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ABSTRACT
A NOVEL TECHNIQUE TO CHARACTERISE AND EVALUATE THE
INTERFACIAL FRACTURE TOUGHNESS OF COATINGS
Coatings are often used as a covering to enhance the quality and protect the material
to which they are applied to. The interface between the coating and substrate is the
weakest part of the bimaterial system. Through accurate prediction of the interfacial
fracture toughness, coatings can be produced that are more reliable as unanticipated
failures are less likely to occur. Currently the tests that are carried out in this field
have limitations and are only able to test certain coating–material combinations or
are only suitable for certain loading conditions.
A simple method using circumferentially notched tensile (CNT) specimen was
developed for quantitatively evaluating the adhesion of coatings on substrates. The
method is based on common tensile test of materials and is competent for estimating
the mixed mode fracture toughness over a range of phase angles. In the first stage the
00, 150, 300, 450 and 600 notch angled mild steel cylindrical substrates with
electroplated nickel were studied in detail using finite element models. In the second
stage the nickel coated steel CNT specimens were tensile tested with a well defined
precrack at the interface. In-situ acoustic signals acquisitions and scanning electron
microscope were carried out to obtain the crack initiation (critical load) and
propagation. From the critical load, critical interface energy release rate as a function
of mode mixity was evaluated using J- integrals. The results showed an increase in
the interfacial fracture toughness values with the increase in phase angle. In the third
stage, the studies were also conducted to evaluate the fracture properties of TiN and
TiAlN coatings using CNT specimens. The combined results of computational and
experimental analysis showed that any defect or stress concentration at the interface
can significantly weaken the adhesion of coating. It has been concluded that this new
proposed method is an easier testing method to evaluate the adhesive properties of
both ductile and brittle coatings on metallic substrates compared to traditional
methods.
Keywords: Interfacial fracture toughness, Coatings, Circumferentially notched
tensile test, Finite element analysis
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a

Half crack length

E

Modulus of elasticity

J

J-integral

K

Stress intensity factor

KI

Mode-I or opening-mode stress intensity factor

KII

Mode-II or shearing-mode stress intensity factor

KIII

Mode-III or tearing-mode stress intensity factor

G

Strain energy release rate

α,β

Dundurs’ parameter

ε

Oscillatory index

Ψ

Mode mixity

μ

Shear modulus

Γ

Interfacial fracture toughness

ν

Poisson's ratio

σij

Stress tensor components

CNT

Circumferentially notched tensile

AE

Acoustic emission

SEM

Scanning electron microscope

FE

Finite element
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CHAPTER 1
INTRODUCTION

Coatings or films are widely used in electrical, thermal, optical, biomedical and
protective applications. Their mechanical integrity and adhesion to the substrate
determines the successful performance and reliability during application.
Interfacial adhesion of a coated system is one of the important mechanical
properties, when considering reliability of the system. The evaluation of interfacial
strength is a complex task due to the complexity of loading, small dimension of
coating and material conditions of interface cracking and coating spallation. The
crack propagates along the interface under mixed mode due to the asymmetry in the
material properties about the interface and possible asymmetry in loading [1]. When
the adhesion is evaluated on the basis of fracture mechanics, it is defined as
interfacial fracture toughness (Γ).
A proper interfacial fracture toughness test should be a) able to determine the mode
mixity affects on Γ b) inexpensive and accurate c) deformations should be within
elastic limit and d) simple in sample preparation. A new testing technique, based on
tensile testing, for evaluating the interfacial fracture toughness is proposed by using
a Circumferentially Notched Tensile (CNT) specimen. This experimental technique
eliminates the limitations of other existing methods. The main advantage of the
proposed method is the easiness in varying phase angle (ψ). Validation of the test is
performed using finite element analysis by considering different configurations.
The project’s general aim is to investigate and to have a better understanding of
interfacial fracture toughness. The proposed test method was carried out in two
stages. In the first stage, a systematic computational analysis was performed for
different notch angles, different specimen diameters, different material properties,
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and considering cracks embedded in different locations. In the analysis crack shape
was considered as circular and a tensile load was applied at the ends of CNT
specimen. In the second stage, a coated CNT specimen was prepared and the critical
load of failure was determined under pure tensile loading. The critical load
determined from the experiment was used for calculating the energy release rate G
by applying J-integral approach, utilizing the finite element software, ABAQUS. In
linear elastic fracture mechanics (LEFM), G is equivalent to the path independent Jintegral. The relative value of each stress intensity factor at the crack tip plays an
important role in the initiation of crack progression and is defined by nondimensional phase angle.

1.1

RESEARCH OBJECTIVES

Bimaterial systems with property mismatch find various applications in almost all
fields of engineering. The surface properties like protection from corrosion and wear,
electrical, magnetic or optical properties, of a component can be improved by
depositing a thin layer of different material. The objective of the study is to measure
the interfacial fracture toughness, which is normally presented as the interfacial
fracture energy ( Γ ) in interfacial fracture mechanics. When a crack extends on a
bimaterial interface, mixed mode conditions usually prevail. The mixture of the
fracture modes is described by phase angle.
The objectives are summarised as
1. To characterise interfacial fracture by using fracture mechanics approach for
failures under practical conditions such as notch effect and tensile loading, which
have received very limited research attention. When the coated materials find their
way into commercial application, then it is a priority that we understand how they
perform,

and

resistance

to

interface

fracture

is

a

key

property.

2. Develop methods to create well defined interfacial pre-crack on CNT specimens
at different position and orientation.
3. Analyse of the coated CNT specimens numerically for different notch angle and
crack position. To employ finite element simulations for interpreting tensile test
results and information related to the fracture behaviour and also to study the
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behaviour of the cracks during tensile testing, by studying the deformed meshes and
the crack tip stress fields.
4. To evaluate the interfacial fracture toughness using J integral approach and also
estimate the dependency of fracture energy on phase angle.
5. To analyse the variation of energy release rate (J) with crack position and
orientation.
6. Evaluate the accuracy of the new CNT method by comparing results from existing
methods and standardize CNT method to measure the interfacial toughness for
coatings on substrates.

1.2

CHAPTER OUTLINES

This thesis details the development and modelling of a novel interfacial fracture
toughness determination test specimen. The specimen is named as Circumferentially
Notched Tensile (CNT) specimen due its shape and testing method. The test on
specimen implies that the test is simple and useful. This thesis features the existing
testing methods of adhesion, studying its advantages and disadvantages, some basic
interfacial fracture mechanics theory applicable to adhesion test development, test
concept development and determination of adhesive and cohesive fractures of ductile
and brittle coatings on CNT specimens.
The outline of subsequent chapters is as follows.
Chapter 2 features the background study which includes the detailed study of the
other commonly used interfacial fracture toughness methods. Some background
fracture mechanics theory relevant to interfacial fracture test development is
explained. The methods adopted by other researchers for creating precrack at the
coating-substrate interface and importance of precrack are also studied. After
comparing all the existing method the new method is proposed with explanation for
its need.
Chapter 3 describes the test development concepts which cover the specimen
development process, precrack generation and positioning, effect of notch angle and
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testing methods. The modelling approach and method to determine the interfacial
fracture toughness is described in detail.
Chapter 4 analyse the CNT specimen for effect of diameter ratios, crack positions,
notch angles and elastic ratios on the energy release rate and interface stress
distribution. The elastic-plastic deformation of coating-substrate system is
characterised quantitatively. The simulations for tensile loading of precracked CNT
specimens were conducted using finite element package, ABAQUS.
Chapter 5 reports the detailed specimen configuration, experimental setup, results
and discussion for determining the interfacial fracture toughness of coatings. Nickel
coating was electroplated on CNT specimens to a thickness of 15µm over a length of
60 mm at the middle of the substrate. The experimental setup includes substrate
preparation, interface-precracking method, coating preparation, tensile testing
details, fractographic analyses and critical load determination. The critical load is
determined from the detection of elastic waves generated as a result of the formation
and propagation of interface crack. SEM analysis is used to distinguish between
cohesive failure in the coating and adhesive failure at the interface of the coatingsubstrate system. The critical energy release rate, critical stress intensity factors and
phase angle are determined from critical load using J integrals. The results are
thoroughly compared with other coating adhesion tests.
Chapter 6 reports the evaluation of fracture properties of hard, brittle, ceramic
coatings on CNT specimens under tensile straining. TiN and TiAlN coatings were
deposited on circumferentially notched 321-grade stainless steel substrate using
cathodic arc deposition technique. The strained coated specimens were then
examined using a scanning electron microscope (SEM) to study and image the
response of the coatings to the applied loads.
Chapter 7 discusses general conclusions, along with suggestions for future work.

CHAPTER 2
INTERFACIAL FRACTURE TOUGHNESS
 BACKGROUND STUDIES

Coatings are integral part of many applications such as nanotechnology, ceramics,
biomedical research, silicon-based semi-conductor devices, industrial coatings,
optical coatings(filters, anti-reflection, cosmetic, security devices, architectural),
MEMS, flat panel displays, disk drives, decorative coatings (watch cases, bathroom
furniture, door furniture, plastic mouldings), solar cells, barrier coating (gas turbines
aerospace), tribological coatings(cutting tools, bearings, engine parts, plastic optics),
electrical coatings etc. [2]. Adhesion strength between the coating layer and the
substrate is one of the most important characteristics of such coatings because
various type of loads, such as cyclic, thermal loads, mechanical etc., are applied to
the coated products in actual use[3]. It is common in engineering applications that
one material is bonded to another like in adhesive joints, composite materials and
thin coatings. It is important and difficult to test the adhesion of thin coatings[4]. In
coatings, for many material systems, the weakest part is commonly the interface and
the

interfacial

delamination

becomes

the

major

failure

mechanism [5].

When the substrate is not perfectly flat, infinitely large, stress concentrations are
generated at the interface of the coated system. In the practical application, the
tribological coatings are applied to relatively rough surfaces with edges and
corners[6]. The stresses induced in the film during its operating conditions causes the
debonding. The interface crack originates when the debonding force exceeds the
adhesion strength. The reliability of the interface between coating and substrate is
crucial since interface failures can lead to failure of the coating system even the
coating itself does not yet fail. So it is highly recommended to characterise the
interfacial adhesion strength for maintaining a reliable system. The measurement of
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interfacial adhesion is made by considering the fracture mechanics principles, which
uses the amount of energy required to remove the coating from the substrate.
Coating is considered to be failed if it cannot perform its indented function. The
premature coating failures can result in serious, costly consequences: money,
downtime, repair and replacement costs. The cost involved in the failure is not
limited to the initial coating application and material, it also includes the cost of
repair or replacement of job, production down time and company’s reputation [7].
Therefore, coating failure analysis is recommended to determine the various causes
of failure which helps to prevent the reoccurrence of premature failure. The
operating situation of practical application is so complicated that the failure mode
cannot be anticipated in advance.
The various measuring methods [8] available can only used for particular coating
applications and one must proceed systematically to do experiments to analyse the
cause of failure on quantitative basis. A new method of tensile testing is proposed to
characterize the interfacial adhesion between film and substrate, which has the
advantages of being simple, less expensive, repeatable and easy to model.
2.1

Fracture mechanics approaches

Complete quantitative assessment of bimaterial delamination processes can be
achieved on the basis of fracture mechanics by using the concepts of Stress Intensity
Factor (SIF) and energy release rate. These approaches are vital in determining the
adhesion strength because composite system formation involves unavoidable
difference in thermo-mechanical properties of each constituent material. The
complex nature of fracture in the proposed method is analysed using energy
approach and stress intensity approaches.
The interfacial fracture toughness of the material can be estimated from the energy
release rates and finite element analysis has proved to be very useful [9]. The
mathematical modelling method is an adequate way to give information about the
stress and strain field at the coating-substrate interface. The mechanical behaviour of
the bimaterial system under tensile loading can be fully understood only from a
combination of experimental and mathematical modelling. For a bi-material system
such as adhesive joints, composite laminates and film-substrate system, methods to
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calculate the stress intensity factors are more complicated than in linear
homogeneous material, since the field equations are complex and the calculation of
opening and sliding mode parameters is difficult.
The fracture mechanics approach states that the failure occurs when the release in
free energy during the crack growth is sufficient to provide the energy required to
form the fracture surface. The critical energy release rate is defined as the energy
required in creating a new failure surface. This quantity is calculated from the critical
load determined by experiment. This type of analysis is done using numerical
computational techniques such as finite element methods. Finite element methods
can include the nature of elastic, plastic, viscoplastic and other effects of the
problem. Finite element method is applied as follows: A crack or a small region of
delamination of given size is assumed to exist at the interface and stress analysis is
performed for a given loading. The crack is then allowed to propagate in steps with
the stress and energy calculations repeated for each segment. The increment in
energy divided by the increase in crack area for that step is defined as the energy
release rate. Measurements of interfacial failure have shown that the fracture energy
is a complex quantity[10]. It depends upon nature and properties of the coating and
substrate, the coating thickness, nature of the substrate surfaces, the mode of loading,
and other factors.
In the case of linear elastic fracture mechanics (LEFM) crack growth can be
predicted on the basis of energy balance. The Griffith criterion states that the crack
growth will occur when there is enough energy available to generate new crack
surface. The energy release rate (G) is a critical quantity in energy balance criteria.
The crack growth criterion can also be analysed based on the stress state at the crack
tip. This stress field can be determined analytically. It is characterised by the stress
intensity factor (K). Stress intensity factor is a function of the applied loading type
and the geometry of the cracked specimen. A complex stress intensity factor should
be used for the interfacial crack because the interfacial toughness strongly depends
on the relative amount of crack surface shearing to opening [1]. The stress intensities
can be determined by using direct methods like stress extrapolation and displacement
extrapolation or from indirect methods such as J – integral, Griffith’s energy and
stiffness derivative. The energy release rate and stress intensity factors can be
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calculated using virtual crack closure integral method, domain integrals and
interaction integrals. It is vital to predict whether a crack will grow or not. It is also
important to predict the speed and direction of its growth. To predict the crack
growth direction, the criteria used are [11]: the maximum tangential stress criterion
and the strain energy density criterion, maximum tangential strain criterion, Tcriterion and J- criterion.
Assumption of linear elastic material behaviour leads to infinite stresses at the crack
tip. In reality this is obviously not possible, i.e. plastic deformation will occur at the
crack tip. Using yield criteria (Von Mises, Tresca), the crack tip plastic zone can be
determined. When this zone is small enough (small scale yielding (SSY)), LEFM
concepts can be used.
When the plastic crack tip zone is too large, the stress and strain fields from LEFM
are not valid any more. This is also the case when the material behaviour is nonlinear
elastic (polymers and composites). Crack growth criteria can no longer be
formulated with the stress intensity factor.
In the elastic-plastic fracture mechanics (EPFM) or non-linear fracture mechanics
(NLFM) criteria are derived, based on the crack tip opening displacement (CTOD).
Calculation of CTOD is possible using models of Irwin or Dugdale-Barenblatt for
the crack tip zone.
Another crack growth parameter much used in NLFM is the J-integral (J), which
characterises the stress/deformation state in the crack tip zone. The J-integral can be
used to calculate the energy release rate for both homogeneous materials and
combinations of dissimilar materials.
Calculating crack parameters like G, K, CTOD and J is generally not feasible, due to
the complex mathematics involved. Analytical calculation of relevant quantities (G,
K, CTOD, J) is only possible in the cases of very simple problems. Numerical
analyses with the finite element method (FEM) are used to solve practical problems.
The finite element method can also be used to predict the crack path after a crack has
started to grow.
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The standard finite element method cannot give accurate results, when the solution
of the partial differential equations possesses singularities. The finite element
method uses finite number of elements, which cannot represent the transition from
infinite stresses at the crack tip to finite stresses at the other parts of the problem. A
number of numerical methods were proposed to avoid this difficulty and to improve
results near the singularities. Thatcher [12] proposed the infinite element method to
deal with singularities. A number of special crack tip elements with the proper
singularities especially for plane problems were designed by Cao et al [13] and
coupled them with the usual finite elements outside a small region that is around the
crack tip to solve many problems. Babuška and Rosenzweig [14]used the standard
FEM with local mesh refinement technique to solve problems with singularities.
Special quarter-point crack tip elements [15] has the ability to represent an elastic
crack-tip singularity by moving the mid-side nodes of a quadradic isoparametric
finite element to the quarter-point position.
2.1.1

Interfacial fracture toughness and mode mixity

A crack can experience three basic types of loading: Mode I (opening mode), Mode
II (sliding mode) and Mode III (tearing mode). For fracture mechanics prediction of
failure the residual stress, applied load, size, shape, location, and orientation of
crack, and size and shape of the part are needed to be known. The two approaches
used in fracture mechanics are Griffith energy criterion and critical stress/strain
criterion. Energy release rate is widely used for predicting the interface strength.
Theoretical studies on crack propagation along bimaterial interface have been a very
interesting topic among researchers for more than fifty years [1, 16-17]. Williams
[18] and Erdogan et al [19] carried out an asymptotic analysis of the elastic fields at
the interfacial crack tip and predicted that the stress and displacement near the crack
tip behaves in an oscillatory manner. The studies by England [20] showed that the
near to crack tip, displacement exhibits non physical interpenetration of crack faces.
The mode I and mode II components of fracture are inherently coupled causing
difficulty in defining stress intensity factors[16].
For a bimaterial interface, the strain energy release rate G can be determined by
measuring the critical load from the experiment at which the fracture occurs in a
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specimen for a particular phase angle (ψ). The accuracy of interfacial failure
calculation depends on the value of stress intensity factors (KI, KII) and thus the
strain energy release rate (G). Hutchinson and Suo [1] suggests that, if interface is
the low toughness fracture path in joined materials, then mixed mode crack
propagation should be considered. This is due to the fact that crack is not developed
from the tip by the mode I loading only, as in the case of isotropic brittle material.
The mode II component is generated from the difference in moduli relating to
interface causes asymmetric near the crack tip even though the loading and geometry
are symmetric. Thus difference in elastic properties of the coating and substrate
causes the distribution of normal and shearing stresses along the interface.
Consider two linearly elastic, isotropic homogeneous solids joined along the x axis
as shown in Figure 2.1. Let Ec, νc, µc and Es, νs, µs are the Young’s modulus, Poisson’s
ratio and shear modulus of coating material and substrate respectively and (r, θ)
represents the local polar coordinate system at the crack tip.
σyy
σc

ψ

σ22

σxy

τ12
2

σ11
τ21

r

crack

Figure 2.1:

Interfacial crack of bi-material system

Dundur’s mismatch parameters (α, β) [21]can be written as



1
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α=

μ c (k s + 1) − μ s (k c + 1) E c − E s
=
μ c (k s +1) + μ s (k c + 1) E c + E s

Where

Ei ≡

Ei
1 − υ i2
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(2.1)

( plane strain)

E i ≡ Ei

( plane stress)

For plane strain

k i = 3 − 4υ i
For plane stress

ki =

3 − υi
1 + υi

where i = c, s

μ=

β=

E
2(1 + υ )

μ c (k s − 1) − μ s (k c − 1)
μ c (k s + 1) + μ s (k c + 1)

(2.2)

Dundur’s parameter α represents the difference between in the plane tensile modulus
(elastic stiffness) of two materials and its value lies between +1 and -1. The second
Dundur’s parameter β is due to the difference of in-plane bulk modulus and its value
is between 0 and α/4.
When r is considered near the crack tip, the Williams asymptotic stress field for an
interface crack can be written as [1, 16].

