
interfacial shear strength of a metal-ceramic interface may be quite inaccurate.
The ultimate shear strength of the silica films on annealed 99.9% pure copper and
nickel substrates was estimated to be 900 and 1400 MPa, respectively. However,
these numbers are questionable as they greatly exceed the shear flow strength
level for both metal substrates. Similarly, the ultimate shear strength of the NiO-
Pt interfaces reported by Shieu et al. [163] to be as high as 4460 MPa for a Pt
substrate with a tensile strength of 145 MPa is also rather doubtful. Chen et al.
[165] obtained the interfacial shear strength of a TiN coating on a steel substrate
to be 650 MPa, which is also clearly higher than the shear flow strength of the
steel (450 MPa). Zhang [275] obtained interfacial shear strength of
hydroxyapatite coatings on Ti6Al4V substrates 392 to 571 MPa based on the
Agrwal theory, where the interfacial shear strength T..,x in Agrwal model is
derived on the assumption of zero residual stress. In his experimentation, when
the tensile residual stress was taken into account, the shear strength increased
from 393 to 573 MPa, it is very questionable results, since tensile residual stress
helps crack propagation at the interface, subsequently, a decrease of shear

strength should be expected rather than an increased one.
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To sum up, we do believe such measurement seems to be coherent since no value
acceded the yield strength of substrate or/and of coatings. However, the obtained
interface fracture toughness deduced from fragmentation tests can be later

compared to that by other methods.
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Figure 7-28: apparent interfacial shear strength of VPS NiCr 80-20 as sprayed and
annealed coatings.
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Figure 7-29: apparent interfacial shear strength AISS and toughness of VPS NiCr 80-20
as sprayed coatings (coloured bars are accorded to the corresponding vertical axes).
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14 ~ Interface coating toughness of VPS NiCr as sprayed and annealed coatings
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Figure 7-30: fracture toughness of VPS NiCr 80-20 as sprayed and annealed coatings.

In this study, interface fracture toughness and interfacial shear strength of ductile
and brittle thermally sprayed coatings on ductile substrates were investigated
using in-plane tensile test. This test method provides in a well controlled manner
a large array of parallel cracks over the somewhat homogenously deformed
ductile substrate and allows in situ observation of crack development in the
coating with various microscopy tools. Additionally, the experimental set up is

simple and inexpensive to build.

4. ROCKWELL INDENTATION AND FINITE ELEMENTS
SIMULATION

The delamination radii were measured by an optical profilometer (Alti-surf 500-
Cotec-France) and reported in Table 7-7. Furthermore, an example of 3D
topographic measurement is presented in Figure 7-31. Figure 7-32 shows the
finite elements calculations for C- Rockwell indentation into coatings on the Ti
alloy substrate at maximum load. Three steps were applied on our model, Pre-
loading in 50 N, Loading with 2452 N (corresponding to 250 Kg what
experimentally performed), then unloading as shown in the example.

The displayed radial strain decreases at the surface with increasing distance from

the indentation. The total strain deformations (elastic and plastic) vs.
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delamination ratio are shown in Figure 7-33 and Figure 7-34 for the coatings
deposited on steel and Ti alloy substrates, respectively. An example of the radial
stress in function of delamiantion rate for brittle coating was calculated from the

equation 7-27 and shown in Figure 7-35.

E
O-rr,Coating = ﬁ ((grr sub (r) + 8res) + vC '(ggo(p,sub (r) + gres )) 7'27

Table 7-7: delamination ratio R/a of combinations

2 & g o .
§ .E -g Combinations Delamination ratio
= S 2 R/a
1 N-F-100-3/St 1.20
2 N-F-300-3/St 1.25
-] 3 N-F-100-6/St 1.03
g 4 N-F-300-6/St 1.15
S| 5 N-F-100-3/Ti 1.27
“1 6 N-F-300-3/Ti 13
7 N-F-100-6/Ti 1.04
" 8 N-F-300-6/Ti 1.15
= 9 AI-F-100-3/S¢ 1.63
10 AL-F-300-3/St 1.24
1 AL-F-100-6/St 1.49
S| 1 ALF-300-6/St 179
2| AL-F-100-3/Ti 1.99
14 AL-F-300-3/Ti 1.48
15 AL-F-100-6/Ti 2.05
16 AL-F-300-6/Ti 2.36
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Figure 7-31: 3D topographic presentation of a Rockwell-C indentation into alumina

coating on Ti alloy substrate (example of combination Al-F-300-6/Ti with delamination ratio
0f 2.36).
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(c) (d

Figure 7-32: an example of elastic strain deformation of coatings on Ti alloy substrate a)

loading, b) unlading, c) plastic strain deformation of coatings on Ti alloy substrate in
loading mode, d) unloading.
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Figure 7-33: the total (elastic and plastic) deformation in function of delamination radii
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Figure 7-34: the total (elastic and plastic) deformation in function of delamination radii

(NiCr/ TiAl6V4).
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Radial stress vs. delamination ratio
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Figure 7-35: radial stress for brittle coating on steel substrate versus the delamination
ratio.

In order to verify the simulated model, the experimentally measured indentation
depth (after the unloading) of coatings deposited on both, steel and TiAl6V4
substrates were compared to the simulated spatial displacement of the indenter.
The simulation results were approximately within 10% of the experimentally

measured values as shown in Table 7-8.

