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Chapter 1

Introduction and literature review
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1.1. General

Interfaces exist in many engineering materials, such as coatings/films, composites and
multiphase alloys. In order to improve surface properties of mechanical components,
coatings/films are often used to improve surface performance, while reinforced fibers or
second phases in compdsités are used to meet special requirements for bulk materials’
mechanical properties. These materials are widely used ‘in many industries, including

mining, manufacturing, oil and gas, electronic and aerospace, etc.

The performance of coatings/films and composites in mechanical applications largely
depends on their interfacial bond strength, due to the fact that interfaces are usually
weaker than bulk phases and may result in failure of the entire system, even though the
coatings/films or reinforced phases are sufficiently strong. As an example, Fig. 1-1 shows
spallation of coatings from the substrate due to their weak interfacial bonds, which make
the coatings useless. In composites, cracks may propagate along interface between the
reinforced phase and the matrix, which causes the failure of stress transfer between the
matrix and the reinforced phase (Fig. 1-2), thus resulting in a decrease in the material
strength. In many cases, the interfacial bond is a limiting factor for effective application

of protective coatings/films and composite materials.

Since the strength of an interfacial bond is of particular importance to coatings/films and
composites, there is a demand for the development of effective techniques for
quantitative assessment of interfacial bond strength. Considerable efforts have been made -

to develop methods for testing and characterizing various interfacial bonds. The main
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methods currently used for evaluation of the interfacial bond strength are briefly

reviewed in the following section.

(2 (b)
Fig. 1-1 Spallation of coatings/films from substrate (x400): (a) Ti film deposited on an
AlO; substrate by physical vapor deposition [Ref.1], (b) A metal coating on a PZT

ceramic [Ref. 2].
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Fig. 1-2 Interfacial debonding in composites.(a) A fiber-reinforced composite [Ref. 3]

and (b) schematic illustration of crack growth.
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1.2. Types of interfacial bond and failure mechanisms

The interfacial bond strength is dependent on the bond type, which may involve
mechanical, chemical and physical interactions. Consequently, the mechanisms

responsible for interfacial failure of different types of interfacial bond could be difterent.

1.2.1. Definition of the interfacial bond

The term “interfacial bond” can be simply defined as the sticking together of two similar
or dissimilar materials. However, the interfacial bond is rather complex, affected by
many factors, including the fabrication condition, mechanical and chezﬁical properties of
the two phases that form the interface, the structures and cofnpositions of the two phases,
an(i the interfacial stress state. In addition, an interfacial bond may also be influenced by

possible adsorbed materials, interfacial diffusion, and defects at the interface (See Fig. 1-

3) [4].

Bulk matrix

Fig. 1-3 Characteristics of a fiber/matrix interface in a composite material.
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1.2.2. Types of interfacial bond

Interfacial bonds may form in different ways, depending on chemical compositions and
structures of two adjacent phases, atomic arrangement, surface morphology and the
diffusivity of elements in each phase. The interfacial bond may be formed to by electron
interaction, chemical reaction and mechanical interlocking, etc. as shown in Fig. 1-4

[5~7]. The following factors may play roles in forming an interfacial bond:

---Interdiffusion

A bond between two surfaces may be formed by the interdiffusion of molecules or atoms
across the interface as illustrated in Fig. 1-4(a). In this case, there must exist a
thermodynamic equilibrium between the two constituents. The bond strength will depend
on the amount of molecular entanglement, the number of molecules involved and the
strength of the bond between the molecules. The formed interface region has a substantial
thickness, and its chemical, physical and mechanical properties are different from those

of the two adjacent phases.

---Electrostatic attraction

The difference in electrical charge between constituents at the interface may contribute to
the attractive force between the two adjacent phases as in the case of acid-base interaction
and ionic bonding (Fig. 1-4(b)). The strength of the interface depends on the charge
density. This kind of attraction, however, can not make a major contribution to the final

bond strength of the intertface.
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---Chemical bonding
The chemical bond is a main source for interfacial bonds. A bond is formed between two
chemically compatible materials. The formation of the bond may result from usual

thermally activated chemical reactions (Fig. 1-4 (c)).