[ ]

[ ]

Re kr iε ~ I
Im kr iε ~ II
σ ij (r ,θ ) =
σ ij (θ , ε ) +
σ ij (θ , ε )
2πr
2πr

(2.3)

This solution is different from the crack in homogeneous solids due to the oscillatory
behavior of the crack tip in the interface. This oscillatory behaviour [22] is a
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distinguishing feature of interface crack problem and it results from complex Eigen
values. This bimaterial constant or oscillatory index is given by

ε=

1 ⎡1 − β ⎤
ln
2π ⎢⎣1 + β ⎥⎦

(2.4)

Oscillatory behavior near the crack tip or at small r evolves from the term riε =
cos(ε ln r)+ i sin(ε ln r) . The complex stress intensity factor (SIF) K=KI + i KII. In
the case of interface crack, the stress intensity factors KI (opening mode) and KII
(shear mode) are intrinsically coupled and Mode III (tearing mode) is independent.
The values of α, β, ε becomes zero, if there is no material mismatch and the analysis
of stress at the crack tip becomes same as in the case of homogeneous solid.
In the case of interfacial crack which is parallel to the interface, under small-scale
yielding, the traction on the bonding surface ahead of the crack-tip (θ=0) is given by

σ yy + iτ xy =

K
(r )iε
2πr

(2.5)

The crack opening displacement behind the crack tip is related to the complex stress
intensity factors (SIF) as [1]

δ y + iδ x =

cc + c s
2 2π (1 + 2iε ) cosh(πε )

K r r iε

(2.6)

Where the compliance parameters are

cc =

kc + 1

μc

,

cs =

ks + 1

μs

The interfacial fracture toughness can be characterized by using the strain energy
release rate (G) and the phase angle (ψ). The strain energy release rate in terms of
SIF for an interface crack is given by
G=

1
( K I2 + K II2 )
2
E 0 cosh (πε )

(2.7)
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1
1⎛ 1
1 ⎞
⎟
( plane stress)
= ⎜⎜
+
E 0 2 ⎝ E c E s ⎟⎠
1
1 ⎛ 1 − υ c2 1 − υ s2 ⎞
⎟ ( Plane strain)
= ⎜⎜
+
E0 2 ⎝ Ec
E s ⎟⎠

The phase angle or mode mixity [1] is given by

⎛ K II
⎝ KI

ψ = tan −1 ⎜⎜

2.1.2

⎞
⎟⎟
⎠

(2.8)

Failures in coatings and failure modes

The concept of fracture in materials is generally classified into two (1) cohesive
fracture - the separation of a material from itself and (ii) adhesive fracture - the
separation of a material from a dissimilar material at the bond line between the two
materials. The cohesive fracture energy is considered as a material property
independent of specimen geometry while adhesive fracture energy calculation
depends on surface preparation.
Physical testing provides important characteristics of a coated specimen which may
reveal primary causes for the failure. Important physical tests include thickness
testing, pin hole testing, adhesion testing, determination of the plane of delamination,
hardness testing, and surface roughness (profile) testing. Pin holes are caused by
poor application technique, solvent evolution from the film, and corrosion due to
trapped materials. Poor adhesion is caused by improper surface preparation
procedure, as well as incompatibility of coating layers. The determination of the
plane of delamination of a failed coating is critical to ascertaining the possibility of
coating layer incompatibility or improper surface preparation.
Due to the large stresses from intrinsic residual stresses, thermal residual stresses and
mechanical loading causes many failure modes in films [10]. Figure 2.2 shows some
of the failure modes when the film is under tension.
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Surface Crank

Channeling

Substrate Damage

Spalling

Debonding

Figure 2.2:

Crack modes for film under tension [10]

There are two dominant failure modes, when the stress in the film is compressive.
They are buckling driven interface delamination and edge delamination as shown in
Figure 2.3.

A

A'

circular blister

Figure 2.3:

"telephone cord"
blister

(a)Buckling driven interface delamination(b)Edge delamination
[10]
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Blisters are local defects that form because of the pressure exerted by an
accumulation of water or aqueous solution at the coating-substrate interface in
conjunction with loss of adhesion of the coating. At these local regions, corrosion of
the substrate may occur. But the loss of coating adhesion is actually connected with
the development of a cathodic area under the coating adjacent to the defect. Oxygen
also permeates the coating while ionic materials are leached from the substrate or
from the coating and these all concentrate to make an electrochemical corrosion cell
beneath the blister. Therefore blisters are an early sign of corrosion but are often
neglected. Conversely, the elimination, reduction, or delay in blister formation will
delay the onset of corrosion of the steel substrate.
The common causes of blistering are (i) improper coating formulation and process,
(ii) harsh operating conditions such as exposure of coating to higher humidity or
water immersion, impingement of solid particles in service leading to coating erosion
or breakage, (iii) poor surface preparation which leaves pockets of moisture beneath
the coating, (iv) weak spots with a low film thickness, (v) improper adhesion
between the substrate and coating, (vi) direct or stray cathodic protection currents
etc.
Delamination of a coating is defined as the loss of adhesion of the coating from the
substrate, particularly with long term exposure to challenging environments.
Delamination is one of the major failure modes because the weakest part in a coated
system is commonly the interface[18]. Some of the principal causes of delamination
are environmental attack, thermal mismatch stresses, residual stresses and impact or
contact stresses. Buckling driven delamination will occur if the coating stresses are
compressive in nature.
2.2

Pre-cracking techniques at coating interface

Introducing a sharp crack on the interface is very important in quantitative fracture
mechanics analysis. If the pre-crack is not sharp enough the interfacial fracture
energy will be overestimated due to the extra energy needed for the initiation of
crack before the propagation of sharp crack [23]. Sharp pre-cracking at the interface
also helps to originate the crack from crack tip and propagate along the interface
because of the high stress concentration at the tip of pre-crack.
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Atrash et al[24] conducted super layer test for evaluating interfacial fracture energy
of thin coral low-k dielectric films deposited on top of Cu or Ta layer. All the layers
are on the top of silicon wafers. Ti films were used as super layer. The precrack was
introduced in the coral and Cu interface by pushing the edge of a bilayer using a
micron size probe. To evaluate the steady state interfacial fracture energy, the
precrack generated is of layer’s width and more than ten times the coral film
thickness.
Leon et al [23] conducted the modified pull test to determine the interfacial fracture
energy of Al2O3-13wt.% TiO2 coatings on a mild steel rod. In direct pull method the
coating to be tested is applied to the end of a cylindrical substrate and another
cylindrical substrate of same material is bonded to the top of the coating using
adhesive. For failure to happen at the interface of coating and substrate, the strength
of adhesive/coating should be stronger than the coating/substrate adhesion strength.
In their experiment the end face of steel rod is applied with a masking material for
creating a pre-crack. They tried with three masking materials: Metco Anti Bond™
paint, aluminium adhesive tapes and BN spray (an acetone aerosol containing BN
particles less than 1 μm in diameter). In their studies they found that only BN spray
can give weak bonds at the interface. This improved radial notch pull test has the
advantage of evaluating coating of higher adhesion strength than the adhesive and to
use the fundamental measure of adhesion.
In the tensile test conducted by Watanabe et al [25] the interfacial precrack is
introduced by depositing a carbon layer along the cylindrical substrate top edge to
produce a weakly bonded region. This test is conducted to evaluate the interfacial
toughness of SUS316L powder sprayed using high velocity oxy-fuel (HVOF)
technique on the top of the low carbon steel substrates.
A sharp pre-crack is vital for obtaining significant local deformation data at the start
of crack propagation. The sharp precrack at interface is generated on the coating
system by using several methods like use of Kapton or Teflon tape, sputter coating,
fatigue pre-cracking, Teflon spraying, foil wrapping, moulding compound release
agent, non-stick powders, grease sprays, mechanical separation, by depositing a
weak layer between film and substrate and scrub the substrate surface over the initial
crack area with a soft lead pencil[26]. The selection of pre-cracking method is
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crucial so that it should not contaminate the coating system and also should produce
a straight thin pre-crack.

2.3

Methods to determine the interfacial fracture toughness of coatings

Adhesion is categorized into three according to their definition [8]: fundamental
adhesion, thermodynamic adhesion and practical adhesion. In this review we discuss
about the main tests which is used to determine the practical adhesion. For
measuring the adhesion energy or interfacial fracture toughness, the force or work
needed to separate the coating from the substrate is used.
The interfacial toughness (interfacial fracture resistance or the interfacial strain–
energy release rate) is used to characterize the interfacial combining strength.
Fracture mechanics approach to determine the crack propagation is based on
describing adhesion in terms of stress intensity factor (K) or strain energy release
rate (G).
Several methods for testing mechanical properties of a bi-material interface are
reviewed by Valli [27], Chalker et al [28], Volinsky et al [29] and Evans and
Hutchinson [5]. Bagchi and Evans [30] reviewed the mechanics of thin film
decohesion and compares the various measuring methods. The commonly used
methods are indentation [31-32] double cantilever beam tests, four point bending
test[4], scratch test and laser spallation. The adhesion measurement tests can be
classified as destructive and non destructive type. Mittal in his book [8] in 1995 has
listed more than 300 methods used by researchers to determine interfacial fracture
toughness. But none of the testing methods can be considered as an ideal method for
measuring adhesion [8].
2.3.1

Beam bending tests

Some of the methods based on elastic bending properties of stiff beams for testing
interfacial fracture toughness are three point bending test, four point bending, double
cantilever test, tapered double cantilever beam, topple beam test double cleavage
drilled compression and wedge test.
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Three point bend test

McDevitt and Baun [33]conducted the preliminary studies on metal to metal
adhesion using the three point bend test. They claim this method is more sensitive to
interfacial weaknesses than other methods like lap shear test, peel test and wedge
test. They considered the variety of thermal and environmental stress conditions and
the break in the load displacement curve was attributed to the failure at the interface.
Many researchers [34-36] investigated different variation of three point bend test to
evaluate the sensitive parameters like surface roughness, film thickness etc. in
determining interfacial toughness.

Three point bending specimen and test system [34]

Figure 2.4:
2.3.1.2

Four point bend test

Charalambides et al [37] introduced the method of four point bend specimen to
determine the mixed mode fracture resistance of bimaterial interface by using the
simple beam mechanics theory. The Figure 2.5 shows the notched specimen with
symmetrical interfacial cracks.
P/2b
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Figure 2.5:

Four point bending specimen for interfacial fracture toughness
testing[37]
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Dauskardt et al [38] had developed this method for thin films to determine the
interfacial fracture energy. The method proposed by Charalambides et al has the
advantage of simplicity in specimen geometry and testing technique and easy to
calculate the critical energy release rate due to delamination. However, it cannot be
applied directly to thin film specimens, which do not have enough fracture toughness
to prevent vertical cracking. The vertical cracking and segmentation decrease the
stored elastic energy and make the evaluation of the interface fracture energy
significantly more difficult. This method was modified by Hofinger et al [39] to
avoid the segmentation of the layer and plastic deformation of the substrate during
bending, by bonding a stiffener layer on the top of the thin brittle surface layer.
Four point bending method is used as a standard method [4, 38, 40] to determine the
interface fracture toughness in thin film/coatings. In four point bending technique,
the interface to be studied is sandwiched between two relatively large elastic
modulus substrates. The top substrate is notched till the sandwiched film. The load is
applied by mounting the specimen in the four point bend fixture. The initial loads
cause the vertical crack to propagate along the interface and the fracture energy is
calculated when the crack reaches a steady state i.e. the energy release rate is
independent of the crack length.
The energy release rate [41] can be given as

G=

21 M 2
4 EH 3

(2.9)

where M is the moment per substrate unit width, H the thickness of each substrate
and E is the plane strain modulus of the substrate. The four point bend is the
combination of mode I and mode II configuration. The mode angle is given by

⎛ 3⎞
⎟ ≈ 410
⎟
⎝ 2 ⎠

ψ ∞ = tan −1 ⎜⎜

(2.10)

The fracture energy (Γ) for this mode angle can be determined after finding the plateau load.

2.3.2

Brazil nut test

In this test type the sample is prepared by cutting a section of solid cylinder across a
diameter and sticked back together with the material being tested. The initial crack is
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maintained between the coating and substrate with the help of spacers and the load is
applied as shown in Figure2.6.

Figure 2.6:

Schematic illustration of Brazil nut test [42]

This testing method was initially proposed [43] for fracture analysis in solid
homogeneous specimens by introducing crack along a diameter. The idea of
evaluating interfacial toughness using this method was proposed by Wang and Suo
[44]. The main advantages of this type of test are to control the mode mixity of crack
propagation by varying the angle of bond line relating to direction of compressive
load applied and the residual stress with in the film will not affect the value of
surface fracture energy. Great attention [45-46] has given to study the crack growth
described by mode mixity interfacial toughness using this method.
2.3.3

Indentation

Indentation is used to characterise the mechanical properties such as hardness, elastic
modulus, yield strength, fracture toughness and interfacial fracture toughness of thin
film/coatings. The indentation measurement of adhesion for brittle thin film is
generally classified according to the indenter geometry into cone (plane stress) and
wedge (plane strain)[29].
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The method for determining the interfacial fracture toughness of film on substrate
using indentation, by considering the residual stress,

was first formulated

by

Marshal and Evans [47]. They used indention technique to evaluate the quantitative
results by applying a controlled propagation of well defined crack along the
interface. Their analysis was the extension of work done by Evans and Hutchinson
for interface cracking and buckling. They used the films of similar elastic properties
as of the substrate to do the fracture mechanics analysis where the interfacial crack is
propagated due to the elastic/plastic residual indentation stress during unloading and
the deposition residual stresses.

σR

Film

Crock
Crack

Figure 2.7:

Plastic Zone

Substrate

Indentation induced delamination at the interference of film and
substrate [47]

The micro-indentation method was used by Ritter et al to study the delamination of
soft coatings on the hard substrate due to the contact stress on loading [48]. By using
the stress analysis the debonding of film from substrate is determined for three
different conditions: elastic deformation under spherical indenter, plastic
deformation under Vickers indenter and Vickers indenter penetrates into the
substrate.
Malzbender et al [49] calculated the interfacial fracture toughness of coated material
by analysing the energy dissipated during indentation. The energy release rate is
calculated from the differences in irreversibly dissipated energy after delamination
and chipping by analysing the load displacement curve. Their analysis shows that the
calculated energy release rates are inversely proportional to the coating thickness.
Sanchez et al [50] proposed a new mechanical method called cross-sectional
nanoindentation (CSN) to measure the interfacial fracture toughness using energy
release rate concept. In this method the indentations are applied normal to the
coating cross-section within the silicon substrate and near to the interface of interest.
To achieve controlled delamination of the coating, the parameters such as the
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loading condition and the intender orientation and positioning are optimised. By
measuring the area of delamination using scanning electron microscope and
deflection of the film from the load displacement curve the critical energy release
rate is calculated.
De Boer and Gerberich [51-52] conducted the analytical calculations and
experimental studies using the micro wedge indentation to determine the strain
energy release rate. The sharp 900 included angle micro wedge indenter is impinged
uniformly into thin film line of finite width to cause the interfacial crack to initiate
and propagate. They argue that in the case of conical indenters, the interfacial cracks
are so small due to indenter’s axisymmetric geometry, which affects the
measurement of crack length and the conical indentation causes radial cracks due to
high hoop stress. Many researchers [53-54] used the wedge indentation to evaluate
the delamination of thin films. This method requires lower load for crack
propagation and the indenter does not penetrate into the substrate.
Hainsworth [55] shows that the annular through-thickness cracks occur around
indentation location can be found from load displacement plots. The presence of
localized debonding of the coating from the substrate is also identified. This model is
based on elastic equilibrium and by considering the fracture energy dissipated with
debonding is equal to the elastic energy stored in the coating. By considering the
extra recovery area in the unloading curve, Chen and Bull [17] suggested an
alternative energy-based method which can be used in the assessment of the ultrasmall cracks formed in coated glass based on shift in the load–displacement curve
caused by indentation with a sharp tip. This extra recovery area is considered as the
energy for delamination of coating.
Nanoindentation method is popular in coating failure analysis due to several
advantages like ease in sample preparation, qualitative and quantitative results and
can apply to wide variety of coating/substrate systems. But the high compressive
stress and large hoop stress generated during indentation can cause radial cracks in
both coating and substrate. This multiple failure mode will cause difficulty in
assessing the interfacial toughness. The indentation technique is expected to perform
well only when the shear strength of the interface is less than yield strength of the
system[56].
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Scratch Test

In this method, a smooth stylus (diamond, tungsten or steel) is penetrated and dragged
through the coating and the force on the stylus is increased gradually until the film is

removed from the substrate. This force is used to determine the adhesion. Following
the work done by Heavens and Collins to determine the adhesion of metallic film on
glass, Benjamin and Weaver [57] performed the elementary mechanics analysis for this

method. Benjamin’s analysis was based on measuring the shear force resisting the
stylus motion.
Load

Track direction

Stylus

Coating
Substrate

Figure 2.8:

Schematic representation Scratch test

Detailed study on this method was conducted by Oroshnik and Croll [58] using
aluminium films on fused quartz substrates by considering the elastoplastic
behaviour, multiple modes of failures and the possibility of delamination before
stylus touches the substrate. They came up with the concept of threshold adhesion
failure in which the load is gradually increased up to the point of delamination
occurs and the load is decreased until the delamination disappears. This process is
repeated until the apparent threshold load for delamination is determined between
the upper and lower limits of load.
The scratch test was developed by later investigators with the help of sophisticated
instruments for load controlling, advanced observation techniques and acoustic
measurements. Many studies [28, 59] have been conducted to study the effects of
intrinsic (loading rate, scratching speed, indenter tip radius, indenter wear etc.) and
extrinsic parameters(substrate properties like hardness and elastic modulus, coating
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properties like thickness, hardness, modulus and residual stress, friction coefficient
etc.) on the critical load. Intrinsic parameters are those related to the scratch test
itself and extrinsic parameters are those related to coating/substrate combination.
This test is well established for qualitative results and for hard brittle coatings[59]. It
has also the advantages of easiness in sample preparation and single instrument can
be used to determine the mechanical properties, surface topography and
delamination. It cannot be applied to soft coatings because of the viscoplastic flow
and the pile up of material on the sides of scratch track and also in front of the stylus.
The load on the indenter causes high stresses and deformation on both coating and
substrate which makes difficulty in obtaining a reliable quantitative result.
2.3.5

Shock wave loading

This method is based on the delamination of coating caused by shock wave produced
by the impact happens on the back side of substrate. Laser spallation is one of such
techniques for the delamination of film from substrate which is achieved by
impinging a pulsed, high energy laser beam onto the rear side of the substrate[60].
The back side of the substrate is made opaque if it is transparent. The laser beam
causes explosive evaporation on the back side and a recoil compressive shock wave
is send towards the film substrate interface. This compressive wave will reflect back
from the front of the substrate as tensile wave due to the snap back to substrate. The
preliminary works using laser spallation was conducted by Vossen [60]. He
deposited islands of film on the glass substrate to avoid the effect of tearing and
covered the back side of substrate with energy absorbing layer. The ejection of film
from the substrate due to the reflected compressive wave is shown in Figure 2.9 and
Figure 2.10.
Backing
layer
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Substrate

Sample
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Compressive
shock wave

Figure 2.9:

High intensity pulse impinging into substrate due to the
evaporation of backing layer [60].
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Figure 2.10:

Strong tensile reflected wave causes delamination [60].