Table 7-8: topographical measurements and spatial displacement

Experimentally measured Finite element
Materials igdentation de.pth . simulation.
(displacement in z) (Displacement in z)
pum (UBM) um (Abaqus)
TiAl6V4 172 +8 200
Steel 267+ 6 290

The results of energy release rate (equation 5-27) and interfacial toughness
(equation 5-28) were calculated versus the delamination radii R/a, when R/a < 2,
incoherent results were found. Therefore, only Al,O3 coating on Ti alloy was in
the reasonable order to magnitude of interfacial toughness as shown in Table 7-2

and Table 7-9.
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Table 7-9: the summary results of finite elements simulation by Abaqus

Rockwell Indentation
Delamination radii Energy release rate Interfacial toughness
Nomenclature ) 05
R/r G, J/m MPa. m ™
Al-F-100-3/Ti1 1.99 247 3.7
Al-F-100-6/Ti 2.05 147 2.8
Al-F-300-6/T1 2.36 60 1.8

The difference in indentation depth between experimental and simulating values

was mainly attributed to three factors:

1. the friction coefficient introduced between indenter and substrate in our case
was 0.1. Vasinonta [5] showed that friction coefficient used in modelling can
considerably affect the numerical results,

2. second, it was assumed in the simulation that the indenter has an infinite
rigidity, whereas, the tip deformation has to be considered in calculation
[276].

3. the mechanical stiffness of the layer in the calculation was neglected.

In particular, the last assumption may introduce large errors, especially if the
coatings are thick. In order to have a good fit between experimental and model
simulation results, authors [5, 136, 277] shown that the delamination ratio should
be 2 < R/a <5. In our case, in effect, when the delamination ratio was higher or
near 2 we found a good agreement between experimental and modelled values.
The energy release rate and the corresponding interfacial toughness values were
found in the range of magnitude of the values published in literature [18, 193,
278, 279]. Unfortunately, the delamination ratio R/a was found less than 2 for the
majority of the combinations that we studied and gave incoherent energy release
rates.

The thicker coating did not show higher interface toughness, even the energy is
proportional to layer thickness. Furthermore, in the cases where it can be assumed
that the layer thickness is negligible compared to the indentation depth a thin film

simulation, as the one proposed by Michler [277], can be validly used.
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To sum up, we observed that some of the results showed coherent order of
interface toughness and fitted well the simulated values when delamination ratio
was more and near two. The other results with delamination ratio less than two
were excluded from our results since this yield to very large errors and out of the

applicability range of this model.

S. DISCUSSION
5.1 EXAMINATIONS OF ANNEALED COATING

As concluded in chapter 6, annealing helped to reduce the residual stress intensity
in the coating and around the interface. However, it is primordial to understand
the influence of residual stress on adhesion. Therefore, metallographic analyses of
the annealed samples were carried out.

Cross sections of both as-sprayed and annealed VPS NiCr coatings have been
observed under a High Resolution Scanning Electron Microscope (HRSEM
Hitachi 4800 equipped with Energy-Dispersive X-Ray Spectroscopy (EDS)
available at EMPA-Thun-CH). Images have been obtained using a backscattered
electron detector (BSED). In addition, some elemental analyses were performed
using Electron Probe Micro Analyser (EPMA) integrated inside the SEM with the
added capability of elemental analysis using wavelength dispersive spectrometry
(WDS). The EPMA measurements were performed at ENSCL -Ecole Nationale
Supérieure de Chimie de Lille in France, in the Cameca SX-100 facility
employing the following conditions; Ka and Lo wavelengths, acceleration
voltage 20 kV and current 200 nA.

The primary characteristic of an EPMA is the ability to acquire precise,
quantitative elemental analyses at very small "spot" sizes (as little as 1-2
microns). The wavelength-dispersive (WD) spectrometers have significantly
higher spectral resolution and enhanced quantitative potential as compared to
energy dispersive spectroscopy (EDS). Further details on EPMA principle are
available in ref [280]. However, back scattered electron (BSE) images were
obtained. Low and high magnification images were taken in various parts of the

samples in order to have representative micrographs.
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Figure 7-36 shows the micrographs of as-sprayed and annealed VPS NiCr
coatings in cross section with different magnifications. Dark phases were
observed at the coating-substrate interface as shown Figure 7-37 in the BSE
micrograph obtained from HRSEM. These dark points (numbered in yellow)
were investigated using the EDS where the semi-quantitative results revealed the
carbon presence in atomic percent of the three spots 1, 2 and 3 were found to be

18 %, 30% and 24 % respectively.

From Figure 7-38, at the substrate/coating interface of the annealed sample, the
X-ray mappings illustrate an accumulation of Fe which could be attributed to
diffusion across the interface. Furthermore, a segregation of Cr was also observed
within the annealed coating and mainly located at the interfaces between splats.
The chromium enrichment at the interfaces between splats might be attributed to
the high chemical affinity of chromium towards the carbon which is present in the
ambient atmosphere and in the substrate. This segregation is maybe enhanced by

the insolubility of nickel in chromium carbide [281].