----Interfacial reaction

In this case, reaction occurs to form new compounds in the interface region, especially
those materials manufactured by a molten metal infiltration process. Reaction involves
transfer of atoms from adjacent phases and reaction at the interface. Such compounds
formed in the interface region are generally harmful to the overall mechanical behavior of

the materials (Fig. 1-4(d)).

---Mechanical bond

Mechanical interlocking may also play a role when the interface is rough. The strength
of this type of interface is unlikely to be high in tension unless there are a large number of
re-entrant angles on the material surface, but the strength in shear could be high,
depending on the degree of interfacial roughness. In addition, there may exist some
internal stresses arising from the different shrinkage and thermal expansion coefficients

of the materials that form the interface during material processing (Fig.1-4(e)).
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Fig.1-4 Interfacial bonds. (a) Bond formed by molecular entanglement following

interdiffusion; (b) Bond formed by electrostatic attraction; (¢) Bond formed by chemical
reaction; (d) Chemical bond following forming of a new compound; (¢) Bond formed by

mechanical interlocking.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2.3. Failure meéhanisms of interfacial bonding

When the stress applied to an interface is sufficiently large, it can cause interfacial
debonding. There are several basic mechanisms responsible for interfacial debonding,
depending on material properties and interfacial bond type [8]. In some cases, interfacial
debonding could occur by plastic void coalescence or brittle debonding at the interface in
accordance with ductile fracture and brittle fracture mechanisms, respectively (Fig. 1-5)
[9]. When interphases or reaction products exist at the interface, debonding often occurs
within phases. Both brittle and ductile debonding mechanisms may be responsible for
debonding at the interface plane [10,11]. The brittle debonding mechanism is usually

responsible for interfacial failure when the bond plane contains either contaminants or

segregated particles.
Ductile Fracture Brittle Debonding
55"" "I#KM*FK‘ o
i NS LAFIRIEIE 4
Reaction * S —
Products .
or
Interphases
R S TR 4
Reaction | vojid %@%;& ﬁ Crack] d Metal RSN
Products NPEGEI IR R EIIAR N Ay g
or —
Interphases 7/\/ lCeramlc‘ / Ceramic
/ 7
Reaction Reaction products

Fig. 1-5 Mechanisms responsible for interface failure.
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1.3 Methods used to determine interfacial bond strength for coatings

and thin films

The methods often used to determine the interfacial bond strength for coatings or thin
films fall into two groups. One group includes the pull-off test, the bending test, the peel
test and the cavitation test, which are based on global interfacial failure. The other group
includes scratch test and impac;t test, which are based on local interfacial failure. Details

of these methods are provided in the following sections.

1.3.1 Methods for determining the interfacial bond strength based on global failure

Pull-off test

In the pull-off test (tensile test)[12~15], a stud is glued directly to a coated sample, which
is mounted in a self-aligning loading device as shown in Fig. 1-6. A tensile load is
applied to the sample. The calculated bond strength represents the ultimate force divided

by the contact area.

The pull-off test is a widely used method, which is simple and easy to operate. However,
this method encounters the following difficulties: (a) it is difficult to apply pure tensile
stress to a sample; a complex mixture of tensile and shear stresses may exist, which
renders the interpretation of test results difficult, (b) the tensile tests are limited by the
strengths of available adhesives or solders that bond the sample to the sample holder, (c)
there is always the possibility that the stress is introduced during setting of the adhesive,

or non-uniform stress distributions or stress concentrations exist over the contact area
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during the pulling process. All of these factors affect the measurement of the interfacial

bond strength.

Aluminum Stud

Adhesive Coating

Substrate

Fig. 1-6 Schematic representation of the pull-off test.