Gupta et al [61] used the interferometer to observe the deformation and velocity to
determine the critical stress level at which the spallation happens. This helps to
quantitatively estimate the tensile stress at time of interfacial fracture begins. He
improved the basic method to avoid the thermal stress in the substrate by introducing
an absorbing layer between the backing layer and substrate.
There are also other shock wave methods like impact of erosive particles on
substrate for coating delamination but are not well established. Laser spallation
method is an effective method for analysing refractory systems. The limitations of
this method are that the preparation and equipment are expensive and the result
interpretation is difficult due to very high strain rates.
2.3.6

Tensile Test

Tensile testing is one of the common methods used in determining the adhesion of
coating due to its simplicity and reliability in estimating the adhesion of
coating/substrate interface. The mechanical properties of the coating such as tensile
strength and elastic modulus should be known exactly to determine the interfacial
strength. This method is suitable for hard coating on soft substrate where scratch or
indentation method cause severe deformation of the substrate.
Agrawal and Raj [56] proposed the tensile test or substrate straining technique to
evaluate the ultimate shear strength of coating/substrate interface by depositing a
ceramic coating of 60 nm thick on ductile substrate of pure copper. The tensile
loading is performed until the crack on surface of coating is observed. The strain at
the crack initiation is used to calculate the tensile fracture strength and the steady
state spacing between the cracks is used to determine the ultimate shear strength of
interface. This method was theoretically and experimentally modified later [62-63].
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Chen et al [62] conducted a tensile test using dog bone shape stainless steel substrate
to evaluate the interfacial shear strength of TiN coating. The tensile test was carried
out at a rate of 0.6 mm/min inside a scanning electron microscope chamber. They
considered the effect of residual stress in evaluating the adhesion of coating using a
modified theoretical model.
Kim et al [64] studied the fracture behaviour of cohesive cracking and subsequent
buckling delamination at the interface between a diamond-like carbon (DLC) film on
a stainless steel substrate (160 μm thick,

dog-bone shape) using micro-tensile

loading. Interfacial adhesion energy is quantitatively estimated by determining the
size of spalled region observed under focused ion beam and scanning electron
microscopy.
Shieu and Shiao [65] analysed the interfacial mechanical properties of SiOx/Au and
SiOx/Cu interfaces by modifying the geometry proposed by Agrawal and Raj into
cylindrical symmetry. Their analysis using a classical model of continuum elasticity
helps to find not only the interfacial shear strength but also the bond strength.
2.3.7

Spiral Notch Toughness Test (SNTT)

Wang et al [66] developed a method for determining the interfacial fracture
toughness with thin, protective oxide alumina scales formed on a high-temperature
alloy, Inconel® MA956 (nominally: Fe-20 Cr-4.5 Al-0.5 Y2 O3) using a new
approach. They conducted studies using spiral notch torsion test specimen with U
and V notch and capture the start of crack initiation using an acoustic emission
device. Their studies show that the pre-cracking is not needed because the material
discontinuity is a natural stress riser. Figure 2.11 shows the configuration of SNTT
specimen.
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Configuration of spiral notch torsion test specimen [67]

In their experiments, the SNTT specimen is compared as a miniature version of the
compact tension specimen having a width equivalent to the total length of spiral
notch. This method has advantage over the compact tension specimen, having
uniformly distributed applied load throughout the specimen thickness. Since the
applied torque load is same for every cross section, plain strain condition is achieved
in SNTT specimen on every plane normal to the spiral groove. The interfacial
fracture toughness was calculated by using analytical and finite element procedures.

2.4

Justification for New Method

There are a large number of techniques for measuring practical adhesion of coatings.
However none of the techniques is acceptable to everyone or will be applicable to all
coating-substrate systems [8]. Some of the reasons which make us to think about a
new technique are
1. It is highly advantageous to have a quantitative way to assess interfacial fracture
toughness, to indicate the energy required to break bonds exclusively at the weakest
plane in an adhering system.
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2. Any technique can be used for relative or qualitative measurements of coating

adhesion properties which grades the coating-substrate systems. From qualitative
methods no numerical values are obtained and one cannot analyse the effect of each
parameter on coating interface failure.
3. In an adhesion testing method, all the factors which can influence the interface

toughness must be mentioned.
4. While reporting the interfacial fracture toughness values, it is important to

mention the locus of failure (crack initiation and propagation) and how it is
determined.
5. Interfacial fracture toughness tests should be able to simulate usage stress

conditions of coating-substrate system as closely as possible.
6. The adhesion testing method should be able to determine the effect of phase angle

on energy release rate.
7. The adhesion testing method should be simple in preparation, testing and

analysing.
2.5

Discussion

The types of specimens used to study the interfacial fracture toughness can be
broadly classified into bimaterial specimen and sandwich specimen. In the early
studies the effect of phase angle was not necessarily noted. In more recent studies,
the mode mixity is analyzed with the critical interface energy release rate. From the
existing testing methods, it is clear that a simple method with the ability to change
the phase angle is needed for evaluating the quantitative interfacial strength of a
coated system. A new methodology based on tensile testing and finite element
analysis is proposed to measure the interfacial fracture toughness of coatings.

CHAPTER 3
CIRCUMFERENTIALLY NOTCHED TENSILE (CNT) SPECIMEN
 TEST APPROACH

The circumferentially notched tensile (CNT) specimen was developed to determine
the interfacial fracture toughness of coating by applying pure tensile load. The
specimen is of cylindrical shape and a notch was machined at the middle as shown
schematically in figure 3.1. The CNT specimens were prepared with interfacial
precrack for the evaluation of interfacial fracture toughness. By introducing well
defined precrack the locus of failure in CNT specimens can be easily analysed. The
precracked CNT specimen was coated over the notch and subjected to tensile load
for analysing the cohesive and adhesive fracture. The ends of the CNT specimens
were not coated to avoid the damage of tensile gripper on coatings.

Figure 3.1 :

A typical CNT specimen with a notch of angle θ, where θ can be varied for
assessing the effect of phase angle on interfacial fracture toughness

CNT testing specimens are proved [68-75] to be a promising geometry for estimating
fracture toughness. This method was used successfully for homogeneous material
testing and the validity of this concept to determine the interfacial fracture toughness
of thin film specimens of bi-materials is needed to be studied. CNT specimen is a
superior option to study the bi-material interface fracture since it can produce valid
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plane strain crack loading conditions. Figure 3.1 shows the CNT specimen with a
notch used for bimaterial interface analysis.

3.1 Basic concept of the project
The CNT method has axisymmetric geometry and this simplifies the analysis by
reducing the problem into two dimensional. Axisymmetric CNT specimen is shown
in figure 3.2. The notch angle (θ) on the specimen can be varied, which gives the
crack various orientation to the tensile load. By varying the crack inclination the
phase angle is varied. So the CNT specimens have ability of study the interfacial
fracture toughness over a wide range of phase angle.

Figure 3.2 :

Configuration of a notched CNT specimen where ‘x’ is the position of
precrack from notch’s lower corner.

During delamination stresses near an interface crack tip are always comprised of
both mode I and mode II components, thereby leading to a mixed mode fracture. The

3.1 Basic Concept of the project

31

mode mixity is characterised by a phase angle, ψ, which is defined in terms of a
complex stress intensity factor, K = KI + iKII. For a bimaterial interface, the strain
energy release rate (G) can be determined by measuring the critical load from the
experiment at which the fracture occurs in a specimen for a particular phase angle
(ψ). The accuracy of the interfacial failure calculation depends on the values of stress
intensity factors (KI, KII), and thus the strain energy release rate. Hutchinson and Suo
[1] suggested that if an interface is a low toughness fracture path in joined materials,
then mixed mode crack propagation should be considered. This is due to the fact that
the crack is not developed from the tip by mode I loading only, as in the case of
isotropic brittle materials. The mode II component is generated from the difference
in moduli relating to interface, which causes asymmetric stress field near the crack
tip even though the loading and geometry may be symmetric. Thus the difference in
elastic properties of the coating and substrate causes the distribution of normal and
shear stresses along the interface [1].
Consider a crack which lies on the interface of two isotropic elastic solids. Due to the
dissimilarity in the elastic properties there is some asymmetry in stress field near the
crack tip even if the geometry and loading are symmetric [16]. This causes the mode
mixity of the two stress intensity factors at the interface crack tip which is more
complicated than that in homogeneous isotropic solids. The crack may propagate
along the interface or into one of the materials. This depends on the energy release
rates and the relative toughness of interface and adjacent materials. If the crack is
assumed to propagate along the interface the interfacial toughness (ΓC) is defined as
the critical value of G needed for crack propagation. The interface toughness
strongly depends on the phase angle (ψ) and is often expressed as ΓC(ψ). The stress
fields are oscillatory near the crack tip and the crack opening also shows the same
oscillatory behaviour.
The interfacial fracture energy is a function of the phase angle Γ(ψ ) . The crack
extends when the energy release rate reaches the fracture energy:
Gc = Γ(ψ )

For a given configuration of CNT specimen, the critical force corresponding to crack
extension, Fc, is measured from experimental test. Finite element (FE) analysis is
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used to calculate the critical energy release rate, Gc, i.e., the interfacial fracture
toughness corresponding to the critical force Fc.

3.2 Advantages of CNT specimen
In typical interfacial fracture toughness tests, the direction of crack growth is
unpredictable, and a crack often propagates with changing directions, resulting in
large data scatter. When a CNT sample is subjected to tensile load, the notch
provides a consistent location for cracking to start, and the tensile stress ensures that
an interfacial crack will advance towards the central axis of the test specimen, see
Figure 3.2. Therefore, the CNT methodology is expected to significantly reduce the
uncertainties in interfacial fracture toughness evaluation. Furthermore, the ability of
the CNT technique to confine the plastic deformation within a thin plane provides
the opportunity to investigate the interfacial material properties. In addition, the CNT
technique provides a convenient way to investigate mixed mode failure mechanisms
by varying the notch angle.
The use of CNT specimen claims many advantages over the current interfacial
fracture toughness specimens. The main benefits are
1. The CNT specimen has a two dimensional (axisymmetric) geometry and it
develops uniform stress triaxiality, when loaded in tension. So the two dimensional
idealisations like plane strain and plane stress versus three dimensional analysis is
avoided.
2. The advantages of CNT specimen like easiness in specimen preparation, miniature
size of specimen, avoiding the use of adhesives, prediction of crack propagation due
to the circumferential notch, repeatability of the experiment etc., assure the
importance of this method in interfacial fracture toughness determination.
3. The axisymmetric nature of the geometry helps to reduce a great amount of
computational time in numerical analysis.
4. The interfacial fracture energy is a function of the phase angle Γ(ψ ) . Many
interfacial fracture testing methods are not capable of measuring the interfacial
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fracture energy by varying the phase angle. CNT specimen has the ability to vary the
phase angle.

3.3 Generating precrack at the coating-substrate interface
The initiative for introducing precrack on CNT specimen for mixed mode analysis is
schematically illustrated in Figure 3.3. To evaluate adhesion strength on the basis of
fracture toughness, well controlled sharp precrack along the interface is essential.
Only the weak interface is separated by applying adequate load. Sharp pre-cracking
at the interface also helps to originate the crack from the crack tip and propagate
along the interface because of the high stress concentration at the tip of the precrack. In this study, following approaches is adopted to generate the pre-crack.

Notch lower
corner

(a)
Figure 3.3 :

(b)

Precrack on a notched CNT specimen interface (a) Crack on the inclined
side of the notch to incorporate mixed mode effect (b) Crack on the inner
radius having dominant shear mode of loading

The interface strength between coating and substrate depends on materials used. The
approach is to introduce a foreign material between coating/substrate systems as a
weak interface. After a very thin coating is deposited to a small width on the CNT
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specimen at the desired location (Figure 3.3), the coating material to be evaluated is
deposited. This experimental procedure has been successfully performed without
affecting the coating properties. By applying sufficient load only the weak interface
is separated, and the sharp interface pre-crack is initiated. This method can be
applied to most of the coating materials by properly selecting an interface foreign
material.

3.4 Identifying critical load
To determine the adhesion strength between a coating and CNT specimen the critical
load during tensile loading needed to be determined experimentally. Critical load is
defined as the load at which coating starts to delaminate from the substrate. The
critical load was determined from the detection of elastic waves generated as a result
of the formation and propagation of interface crack. These generated transient elastic
waves were detected by using suitable transducers to provide the early information
on defect/deformation in the material. The critical load was estimated by comparing
the acoustic events and load displacement curves from tensile test. The loaded
specimen was cross sectioned and analysed under optical microscope and scanning
electron microscope (SEM) to validate the dominant failure mechanism. SEM
analysis was used to distinguish between cohesive failure in the coating and adhesive
failure at the interface of the coating-substrate system. The critical energy release
rate, critical stress intensity factors and phase angle were determined from critical
load using J integrals.

3.5 Numerical modeling approach
The finite element (FE) analysis was used to determine the energy release rate using
the critical load from experimental results. The FE study developed models that can
closely simulate the CNT specimen with the crack orientated at various angles to the
central axis of the specimen. The commercial FE software ABAQUS is used for the
geometric modelling and the finite element analysis.
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Fracture toughness and J-integral evaluation along the bi-material
interface

For an interfacial crack between two dissimilar, isotropic materials with Young's
modulus E1 and E2, Poisson's ratios ν1 and ν2, and shear modulus μ1 = E1/2(1 + ν1)
and μ2 = E2/2(1 + ν2), the J integral can be written as [76-77]:

1− β 2
1
2
2
2
(
)
J =
K
+
K
+
K
I
II
III
2μ *
E*

(3.1)

where β, E* and μ*are given as:

1
1⎛ 1
1 ⎞ 1
1⎛ 1
1 ⎞
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⎟⎟
=
+
⎟
= ⎜⎜
+
*
⎜
2 ⎝ E1 E 2 ⎠ μ
E
2 ⎝ μ1 μ 2 ⎟⎠ β = μ1 ( k 2 − 1) − μ 2 ( k1 − 1)
,
,
μ1 ( k 2 + 1) + μ 2 ( k1 + 1)
*

and κ = 3–4ν for plane strain, κ = (3 − ν)/(1 + ν) for plane stress.
Unlike their analogues in a homogeneous material, KI and KII are no longer the pure
mode I and II stress intensity factors for an interfacial crack. They are simply the real
and imaginary parts of a complex stress intensity factor, whose physical meaning can
be understood from the interface traction expressions:

(σ yy + iσ xy )θ =0

( K I + iK II )r iε
K
, (σ yz )θ =0 = III
=
2πr
2πr

(3.2)

where r and θ are polar coordinates centered at the crack tip. The bi-material
constant ε is defined as:

ε=

1 ⎛1− β
ln ⎜
2π ⎜⎝ 1 + β

⎞
⎟⎟
⎠

(3.3)

The J-integral is calculated using the contour integral evaluation capability of
ABAQUS, which is based on the domain integral method. Since the local
coordinates of the CNT coincide with the principal stress orientation, under pure
tension loading, it is expected that the contribution of KIII to the value of J in the
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crack propagation orientation is much less than that of KI and KII. Thus, along the
crack propagation orientation, the contribution of KIII to the J is negligible for a CNT
configuration; and Equation (3.2) can be written as:

1− β 2
1− β 2 *
2
2
( K I + K II ) =
K
J =
E*
E*

2

(3.4)

where K* = KI + iKII, and the magnitude of K*, |K*|, can be written as:

E* J
K =
(1 − β 2 )
*

(3.5)

It is clear from equation (3.3) that tension and shear effects are inseparable on the
interface ahead of the precrack. A measure of the relative portion of shear to normal
traction (or mode I–II) requires the specification of a length quantity L*. For
oscillatory fields, the phase angle of the mode mixity is uniquely specified by [78]:

tan Ψ = (

σ yx
)
σ yy r = L

(3.6)

*

The length L* is arbitrary, but must be unchanging for a material pair: i.e., L* must be
independent of the overall specimen size. For the substrate-film interface of a
specimen, the bi-material constant ε can be estimated. If ε is small, within the large
portion of K dominated region, tan ψ = (σyx/σyy) is almost constant [16]. Thus, for a
practical purpose, for a small ε, the term of K*riε in equation (3.6) can be simplified
to K*, and the associated phase angle of mode mixity can be expressed as:
tan Ψ = (