Based on the previous EDS and EPMA results, it can be stated that most of the
chromium carbide phases were formed during the annealing at 800°C. This is
very probable since the ratio of Ni to chromium decreases within the grains and
increases at the interfaces of splats. This also can explain the decrease of coating
hardness from 293 + 13 Hv (as sprayed) down to 251 +16 Hv (annealed). The
stoichiometry of the carbide compound in question (e.g. Cry3Cq, Cr7C3 or CrzC;)
is not known at present. For such investigation, an X-ray diffraction or/ and
EBSD (Electron Backscatter Diffraction) analysis could be useful. The formation
of carbides at surfaces of various materials is an important process with regard to
modifying their mechanical and tribological properties. However, Wang [282]
studied the Cr;C;-25%NiCr coating and shows that all these carbides could be
present and this was confirmed by Richert [283] having TEM analysis indicated
that phases such as Cr;C2, Cr;Cs; and Cry;3Cs were found in the coating.
Regarding the temperature of carbide formation, Salaita [284] found that carbides
form slowly below 300°C and rapidly between 300 and 600°C, and using the X-
ray diffraction, he found the formation of a Cr;Cs bulk phase above 600°C and a
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Cr3Ce bulk phase above 700°C were occurred and this agglomeration or
precipitation of the carbides results in reduction of the coating hardness. This is in
agreement with our analysis results upon the carbide phases and the hardness

decrease of annealed coating.
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Figure 7-36: BSE micrographs of cross sectioned VPS NiCr coatings; a &c) as sprayed
coating, b &d) annealed coating.

155

© 2011 Tous droits réservés. http://dOC.UHiV-|i||e1 fr



Thése de Mousab Hadad, Lille 1, 2010

Chapter 7: Results of adhesion measurements

NiCr Coating

Substrate

EMPA_Thun 1.0kV 3.8mm x5.00k SE(U)

NiKa
CrKa

NiLa

Nikl
Fel|
CrLl
Crl. SiKa
Oka CrKb

€ NiKb

Ck FeKl
Al FeKa
il M i i ol b1
Loo 2.00 3.00 4.00 5.00 6.00 .00 8.00 .00 10.00 1100 12.00 13.00 ke¥

© 2011 Tous droits réservés.

http://doc.univ-lille1.fr



© 2011 Tous droits réservés.

Thése de Mousab Hadad, Lille 1, 2010

Chapter 7: Results of adhesion measurements

CrKa

NiKa

sk PPN TRIRTY) Fr— .

1oo 2.00 300 4.00 5.00 6.00 700 §.00 9.00 10.00 1L00 12.00 13.00 keV

c)

Figure 7-37: BSE micrographs of cross sectioned VPS NiCr annealed coating with the
yellow corresponding EDS measurements, a & b) are the EDS analysis of the points 1
and 2, respectively.
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Figure 7-38: EPMA mappings of Fe, Ni and Cr at the coating—substrate interface of VPS
NiCr coatings, mappings are color coded: red = high concentration in the element, black
= low concentration in the element. a) as sprayed, b) annealed.
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5.2 THE EFFECT OF ANNEALING ON ADHESION

Figure 7-28 showed the apparent interfacial shear strength of as sprayed and
annealed samples. The residual stress relief contributes to reduce adhesion order
in the range from 30% down to 60%. This can be explained by the state of
residual stress being in compression which opposites to the crack channeling at
the interface. The higher compressive stress in the coating-substrate system
helped to increase adhesion. Similar trend can be also observed in interface
toughness shown in Figure 7-30.
However, the interface indentation method is more sensitive to residual stress at
the interface. Figure 7-11 showed the interfacial toughness results of as sprayed
and annealed coatings from which we can distinguish two different behaviors:
i.  for the VPS NiCr coating with 100 um of thickness, annealing led to an
increase in the interface toughness.
ii.  inversely, for the coating with 300 um of thickness, the annealing
treatment led to a decrease of interface toughness.
Such behaviors can be explained by three different parameters that play very
important role to influence the interface toughness, (the most predominant
parameter is still not known at the present):

1. the effect of compositional gradient: after annealing, a formation of different
phases were occurred, e.g. Fe diffusion though the interface and toward the
coating has been stated, in addition to that, the Cr segregation within the
coating was also observed. Subsequently, these might lead to an important
change of interface behaviour when subjected to indentation. However, the
effect of compositional gradient thickness of coating on residual stress has
been conducted by Zhang [285-287] and he showed that the compressive
radial stress developed at the interface is changed to tensile when increasing

the coating thickness as shown in Figure 7-39.
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Figure 7-39: effect of coating thickness on the residual stresses at the coating/substrate
interface: (a) radial stress, (b) shear stress, and (c) axial stress [285].

2. the residual stress gradient in the coating: the residual stresses act in different
ways at the surface and at the interface and, depending on the thickness of the
coating, one or the other could be predominant. As a consequence, the
Ao parameters introduced below could explain this behavior. Figure 7-40

shows the increase in bond strength when AGSC > NG and a decrease when

AP ¢ < Ao, respectively. In our experimental study, although the residual

int

stress gradient measured by the hole drilling corresponds to the state where

Ao <Ao), the interface toughness was, surprisingly, found to decrease

int
with coating thickness increasing. Therefore, this parameter might be not the
main dominant one that can influence the interface toughness. However, in
the interfacial indentation test, it has been shown in ref [97, 206, 288, 289]
that the difference between the stresses located around both sides of the

interface has a large influence and the residual stress generated in the coating
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was found to decrease with the increase of coating thickness. This is because

they considered the amplitude factor of residual stress at the interface as

shown in Figure 7-40.
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Figure 7-40: Residual stresses parameters for thermal sprayed coating studies [288].

3. the influence of coating thickness on interface indentation toughness: this was

previously studied on NiCr coatings [206, 290]. The toughness increase with

thickness can be explained by the schematic presentation in Figure 7-41. When

applying a load P on different coating thicknesses, opening a crack in mode [

type would be easier for a thinner coating.

|»

|

E

Figure 7-41: Effect of coating thickness on adhesion [291].