Bending test

There are two different ways to perform the bending test. One is to apply a load in a
horizontal direction to a rod glued to a film (Fig. 1-7 (a)) and the moment of the force
required to peel the film from the substrate is a measure of the interfacial bond strength
[16~19]. This method has advantages over the direct pull-off method [20] because (a) this
arrangement offers less substrate distortion since there would be no resultant overall force
normal to the plane of the substrate and (b) this apparatus does not require such critical
alignment as in the case of normal pull. The other way [21,22] is schematically shown in
Fig. 1-7(b). A sample is fixed in the jig in such a way that the coating or film is loaded in
compressive stress. The end of thek sample is connected to an acoustic emission
transducer to detect fracture during the bending test. The area in the vicinity of the

loading stamps is not coated to avoid acoustic signals of fracture under the stamps, which

10
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may mislead the measurement. The bending test is suitable for ductile coatings or films
like polymers because the applied stress could generate cracks in hard and brittle coatings

or films so that acoustic signals may not only represent the failure of an interface.

TP F
etal film
ubstrate
/
(a)
Thin film l Load Acoustic
\ emission
Substrate —
7
222
(b)

Fig. 1-7 Schematic representation of the four-point bending test.

11
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Peel test

The peel test (peeling) applies a load to a coating or film to peel it off from the substrate,
and the stripping strength can thus be determined as illustrated in Fig. 1-8 [23~26]. The
film can be peeled off from the substrate in two ways: (a) by directly pulling the film, and
(b) by applying a baéking material to the film and then pulling the backing material,
together with the film. The actual peel test is performed by peeling a film at a specified

angle, e.g. 90°, the most common angle for peel test.

Coating

Substrate

Fig. 1-8 Schematic illustration of a peel test.

This method is virtually impossible to specify the area involved at any instant, so that the
pulling force has little significance. Results of peel test are usually expressed as energy or
work done per unit area. Therefore, the results from peeling experiment are not directly
comparable to the results obtained using other techniques that evaluate adhesion in terms

of force per unit area. Furthermore, in order to make any useful measurement, the film

12
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must be completely removed from the substrate, which limits the applicability of this
technique to those interfaces which exhibit relatively weak adhesion. In addition, this

method can be only used for flexible coatings.

Ultracentrifugal test

In the ultracentrifugal technique, adhesion is determined by measuring the force
necessary to detach a film normal to the surface. As the name suggests, the specimen is in
the form of a rotor, which is spun at extremely high speeds to provide the requisite
centrifugal force as shown schematically in Figure 1-9. At a critical speed of rotation, fhe
coating can no longer withstand the centrifugal stress and is detached [27~30]. In the

ultracentrifugal system, the forces on the coating are given by:

R Y T
I'=4r =224+ 1 +15) (1.1)

t

where T is the hoop stress

A -- the adhesion in g/em’

r -- the radius of the rotor in cm

n -- the number of revolutions per second
d — the density of the coating in g/cm’

¢ — the thickness of the coating in cm

g -- the acceleration due to gravity.

The adhesion strength can be determined based on the sample’s dimensions and density
as well as the rotation speed. However, this method can only deal with poorly adherent

films. In addition, the values of adhesion obtained using this technique are lower than

13
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those obtained using other methods. This could be explained if the film exhibits creep
leading to a peeling phenomenon, where the load to start détaching the film could be far
less than the normal force to tear it off [30]. Comments on this technique could be
summarized [20]: (i) no adhesive or solder is required; (ii) the choice of the rotor material
is important, as the measured adhesion values are dictated by the rotor material; (ui)for
polymeric coatings, the viscoelastic behavior plays an important role; (iv) for very thin
films, it may be difficult to obtain a requisite centrifugal force as the total force is the
product of mass and acceleration; if mass is small, acceleration must be increased and
this is limited by the rotor material, (v) if temperature of the rotor rises above the glass

transition temperature of a polymeric film, the situation becomes quite complicated.

TO - VACUUK PUMP

SUPPORT SOLENOID
{BOTTOM HALF}
N

DRIVE COILS

L5 MAGNETIC CORES
R
a
VACUUM CHAMBER-T ™ FREELY SUSPENDED
R \\' ROTOR
DAMPER — PICKUP COIL

Fig. 1-9 Schematic illustration of ultracentrifugal arrangement for adhesion measurement

[Ref. 20].
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Cavitation test

The cavitation test is performed in a water tank in which the sample surface is exposed to
high-power ultrasound as shown in Fig. 1-10 [31~34]. An ultrasonic transducer is placed
above the sample. The high-power ultrasound generates blisters on the surface of the
sample. After reaching a critical size, the blisters collapse, accompanied by the formation
of a microscopic water jet that hits the surface with high pressure, generating a
mechanical pulse. Since blisters are forming and collapsing continuously, a surface is
under repeated impact at high frequency. As a result, a coating or film could be destroyed
or detached from the substrate. The ratio of the damaged area to the total area is used to

evaluate the interfacial adhesion.