σ yx
)
σ yy r ⎯⎯→ 0

or

tan Ψ =

K II
KI

(3.7)

At the critical condition (onset of the crack growth), Jc (critical J integral) was
obtained by applying FC (critical load obtained experimentally) to the numerical
model and then KC* was evaluated using:
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E*JC
(1 − β 2 )

(3.8)

However, as KC* is a complex critical stress intensity factor (KC* = KIC + iKIIC),
expressions of KIC and KIIC need to be determined respectively for CNT specimen
using the FE analysis combined with the experimental work.
3.5.2

Finite element modeling approach for J integral evaluation

The CNT specimen used in the FEM investigation has an outside diameter of 9.5
mm and length of 120 mm. A notch, which is 2 mm in width and 4 mm in length,
was machined at the middle of the specimen. The coating thickness modelled was
15 μm, as estimated from the coating process, and the initial interfacial precrack
length was modelled as 0.5mm at 0.1 mm from one of the lower corner of the notch.
The stress along the interface was analysed by using finite element software,
ABAQUS 6.7-1. The tensile tests on the film/substrate CNT system were modelled
as axisymmetric finite element analyses with 8-node biquadratic axisymmetric
quadrilateral, reduced integration elements (CAX8R). Figure 3.4 shows the FE
analysis models of a typical coating-substrate system for a notch angle of 00.
Analysis of crack growth is computationally expensive as a very fine mesh is
required to model the high stress concentrations at the crack tip. To increase the
computational efficiency, we used a combination of a very fine mesh around the
crack front with a relatively coarse mesh for the rest of the specimen in the global
model. This was achieved using a sub-modelling approach to resolve the stress field
around the crack in details [79]. Each submodel was compared with the previous
submodel or global model using overlay method to avoid the deviations in results.
The FE models were analysed with up to six submodels and it was optimised for two
submodels. The step by step finite element approach to determine the energy release
rate is as follows:
An axisymmetric global model was created for the coated CNT specimen with
coarse mesh of size 0.015 mm. The properties of electroplated nickel are close to that
of bulk Ni, if the temperature is less than 60 °C [80]. Coating and substrate were
modelled by Elastic-plastic assumption with the properties listed in Table 3.1 [81].
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The tensile load and axisymmetric and symmetric boundary conditions were applied.
The figures below show the stress distribution on the global model at an applied load
of 3700N.
Table 3.1: Typical material properties used in FEM analysis
Young’s
Modulus

Poisson
ratio

MPa

ν

Substrate

210000

0.29

Coating

185000

0.3

Figure 3.4 :

Yield stress

Exponent

Yield offset

300

5

0.2

240

3.8

0.2

MPa

Contour plots of the Von Misses stress for the 00 angle CNT model
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Figure 3.5 :

Contour plots of the longitudinal normal stress (SYY) for 00 angle CNT
specimen

Figure 3.6 :

Contour plots of the shear stress (SXY) for 00 angle CNT Specimen l
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The global model was cut to smaller dimension (submodel-1) i.e. to the area close to
the notch. The nodal stress values from the global model at the cut boundary were
used to drive the submodel-2. The submodel was meshed with a fine mesh of size
0.0075mm. Figures below show meshes and stress distribution on the submodel-2.

Figure 3.7 :

Finite element mesh of CNT specimen for submodel-2

Figure 3.8 :

Contour plots of the Von Misses stress distribution for 00 angle CNT
submodel-2

3.5 Numerical modeling approach

Figure 3.9 :

Submodel-2 for 00 angle CNT Specimen showing contour plots of the
longitudinal normal stress (SYY)

Figure 3.10 :

Submodel-2 showing contour plots of the shear stress (SXY)
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The submodel-2 was further reduced to submodel-3 to have a very fine mesh near
the crack. The crack was introduced at the interface using ABAQUS special option
in the interaction module. The crack was modelled at 0.1mm from the notch lower
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corner to a length of 0.5mm. The mesh was generated with a mesh size of
0.0025mm. Figure 3.11 below show the mesh and stress distributions on the
submodel-3.

Crack embedded at the interface of
coating and substrate

Figure 3.11 :

Axisymmetric finite element mesh of CNT specimen for submodel-3

Substrate

Coating
Crack opening at the interface
of coating and substrate

Figure 3.12 :

Contour plots of the Von Misses stress distribution for 00 CNT submodel-3
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Figure 3.13 :

Submodel-3 for 00 CNT specimen showing contour plots of the longitudinal
normal stress (SYY)

Figure 3.14 :

Submodel-3 showing contour plots of the of shear stress (SXY)
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The energy release rate and stress intensity factors were computed by generating
contour integrals around the crack tip. Figure 3.15 shows the contours at the crack
tip.

Figure 3.15 :

Contours integrals generated at the crack tip for the estimation of energy
release rate and phase angle

3.6 Conclusions
A new method of measuring the adhesion strength of coating to their substrate was
reported. This chapter described the detailed test approach to evaluate the interfacial
fracture toughness of coating on circumferential notch tensile test specimen. This
included the development of specimen configuration, introducing well defined
precrack, related instrumentation set-up, testing procedures and analytical
evaluation. The method was based on common tensile test of materials. Artificial
precrack was introduced between the coating and substrate to have a quantitative
measurement of interfacial fracture toughness. In this study, finite element analysis
was used to assess the interfacial fracture behaviour of coating/substrate system
using CNT specimen under tensile loading. This project endeavours to have a better
understanding of coating’s adhesive and cohesive failure under stressed conditions.

CHAPTER 4
ELASTIC AND PLASTIC BEHAVIOR OF COATING ON A
NOTCHED CYLINDRICAL SUBSTRATE
USING FINITE ELEMENT ANALYSIS

This chapter analyses the elastic and elastic-plastic behaviour of coatings on
circumferentially notched tensile (CNT) specimen with finite element models. The
finite element analysis approach details are presented in chapter 3. The elastic/plastic
deformation of coating was characterised quantitatively. The simulations for tensile
loading of precracked CNT specimens were conducted using finite element package,
ABAQUS. Two-dimension axisymmetric modelling was used for the CNT specimen
calibration under axially symmetric tensile loading condition.

Axisymmetric
axis
Notch lower
corner

a)
Figure 4.1:

b)

a) Axisymmetric CNT specimens with boundary conditions and
b)showing precrack positions used in this investigation,
where ‘x’ is the distance of the pre‐crack from the lower notch
corner.
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The tensile tests on the film/substrate CNT system were modelled as axisymmetric
finite element analyses with 8-node biquadratic axisymmetric quadrilateral, reduced
integration elements (CAX8R). The configuration of the axisymmetric CNT
specimen is shown in Figure 4.1. Analysis of crack growth is computationally
expensive as a very fine mesh is required to model the high stress concentrations at
the crack tip. To increase the computational efficiency, we used a combination of a
very fine mesh around the crack front with a relatively coarse mesh for the rest of the
specimen in the global model. This was achieved using a sub-modelling approach to
resolve the stress field around the crack in details [79]. The FE analysis was also
used to provide input to the dimensions of the coatings and substrates to be tested
based on the interfacial stress distribution. The CNT specimens were initially
analysed for nickel coatings of 15µm on 1020 mild steel substrate. The properties
considered for coating and substrate are listed in Table 4.1.
Table 4.1:
Young’s
Modulus
MPa

Typical material properties used in FEM analysis
Poisson
ratio
ν

Yield stress
MPa

Exponent Yield offset
(%)

Substrate

210000

0.29

300

5

0.2

Coating

185000

0.30

240

3.8

0.2

The nickel coating and steel substrate are assumed to be homogeneous, continuous
and isotropic. Since the effects of residual stresses and circumferential stresses are
very small in the electroplated coatings, they are neglected [82]. The plastic
deformation is taken into consideration in estimating the strain energy of the
debonding due to the ductile nature of coating. Deformation theory, RambergOsgood plasticity model was used in ABAQUS to define the behaviour of ductile
coating under static loading. The Ramberg-Osgood model is expressed as
| |

(4.1)
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This equation expresses the true strain (ε) as a function of the true stress (σ). E is
Young's modulus, σ is the stress, ε is the strain, α is the yield offset, σ0 is the yield
stress, in the logic that, when σ= σ0, ε =(1+ α) σ0/E and n is the hardening exponent
for the plastic (nonlinear) term.
A thorough elastic and elastic-plastic finite element analysis has been carried out in
the current analysis, using the ABAQUS finite element software, to study the
initiation and development of the plastic zone in nickel coating/steel substrate
systems under tensile loading. The CNT configurations with notch angles of 00, 150,
300, 450 and 600 were considered in these analyses (θ in Figure 4.1). Effects of
different diameter ratios and crack positions on the elastic plastic stresses
distribution are discussed. The fracture mechanics parameter, J-integral was used to
relate the energy release associated with crack growth and also to measure the
deformation intensity at a crack tip. The estimated J-integral value was compared
with the critical energy release value for the bimaterial system under consideration to
predict its fracture. The crack was modelled as a seam using ABAQUS interaction
property definition, since the interface crack surfaces in the unloaded state lie next to
each another with no gap. The q vector was used to define the direction of crack
extension. The J-integral and stress intensity factors are path independent, and
evaluated using six integral contours. The first contour was provided at the crack tip,
and subsequent contours were generated as contours passing through the adjacent
neighbouring elements, moving out from the crack tip. The values from the last three
contours were identical up to five digits and the reported values are from the sixth
contour in all cases for consistency. Small variations of values between integral
contours signify the quality of the mesh for calculating the fracture parameters.

4.1 ELASTIC-PLASTIC STRESS ANALYSES FOR DIAMETER
RATIO (d/D)

The CNT specimens have an axisymmetric geometry and are modelled as such. The
submodelling technique is used to provide a more accurate analysis of the stresses
around the crack tip. The global model has coarse mesh, while the submodels have
refined mesh. Three submodels are considered in the analyses and the stresses from
the third submodel are used to evaluate the tendency of the crack to propagate under
static loading. The specimen’s outer diameter (D) and inner diameter (d) are
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considered as shown in Figure 4.2. This section analyses the effect diameter ratio
(d/D) in stress distribution along the CNT specimens of different notch angle. The
crack length for every specimen for diameter ratio analyses is 0.1mm. The diameter
ratios (d/D) of 0.4, 0.5, 0.6, 0.7 and 0.8 are considered for analyses.

Figure 4.2:

CNT specimen’s outer diameter (D) and inner diameter (d)

4.1.1

CNT SPECIMENS WITH 00 NOTCH ANGLE

The stresses and strains distributions for a diameter ratio (d/D) of 0.4 are shown in
Figure 4.3. The models are analysed at a load of 3750N. The precrack was modelled
at a distance of 0.07 mm from the notch lower corner and graphs shows the variation
of stress along the interface from crack tip to notch lower corner. The stress
distribution along the interface and energy release rate for different diameter ratios
are compared in Figures 4.4 to 4.7.
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Substrate

Precrack

(a)

(b)

Coating
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(c)

(d)
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(e)

(f)
Figure 4.3: Contour plots for diameter ratio (d/D) of 0.4 (a)Von Mises
(b)Longitudinal normal stress (c) Shear stress (d) Plastic strain (e)
Tensile normal plastic strain (f) Shear plastic strain
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Distance from precrack tip to notch lower corner (mm)
Figure 4.4:

Von Mises stress distribution along the interface for different diameter
ratio (d/D) from crack tip to notch lower corner

Distance from precrack tip to notch lower corner (mm)
Figure 4.5:

Variation of longitudinal normal stress (S22) along the interface for
different diameter ratio (d/D) from crack tip to notch lower corner

Distance from precrack tip to notch lower corner (mm)
Figure 4.6:

Distribution of shear stress (S12) along the interface for different
diameter ratio (d/D) from crack tip to notch lower corner
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Variation in energy release rate for a crack at 0.07 mm from the notch
lower corner for different diameter ratio (d/D)

4.1.2

CNT SPECIMENS WITH 150 NOTCH ANGLE

The stresses and strains distributions for a diameter ratio of 0.4 are shown in Figure
4.8. The models were analysed at a load of 3750N. The precrack was modelled at a
distance of 0.07 mm from the notch lower corner and graphs shows the variation of
stress along the interface from crack tip to notch lower corner. The stress distribution
along the interface and energy release rate for different diameter ratios are compared
in Figures 4.9 to 4.12.
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Substrate

Coating
Precrack

(a)

(b)
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(c)

(d)
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(e)

(f)
Figure 4.8:

Contour plots for diameter ratio (d/D) of 0.4 (a)Von Mises
(b)Longitudinal normal stress (c) Shear stress (d) Plastic strain (e)
Tensile normal plastic strain (f) Shear plastic strain
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Distance from precrack tip to notch lower corner (mm)
Figure 4.9:

Von Mises stress distribution along the interface for different diameter
ratio (d/D) from crack tip to notch lower corner

Distance from precrack tip to notch lower corner (mm)
Figure 4.10: Variation of longitudinal normal stress (S22) along the interface for
different diameter ratio (d/D) from crack tip to notch lower corner

Distance from precrack tip to notch lower corner (mm)
Figure 4.11: Distribution of shear stress (S12) along the interface for different
diameter ratio (d/D) from crack tip to notch lower corner
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Figure 4.12: Variation in energy release rate for a crack at 0.07 mm from the notch
lower corner for different diameter ratio (d/D)

4.1.3

CNT SPECIMENS WITH 300 NOTCH ANGLE

The stresses and strains distributions for a diameter ratio (d/D) of 0.4 are shown in
figure 4.13. The models were analysed at a load of 3750N. The precrack was
modelled at a distance of 0.07 mm from the notch lower corner and graphs shows the
variation of stress along the interface from crack tip to notch lower corner. The stress
distribution along the interface and energy release rate for different diameter ratios
are compared in Figures 4.14 to 4.17.

(a)
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(b)

(c)
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(d)

(e)
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(f)
Figure 4.13: Contour plots for diameter ratio (d/D) of 0.4 (a)Von Mises
(b)Longitudinal normal stress (c) Shear stress (d) Plastic strain (e)
Tensile normal plastic strain (f) Shear plastic strain

Distance from precrack tip to notch lower corner (mm)
Figure 4.14: Von Mises stress distribution along the interface for different diameter
ratio (d/D) from crack tip to notch lower corner
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Distance from precrack tip to notch lower corner (mm)
Figure 4.15: Variation of longitudinal normal stress (S22) along the interface for
different diameter ratio (d/D) from crack tip to notch lower corner

Distance from precrack tip to notch lower corner (mm)
Figure 4.16: Distribution of shear stress (S12) along the interface for different
diameter ratio (d/D) from crack tip to notch lower corner

Figure 4.17: Variation in energy release rate for a crack at 0.07 mm from the notch
lower corner for different diameter ratio (d/D)

4.1FINITE ELEMENT ANALYSIS ‐ Diameter Ratio (d/D)
4.1.4

63

CNT SPECIMENS WITH 450 NOTCH ANGLE

The stresses and strains distributions for a diameter ratio of 0.4 are shown in figure
4.18. The models were analysed at a load of 3750N. The precrack was modelled at a
distance of 0.07 mm from the notch lower corner and graphs shows the variation of
stress along the interface from crack tip to notch lower corner. The stress distribution
along the interface and energy release rate for different diameter ratios are compared
in Figures 4.19 to 4.22.

(a)
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(b)

(c)
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(d)

(e)
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(f)
Figure 4.18: Contour plots for diameter ratio (d/D) of 0.4 (a)Von Mises
(b)Longitudinal normal stress (c) Shear stress (d) Plastic strain (e)
Tensile normal plastic strain (f) Shear plastic strain

Distance from precrack tip to notch lower corner (mm)
Figure 4.19: Von Mises stress distribution along the interface for different diameter
ratio (d/D) from crack tip to notch lower corner
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Distance from precrack tip to notch lower corner (mm)
Figure 4.20: Variation of longitudinal normal stress (S22) along the interface for
different diameter ratio (d/D) from crack tip to notch lower corner

Distance from precrack tip to notch lower corner (mm)
Figure 4.21: Distribution of shear stress (S12) along the interface for different
diameter ratio (d/D) from crack tip to notch lower corner

Figure 4.22: Variation in energy release rate for a crack at 0.07 mm from the notch
lower corner for different diameter ratio (d/D)
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CNT SPECIMENS WITH 600 NOTCH ANGLE

The stresses and strains distributions for a diameter ratio of 0.4 are shown in figure
4.23. The models are analysed at a load of 3750N. The precrack was modelled at a
distance of 0.07 mm from the notch lower corner and graphs shows the variation of
stress along the interface from crack tip to notch lower corner. The stress distribution
along the interface and energy release rate for different diameter ratios are compared
in Figures 4.24 to 4.27.

(a)
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(b)

(c)
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(d)

(e)
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(f)
Figure 4.23: Contour plots for diameter ratio (d/D) of 0.4 (a)Von Mises
(b)Longitudinal normal stress (c) Shear stress (d) Plastic strain (e)
Tensile normal plastic strain (f) Shear plastic strain

Distance from precrack tip to notch lower corner (mm)
Figure 4.24: Von Mises stress distribution along the interface for different diameter
ratio (d/D) from crack tip to notch lower corner
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Distance from precrack tip to notch lower corner (mm)
Figure 4.25: Variation of longitudinal normal stress (S22) along the interface for
different diameter ratio (d/D) from crack tip to notch lower corner

Distance from precrack tip to notch lower corner (mm)
Figure 4.26: Distribution of shear stress (S12) along the interface for different
diameter ratio (d/D) from crack tip to notch lower corner

Figure 4.27: Variation in energy release rate for a crack at 0.07 mm from the notch
lower corner for different diameter ratio (d/D)
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SUMMARY OF THE DIAMETER RATIO ANALYSIS

1. Analyses were carried out for the stress and strain distributions for various notch
angled CNT specimens. From the investigation it is clear that specimen dimensions
had obvious effects on the interface fracture toughness determination. Stress
distributions show a proportional increase as the diameter ratio (d/D) decreases. The
plastic strain at the crack tip is negligible when the notch angle is close to 00.
2. Figure 4.28 to 4.30 compares the different stresses along the interface of the
coating substrate system. The stresses are plotted of the values from the crack tip to
the notch lower corner for a specimen of 0.5 d/D ratio.