The contribution of each parameter among the three mentioned above, to the

interface toughness might be hardly quantified, since they can be associated, but

however, these points deserve a detailed study.

Lesage [98] using the energy-dispersive X-ray analysis performed on as received

sample and annealed sample

. It is seen that inter diffusion takes place during

annealing since the composition line of iron, nickel and chromium decrease in a

4-um zone of thickness instead of being 2-um of thickness for the as received

sample (Figure 7-42).

© 2011 Tous droits réservés.

161

http://doc.univ-lille1.fr



Thése de Mousab Hadad, Lille 1, 2010

Chapter 7: Results of adhesion measurements

[ron

: Chromium
: ] A oy [ Bk ""q,lﬁ\'—"[ll“-mqr""ﬂ..

: 4 =2pm
> —4—

Nickel

Chromium

e e VA e

Figure 7-42: energy-dispersive X-ray analysis of a) as received sample and

b) annealed sample [98].

Brossard [100] found in NiCr sprayed particles on the stainless steel substrates
that both materials have the same crystalline structure (f.c.c.) with similar lattice
parameters. Moreover, examination of the Fe-Ni binary phase diagram shows that
at high temperatures these elements are intersoluble [292]. As a result, a
continuous structure often forms across the splat-substrate interface, with,
usually, inter-diffusion between both materials, and grains growing across the

interface into both phases.
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Khan [293] investigated the Zirconia thermal barrier coating with CoNiCrAlY
bond coatings deposited onto Hastelloy-X nickel based super alloy substrate.
Annealing at 650°C, he found the residual stresses profile measured by hole
drilling, turned from tensile to compressive state at the ceramic surface, in the
bond coat the residual stress intensity was higher in compression and for the
substrate side, the residual stress intensity was lowered.

When annealing at 650°C and 1050 °C, the adhesion determined by interface
indentation (bond coat-substrate interface) was observed to be subsequently
increased as shown in Figure 7-43. One of conclusion of Khan was that the
interface indentation test seems to be more sensitive to residual stress state
compared to the standard tensile adhesion test. But the annealing do not improve
adhesion in all the situations, for example, Laribi [99] observed a decrease of
adhesion after the annealing treatment conducted on molybdenum coatings on
35CrM04 steel substrate. He attributed this decrease to the formation, as a results
of chemical diffusion of a €(FeMoy) fragile intermediate phase at interface,

which facilitated the coating decohesion.

* Mo cracking for

4 1 1050°C/2 hr., up to
10 kg load. B30F C
K I ‘JII
[
2 4 h
As Sprayed ‘ 35}'2 C
% 1 4 N H Jf’fl
1 ] ¥
= | g
I o o
5 1 5 | 15 L] 25 n
.'I A MPaim)?
-2 - ' ’ ,.1
3l . I
K
4

Figure 7-43: heat treatment effect over the interface indentation toughness of the
substrate—bond coat interface [293]

Chicot [97] and Khan [293] found that the annealing treatment of NiCr coating at
600°C led to a considerable increase of the coating adhesion, and they attributed
this to the improvement of metallurgical bond observed. Godoy [125] studied the
NiCrAl on different steel substrates and found that the post annealing can

improve the adhesion for system possessing o, < 0. He showed that the thickest
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coatings displayed the lowest adhesion strength represented in Figure 7-44. Such
results indicate a possible correlation between residual stresses at the interface
and coating/substrate adhesion strength. Conversely, the average residual stress in
the coating decreases as the coating thickness increases, suggesting an inverse
correlation between both variables. However, in the paper [125], the ASTM
standard tensile adhesion test was used and unfortunately, the coating fracture

was not at all explained in this paper to validate such observations.

Adhesion strength (MPa)
Th
Il

Coating thickness (pm)

Figure 7-44: adhesion strength of NiCrAl coatings deposited at different thicknesses on
AISI 1020 substrates, experimental results obtained from tensile tests [125].

5.3 COMPARISON BETWEEN ADHESION TESTS

As a confirmation of its lack of pertinence we could not correlate the tensile
adhesion (EN 582) results to those obtained with any other test, since the failure
was not localized at the interface. As a result, non physical order of adhesion
could be extracted from this test.
For ceramic alumina coatings, no evident correlation was found between in-plane
and interfacial indentation results. This might be attributed to:

1.  the brittle behaviour of crack channelling through the interface in

uncontrolled manner,
ii.  the difference in loading conditions, one is directly applied in

compression at interface whereas the other is indirectly applied in tension,
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iii.  the difference in stress intensity factor, in indentation was found to be in
mode / [149, 294] and in mode I for the in-pane tensile test [269-272].

For metallic coatings, in general, a perfect accordance between in-plane and
interfacial indentation results was found concerning the effects of coating
thickness and roughness. Figure 7-45 shows a quasi-linear correlation between
interface toughness values obtained by interfacial indentation and in-plane tensile
methods including the standard deviation. However, the K¢ obtained by in-plane
tensile test was found in higher order to that determined by interfacial
indentation. This difference can be mainly attributed to the following factors:

1. The coating fracture toughness for the in-plane tensile test was calculated on
the base of the estimated energy release rate due to crack channelling.
Dundurs parameters were used with the pre-existing crack tip in the
theoretical model of calculation (equation 5-25), but in our case we don’t
know the crack tip dimensions and, subsequently, the results revealed a higher
toughness values compared to interfacial toughness. However, the upper limit
of energy release rate has been estimated.