This technique is usually used to evaluate relatively thick (>25um) paint films.
Application of this method to thin films is rarely reported. Since the work required to
detach metallic coatings is considerably larger than that for polymeric coatings, only less
adherent metallic films may bé amenable to this test. Obviously, values of adhesion
strength determined using this method are influenced by the thickness and mechanical

properties of the film [35-36].
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Fig. 1-10 Schematic representation of the cavitation test.

1.3.2 Methods to determine interfacial bond strength based on local failure
Scratch test

The scratch test is performed usually using a Rockwell-shaped diamond indenter to
scratch a coated sample surface under a normal load [37~40]. Fig. 1-11 schematically
illustrates the morphology of a scratch groove. Critical load for film detachment could be
determined based on the crack pattern around the scratch as shown in Fig. 1-12 and
geometric parameters listed in Téble 1-1 [41]. The critical load may also be obtained
from the Weibull statistical distribution of acoustic emission signals in a series of 20

scratch tests [41].
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Fig. 1-11 Schematic illustration of the scratch test.
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Fig. 1-12 Schematic illustration of different failure events occurring during scratching

[Ref, 41].
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Table 1-1 Geometric parameters related to failure events under the critical loads [Ref 41].

Distance from start Description of failure event Critical load
Xi Longitudinal coating cracks at the scratch track edge Ly
Xo Chipping at the scratch track edges, substrate not exposed L
X3 Chipping at the scratch track edges, substrate exposed Lep
X4 Ploughing of the indenter through the coating Les

Studies {42] have demonstrated that the scratch test and resultant crack patterns are very
complex and vary with the film material. This implies that it is difﬁcult to obtain absolute
values of adhesion using a general theoretical model. Comments on this method are
summarized below:

(1) The scratch pattern depends on elastic and plastic deformation of both the film and
substrate, which is affected by their mechanical properties, primarily by their hardness.
(2) There is no preferential failure at the film/substrate interface. Failure may occur in the
film or in the substrate rather than at the interface.

(3) Film detachment often occurs under lighter loads than required for track clearance.

This depends on film tearing, film pile-up in front of the stylus, dust, imperfections, etc.

From the above comments, one may draw a conclusion that it is difficult to quantitatively
evaluate the bond strength of an interface using the scratch method, since the critical load

is not solely related to the interfacial bond strength.
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Impact test

The impact test allows the determination of the local fatigue strength, which is related
to the interfacial bond of a ﬁlm/subétrate interface [43~46]. A schematic illustration of
the test apparatus is shown in Fig.1-13. A sample is cyclicallyyloaded by a ball of
cemented carbide, which is repetitively pushed on the sample surface. The surface
damage of the sample is examined under an optica] microscope. What is to be determined
is the critical number of load cycles, Nc, at which the surface shows no further damage.
This method only gives a qualitative estimation of the interface bond and is not often

used in practice.

- Spring
Permanent magnet

Magnetizing coil

Hard metal ball

Fig. 1-13 Schematic illustration of the impact test.

Laser spallation test
The interfacial bond of a film could be evaluated using this technique. During the test, a

Jaser pulse of high energy with a certain wave length is used to generate a pressure pulse,
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which goes through the substrate towards the coated sample surface as shown in Fig. 1-
14 [47-50]. The pressure wave then pries off the coating. The critical stress amplitude for
the removal of the coating can be determined by computational simulation of the process.
However, this method involves many parameters, such as the thickness of adsorptive
layer, shape of the stress puls;e, film properties and thickness. Therefore, this technique is

not often used due to its complexity in practical application.

Confining fused quartz plate

\ Substrate
Puls1\ng laser Sl
e £
\;
R T S RS- —
-1
//g Coating |

Energy absorbi old fil
nerey Oromng & Hm Test interface

Fig. 1-14 Schematic illustration of the laser spallation experiment.