Distance from precrack tip to notch lower corner (mm)
Figure 4.28: Comparison of Von Mises stress along the interface for a specimen
having a d/D ratio of 0.5.

Distance from precrack tip to notch lower corner (mm)

Figure 4.29: Comparison of longitudinal normal stress along the interface for a
specimen having a d/D ratio of 0.5.

4.1FINITE ELEMENT ANALYSIS ‐ Diameter Ratio (d/D)

74

Distance from precrack tip to notch lower corner (mm)
Figure 4.30: Comparison of shear stress along the interface for a specimen having a
d/D ratio of 0.5.

3. Energy release rate was analysed for the crack at 0.07mm from the notch lower
corner for all cases. The load applied is same for all analyses of different diameter
ratio. Figure 4.31 shows that the energy release rate increased as the d/D ratio
increases. CNT specimens of 150 and 300 degree shows higher energy release rate
compare to other notch angles. This indicates that the 600 and 450 can sustain more
load than other notch angles before delamination.

Figure 4.31: Effect of diameter ratio (d/D) on energy release rate
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4. Analysis indicates that energy release rate at two ends of crack are different.

Energy release from the crack tip near to notch lower corner is much higher than that
from the other end. This indicates the crack will initiate from the crack tip near to the
notch lower corner and propagates towards the notch lower corner.
5. Higher value of diameter ratio reduces the stress concentration and need higher

loads for the crack to propagate. Lower values of diameter ratio result in smaller
inner radius which causes higher plastic deformation in case of ductile materials and
unexpected failure in case of brittle materials. So from the analyses of different
diameter ratios it is concluded that the diameter ratio between 0.5 and 0.6 is
appropriate for interfacial fracture toughness analysis of coatings.

4.2 ELASTIC-PLASTIC STRESS ANALYSES OF DIFFERENT
PRECRACK POSITIONS WITH RESPECT TO THE NOTCH
CORNER

In this section the effect of crack position is analysed for stress and strain
distributions on different notch angled CNT specimens. The notch angles considered
are 0,15,30,45 and 60 degrees for the analyses. Various crack positions investigated
are at distances of 0.01, 0.1, 0.2, 0.3, 0.4 and 0.5 mm from the notch lower corner.
The diameter ratio of the specimens is taken as 0.58mm. All the specimens are
modelled at a load of 3750 N. The crack length considered is 0.5mm. The crack
surface displacement method and J-integral method is used to predict the possibility
of crack propagation along the interface.
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CNT SPECIMENS WITH 00 NOTCH ANGLE

The stresses and strains distributions for different crack positions of a 0 degree notch
angled specimen are as shown in Figures 4.32 to 4.35 and Figure 4.36 shows the
variation of energy release rate with the change in crack position.

(a)

(b)

(c)

(d)

Figure 4.32: Contour plots for a crack positioned at 0.01mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain

(a)

(b)
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(d)

Figure 4.33: Contour plots for a crack positioned at 0.1mm from notch lower corner
(a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d) Plastic
strain

(a)

(b)

(c)

(d)

Figure 4.34: Contour plots for a crack positioned at 0.2mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain
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(a)

(b)

(c)

(d)

Figure 4.35: Contour plots for a crack positioned at 0.3mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain

Crack position from notch lower corner (mm)
Figure 4.36: Variation in energy release rate for different crack positions for 00
notch angle CNT specimen
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CNT SPECIMENS WITH 150 NOTCH ANGLE

The stresses and strains distributions for different crack positions of a 15 degree
notch angled specimen are as shown in Figures 4.37 to 4.40 and Figure 4.41 shows
the variation of energy release rate with the change in crack position.

(a)

(b)

(c)

(d)

Figure 4.37: Contour plots for a crack positioned at 0.01mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain
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(a)

(b)

(c)

(d)

Figure 4.38: Contour plots for a crack positioned at 0.1mm from notch lower corner
(a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d) Plastic
strain

(a)

(b)
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(d)

Figure 4.39: Contour plots for a crack positioned at 0.2 mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain

(a)

(b)

(c)

(d)

Figure 4.40: Contour plots for a crack positioned at 0.3 mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain
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Crack position from notch lower corner (mm)
Figure 4.41: Variation in energy release rate for different crack positions for 150
notch angle CNT specimen

4.2.3

CNT SPECIMENS WITH 300 NOTCH ANGLE

The stresses and strains distributions for different crack positions of a 30 degree
notch angled specimen are as shown in Figures 4.42 to 4.44 and Figure 4.45 shows
the variation of energy release rate with the change in crack position.

(a)

(b)
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(d)

Figure 4.42: Contour plots for a crack positioned at 0.01mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain

(a)

(b)

(c)

(d)

Figure 4.43: Contour plots for a crack positioned at 0.1mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain
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(a)

(b)

(c)

(d)

Figure 4.44: Contour plots for a crack positioned at 0.2mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain

Crack position from notch lower corner (mm)

Figure 4.45: Variation in energy release rate for different crack positions for 300
notch angle CNT specimen
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CNT SPECIMENS WITH 450 NOTCH ANGLE

The stresses and strains distributions for different crack positions of a 45 degree
notch angled specimen are as shown in Figures 4.46 to 4.48 and Figure 4.49 shows
the variation of energy release rate with the change in crack position.

(a)

(b)

(c)

(d)

Figure 4.46: Contour plots for a crack positioned at 0.01mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain
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(a)

(b)

(c)

(d)

Figure 4.47: Contour plots for a crack positioned at 0.1mm from notch lower corner
(a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d) Plastic
strain

(a)

(b)
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(d)

Figure 4.48: Contour plots for a crack positioned at 0.2mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain

Crack position from notch lower corner (mm)
Figure 4.49: Variation in energy release rate for different crack positions for 450
notch angle CNT specimen
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CNT SPECIMENS WITH 600 NOTCH ANGLE

The stresses and strains distributions for different crack positions of a 60 degree
notch angled specimen are as shown in Figures 4.50 to 4.52 and Figure 4.53 shows
the variation of energy release rate with the change in crack position.

(a)

(b)

(c)

(d)

Figure 4.50: Contour plots for a crack positioned at 0.01mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain
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(a)

(b)

(c)

(d)

Figure 4.51: Contour plots for a crack positioned at 0.1mm from notch lower corner
(a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d) Plastic
strain

(a)

(b)
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(d)

Figure 4.52: Contour plots for a crack positioned at 0.1mm from notch lower
corner (a)Von Mises (b)Longitudinal normal stress (c) Shear stress (d)
Plastic strain

Crack position from notch lower corner (mm)
Figure 4.53: Variation in energy release rate for different crack positions for 600
notch angle CNT specimen
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SUMMARY OF CRACK POSITION ANALYSIS

1. The CNT specimens of various notch angles were analysed for different crack
positions. Crack near to the notch lower corner shows higher stress concentrations at
the crack tip compare to crack positioned away from notch lower corner.
2. Energy available at the crack tip reduces as the crack moves away from the notch
lower corner. The comparison is shown in figure 4.54.

Crack position from notch lower corner
Figure 4.54: Effect of crack positions on energy release rate. ((log scale is used for
the energy release rate bar chart and the values are given in the table)

3. For the crack to be initiated from the crack tip, the precrack should be positioned
within 0.2 mm from the notch’s lower corner. Otherwise the delamination will be
initiated from the lower corner of the notch. So the precrack positioned within 0.2
mm from the notch lower corner was found to be ideal for determining the interfacial
fracture toughness of coatings.
4. Figure 4.55 shows the sequence of the coating deflection and stress development
during tensile loading of a 0 degree notch angled CNT specimen.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.55: Contour plots of the deflection and stress development shown in
sequence from (a) to (f), under tensile loading for a crack at 0.01 mm
from the notch lower corner of a 00 notch angled specimen.
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4.3 THE EFFECT OF NOTCH ANGLE ON ENERGY RELEASE
RATE AND MODEMIXITY
The mode mixity or phase angle was estimated at different crack positions for
different notch angles as shown in Figure 4.56. The 0, 15 and 30 degree notch angles
were considered for the elastic analyses. The 45 and 60 degree specimens were not
included in linear elastic analyses due to the significant effect of plasticity at the
crack tip due to the geometry of the specimen. The maximum stress in the coatingsubstrate system is much less than the yield stress of the coating when the
delamination occurs.

Crack position from notch lower corner (mm)

Figure 4.56: Phase angles calculated for CNT specimen

4.3 Energy Release rate and phase angle

Crack position from notch lower corner (mm)
Figure 4.57: Stress Intensity Factor (KI) calculated for different crack positions.

Crack position from notch lower corner (mm)
Figure 4.58: Stress Intensity Factor (KII) calculated for different crack positions

Figure 4.59: Variation of energy release rate with phase angle
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4.4 EFFECT OF STIFFNESS RATIO OF COATINGS AND
SUBSTRATE S O N THE ENERGY RELEASE RATE
The CNT specimens with a diameter ratio of 0.58 were used for analyzing the elastic
ratio effect on energy release rate, phase angle and stress intensity factors. Let E1 be
the Young’s modulus of coating and E2 be the Young’s modulus of substrate.
Poisson’s ratio was considered as 0.3 for coating in the Young’s modulus ratio
analysis. We observed that the energy release rate was decreased as the stiffness ratio
of coatings to substrates decreased for a given notch angle.

E1/E2=1.0

0.88

0.5
0.2

Figure 4.60: Energy release rate with phase angle for different ratios of modulus.

Figure 4.61: Variation of energy release rate with different ratios of modulus
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Figure 4.62: Variation of Stress intensity factor KI with different ratios of modulus

Figure 4.63: Variation of Stress intensity factor KII with different ratios of modulus

Figure 4.64: Variation of phase angle with different ratios of modulus
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4.5 CONCLUSIONS
In this chapter, detailed finite element analyses were carried out in two stages: (1)
elastic- plastic analysis to study the effect of specimen diameter ratio and interface
pre-crack position on energy release rate and stresses distributions (2) Elastic
analysis to study the energy release rate , mode mixity for different notch angles,
crack positions and elastic modulus ratios. The cracking resistance of the interface
was characterised by notch angle of CNT specimens. The analysis showed an
increase of interfacial fracture toughness as the mode mixity increases. This was
significant when the mode mixity is large. From the analysis the specimen diameter
between 0.5 and 0.6 are considered for the experimental studies. The experimental
setup, analysis and results are detailed in chapter 5.

CHAPTER 5
QUANTITATIVE EVALUATION OF ADHESION
OF DUCTILE COATING ON DUCTILE SUBSTRATE
USING
CIRCUMFERENTIALLY NOTCHED TENSILE SPECIMEN

Circumferentially notched tensile (CNT) specimen was developed for evaluating the
interfacial fracture toughness of coatings. The axisymmetric specimen, which
narrates the test approach, is shown in Figure 5.1. The detailed test approach is
explained in chapter 3. This chapter reports the detailed specimen preparation,
experimental setup, results and discussion for determining the interfacial fracture
toughness of coatings.

Notch lower
corner

Figure 5.1 :

Showing different precrack positions used in this investigation where x
is the distance of precrack from the notch lower corner
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EXPERIMENTAL SETUP

The substrate preparation, interface precracking method, coating preparations, tensile
testing details, fractographic analyses and critical load determination are explained in
detail in this section. The sample preparation is schematically shown in Figure 5.2.
Nickel coating was electroplated on a cylindrical substrate with a notch to a
thickness of 15µm over a length of 60 mm at the middle of the substrate.

(a)

Figure 5.2 :

(b)

(c)

Sample preparation procedure for the circumferential notch test (CNT)
(a) Cylindrical substrate machined with a notch (b) interfacial precrack
generation (c) coated precracked CNT specimen.

The ends of the substrates were left uncoated to avoid damage on coating while
griping for tensile loading. Prior to the deposition of nickel coating, a thin layer of
0.89±0.1µm thick gold was deposited on one of the inclined side of the notch. The
gold was electroplated on the masked substrate to form a deposit of width 0.5 mm at
different positions of the notch. This gold coating acts as an interface crack between
the nickel coating and steel substrate because nickel coatings will not adhere to gold.
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PREPARATION OF SUBSTRATE

The CNT substrates were made from cold hardened bars with a diameter of 9.48mm.
Material used for substrate was the commercially available AISI 1020 mild steel.
The notches were cut for different angles (θ) as shown in Figure 5.1 and polished
with 1200 grit sandpaper to obtain smooth surface. The notch angles used in this
study were 00,150,300, and 450. The polished specimens were cleaned ultrasonically
in acetone for 15 min to remove oil, grease, and other contaminants.
5.1.2 .

INTERFACIAL PRECRACKING

To evaluate adhesion strength on the basis of fracture toughness, well controlled
sharp precrack along the interface is essential. Only the weak interface is separated
by applying adequate load. Sharp pre-cracking at the interface helps to originate the
crack from the crack tip and propagate along the interface because of the high stress
concentration at the tip of the pre-crack. In this study, the approach to generate the
pre-crack was based on the presumption that interface strength between coating and
substrate depends on materials used i.e. by introducing a foreign material between
coating/substrate system as a weak interface. This was achieved by depositing a thin
layer of gold between nickel coating and mild steel substrate because the nickel will
not adhere to gold. A thin layer of 0.89±0.1µm thickness gold was deposited on CNT
specimens prior to the nickel plating as a precrack. The precracks of 0.5 mm wide
were located at different distance from the notch lower corner: 1) 0.5 from the lower
corner of notch (x= 0.5 mm in Figure 5.1) 2) 0.1 mm from the lower corner of
notch(x= 0.1 in Figure 5.1) and on the inner radius. The dimension of the precrack
was achieved by masking with a non-conductive tape to form the boundary lines and
machining it to specific dimensions (Figure 5.3).
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Gold as Precrack
Notch lower
corner

Figure 5.3 :

Inner radius

Gold deposited at a width of 0.5 mm on the specimen as precrack

The deposition of gold was conducted below 3amps/2.5V for 3 minutes and the
thickness was calculated based on Faraday’s law. The main electroplating conditions
for gold coatings are listed as in Table 5.1.
Table 5. 1:

Main deposition conditions for gold coating

Au (g/L)

Co (g/L)

I (A/dm2)

T (0C)

4

0.5

1‐2

32

5.1.3 . NICKEL COATING

Electroplating is achieved by passing an electrical current through a solution
containing dissolved metal ions and the metal object to be plated. The metal object
serves as the cathode in an electrochemical cell, attracting metal ions from the
solution. Ferrous and non-ferrous metal objects are plated with a variety of metals,
including aluminium, brass, bronze, cadmium, copper, chromium, iron, lead, nickel,
tin, and zinc, as well as precious metals, such as gold, platinum, and silver. The
process is regulated by controlling a variety of parameters, including the voltage and
amperage, temperature, residence times, and the purity of bath solutions.
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Nickel electroplating is one of the most useful surface-finishing processes available,
having a large range of end uses that encompass decorative, engineering, and
electroforming applications [83]. Nickel is an engineering coating, normally used
because of excellent corrosion and wear resistance. The plating of mild steel and iron
by metals like nickel, chrome, and zinc has been widely used in industries to protect
them against corrosion [84]. The nickel plating on mild steel helps to improve the car
lifetime in automobile industry and for the fabricated parts such as nails and bolts.
They are also widely used in pump bodies, heat exchangers, plates, evaporator tubes,
alkaline battery cases and food handling equipment. At the same time, this plating
has a widespread decorative application in such components as spanners, bumpers
and exhaust pipes. Nickel coatings are frequently applied to aluminium to provide a
solder-able surface and on shafts to improve hardness and wear characteristics. In the
case of optics, nickel coatings are used to render a highly reflective, uniform,
corrosion-free surface for mirrors used in infra-red, laser and satellite systems.
Electroplated Ni thin films have become a commonly used material as mechanical
structures in MEMS such as micro-switches, micro-beams and micro-actuators,
because it allows for the fabrication of relatively thick metallic structures using a
simple process. Nickel is also used as under-coat or interlayer coat to improve the
adhesion of top coats like TiN and chromium [85].
The main deposition conditions used for nickel coatings are listed as in Table 5. 2.
The mild steel specimens are fully cleaned and deoxidised prior to deposition of
nickel. Nickel is electroplated to a thickness of 15 µm over the precracked mild steel
substrates over a length of 60 mm as shown in figure 5.2. The nickel plating is
performed under 4.0amps/2.4V for 8 minutes by using NiMAC 8170 RW process.
Table 5. 2:

Main deposition conditions for nickel electroplating

NiSO4 (g/L)

NiCl2 (g/L)

H3BO3(g/L)

I (A/dm2)

T (0C)

280

63.0

48.0

3.5

55

5.1.4 . TENSILE TESTING

The coated CNT specimens with a precrack were loaded with Instron 5500R
universal testing machine for uni-axial tensile test. The loading rates of 0.1 and 0.6
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mm/min were analysed and when failure of the coating occurs, the corresponding
applied force is recorded as the critical tensile load.