2. The difference in sensitivity of testing method to the residual stress, since
interface indentation showed very sensitive to residual stress in small volume
close to the interface.

3. The difference in contribution of other factors in the equation:

Practical adhesion = f (fundamental adhesion, other factors) (chapter 4)

like mode and rate of loading necessary to initiate the cracking at the
interface. As an example, Hull et al [17] compared different adhesion testing
methods, and studied the effect of thickness of gold film (up to 500 nm) on
silicon substrate by peeling, pulling of and scratch tests. The three tests gave
completely different results, because different parameters of tests were
involved and the contribution of “other factors” are different, subsequently

different practical adhesion values.
Figure 7-46 shows also a quasi linear correlation between the apparent interfacial

toughness (by interfacial indentation) and the apparent interfacial shear strength

(AISS by in-plane tensile).
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The FS and VPS coating can be differentiated by their adhesion /cohesion
behaviour since they exhibit different microstructure, porosity and residual stress

level. However, both methods yield very coherent physical values of adhesion.

In spite of the few results obtained by Rockwell-C indentation, a comparable
order of interface toughness was achieved (Table 7-9) when comparing to that
obtained by interface indentation. The slight difference in magnitude order is
mainly due to loading process and the fracture mode, since the interface
indentation is dominated by mode I [294] whereas the Rockwell-C indentation is

dominated by a mixed mode, I and /I [5].
Interfacial toughness obtained: by interfacial indentation (K_,)
and by in-plane tensile (K,. ) methods

¢ VPSNiCr /SS ® FSNICr/St

67 R?=0.823

K. [MPam®?]
p= w

w
1

0 T T T T T T 1
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Figure 7-45: apparent interfacial toughness (by interfacial indentation) versus the

interface coating toughness (by in-plane tensile test) of VPS and FS NiCr 80-20 coatings.
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Apparent interface indentation toughness vs. apparent
interfacial shear strength of NiCr coatings
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Figure 7-46: apparent interface toughness (by interfacial indentation) versus the
apparent interfacial shear strength (by in-plane tensile test) of VPS and FS NiCr 80-20

coatings

6. SUMMARY

In this chapter, four adhesion methods were carried out; tensile adhesion,

interface indentation, in-plane tensile and Rockwell-C indentation (assisted by

finite elements simulation). The main results can be summarized in the following

points:

1.

Regarding the tensile adhesive tests (EN 582), the coating failure could
not yield a physical value to quantify the adhesion and one can only
assume that adhesion strength at the interface is stronger than those values
obtained. Those obtained results demonstrate that such test is no longer
usable for the thermal spray coatings that are routinely produced
nowadays. Since the adhesion between these coatings and their substrate
exceeds the resistance of the glue, and fracture in majority was occurred
cohesively in the coating or “adhesively” in the glue. Allowing the fact
that the test is very time consuming, costly and give very poor information

on the adhesion properties of the materials and it is probably going to be
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abandoned in the near future in profit of more meaningful tests. Therefore,

we could not correlate this tensile adhesion test to other tests.

The interfacial indentation showed very reliable and coherent results
through all the coatings, the physical values of adhesion were expressed
by the interface toughness. The influence of coating thickness and coating
roughness on adhesion was conducted. The results of interface indentation
of sandwich based cermet coatings shown that combination Cer /Ni pl-x/
Cer revealed the highest adhesion value among others and this was mainly
attributed to the microstrucutre of Ni inner layer and its mechanical
properties. Fracture analysis of other combinations were detailed in Hadad

[190, 191].

The in-plane tensile method relies on the development of transverse crack
patterns in a brittle coating when the relatively ductile supporting
substrate is plastically deformed under an applied uniaxial load. This
crack behaviour has been adequately described by a shear-lag analysis that
directly relates crack density to the load transfer capabilities of the
interface. This shear lag theory allows the establishment of a steady state
of constant crack density observed at relatively high strain levels. The
crack fragmentation method employed in this study could offer two order
of adhesion: the energy release rate and the apparent interfacial shear
strength. The interface fracture toughness was calculated based on the
estimated energy release rate due to crack channelling using Dundurs
parameters.

The apparent interfacial shear strength AISS revealed very good
accordance to the increase in coating thickness and roughness. Such
measurement seems to be coherent since no value was acceding the yield
strength of substrate or/and of coatings. The in-plane tensile method
provides in a well controlled manner a large array of parallel cracks over
the nominally homogenously deformed ductile substrate and allows in situ
observation of cracking of coating via various microscopy tools. It is

additionally simple and inexpensive testing instrument.
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4. Results obtained by Rockwell-C indentation showed coherent interface

toughness values and fit simulation well when delamination ratio was
more and/or around two. The other results with the delamination ratio less
than two were excluded from our results since this yielded a very large
error and out of the applicability range of this model. However, this test

method could be mainly applied for brittle coatings on a ductile substrate

Elemental analysis of annealed samples up to 800°C revealed different
mechanism; e.g. a diffusion of Fe through the interface and chromium
carbide formation at the interfaces of splats. Annealing helped reducing
the magnitude order of residual stresses in the coatings. Subsequently, a
reduction in adhesion order was observed in different manner. However,
the apparent interfacial shear strength was decreased after annealing in the
range from 30% to 60%, depending on the interface roughness; the higher
adhesion reduction was achieved in the lower interface roughness, since
the higher mechanical interlocking at the interface help to retain better the
compressive residual stress. The interfacial indentation was found to be
more sensitive to stress variation, since the effect of annealing on
adhesion was found dependent on the coating thickness, different reasons

for such behavior were discussed.