1.4. Methods used to determine the interfacial bond strength for

composites.
The experimental methods used to characterize fiber/matrix interface are classified into
two categories based on the scale of test: one employs bulk laminate composite to

measure average interface properties on the macro level; the other involves evaluation of
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interfacial properties of a single fiber embedded in a matrix block. These methods are

described briefly in the following sections.

1.4.1 Techniques used for bulk laminar compeosites
Short beam shear test

The short beam shear test is designed to bend a beam of a unidirectional laminate
composite as illustrated in Fig. 1-15 [51~54]. The generated interlaminar shear stress is
parabolic within each layer, but’a discontinuity in slope occurs at the ply interfaces. As a
result, the maximum value of the shear stress does not necessarily occur at the center of
the beam. The maximum shear stress can be determined using a classic short beam shear

relationship [42]

—— PmiiX
Tome = 075 o (1.2)
where 7,4, is the maximum shear stress, which is related to the maximum applied load

Py, and specimen width (&) and thickness (¢). T 1S @ measure of the interfacial bond

strength.

This method is one of the most popular methods to determine the interlaminar bond
strength of polymer-matrix and metal-matrix composites, since the test is easy to perform
and samples are easy to kmake. Howe\}er, the problem is the stress concentration and non-
linear plastic deformation at the contact area of loading. The high stress concentration at
the contact areas may cause premature local failure in the contact arcas before
interlaminar failure occurs. As a result, the failure signal may not always come from

interfacial debonding [55].
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Fig. 1-15 Three-point short beam bending test for evaluation of interfacial strength for

laminate composites.

losipescu shear test

The losipescu shear test [56-59] uses a double-edge-notched specimen that is
subjected to two counteracting moments produced by force couples as shown in Fig. 1-
16. A state of pure shear is achieved within the test section of the iosipescu shear test
specimen and the interfacial shear strength cén be determined. The shearing force acting
at the centré of the cross-section is equal to the applied force measured from the loading

device.

The shear stress 7 is obtained by dividing the applied force P by the net cross-sectional

area at the notiches.

~ bt (1.3)
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Fig. 1-16 The set-up of iosipescu shear test.

The main advantage of this test is that there is a 1a:rge interfacial area under uniform shear
stress, compared to the other shear tgsts. This method allows measuring both the in-plane
shear strength and shear modulus in the direction parallel to the fiber with high accuracy
and reproducibility. However, the pure shear is easily distorted by various factors, such as

loading nose, twist and the bending moment arising form misalignment.

[x 45]; tensile test
In the [t 45]; tensile test [60-63], shown in Fig. 1-17, a uniaxial tensile stress is
applied to a (+ 45°) laminate composite sample and the normal strains in longitudinal and

transverse directions, & and &, are calculated based on the longitudinal load, Px, or stress

o, over the cross-sectional area (bxt) of the specimen. Here, & is the width and ¢ is the

thickness of the specimen.
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_ P _ o
T2 =%, =3 | (1.4)
yIZ = gx o gy (1.5)

Therefore, the unidirectional translaminar shear strength can be calculated based on the

maximum load and the in-plane shear modulus of elasticity.

Fiber direction

NI
ﬂ Loading direction

Fig. 1-17 Schematic illustration of the [+ 45];tensile test.

This technique is easy to apply using a conventional uniaxial tensile machine. However,
such a test can not provide complete information on the interfacial bond strength, since
the interfacial failure in the laminate composite does not result only from a shear stress,

but is also affected by the normal stress on the interface.

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.4.2. Technique used for fiber-matrix interfaces

Single fiber compression test

For the single fiber compression test, two typical specimens with different geometries are
used: one has a uniform tetragonal cross-section ( Fig. 1-18(a)), the other has a curved
neck in the middle (Fig.1-18(b) [64~67]. The fiber-matrix interface fails in different
ways for these two types of specimen during the test. When a compressive load is applied
to the specimen having a uniform cross-section along the fiber direction, owing to the
difference in elastic property between the fiber and the matrix, shear stress is generated
near the fiber ends. Further loading eventually results in interfacial cracking due to the
interfacial shear stress concentration. However, the specimen having a curved neck under
longitudinal compression has interfacial debonding in the transverse direction due to
transverse expansion of the matrix when its Poisson ratio is greater than that of the fiber.
The interfacial bond strength, therefore, could be determined in shear for the first type of

specimen and in tension for the second type of specimens, respectively.