CNT
specimen

Figure 5.4 :

Applying tensile load on coated CNT specimen using Instron machine

To determine the adhesion strength between a coating and CNT specimen the critical
load during tensile loading needed to be determined experimentally. Critical load is
defined as the load at which coating starts to delaminate from the substrate. The
critical load was determined from the detection of elastic waves generated as a result
of the formation and propagation of interface crack. These generated transient elastic
waves were detected by using suitable transducers to provide the early information
on defect/deformation in the material. The critical load was estimated by comparing
the acoustic events and load displacement curves from the tensile test. The loaded
specimens were cross sectioned and analysed under optical microscope and JEOL
JSM-840A scanning electron microscope (SEM) to validate the dominant failure
mechanism. SEM analysis was used to distinguish between cohesive failure in the
coating and adhesive failure at the interface of the coating-substrate system. The
critical energy release rate, critical stress intensity factors and phase angle are
determined from critical load using J integrals.
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5.1.5 . ACOUSTIC EMISSION (AE) DETECTION

Acoustic emission (AE) is transient elastic waves occur naturally within a material
due to the rapid release of localized stress energy. Elastic waves are generated as of
stresses from mechanical, chemical or thermal loads on the material. This emission is
caused due to events such as crack formation, and the consequent crack extension
happening under an applied stress. These generated transient elastic waves are
detected by using suitable transducers to provide the early information on
defect/deformation in the material. Thus the non destructive AE testing method is
used to find the load for crack initiation at the interface of nickel coating and mild
steel specimen under tensile loading.
The acoustic signals were collected using MISTRAS 2001 AE system. MISTRAS
2001 is a fully digital, computerised, multichannel, acoustic emission system that
can perform AE waveform and signal measurement. It can also record, display and
analyse the resulting data. The main components of MISTRAS system are IBM
compatible personal computer, one or more AEDSP-32/16, printed circuit boards,
MISTRAS software, sensors or transducers, amplifiers and cables. The acoustic
signals from the loaded structure are converted into electrical signals by the sensors,
amplified to usable voltage levels by the preamplifiers and measured in the AEDSP32/16 cards, each which contain two digital waveform and signal processing AE
channels. The data from each AEDSP-32/16 card is passed to the IBM-compatible
computer, through the computer’s ISA bus where the data is stored, displayed to the
operator and analysed [86].
In this application the acoustic emission signals were detected by a high sensitivity
piezoelectric transducer (Model S9204 AD92, Dunegan corp) which has a frequency
response over the range of 50 to 200 KHz. The acoustic emission transducer converts
the mechanical energy carried by the elastic wave into electrical signal. The intimate
mechanical contact was achieved by applying a thin film of grease between the
extreme sensitive piezoelectric transducer and the specimen and then by tightly
securing the transducer by firmly wrapping with adhesive tape. The AE system was
calibrated at the beginning each tensile test using pencil lead break test [87], to
confirm the accuracy of the acoustic source location and the data acquisition system.
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The AE signals from the transducer is pre-amplified using the physical acoustic
1220A with a configuration set to single ended input and 40 dB gain.

Fixed

threshold of 35 dB is used with a timing parameter setting of peak definition time
(PDT), hit definition time (HDT) and hit lockout time (HLT) to 300 µsec, 600 µsec
and 1000 µsec respectively. PDT, HDT and HLT are timing parameters of the signal
measurement process. Proper setting of PDT ensures correct identification of the
signal peak for rise time measurements, HDT ensures that each AE signal from the
structure is reported as one and only one hit

and HLT aid in avoiding spurious

measurement during the signal decay and data acquisition speed is increased. Figures
5.5 and 5.6 show the experimental setup with AE equipment.

Figure 5.5 :

Schematic of AE detection setup
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(a)

(b)
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(c)
Figure 5.6 :

Setup for acoustic emission detection (a) the MISTRAS system with
software (b) Preamplifier, transducer and CNT specimens with and
without coating (c) Transducer firmly attached to the CNT specimen for
the detection of crack initiation.

In situ AE measurements were performed during the tensile tests on CNT specimens
to study deformation. Acoustic emission generated during tensile deformation of a
specimen is strongly influenced by fracture of the coating. By considering this, AE
monitoring during tensile testing of different CNT specimens is done and analysed to
determine the load at which the interfacial crack initiates. The tests are performed
using screw driven Instron tensile tester at a loading rate of 0.6mm/min and at 0.1
mm/min. AE system setup is calibrated using pencil lead break test before the
beginning of each test. Typical calibration acoustic events are shown in Figure 5.7.
AE signals are acquired from bare specimens and also from coated specimens for
each configuration and analysed using MISTRAS software. The time, amplitude,
energy, and AE counts are used in identifying the crack initiation and its
characteristics during tensile loading.
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Typical Calibration events of AE setup was done before each test using
pencil lead break method.

To detect the effect of background noise the tensile tests were conducted on both
coated and non coated specimens under same conditions. From the tests, it is clear
that the uncoated specimens have very low AE events. These low AE events are
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from the deforming CNT specimens and not from the grips, machine or external
noises. This ensures that the effect of background noise is insignificant in the result.
Also care has been taken while analysing the AE events for the coated specimens to
determine the crack initiation by comparing the AE events of uncoated specimens.
Signals were also collected from nickel coated specimens with entire notch covered
with gold as interlayer, to distinguish the acoustic events from the gold-nickel
interface. This will reduce the chance of misinterpreting the signals.

5.1.6 .

SEM SPECIMEN PREPARATION

The scanning electron microscope (SEM) was used to image the sample surface by
inspecting it with a high-energy beam of electrons in a raster scan pattern. The
electrons interact with the atoms that create the sample, generating signals that have
information about the sample's surface topography and composition. The signals that
are produced by an SEM include secondary electrons (SE), characteristic X-rays,
back-scattered electrons (BSE), transmitted electrons and specimen current. In
standard detection mode (secondary electron imaging or SEI mode) secondary
electron detectors in SEM are used to produce very high-resolution images of a
sample surface, providing details up to nanometer size range. This is achieved by the
signals generated from interactions of the electron beam with atoms at or near the
surface of the sample. SEM images have a large depth of imaging due to the very
narrow electron beam which produces 3D type images helpful for understanding
sample’s surface structure. In back-scattered electrons (BSE) mode, images give
details about the distribution of different elements in the sample. The BSE images
are formed from the beam of electrons reflected back from the sample due to elastic
scattering. The BSE signal’s intensity is strongly related to the atomic number of the
sample which helps to identify the elements present in the sample.
In order to analyse the CNT samples in SEM for adhesive and cohesive fracture, the
CNT specimens were sliced as shown in Figure 5.8. The dimension of the middle
section is of 15mm in length. Computerised numerical controlled (CNC) electrical
discharge (ED) wire cutting with a wire diameter of 0.18 mm is used to piece the
CNT specimens.
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CNT specimen cross sectioned for SEM analyses

The middle portions of the specimens were thoroughly cleaned from grease,
moisture and other contaminants and placed in a mounting cup. The right ratios of
resin and curing agent/hardener are measured carefully by weight and are mixed
thoroughly. Then the mixed epoxy system was poured over the specimen. The
poured epoxy system was allowed to cure in room temperature for 12 hours. For
microscopic examination, the cured sample surface was mechanically prepared to
required finish by grinding and polishing. During grinding the damaged or deformed
surface material was removed step by step using different grit silicon carbide (SiC)
paper. The SiC papers from P120 to P2400 grits are used in grinding the surface in
five steps. The grinded samples were then polished with 3μm and 1µm diamond
paste to get a uniform removal of material from metal piece as well as from epoxy.
This uniform removal ensures the flatness of the specimen. The flatness of the
specimen was also checked with optical microscope. The JEOL JSM-840A SEM
was used for fractograhic analyses of samples.
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CNT specimens prepared for viewing in SEM

For imaging the sample in the SEM, specimens must be electrically conductive and
also electrically grounded to avoid the accumulation of electrostatic charge at the
surface. This is achieved on the cold mounted samples by depositing an ultrathin
coating (less than 10 nm) of platinum using low vacuum sputtering technique. The
thin layer coating and the conductive tape avoid the accumulation of static electric
charge on the specimen during imaging. Figure 5.9 shows the specimens prepared
for the SEM imaging.

5.2 ESTIMATION OF INTERFACIAL FRACTURE
TOUGHNESS OF NICKEL COATING USING MILD
STEEL CNT SPECIMENS – Experimental Results
The results and analyses are detailed in this section from the experimental findings
of different notch angled CNT specimens. The notch angles used in the analysis were
0, 15, 30 and 45 degrees. The nickel was electroplated to a thickness of 15 µm with
an interfacial precrack of 0.5mm in wide. The interfacial precrack was achieved
depositing a thin layer of gold.

5.2.1

ANALYSES OF 00 ANGLE CNT SPECIMENS

The 0 degree notch angled specimens (θ = 0) were tested for cracks at three
different positions as shown in Figure 5.1. The crack positions are 0.1 mm from the
lower corner of the notch (x=0.1 in Figure 5.1), 0.5 mm from the lower corner of the
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notch (x= 0.5 in Figure 5.1) and on the inner radius (parallel to the axis of CNT
specimen, refer Figure 5.1). Figure 5.10 showing different precrack positions on 0
degree notch angle specimens. Figure 5.11 shows the surface morphology of the
precrack for a CNT specimen before loading.

Inner
Radius

Precrack
(Gold)

Notch’s
lower
corner

Inner radius

Figure 5.10 : Showing precrack positioned at different positions on the 00 angle CNT
specimen.
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Substrate

Gold (Interface crack)
Coating

Figure 5.11 : Surface morphology of cross sectioned CNT specimen showing precrack
at the interface before tensile loading

In situ AE measurements were performed during the tensile tests on CNT specimens
to study crack formation on the coating-substrate system. Acoustic emissions
generated during tensile deformation of a specimen are strongly influenced by
fracture of the coating. AE signals were acquired from bare specimens (Figure 5.12)
and also from coated specimens to determine the crack initiation time. Figure 5.13
shows the AE events for 0 degree notch specimen with precrack at 0.1mm from
notch lower corner. AE events are analysed to find the time of crack initiation from
the precrack. This time is used to calculate the critical load from the load-time curve
(Figure 5.13 & 5.14).
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Figure 5.12 : Acoustic emission events from 00 angle CNT specimen without coating
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Critical load

Figure 5.13 : Acoustic emission events from 00 angle CNT specimen with coating with
crack positioned at 0.1 mm from notch lower corner.

Critical load

Figure 5.14 : Tensile loading curve of 00 angle CNT specimens with coating loaded
at a rate of 0.6 mm/min

At the first stage, the coated 0 degree angle CNT specimens were tensile
tested with in-situ acoustic emission detection with a crack at 0.1 mm from the
notch’s lower corner. From the analyses, it was found that the crack initiated from
the crack tip and propagated along the interface towards the notch’s lower corner
which was confirmed by the SEM analysis which was conducted to study the crack
formation along the interface at different stage of loading. No delamination was
detected elsewhere between the coating and substrate. At higher tensile loads,
cohesive cracks were formed in the coating and tended to spall from the substrate.
The spallation of nickel coatings was observed at a much higher load than the
delamination load and was approximately equal to 11kN.
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The SEM analyses were conducted on the tested samples for characterising the
coating failure under tensile loading. The delamination initiated from the precrack
and propagated towards the notch lower corner as shown in Figure 5.15.

Coating

Precrack

Substrate
30 μm
10 μm

Figure 5.15 : Fractographic analysis of a cross sectioned CNT specimen for a crack
positioned at 0.1 mm from the lower corner of the notch (x=0.1
Figure5.1). Delamination starts from the pre-crack and propagates along
the interface towards the lower corner of the notch.

The critical load was determined by correlating the AE events and the SEM
fractography analysis of the CNT specimens. The estimated critical load for the 0
degree angle CNT specimen having a crack at 0.1 mm from notch is shown in Table
5.3.
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Critical load for 00 degree angle specimen of crack at 0.1 mm from notch

Specimen Critical load (N)
1
2
3
4
5
6
7
8
9
10

Average

2650
2100
2300
2550
2400
2412.5 N
2200
2750
2375
2320
2480
Standard deviation = 199.82 N

The critical load is used in FE analysis to determine the energy release rate. The
properties used for FE analysis is given in Table 5.4.
Table 5. 4:

Typical material properties of coating and substrate used in FEM analysis

Young’s Modulus
(GPa)

ν

Nickel Coating

185

0.3

Mild Steel
Substrate

210

0.29
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(a)

(b)

Coating
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(c)
Figure 5.16 : Contour plots of 00 angle CNT specimens at crictical load- a) sub model
showing Von Mises stress distribution b) sub model showing variation of
longitudinal normal stress (S22) c) sub model showing distribution of
shear stress (S12)

Table 5. 5:

Fracture parameters obtained by applying the critical load to the FE model

Critical
load (N)

2412.5

E
(J/m2)
Elastic
86

KII

K1

Phase angle

(MPa.m1/2)

(MPa.m1/2)

(Degrees)

3.1

2.56

50.44989

In the second stage, 0 degree angle CNT specimens with a pre-crack positioned at
0.5 mm from the lower corner (x=0.5 mm Figure 5.1) were analysed on six
specimens showed that the precrack does not have a large effect on the delamination
of the coating. The stresses at the precrack tip were much lower than the stresses at
the lower corner of the notch. Therefore the crack initiated from the lower corner of
the notch (Figure 5.17-a) and propagated along the interface ((Figure 5.17-b). The
delamination of coating occurred at the notch’s lower corner at a load equal to
5000N. Upon further loading the nickel coating ruptured at the precrack (Figure
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5.17-c) and at higher tensile loading the coating started to spall from the substrate
(Figure 5.17-d).

Coating
Coating

Substrate
Substrate
30 μm

(a)

(b)

Substrate
Coating

Coating
Substrate

30 μm

(c)

(d)

Figure 5.17 : Fractographic analysis of a cross sectioned CNT specimen for a crack
positioned at 0.5 mm from the lower corner of the notch. (a) Showing the
delamination of the coating started from the lower corner of the notch (b)
Showing the crack propagation along the interface (c) showing the
cohesive failure of the coating (d) and showing the spallation of coating
from the substrate.
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In the third stage, 0 degree notched CNT specimens with a pre-crack positioned at
the inner radius (parallel to the tensile axis) of the notch (Figure 5.1) were analysed
using six specimens. At this precrack position, the delamination is dominated by
shear stress. It was found that the delamination initiated from the notch lower corner
rather than from the precrack and propagated along the notch until it reached the precrack and at this point the coating broke. The shear stress occurred at the precrack
was not high enough to cause delamination of nickel coatings from the mild steel
substrate (Figure 5.18).

Figure 5.18 : Fractographic analysis of cross sectioned CNT specimen with a precrack
parallel to the tensile axis. Delamination began from the notch and
propagated along the interface and the coating breaks at the precrack.

Then the specimens were loaded to its ultimate load (load at which the substrate
breaks). Figure 5.19 shows the ultimate failure of the substrate and the spallation of
coatings on it.
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(a)

(b)
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(c)
Figure 5.19 : (a & b) Spallation of coating at the ultimate load on the CNT specimen
and (c) the corresponding Load-extension curve

5.2.1.1 DISCUSSION

1. The average of 10 critical loads for a precrack at 0.1 mm from notch’ lower corner
was determined as 2412.15 N. The phase angle was estimated to be 50.4 degrees. At
critical load, the crack initiates from the crack tip and propagates towards the notch
lower corner.
2. For a precrack at 0.5 mm from the notch’ lower corner, the crack did not initiated
at the crack tip. The coating separated from the notch’ lower corner and propagated
along the interface. The delamination at the notch lower corner occurred at about a
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load of 5000N. SEM analysis shows that the nickel coating breaks at the precracked
area.
3. For a precrack on the inner radius i.e. the precrack which is parallel to the tensile
axis shows less effect in initiation of coating delamination. This is due to the fact
that the precrack does not have enough shear stress for delaminating nickel coating
from mild steel substrate. This precrack position can be considered as in dominant
KII type loading mode.
4. At higher tensile load the cohesive cracks forms in the coating and tends to spall
from the substrate. The Spallation of nickel coating is observed at load above 11kN.
5. For the 0 degree angle CNT specimen, the coating delaminates at much lower load
than the yield stress of coating. So the amount of plastic deformation is insignificant.

5.2.2

ANALYSES OF 150 ANGLE CNT SPECIMENS

The notch angles were machined at 15 degrees and the precrack was created by
depositing gold to a thickness of about 0.85 µm as shown in Figure 5.20. The
precrack was created at a distance of 0.1 mm from the lower corner of the notch on
the inclined side. The nickel was electroplated to a thickness of 15μm over the
precracked specimen. The in-situ acoustic emission detection and SEM analysis
were performed. The determined critical load was used to estimate the interfacial
fracture toughness by using the J-integral option in ABAQUS.
Experimental and finite element analyses of CNT specimens showed that the
energy at the crack tip reduces as the crack moves away from the notch’s lower
corner. For the crack to be initiated from the crack tip, the precrack should be
positioned within 0.2 mm from the notch’s lower corner (Figure 5.1 with x=0.2).
Otherwise the delamination will be initiated from the lower corner of the notch.
Therefore the crack positioned at x=0.1mm was used to determine interfacial
fracture toughness using specimens with 15, 30 and 45 degree notch angles as
described below.
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(b)

Figure 5.20 : a) Gold is deposited on CNT specimen as a precrack of width of 0.5 mm
at a distance of 0.1 mm from the notch b) Nickel is coated over precracked CNT specimen.

The AE events for 15 degree notched CNT specimens are shown in Figure 5.21. The
AE events were compared with corresponding Load-time curve (Figure 5.22) to
determine the critical load. The AE signals were acquired from both uncoated and
coated specimens to distinguish the background effect during tensile testing.
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Critical load

Figure 5.21 : Acoustic emission events from 150 angle CNT specimen with coating
having precrack positioned at a distance of 0.1 mm from the notch lower
corner.

Critical load

Figure 5.22 : Tensile loading curve of 150 angle CNT specimens with coating at a rate
of 0.1 mm/min
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Counts

(a)

(b)
Figure 5.23 : Surface morphology and EDS analysis of cross sectioned CNT specimen
(a) delamination starts from the precrack and propagates along the
interface toward the notch lower corner (b) EDS analysis at the precrack
on the Ni/Fe interface.

Figure 5.24 : Other end of the notch without precrack does not shows delamination at
critical load for 150 angle specimen. This indicated that the crack initiated
from the precrack and propagated towards the notch lower corner.
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(a)

(b)

(c)
Figure 5.25 : Contour plots of 150 angle CNT specimens at the critical load - a) sub
model showing Von Mises stress distribution b) variation of longitudinal
normal stress (S22) and c) distribution of shear stress (S12)

5.2 Experimental Results

128

The critical load obtained from the experiment was used in FE analysis to determine
the critical energy release rate. The fracture parameter obtained from FE analysis is
given in Table 5.6.
Table 5. 6:

Corresponding fracture parameters at the critical load

E
Critical load

(J/m2)
Elastic

2800

260

KII

K1

(Mpa.m1/2) (Mpa.m1/2)

6.3

4.2

Phase angle
Degrees

56.3

5.2.2.1 DISCUSSION

1. The average critical load for a precrack at 0.1 mm from notch’ lower corner was
determined from the AE signals and SEM analysis. The critical load was estimated
as 2800 N. The phase angle was calculated as 56.3 degrees.
2. At critical load, the crack initiated from the crack tip and propagated towards the
notch for a precrack at 0.1 mm from the notch’ lower corner. Under tensile loading
the nickel coating initially separated from the gold coating and the crack propagated
along the interface towards the notch corner.
3. The crack positioned away from notch or on inner radius is not considered in
analyses. This is because the precrack position analysis in FEM and also
experimental analysis in 0 degree angle CNT specimens show no considerable effect
on delamination. The stress developed at the crack tip is very less compared to the
stress at the lower corner of the notch. The delamination at the notch corner tends to
occurs at about a load of 6200 N from the analyses.
4. The interfacial fracture shows more shear mode effect than 0 degree notch in the
analysis and the plastic strains show little effect in the results.