The interface indentation and the in-plane tensile test results were
compared. Metallic coatings showed quasi-linear correlation between
results obtained by both techniques. This is a novel finding, and very
important since no comparison between these two tests was ever made,
the fact that the two tests gave perfectly coherent and reliable results
demonstrate their pertinence to evaluate adhesion since they are based on

very different geometric and loading conditions.
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CHAPTER 8 : FINAL CONCLUSIONS AND
FUTURE SCOPE

8.1 FINAL CONCLUSIONS

The objectives of this thesis and the importance of investigating the adhesion of
thermally sprayed coating to its substrate as well as the residual stress induced
have been described in chapter 1. A review of thermally sprayed coating,
deposition processes, structures, main properties and coating build-up have been
conducted in chapter 2. Fundamental understanding on residual stresses in
thermally sprayed coating, their origins, methods and approaches of residual
stress evaluation and annealing effect has been gained in chapter 3. Chapter 4
provided an overview of adhesion, such as; definition and characteristics,
methods mainly used in laboratories and in industries to evaluate adhesion.

Principal advantages and disadvantages of each method were discussed.

Chapter 5 dealt with experimental procedures and protocol followed during the
investigations. The substrate and powder materials have been introduced and the
processes used to deposit the coatings have been stated. To summarize that, three
processes were used in our study, FS, VPS, and HVOF to deposit; metallic NiCr
80-20, ceramic Al,O3; and WC-Co-Cr composite coating materials on different
metallic substrates; St 52-3, AISI 304, X3CrNiMol13-4, TiAl-16V4. This was
followed by an elaborate description of the strain measurement procedures to

determine the residual stress using various approaches like curvature bending,
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incremental hole drilling (IHD) and interfacial indentation methods. Experimental
procedure of adhesion measurement and data evaluation were described for
procedures like pull-off, in-plane tensile, interfacial indentation and Rockwell

indentation (assisted by finite elements simulation) methods.

In chapter 6, the residual stresses were measured using; curvature bending,
incremental hole drilling and interfacial indentation methods. The obtained results
can be summarized in the following points:

1. Residual stress obtained using all methods revealed a compression stress field
achieved in NiCr coatings on the steel substrates. This was explained
according to the thermal expansion coefficients of coating-substrate systems.

2. The residual stress results of VPS NiCr obtained from three previous methods
were compared according to the coating thickness:

1.  a comparable order of magnitude in residual stress was achieved in
coatings with 100 um of thickness when comparing results from
bending curvature and interfacial indentation methods,

ii.  for coatings with 300um thick, the residual stresses obtained by
bending curvature and incremental hole drilling show a comparable
order of magnitude.

The residual stress measurements performed by all methods provide a large
insight to its gradient, intensity and state, and each can supply unique
information, hence, they are complementary to each other. The difference in
magnitude order of residual stress intensities obtained by the three methods
is not only attributed to the difference in analytical model in residual stress
estimation, but it is also related to the relevant measurement volume/areas
of the coatings-substrate system, for example, the hole drilling
measurements are localized to a volume of the order to ~1 mm3, whereas,
the interface indentation measurements are spread on loaded zone along the
interface for an important length of sample section (40 mm of length), while
the bending curvature measures the strain in coating of tenth of millimeters

over a few cm of length.
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3. The effect of annealing treatment up to 800°C for 75 min on residual stress

i.

1l.

iii.

can be summarized as follows:

Annealing helped to reduce the intensity of residual stress in the coating
and at the interface. Curvature bending results showed a decrease in
residual stress for the coating with Ra= 3 um down to ~ 65%, whereas, for
the coating with Ra= 6 wm, only a decrease of ~22% was measured. This
is attributed to mechanical interlocking at the coating —substrate interface
which retain residual stress within the coating.

The residual stress gradient obtained by IHD method on the annealed
coating showed one of principal stress was in compression and the other
developed after annealing to be in tensile. This was explained by the new
phase formation: where Fe diffusion through the interface, chromium
segregation and a chromium carbide phase formation have been observed
within the coating and at the interface.

Some of annealed results (e.g. combinations 22 and 24) obtained by
interfacial indentation method also revealed a conversion in residual stress
state to tensile for the same reasons explained above. While comparing
methods to measure residual stress, it is observed that the interfacial
indentation test used for residual stress determination, at the interface,

shows more sensitivity to stress variations.

In chapter 7, results of adhesion obtatined by; tensile adhesion, interface

indentation, in-plane tensile and Rockwell-C indentation methods were discussed.

The main conclusions are:

1.

Results of tensile adhesive test did not yield a physical value to quantify the
adhesion since the coating fracture was not occurred at the interface. This test
was found to be very time consuming, costly and yielded very little
information on the adhesive properties of the materials. Subsequently, we
could not correlate this tensile adhesion to other tests.

The interfacial indentation testing method could be applied for all types of
coatings on the ductile substrates and yielded to very reliable and coherent

results expressed by the interface toughness (K.) as physical values of
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adhesion. The influencing parameters like, coating thickness, interface

roughness and residual stress were discussed.

Particular attention was paid to conduct the model and data evaluation of the

in-plane tensile testing method. This crack fragmentation method could

provide two orders of adhesion:

i. the interface fracture toughness (K;c) was determined based on the
energy release rate,

ii. secondly, at the crack saturation stage, the apparent interfacial shear
strength (AISS) was determined. In addition, the residual stress intensity
induced in the coating allowed us to estimate the intrinsic interfacial
shear strength.