For the specimen having a uniform cross-section, the interfacial shear strength is

determined by [68]:

7, =2.50, (1.6)
For the specimen having a uniform cross-section, the interfacial tensile strength is given
by [68]:

_— On (Vm e )
T (v, )ra(-v-2vh) (1.7)

g,

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



where o, is a critical compressive stress corresponding to interfacial debond. a=E, /E,

is the ratio of Young’s Modulus ratio of the matrix to that of the fiber; v, and v are
Poisson ratios of the fiber and matrix, respectively. The constant o in equation (1.6) is

taken from an empirically shear stress concentration factor.

x
fu e et R AR TR e

(a) ()
Fig. 1-18 Geometry of specimens for the single fiber compressive test. (a) a specimen

having uniform cross-section and (b) a specimen with a curved neck.

The single fiber compression test is one of the earliest methods developed to measure the
bond strength of glass fiber in a transparent polymer matrix. However, this method is not
as popular as other methods because the matrix has to be transparent in order to observe

interfacial debonding.

Fiber fragmentation test
The mechanism for the fiber fragmentation test [69~72] is illustrated by Fig.1-19. In

such a test, a specimen containing a fiber is subjected to a uniaxial tensile stress, which
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breaks the embedded fiber into smaller segments when the stress exceeds the tensile
strength of the fiber. The load is continuously increased until lengths of all broken fiber
are too short to allow further fiber breakage. The average ﬁbef fragment lengths is
referred as the “critical transfer length (L¢), which is the minimum fiber length that

allows effective stress transfer across the fiber/matrix interface.

(’
WYY

o (oo

Fig. 1-19 Schematic illustration of the single-fiber fragmentation process.

The average shear strength at the interface, 1, can be approximately estimated from a
simple force balance equation [73]

adry

To=X71, (1.8)
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where o7y is the fiber’s tensile strength at critical transfer length and g, the fiber radius.
is a non-dimensional correction factor, which varies between 0.669 and 0.973 in order to
take into account the statistical distribution of tensile strength and fragment length of the

fiber.

The fiber fragmentation test is at present one of the most popular methods to evaluate the
interface properties of fiber-matrix composites. This method is, however, limited due the
fact it is difficult to measure | the length of fiber fragments. Unless the matrix is
transparent, one has to dissolve the matrix in order to measure the length of fiber
fragments. In addition, the interfacial tensile strength cannot be measured using this

method.

Fiber pull-out test

During the pull-out test, a fiber or filament embedded in a matrix block is pulled out, as
shown in Fig.1-20(a), (b) and (c). A tensile force is applied to the free end of the fiber
and eventually pull it out from the matrix as the force is steadily increased [74~77]. Load
and displacement are monitored during the pulling process. The initial stress for
interfacial debonding, oy, and the maximum debonding stress at instability, c4* can be
determined from the load ~displacement curve as illustrated in Fig. 1-21. This technique

can be modified for convenient application in practice, as shown in Fig. 1-20(d) [78].
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Fig. 1-21 A typical stress versus displacement curve involving interfacial debonding.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The interfacial bond strength, 1, can be determined using an equation [76]

_. 404

Ty =11 (1.9)

where L is the embedded fiber length and d is the fiber diameter.

The fiber pull-out test has been widely used not only for polymer matrix composites but
also for some ceramic matrix and cement matrix composites. However, this test method
has some limitations, e.g., there is a maximum embedded fiber length, permitted for pull-
out without being broken. This length is usually very short, which causes experimental
difficulties and large data scattering, especially for composites with strong interfacial
bonds and small fiber diameters. An alternative pull-out method, so-called microbond

technique [59], has been developed to facilitate the pull-out test (see Fig. 1-21(d)).