5.2 Experimental Results

5.2.3

129

ANALYSES OF 300 ANGLE CNT SPECIMENS

The notch angles were machined at 30 degree and the precrack was created by
depositing gold to a thickness of about 0.85 µm as shown in Figure 5.26. The
precrack is created at a distance of 0.1 mm from the lower corner of the notch. The
nickel is electroplated to a thickness of 15μm over the precracked specimen. The
coated CNT specimens were tensile tested at strain rates of 0.1 mm/min. The in-situ
acoustic emission detection and SEM analysis were performed. The determined
critical load was used to estimate the interfacial fracture toughness by using the Jintegral option in ABAQUS.

Figure 5.26 : Gold is deposited on 300 angle CNT specimen as a precrack of width 0.5
mm at a distance of 0.1 mm from the notch lower corner
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The AE events for 30 degree angle CNT specimens are shown in Figure 5.27. The
AE events were compared with corresponding load-time curve (Figure 5.28) to
determine the critical load. The AE signals were acquired from both uncoated and
coated specimens to notice the back ground effect during tensile testing.

Critical load

Figure 5.27 : Acoustic emission events from 300 angle CNT specimen with coating
having crack on the inclined surface at a distance of 0.1 mm from the
notch lower corner.
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Critical load

Figure 5.28 : The corresponding load displacement curve showing the critical load

Figure 5.29 : Fractographic analysis of cross sectioned CNT specimen showing the
delamination began from the precrack and propagated along the interface
toward the notch lower corner
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Figure 5.30 : Contour plots of 300 angle CNT specimens at critical load - a) sub model
showing Von Mises stress distribution b) sub model showing variation of
longitudinal normal stress (S22) c) sub model showing distribution of
shear stress (S12)

5.2 Experimental Results

133

The critical load obtained from the experiment is used in FE analysis to determine
the critical energy release rate. The fracture parameter obtained from FE analysis is
given in Table 5.7.
Table 5. 7:

Corresponding fracture parameters at the critical load

Critical load
(N)

E
(J/m2)
Elastic

3450

KII

K1

(Mpa.m1/2) (Mpa.m1/2)

500

9.1

5

Phase angle
(Degrees)

61.2

5.2.3.1 DISCUSSION

1. The average critical load for a precrack at 0.1 mm from notch’ lower corner was
determined from the AE signals and SEM analyses as 3450 N. The phase angle was
estimated as 61.2 degrees.
2. At critical load the crack initiates from the crack tip and propagates towards the
notch lower corner for a precrack at 0.1 mm from the notch’ lower corner.
3. The crack positioned away from notch lower corner and on inner radius was not
considered in analyses. This is because the crack position analysis in FEM and also
experimental analysis in 0 degree angle CNT show no considerable effect on
delamination. The stresses developed at the crack tip were very less compared to the
stress at the lower corner of the notch.
4. The interfacial fracture shows more shear mode effect than 0 and 15 degree notch
in the analysis.
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ANALYSES OF 450 ANGLE CNT SPECIMENS

The notch angles were machined at 45 degrees and the precrack is created by
depositing gold to a thickness of about 0.85 µm as shown in figure 5.31. The
precrack was created at a distance of 0.1 mm from the lower corner of the notch. The
nickel was electroplated to a thickness of 15μm over the precracked specimen. The
coated CNT specimens were tensile tested at a strain rate of 0.1 mm/min. The in-situ
acoustic emission detection and SEM analyses were performed. The determined
critical load was used to estimate the interfacial fracture toughness by using the Jintegral option in ABAQUS.

Figure 5.31 : Gold is deposited on CNT specimen as a precrack of width 0.5 mm at a
distance of 0.1 mm from the notch lower corner

For the 45 degree notched specimens the SEM analyses showed that the coating
initially ruptured at the pre-crack. The delamination then occurred at higher tensile
loads. The interfacial fracture toughness was not estimated for 45 degree specimens,
as the cohesive fracture occurred in the coating.

5.2 Experimental Results

135

Cohesive Crack

Coating

Substrate

30 μm
Figure 5.32 : Cohesive crack intially formed in the Coating

Coating

Substrate
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30 μm

Figure 5.33 : The delamination of coating started from the cohesive crack
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Figure 5.34 : Contour plots of 450 angle CNT specimens at critical load - a) sub model
showing Von Mises stress distribution b) sub model showing variation of
longitudinal normal stress (S22) c) sub model showing distribution of
shear stress (S12)
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5.3 CONCLUSIONS
A new method of measuring the adhesion strength of coatings to their substrate has
been demonstrated. This chapter described the detailed test approach to evaluate the
interfacial fracture toughness of coatings using a circumferentially notched tensile
test specimen. Four notch angles were analysed. The method employed in this study
is practical and can be used to determine critical interface fracture properties of
bimaterials. Figure 5.35 shows the calculated energy release rate as a function of
phase angle. The obtained results are agreeing with the determined adhesion values
by other methods [34, 82, 88]. The results showed an increase in the interfacial
fracture toughness with an increase in phase angle. This is due to the increase in
shear stress as notch angle increases. At the critical load the crack initiated from the
crack tip and propagated towards the notch corner for a pre-crack positioned at 0.1
mm from the notch’s lower corner for 0, 15 and 30 degree notch angled specimens.
For a 45 degree notched specimen, the coating initially ruptured at the precrack and

J/m2

then delaminated.

Figure 5.35 : Variation of Energy release rate with respect to phase angle for CNT
specimens.

For a 0 degree notched specimen, the average critical load was determined to be
2412.5N and the energy release rate was calculated to be 86 J/m2 with a standard
deviation of 7.8%. The average critical load obtained for the 15 degree notch angled
specimens was 2800 N and the energy release rate was calculated to be 260 J/m2with
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a standard deviation of 7.1%. For 30 degree notched specimens, the critical load was
determined to be 3450N and the calculated energy release rate was 500J/m2 with a
standard deviation of 5.4%.
For a pre-crack positioned at 0.5 mm from the notch’s lower corner, the crack did
not initiate at the crack tip. The coating separated from the notch’s lower corner and
propagated along the interface. The stresses developed at the crack tip were much
lower compared to the stress at the lower corner of the notch. The delamination at
the notch corner occurred at a load of approximately 5000N in the case of a 00 angle
CNT and at 6200 N for a 150 angle CNT. For a pre-crack on the inner radius, i.e. a
pre-crack which is parallel to the tensile axis, the effect on initiation of coating
delamination was less visible. This was due to the fact that the pre-crack did not have
enough shear stress for delaminating nickel coatings from a mild steel substrate. This
pre-crack position can be considered as a dominant shear type loading mode.
This study has shown that the stress concentration at the lower corner of the notch is
sufficient to initiate the interface crack. Therefore, CNT specimens without precrack
may be used to investigate the interfacial fracture toughness of coated materials.

CHAPTER 6
FRACTURE MORPHOLOGY OF TiN AND TiAlN
COATINGS ON NOTCHED CYLINDRICAL STAINLESS
STEEL SUBSTRATE SUBJECTED TO TENSILE STRAIN

This chapter reports the evaluation of fracture properties of TiN and TiAlN
coatings deposited on circumferentially notched 321-grade stainless steel
substrate. TiN and TiAlN coatings were deposited onto stainless steel substrates
by cathodic arc deposition technique. These coatings were comparatively studied
on their fracture behaviour under tensile straining. The strain rate for tensile
testing was 0.1 mm/min and kept constant during the test. The TiN and TiAlN
deposited stainless steel substrates were placed in an Instron machine and pulled
in tension for different strains. The strained coated specimens were then examined
using a scanning electron microscope (SEM) to study and image the response of
the coatings to the applied loads. Comprehensive study of the fracture
morphology and the sequence of fracture patterns during tensile loading are
important for understanding how the coated systems will perform in service.
Many researchers analysed the ceramic coating’ cracking behaviour on cylindrical
or flat substrate under tensile loading. These investigations have shown that the
crack growth depends on film thickness and the elastic-plastic properties of film
and substrate [56, 62, 89-91]. The fracture studies of ceramic coatings on
cylindrical substrates were conducted only on uniform cylindrical wires in which
multiple cracks are developed in the coating in a direction perpendicular to the
applied load. This chapter analyses the fracture morphology of ceramic coating on
notched cylindrical substrate.
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INTRODUCTION - CERAMIC COATINGS AND
SUBSTRATE

Titanium nitride (TiN) is a very hard, inert ceramic material, commonly used as a
coating on steel, titanium alloy and aluminium components to enhance the surface
properties of substrate. TiN as applied as thin or thick coating depending on its
application, helps to harden and protect cutting and sliding surfaces, as a
decorative use due to its gold colour appearance and also as a non-toxic exterior
for medical implants. TiN’ wide range of applications include extending the life of
cutting tools at high feeds and speeds, low friction coefficient decreases cutting
forces and tool temperature, helps in protecting “moulds, dies, punches, forming
tools”, alternative for gold plating in decorating parts and its non-toxicity meets
food and drug administration (FDA) guidelines [92]. It is used in medical devices
such as orthopaedic bone saw blades and scalpel blades where sharpness and edge
maintenance are important, used in bio-implants, used to avoid allergic reactions
by reducing staining and corrosion of medical device, as well as military and
aerospace applications. This diamond like carbon (DLC) coating also finds a great
advantage in implanted prostheses especially hip replacement implants due to its
high levels of biocompatibility [93].
Titanium

aluminium nitride (TiAlN) is also a tough ceramic coating used in a

range of metal machining and fabrication applications. The addition of aluminium
to TiN offers superior performance in many applications with higher corrosion
resistance and hardness. The colour of coating varies black to bronze depending
on the Ti:Al ratio within the coating. The formation of protective aluminium
oxide layer on the surface of TiAlN coatings helps to increase the operational
temperatures to 800 0C compared with 500 0C of TiN coatings [94].
The substrate used for coating the TiN and TiAlN is cold drawn, 9.5 mm
diameter, stainless steel of grade 321. Its composition is Fe, 0.05% C, 17.36% Cr,
9.32% Ni, 0.30Mo, 0.47 Cu, 1.72% Mn,0.02 N, 0.27% Si, 0.52% Ti, 0.022% P,
0.024% S. Stainless steel-21 grade is of basic austenitic 18/8 steel (fundamentally
Grade 304) and stabilised by Titanium (321) additions. Grade 321’ resistance to
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scaling, high strength, phase stability and resistance to corrosion makes it a better
choice for purposes in which the operating temperatures ranges up to 900°C.
Agrawal and Raj [56] proposed the tensile test or substrate straining technique to
evaluate the ultimate shear strength of coating/substrate interface by depositing a
ceramic coating of 60 nm thick on ductile substrate of pure copper. The tensile
loading is performed until the crack on surface of coating is observed. The strain
at the crack initiation is used to calculate the tensile fracture strength and the
steady state spacing between the cracks is used to determine the ultimate shear
strength of interface. This method was theoretically and experimentally modified
later [62-63].
Kim et al [64] studied the fracture behaviour of cohesive cracking and subsequent
buckling delamination at the interface between a diamond-like carbon (DLC) film
on a stainless steel substrate (160 μm thick, dog-bone shape) using micro-tensile
loading. Interfacial adhesion energy is quantitatively estimated by determining the
size of spalled region observed under focused ion beam and scanning electron
microscopy.
Shieu and Shiao [65] analysed the interfacial mechanical properties of SiOx/Au
and SiOx/Cu interfaces by modifying the geometry proposed by Agrawal and Raj
into cylindrical symmetry. Their analysis using a classical model of continuum
elasticity helps to find not only the interfacial shear strength but also the bond
strength. Shiao and Shieu [95] theoretically analysed the interfacial mechanical
properties

of TiN-coated stainless steel wire upon tensile loading

using a

classical model of continuum elasticity. Their experimental results establish that
the failure mechanism of the TiN coatings upon tensile loading is related to the
coating thickness.
In the practical application, the coatings are applied to relatively rough surfaces
with edges and corners [6]. When the substrate is not perfectly smooth and flat,
infinitely large stress concentrations are generated at the interface of the coated
system. In the applications of ceramic coatings, coating-substrate system
undergoes various external stresses which increase the probability of failure and
spallation of coating. The stress concentrations due to the shape of the substrate
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also result in initiation and propagation of cracks in the coatings. In coatings, for
many material systems, the weakest part is commonly the interface and the
interfacial delamination becomes the major failure mechanism [5]. Coating is
considered to be failed if it cannot perform its indented function. So the
mechanical integrity of these ceramic brittle coatings is studied using a new test
specimen that can duplicate the real application, named as circumferentially
notched tensile (CNT) specimen. Figure 3.1 shows the configuration of CNT
specimens used for the coating fracture analysis.
Several mechanical tests such as indentation, three-point bending, tensile test and
scratch test are used to analyse the interfacial strength between the coating and the
substrate. Among them tensile testing is one of the common methods used in
determining the adhesion of coating due to its simplicity and reliability in
estimating the adhesion of coating/substrate interface. This method is suitable for
hard coating on soft substrate where scratch or indentation method cause severe
deformation of the substrate. Beam bending tests are extensively studied and a
large variety of testing geometries with stress-strain solutions are available in the
literature. Beam bending tests cannot effectively simulate the stress-strain loading
situation that real manufactured parts experience, especially when the coating fails
as a result of internal stresses.

6.2

EXPERIMENTAL DETAILS

The substrate preparation, coating preparations, tensile testing details and
fractographic analyses are explained in detail in this section.
6.2.1

CNT SPECIMEN PREPARATION

The substrates were prepared from annealed, cold drawn, type 321, stainless steel
bars of 9.52 mm diameter. The bars were cut to 120 mm in length and a notch was
machined on the middle of the bar. The Notches were cut for different angles (θ)
as shown in Figure 6.2 and polished with 1200 grit sandpaper to obtain smooth
surface.
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Axisymmetric CNT specimen with notch angle θ to study the effect of
stress concentration on coating fracture under tensile loading

TiN and TiAlN coatings were deposited over the cylindrical substrate’s notch to a
thickness of 4 µm over a length of 60 mm at the middle of the substrate. The ends
of the substrates were left uncoated to avoid damage on coating while griping for
tensile loading. Before coating, the specimens were first ultrasonically cleaned in
ethanol and then cleaned using argon plasma bombardment. Both TiN and TiAlN
coatings were deposited by using cathodic arc deposition method in Guhring.
Cathodic arc deposition is a physical vapour deposition (PVD) technique in which
an electric arc is used to vaporize material from a cathode target (Figure 6.2). The
vaporized materials reacted with nitrogen to form the nitride coatings on the
substrates. Coatings were conducted using large-area cathodic arc deposition
using high-purity targets of titanium and titanium aluminium (33:67 atomic %).
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Outer radius

Inner radius
Vertical side

(a)
Figure 6.2 :

6.2.2

(b)

Ceramic coatings on notched cylindrical stainless steel substrates (a)
TiN coating on a CNT specimen (b) TiAlN coating on CNT a
specimens

SEM SAMPLE PREPARATION

The crack formations were studied by backscattered and secondary electrons
images under scanning electron microscope (SEM). The CNT specimens were
strained to different strains to analyse the progressive fracture pattern. In order to
analyse the CNT samples in SEM for adhesive and cohesive fracture, the CNT
specimen is sliced. The dimension of the middle section is of 15mm in length.
computerised numerical controlled electrical discharge wire cutting with a wire
diameter of 0.18 mm is used to piece the CNT specimens. The flatness of the
specimens after polishing was checked with optical microscope (Figure 6.3).
Figure 6.4 shows the specimen prepared for the SEM imaging.
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Figure 6.3 :

Optical micrograph of TiN Coating on cross sectioned CNT specimen

Figure 6.4 :

Sample specimen prepared for SEM imaging

6.3

EXPERIMENTAL ANALYSES

The cracking behaviour of hard brittle coatings on ductile substrate subjected to
tensile straining has been mainly studied to estimate the interfacial adhesion
strength [56, 62, 89, 91, 95-96]. Agrawal and Raj [56] proposed the method for
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evaluating interfacial shear strength for ceramic coating by using flat, tensile, dog
bone shape substrate. They evaluated the interfacial shear strength parallel to the
surface by tensile straining the sample along the plane of the film. Their results
shows the coating breaks and cracks are formed normal to the tensile direction.
The distance between the cracks is used to determine the interfacial shear strength.
This testing technique replicates the stress conditions experienced by ceramic
coating during real applications, especially in wear resistance applications [97] .
In applications like cutting tools, biomedical equipments or implants where the
coated surfaces-in-contact move parallel to each other, the determination of
interfacial shear strength is most appropriate. This periodic cracking method is
also extended to cylindrical substrates and cracks formation depends on the
coating thickness [95]. The coated CNT specimens were loaded using an Instron
5500R universal testing machine for uni-axial tensile testing. The tensile load was
applied at a rate of 0.1 mm/min using the displacement control mode with a
computerised data acquisition system. The CNT specimens were subjected to
different straining for analysing the progressive fracture pattern. In this study, the
deformation is considered elastic for brittle coating and plastic for the ductile
substrate.
According to the Agrawal and Raj the interfacial shear stress (τˆ ) is related to
tensile strength of the coating (σ c ) by the following equation:

τˆ =

Where

δ = Thickness of coating

λˆ = Maximum Crack spacing

πδσc
λˆ

(6.1)
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Schematic of periodic cracking on ductile substrate under tensile
loading.

So the two parameters to be determined are the coating’s tensile strength (σ c ) and
the spacing between the cracks ( λˆ ) in the coating (Figure 6.5). The coating’s
tensile strength is determined in literature [91, 95] for uniform cylindrical
specimen by using the Hooke’s law.