The influence of interface roughness and coating thickness on the adhesion

has been discussed. The obtained values of interfacial shear strength were

found to be very coherent and none exceeded the yield strength of substrate
or/and of coating.

This test method was found to provide in a well controlled manner a large

array of parallel cracks over the deformed ductile substrate and allows in situ

observation of cracking of the coating via various microscopy tools. It is

additionally simple and inexpensive testing instrument.

The Rockwell-C indentation results were found to be in very good agreement
with the finite elements simulation. In addition, these results were also in
agreement with those of the interfacial indentation test. The obtained interface
toughness values fitted simulation well when delamination ratio was more
and/or around two. The other results with the delamination ratio less than two
were excluded since these were associated with a large error and out of the
applicability range of this theoretical model. However, this test method could

be mainly applied for brittle coatings on a ductile substrate.
Elemental analysis of annealed samples up to 800°C revealed different

mechanism; e.g. a diffusion of Fe through the coating-substrate interface was

occurred, and chromium carbide formation at the interfaces of splats was
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observed. Annealing helped reducing the magnitude order of residual stresses

in coatings and at the interface.

6. The effect of residual stress relief, achieved by annealing, on adhesion was
found to reduce adhesion order in different manner; e.g. the apparent
interfacial shear strength (AISS) was decreased in the range from 30% to
60%, depending on the interface roughness; the higher adhesion reduction
was achieved in the lower interface roughness, since the higher mechanical
interlocking at the interface help to retain better the compressive residual
stress. On the other hand, the interfacial indentation was found to be more
sensitive to stress variation, and mainly dependent to the coating thickness,
for example, the VPS NiCr coating with 100 um of thickness, annealing led to
an increase of up to ~70% in the interface toughness, whereas, for the coating
with 300 pum, annealing led to a decrease down to ~30% in interface

toughness. This opposite behavior was discussed.

7. The interface indentation and the in-plane tensile results were compared.
Metallic coating showed quasi-linear correlation between results obtained by
both techniques. This is a novel finding, and very important since no
comparison between these two tests was ever made, the fact that the two tests
gave perfectly coherent and reliable results demonstrate their pertinence to
evaluate adhesion since they are based on very different geometric and

loading conditions.

To conclude, the residual stress measurements performed by three methods
provide a large insight to its gradient, intensity and state, and they are therefore
complementary one to the other. The performed adhesion methods measured
mainly what is termed the practical adhesion. It seems that interface indentation
and in-plane tensile methods provide the best prospects of relating practical levels
of adhesion to the performance of real engineering components in service.
Therefore, it is expected that the results in this thesis, and the future publications
which can stem from it, are of value to those working in the thermal spray

community.
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8.2 FUTURE SCOPE

As reported in chapter 4, the relationship between practical and fundamental

adhesion was expressed by:

Practical adhesion = f (fundamental adhesion, other factors)

Therefore, a pertinent question has been dressed; can one determine fundamental

adhesion by making practical adhesion measurement? This is still an open

question for further future study. Therefore, we decided to fundamentally
understand the adhesion at first level of thermal spray coating. Consequently, we
carried out a recent attempt [295] to quantify the adhesion of alumina single splat

sprayed on a polished steel substrate using indentation experiments inside a

scanning electron microscope. Based on energy release rate of interfacial crack,

the stress intensity factor was found to be Ky=4.43 +£1.0 MPa m'? which is
possibly overestimated since the tensile residual stress has not been taken into
account. However, in spite of the high scatter, such order of magnitude might be

comparable to interfacial coating toughness found in our study (ranged from 2.1

to 4.0 MPa m'?).

Our first approach to quantify adhesion of one single splat might be an improper

approach to study the fundamental adhesion, because of two reasons:

i.  in spite of steel substrate is considered one of the most used in the field of
thermal spray application, the surface chemistry is still not enough known.
Recent investigations were carried out by Brossard [70, 100, 296-302]
revealed complex phenomena resulted at interface when spraying NiCr splat
on polished stainless steel substrate as shown in Figure 8-1 with the
following marked points: (1) columnar grains (<1 um in diameter) (see
region marked 1), (2) the apparent good contact between the splat and the
substrate and alignment of grains suggests that melting of the substrate may
have then occurred locally in this zone. (3) some voids at the splat-surface
(4) curling up of the splat rim at its periphery, which occurs because of the
surface tension effect during spreading, the poor adhesion of the splat under
the rim and the shrinking of the splat to accommodate the stress arisen from
the solidification and cooling down. (5) phase was identified by TEM to be
NiO.
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Figure 8-1: FIB cross-section of a disc-shaped NiCr splat on steel substrate [302].

ii.  The deposited splats are too different in shape, thickness, thermodynamic
history and size as shown in Figure 8-2. This occurs since, the splats while
contacting the substrate, possesses a wide range of temperature, size and
velocity. Therefore, numerous processing parameters can play a major role
to influence splat adhesion, such as, preheating temperature, particle size,
shape, velocity, temperature, deposition distance, etc. Even if those
parameters are optimised to obtain disc adherent splat as some authors did
[65, 71, 303-313], lots of statistical adhesion measurements should be

involved.
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Figure 8-2: a & b) splats of Ni Cr 80-20 at preheated substrate to 450 °C, ¢ & d) splats
of ALO; at preheated substrate 250°C.

For the reasons mentioned above, we decided to spray a thin alumina coating on a
polished sapphire (single crystal) substrate in order to study the fundamental
adhesion. This alumina-sapphire presents a very interesting system to investigate,
since the CTE of both materials are similar and this might be beneficial for
reduction in thermal stress, where the tensile quenching residual stress can
dominate. In addition, the interface chemistry might be less complicated than that
of steel, since the saturation of oxidation is already achieved in this
sapphire/alumina interface.

First preliminary results revealed FS alumina spraying on a polished sapphire
(single crystal) was not successful and only few splat where adhered as shown in

Figure 8-3.
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Figure 8-3: FS splat of Al,O; on Sapphire (Single crystal) with sapphire surface
roughness Ra: 0.001 um.
The sapphire (single crystal) substrate was therefore grit blasted using alumina
grits to have a roughness of Ra=1.1 um and a FS alumina coating has been
deposited on, having a 70 and 200 um of coating thickness. The 200 um of
coating peeled off during cooling, this might be explained by the tensile stress
gradient. The morphology of the background free standing coating is shown in

Figure 8-4.

Figure 8-4: background of the free standing alumina coating on a polished sapphire
substrate.
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Last deposition of alumina on the grit blasted sapphire (single crystal) shows the
importance of mechanical interlocking system where the splats can be
accommodated. The critical surface roughness should be defined to guarantee the
minimum of adhesion. Therefore, the proposed future work, as an extension of
adhesion investigation, is to perform a gradient in surface roughness which is not
only expressed by Ra value, but expressed in very fundamental and scientific
manner, like mean spacing of holes/pillars, their shape, size, depth and
distribution. This surface gradient of sapphire substrate could be achieved by
laser for example.

Coating adhesion therefore can be investigated using scratch test along the
topographic gradient interface. For fundamentally understanding the residual
stress contribution to the adhesion mechanism, the residual stresses at the
interface and underneath in substrate can be measured using high resolution X-

Ray diffraction and/or Raman spectroscopy.
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ADHESION AND RESIDUAL STRESS EVALUATION OF THERMALLY
SPRAYED COATINGS

For thermal sprayed coatings that are characterized by thick coatings, the adhesion to the substrate and re-
sidual stresses are the main parameters determining their performance in service. Although many methods
have been tried to assess adhesion, there is no test, nowadays, that satisfies all requirements, both techni-
cal and theoretical, necessary to properly represent the adhesion of a coating on its substrate. The essen-
tial idea here is to compare several test methods capable of delivering an interface toughness or interfacial
fracture energy representative of the adhesion of coatings. Various conditions of spraying as well as dif-
ferent materials and substrates were used. Apart from the EN582 standard test, indentation interfacial, in-
plane shear and C-Rockwell indentation associated with a finite element modelling were used. The resid-
ual stresses were estimated using the curvature bending, the incremental hole drilling and the indirect
method based on the results of the interfacial indentation. We show that the methods of interfacial inden-
tation and in-plane tensile tests provide the best prospects in terms of consistency and reliability of the
physical quantities obtained. For example, for metallic coatings, a quasi-linear correlation was found be-
tween the results of the interface indentation and the in-plane tensile tests. This result is very important
since both tests provide fully consistent and reliable results, thus demonstrating their relevance to assess
adhesion. Finally, the annealing process, allowing the establishment of a new state of residual stress

within the coating and substrate, was used to analyze the influence of residual stresses on adhesion.

Keywords: Adhesion, residual stress, interfacial indentation, in-plane tensile test, Rockwell C indenta-
tion, incremental hole drilling, bending curvature, and thermal spraying.

EVALUATION DE L’ ADHERENCE ET DES CONTRAINTES RESIDUELLES DE
REVETEMENTS OBTENUS PAR PROJECTION THERMIQUE

Pour les revétements obtenus par projection thermique, c'est-a-dire entrant dans la catégorie des revéte-
ments épais, 1’adhérence sur le support et les contraintes résiduelles sont les parametres principaux déter-
minant leur performance en service. Bien que de nombreuses méthodes aient été essayées pour évaluer
I'adhérence, il n'existe pas de test satisfaisant toutes les exigences tant techniques que théoriques néces-
saires pour représenter valablement 1’adhérence d’un revétement. L’idée essentielle est de comparer plu-
sieurs méthodes d’essais capables d’aboutir a une ténacité d’interface ou une énergie de fissuration inter-
faciale représentatives de 1’adhérence de revétements préparés dans des conditions d’élaboration les plus
variées possibles. En dehors de 1’essai normalisé EN582, I’indentation interfaciale, 1’essai de cisaillement
et I'indentation Rockwell-C associée a une modélisation par éléments finis ont été utilisés. Les contraintes
résiduelles ont été estimées par 1’essai de courbure, le percage incrémental et par une méthode indirecte a
partir des résultats de I’indentation interfaciale. Pour les revétements métalliques, on observe une corréla-
tion quasi-linéaire entre les ténacités d’interface obtenues par indentation interfaciale et par cisaillement.
Ce résultat, tres nouveau, est tres important, car le fait que les deux essais donnent des résultats parfaite-
ment cohérents et fiables, montre leur pertinence pour évaluer 'adhérence. Enfin, le traitement de recuit,
en permettant 1’établissement d’un nouvel état de contraintes a I’intérieur du revétement et du substrat, a

permis de quantifier I’influence des contraintes résiduelles sur I’adhérence.

Mots clés : Adhérence, contraintes résiduelles, indentation interfaciale, cisaillement par traction, inden-
tation par Rockwell-C, percage incrémental, rayon de courbure, et projection thermique,
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