σ c = Ec ε c

(6.2)

ε c is the percentage elongation at which coating cracks and Ec is the Young’s
modulus of coating. In the work done by Shiao and Shieu [95] the residual stress
in the coating is not considered in the analysis, so a higher value is obtained for
fracture strength of coating. In the work of the Chen, et al [91] the Equation 6.2 is
modified as

σ c = Ec ε c + σ R

(6.3)

Where

σ R = Residual stress in the coating. Normally the residual stress in ceramic
coatings is compressive and its value is in order of 10 GPa[95, 98]. So it has great
significance in determining the fracture strength of coating from the percentage
elongation. In this study, the fracture stress on coating is determined from finite
element analysis by substituting the critical load obtained from the experiments.
The critical energy release rate ( Gcritical ) can be calculated by using the following
equation [99]
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1 σ c2δ
π g (α , β )
2 Ec

(6.4)

Where g (α , β ) = a dimensionless coefficient that depend on the Dundurs
parameters (α , β ) [21]
For plane strain problems, α =

Where Ec =

Ec
1 − υc2

Ec − E s
Ec + E s

and Es =

and

β=

Gc (1 − 2υ s ) − Gs (1 − 2υ c )
2Gc (1 − υ s ) + 2Gs (1 − υ c )

Es
. G , υ and Ec are shear modulus, Poisson
1 − υs2 c c

ratio and Young’s modulus of coating respectively and Gs , υ s and Es are shear
modulus, Poisson ratio and Young’s modulus of substrate respectively.
Figure 6.6 shows the X-ray diffraction (XRD) patterns of TiN and TiAlN coatings
deposited on stainless steel substrate using CuKα radiation.

The XRD

measurements were carried out with a scanning rate of 1° per minute at a step of
0.020 and the 2θ angle region ranged between 300 and 90°. In addition to the XRD
peaks of the stainless steel substrate (Figure 6.6a), four diffraction peaks [(111),
(200), (311) and (222)] can be clearly recognized from the XRD patterns of TiN
coatings as shown in Figure 6.6b. The diffraction peaks do not appear from
Ti33Al67N coatings in the XRD pattern as shown in Figure 6.6c. This is due to the
higher content of Al, which resulted in finer crystallites or amorphous phases in
the TiAlN coating [100-101].

(a)
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(b)
Figure 6.6 :
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(c)

(a) XRD pattern of the stainless steel substrate only (b) XRD pattern
of the TiN coating deposited on a stainless steel substrate (c) XRD
pattern of the TiAlN coating deposited on a stainless steel substrate.
Higher content of Al makes the coating amorphous or finer crystallites

Fracture characteristics of TiN coating

Tensile tests were conducted on TiN coated stainless steel cylindrical substrates of
zero degree notch angle. The thickness was estimated to be 4 μm from the cross
sectioned samples as shown in Figure 6.7. The stress distribution at critical load
and redistribution after crack formation on the coating were numerically
investigated. The critical load, at which a crack initiates in the coating, was
determined experimentally. The substrate and the coating have approximately the
same strain up to the critical load. The substrate deforms elastically at critical
strain. From the experimental measurement the critical load was determined as
4500 N for the TiN-steel system. The fracture stress was determined using finite
element analysis by applying the critical load obtained experimentally to the finite
element model. The fracture stress was 2.4 GPa. The transverse cracks were first
observed at corner of the notch at the critical load (Figure 6.8). The inner radius,
outer radius and vertical side of the specimen are marked in Figure 6.2. Cracks in
the direction perpendicular to the tensile axis of the specimen were then
developed in the coating at the inner radius. Figure 6.9 shows the SEM images,
when the TiN specimens were loaded upto 7.5kN. As the load increased, the
coating spalled from the notch corner and (Figure 6.10).
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Figure 6.7 :

SEM micrograph of the cross sectioned TiN coating on stainless steel
substrate before loading

Figure 6.8 :

Crack developing at the notch corner at the critical load

Substrate

Substrate

Coating
Coating

(a)

(b)
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Coating
Substrate

(c)
Figure 6.9 :

Cross sectioned SEM images of TiN specimens loaded upto 7.5kN (a)
at the notch corner (b) at the inner radius of the specimen showing no
cracks (c) no cracks detected on the outer radius.

(a)

(b)
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(c)
Figure 6.10 :
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(d)

Inter crack spacing morphology related to 7.5 kN tensile load (a, b) at
notch corner having coating spallation between transverse cracks (c)
transverse cracks on inner radius (d) no cracks on the vertical side of
the specimen

The specimens were loaded up to its ultimate load and examined for the crack
patterns (Figure 6.11). No cracks were generated on the vertical side of the notch.
The scanning electron micrographs (Figure 6.12) show the crack patterns of TiN
coatings at different locations of the cylindrical substrate.
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The coated specimens were loaded to the ultimate load to show the
crack patterns.

(a)

(b)

(c)

(d)
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(e)

(f)

(g)

(h)

Crack patterns of TiN coating observed in SEM at various locations at
ultimate loadof stainless steel substrate (a) Inner radius (b) Inner
Radius near notch’s lower corner (c) Vertical side near notch corner
(d,e) Vertical side middle (f,g) Vertical side near outer(h) Outer
radius.

Finite element modelling along the interface was conducted on an axisymmetric
CNT specimen using the commercial solver ABAQUS. The CNT specimen was
modelled along with a notch of 2 mm in width and 4 mm in length at the middle
of the specimen. The tensile tests of the coating/substrate CNT system were
modelled using axisymmetric finite elements. The properties used for FE
modelling is given in Table 6.1.
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Table 6. 1
Mechanical properties of the coatings and substrate used in the
finite element analysis

Young’s
Material

modulus

ν

(GPa)

Yield stress Yield
(MPa)

Coating (TiN) [65]

640

0.25

Coating (TiAlN) [102]

310

0.2

Substrate (Stainless Steel)

210

0.28 300

(%)

0.2

offset

n

5

The stress field around the coating-substrate interface is critical for the initiation
and propagation of cracks. Bilinear (4-node) quadrilateral, reduced integration
elements were used with hourglass control to obtain accurate stress distributions
at the coating-substrate interface. The TiN coating and steel substrate were
assumed to be homogeneous and isotropic. Submodeling technique in ABAQUS
is used for a local region with a refined mesh, based on interpolation of the
solution from an initial global model onto the nodes of the appropriate region of
the boundary of the submodel. The stress field within the fourth submodel of the
CNT specimen at the critical load is shown in Figures 6.13. Figure 6.14 shows the
stress distributions on the coating-substrate system after the formation of crack in
coating.
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(a)

(b)
Figure 6.13 :

Submodel showing the (a) longitudinal normal stress distribution (b)
shear stress distribution of the TiN coating-steel substrate system
using 00 angle CNT specimen without cracks
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(a)

(b)
Figure 6.14 :

Redistribution of (a) longitudinal normal stress (b) shear stress of the
TiN coating/steel substrate system, after observing crack in the
coating

When the specimen was subjected to tensile loading, the shear stresses were
developed at the interface as a result of the difference between the stiffness of
coating and the substrate. While the developed stresses at the interface reaches the
fracture strength of the coating, cracks initiate in the brittle coating, particularly at
the interface of the ductile substrate. Here the A-R model was used as given by
Equation 6.1 to evaluate the interfacial shear strength. The values used for δ, σc
and λˆ were 4μm, 2.4 GPa and 85 μm, respectively. The interfacial shear strength
was calculated to be τ = 354.6 MPa for this coating-substrate system.
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The fracture toughness in terms of the critical energy release rate of the coating
was calculated using Equation 6.4. The values used for δ, σc, Ec and g are 4μm,
2.4 GPa, 640 GPa and 1.8, respectively. The dimensionless constant g was
obtained from the graph g(α,β) vs α given in Beuth Jr [99]. The values of Gc , υ c ,
Ec, Gs , υ s and Es were 256 GPa, 0.25, 640 GPa, 82 GPa, 0.28 and 210 GPa. The
energy release rate is calculated as Gcritical = 101.74 J/m2.The values of the
interfacial shear strength and energy release rate found in this study are within the
range for TiN coatings described elsewhere [62, 95].
6.3.2.

Fracture characteristics of TiAlN Coatings

The critical load was determined as 1800 N from the experimental measurements.
This was by substituting the critical load obtained from the experiments. The
fracture stress was determined from finite element analysis using the critical load
as the input. The estimated value was 600 MPa. The transverse crack was first
observed at corner of the notch at critical load (Figure 6.15a). With increase in the
load, the cracks in the coating open and spall from the notch corner (Figure
6.15b).

(a)
Figure 6.15 :

(b)

SEM micrographs of TiAlN at the notch corner (a) at the critical load
(b) at increased load

Axisymmetric finite element modelling of TiAlN-steel system was conducted for
CNT specimens using the properties given in Table 6.1. The stress distributions
without cracks on the coating at the critical load are shown in Figures 6.16. The
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maximum magnitude of normal stress (S22) and shear stress (S12) were introduced
on the coating at the notch corner which was 607 MPa and 331 MPa respectively.
Figure 6.17 shows the redistribution of stresses after the formation of crack in the
coating. The FE stress results showed that stress localised at the crack tip where
the magnitude reaches 1086 MPa for normal stress and 370 MPa for shear stress.

(a)

(b)
Figure 6.16 :

Submodel showing the (a) longitudinal normal stress (b) Shear stress
distribution of the TiAlN coating without crack using 00 angle CNT
specimen
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(a)

(b)
Figure 6.17 :

Redistribution of (a) longitudinal normal stress (b) shear stress of the
TiAlN coating-steel substrate system, after observing crack in the
coating

A third crack formed on the inner radius and the distance between the second and
third crack was used to find the λˆ in Equation 6.1. Cracks in the direction
perpendicular to the tensile axis were developed in the coating on the inner radius.
The specimens were loaded up to its ultimate load and examined for the crack
patterns (Figure 6.18). No cracks were found on the vertical side of the notch. The
crack pattern at the ultimate load on the inner radius is shown in Figure 6.19.
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The coated specimens were loaded with the ultimate load to observe
the crack patterns.

(a)

(b)
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Substrate
Coating

(c)

(d)

(e)

(f)

(g)

(h)
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(i)

Figure 6.19 :

(j)

Crack patterns of TiAlN coating observed in SEM at various locations
after loaded with ultimate load of stainless steel substrate (a) Inner
radius (b) Inner Radius near notch’s lower corner (c,d) Vertical side
near notch corner (e,f) middle of vertical side (g,h) Vertical side near
outer radius(i,j) Outer radius.

In general, the crack patterns for both TiN and TiAlN coatings are similar.
Interlace crack patterns are observed. As before, we applied the A-R model as
shown in Equation 6.1, and the interfacial shear strength. The values used for δ, σc
and λˆ are 4 μm, 600 MPa and 90 μm respectively. The interfacial shear strength
was calculated to be τ = 83.7 MPa for this coating-substrate system. The fracture
toughness in terms of the critical energy release rate of the coating was calculated
using Equation 6.4. The values used for δ, σc, Ec and g(α,β) are 4 μm, 600 MPa,
310 GPa and 1.2. The dimensionless constant g(α,β) was obtained from the graph
g(α,β) v/s α from the work of Beuth Jr [99]. The values considered for Gc , υ c , Ec,
Gs , υ s and Es are 129 GPa, 0.2, 310 GPa, 82 GPa, 0.28 and 210 GPa. The energy

release rate is calculated as

Gcritical = 8.75 J/m2. The values of the interfacial

shear strength and energy release rate found in this study are found to be within
the range for TiAlN coatings described elsewhere [98].

6.4 Conclusion
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CONCLUSIONS

In this chapter, the fracture characteristics of TiN and TiAlN coatings on stainless
steel substrates have been investigated using circumferentially notched tensile
specimens. The stress distributions of coatings at the notch corner at the critical
load were studied using the submodelling approach of the finite element method.
It has been found that the nature of multiple cracking in brittle ceramic coatings
on ductile substrates under tension depends on the shape of the substrate.
The CNT method was found to be suitable for analysis of strength and fracture
morphologies of thin ceramic coatings on metallic substrates under different
loading conditions. It offers several advantages for both numerical modelling and
experimental studies for evaluating fracture characteristics of coatings. The
axisymmetric geometry of the specimen reduces computational time in numerical
analysis. The CNT specimen enables evaluation of the effect of the curvature of
substrate surface on the fracture pattern because of its cylindrical geometry. An
additional practical advantage of the CNT technique is the simplicity of specimen
preparation and testing procedure. The CNT technique found to be a reliable
method in assessing the performance of brittle coatings on ductile substrates under
complex operational loading conditions. Therefore, the proposed extension of the
CNT technique to coatings has the potential to become a standard quality control
method for assessing structural integrity and measuring fracture parameters of
coated systems.

CHAPTER 7
CONCLUSIONS AND FUTURE WORK
This thesis aimed to develop a universal testing method for measuring interfacial
fracture toughness of coatings. The detailed specimen preparation, precrack
generation, testing method and numerical modelling were discussed. The coatings of
ductile and brittle nature were analysed for their fracture behaviour on notched
cylindrical bar under tensile loading.

7.1

CONCLUSIONS

In this study, a new method using circumferentially notched tensile (CNT)
specimens is proposed for evaluating the interfacial fracture toughness of coated
materials. The 00, 150, 300 and 450 notch angled mild steel cylindrical substrates with
electroplated nickel were tensile tested. A well defined precrack was introduced at
the interface for quantitative evaluation of adhesion. In-situ acoustic signals were
acquired to obtain the crack initiation or the critical load. The crack initiation and
propagation were analysed using scanning electron microscope. Finite element
analyses were used to evaluate the critical interface energy release rate as a function
of mode mixity from the obtained critical load. The results showed an increase in the
interfacial fracture toughness with an increase in phase angle. This is due to the
increase in shear stress as notch angle increases. At the critical load the crack
initiated from the crack tip and propagated towards the notch corner for a pre-crack
positioned at 0.1 mm from the notch’s lower corner for 0, 15 and 30 degree notch
angled specimens. For a 45 degree notched specimen, the coating initially ruptured at
the precrack and then delaminated.
For a pre-crack positioned at 0.5 mm from the notch’s lower corner, the crack did
not initiate at the crack tip. The coating separated from the notch’s lower corner and
propagated along the interface. The stresses developed at the crack tip were much
lower compared to the stress at the lower corner of the notch. The delamination at
the notch corner occurred at a load of approximately 5000N in the case of a 00 angle
CNT and at 6200 N for a 150 angle CNT. For a pre-crack on the inner radius, i.e. a
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pre-crack which is parallel to the tensile axis, the effect on initiation of coating
delamination was less visible. This was due to the fact that the pre-crack did not have
enough shear stress for delaminating nickel coatings from a mild steel substrate.
However, this pre-crack position is to be considered as a dominant shear type
loading mode.
This study has shown that the stress concentration at the lower corner of the notch is
sufficient to initiate the interface crack. Therefore, CNT specimens without precrack
may be used to investigate the interfacial fracture toughness of coated materials.
The fracture characteristics of TiN and TiAlN coatings on stainless steel substrates
have also been investigated using CNT specimens. It was found that the shape of the
substrate has a significant effect on the initiation and propagation of cracks in brittle
coatings. Stress concentrations caused by the substrate’s shape can lead to a
premature failure of the coated components. The proposed new test method is found
to be effective for evaluating the mechanical behaviour of coatings under the stress
conditions encountered during real life applications.

7.2

RECOMMENDATIONS

The ideas for further expansion of CNT specimen is suggested here. The other
adaptations like precrack generation, notch shape variation, residual stress
distributions and other coating materials are needed to be analysed for standardising
the specimen. The initial experiments for determining interfacial fracture toughness
were carried out using nickel coatings on mild steel substrate. Since nickel is used as
an under coat for improving adhesion of chromium and TiN, these coatings can be
analysed in the next step. These multilayer systems can be analysed for various
configuration of CNT specimens. Further tests can be conducted using ductile and
brittle coatings on brittle substrates.

7.3

CLOSURE

A new method of measuring the adhesion strength of coatings to their substrate is
reported. The method is based on common tensile test of materials. In this study,
finite element analysis was used to assess the interfacial fracture behaviour of
coating/substrate system using CNT specimen under tensile loading. Based on the
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findings, it has been concluded that this new proposed method is be an easier testing
method to evaluate the adhesive property of coatings on metallic substrate

in

comparison to the traditional methods. The measurement of interfacial adhesion is
made by considering the principles of fracture mechanics that uses the amount of
energy required to remove the coating from the substrate. Premature coating failure
results in serious consequences in terms of money, downtime, repair and
replacement costs. The cost involved in the failure is not limited to the initial coating
application and material, but it also includes the cost of repair or replacement of job,
production down time and company’s reputation. The operating situation of many
practical applications is so complicated that the failure mode cannot be anticipated in
advance. Therefore, a coating failure analysis which resembles real application is
required to determine the various causes of failure to prevent the recurrence of
premature failure. The currently existing measuring methods [8, 66] can only be used
for particular coating applications and one must proceed systematically to do
experiments to analyse the cause of failure on quantitative basis. Future studies,
however, are needed to evaluate the CNT specimen for reliable results when
measuring interfacial fracture toughness of different coating systems. Also this new
method needed to be thoroughly compared with other coating adhesion tests.
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APPENDIX

In situ acoustic emissions (AE) measurements were performed during the tensile
tests on CNT specimens to study crack formation on the coating-substrate system.
Critical load is defined as the load at which coating starts to delaminate from the
substrate. The critical load was determined from the detection of elastic waves
generated as a result of the formation and propagation of interface crack. AE events
were analysed to find the time of crack initiation from the precrack. This time was
used to calculate the critical load from the load-time curve. The AE events were
obtained from 0, 15 and 30 degree CNT specimens for determining the critical load
which were shown in chapter 5 as Figures 5.13, 5.21 and 5.27. Figure 1, 2 and 3
shows the local regions at the vicinity of the critical load for better legibility.
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Figure 1: Acoustic emission events from the 00 angle CNT specimen with coating
with crack positioned at 0.1 mm from notch lower corner and the tensile
loading curve of 00 angle CNT specimens.
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Figure2: Acoustic emission events from 150 angle CNT specimen with coating having
precrack positioned at a distance of 0.1 mm from the notch lower corner
and the load‐extension curve
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Figure 3: Acoustic emission events from 300 angle CNT specimen with coating
having precrack positioned at a distance of 0.1 mm from the notch lower
corner and the load‐extension curve