Although the pull-out test is a simple method to evaluate the interfacial bond for fiber-
reinforced composites, this technique does not provide information on tensile strength

and therefore the interface cannot be completely evaluated.

1.5 Microindentation test

Along with the development of microindentation technique for mechanical testing, this
technique has also been used for evaluation of interfacial bond for both coatings and
composites on micro-level. Indentation may be performed at the surface of a coated
sample [79,80]. The force-displacement curves of various film/substrate combinations

have been investigated in detail in Ref [79], as shown in Fig. 1-22.
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Fig. 1-22 Schematic cross-sections and force-displacement curves of various

film/substrate interfaces [Ref. 79].

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



It can be seen that various kinks occur on the force-displacement curves, which could be

used to judge the initiation of interfacial cracking. However, such judgement is not easy

to be made since the difference between well-bonded and poorly-bonded interfaces is not

significant. Furthermore, the kinks may also come from fracture of the coatings, which

makes such test less reliable.

Microindentation may also be applied on a cross-section at the interface as shown in Fig.

1-23 [81]. The critical load could be obtained from the loading curve, under which the

crack length a can be determined at the interface. This method is more suitable for thick

and ductile coatings, since cracking may not occur in the coating before interfacial

debonding takes place during the loading process [82].
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Fig. 1-23 Determination of interfacial debonding using the interfacial indentation test.

(a) indentation test, and (b) a corresponding Ina~InP curve [Ref. 81].
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Microindentation may also be applied on the cross-section at the substrate side near the
interface [83,84] as shown in Fig. 1-24. The interfacial crack length under a certain load
is a measure of the interfacial bond. Obviously, when the same load is applied on
materials with different properties, the generated interfacial stresses are different.
Therefore, this method cannot be used to evaluate the interfacial bond strength precisely.

Moreover, it cannot predict the initiation of interfacial debonding.

Fig. 1-24 Interfacial debonding induced by Vickers indentation [Ref. 84].

Microindentation is also used to evaluate the interfacial bond for composites, shown in
Fig. 1-25 [85-88]. This is a single-fiber test by pushing a short fiber out from the matrix,
using a spherical indenter. The interfacial debonding is monitored under an optical
microscope during the process. The interfacial bond strength, ty, is calculated using the

following equation [84]:

Ty =0y (T, )FEM (2.9)
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where o4 is the average compressive stress applied to the fiber end at debonding. Tmax/C¢
is the ratio of the maximum interface shear stress to the applied stress calculated using

the finite element method (FEM).

l Composite slice

Probe e

Fiber

/ N

Fig. 1-25 The push-out indentation test for evaluation of interfacial bond for fiber-

reinforced composites.

The microindentation test is also used for metal-matrix composites to determinate their
interfacial bond between the matrix and reinforcing particles as shown in Fig. 1-26 [89].
A Vickers indenter is pressed near an interface and the total debonding length (an

interface crack) is measured, which is used to evaluate the interfacial bond strength.

Although it has some shortcomings, microindentation appears to be a promising technique
for further development. This method has less geometrical limitation and can be used to
evaluate the bond strength of various interfaces for coatings and composites. In addition,
this method can be performed at the microscopic level and therefore, it could minimize

the influence of flaws, pores and other defects at the interface by selecting a “defect-free”

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



region for testing. Such obtained results may reflect the intrinsic interfacial bond strength.
However, without a revolutionary modification or improvement, it is difficult to apply

microindentation to determine the interfacial bond strength quantitatively and precisely.

Fig. 1-26 Evaluation of the interfacial bonding for a NiAl-matrix composite. An interfacial

crack is indicated by an arrow [Ref. 89].

1.6 Statement of problems and objective of the research

As discussed above, determination of interfacial bond strength is an important and
difficult task. Although a number of experimental techniques have been developed to
evaluate the interfacial bond strength for coatings and composites, their applications are
rather limited [2]: (1) lack of transferability of measurement results, that is , the result
obtained using one method may not be consistent with that obtained using another
method; (2) lack of generality for different types of interface; and (3) unjustified
hypotheses or assumptions have been used to build the methods. (4) Many techniques

only provide qualitative or semi-qualitative evaluation with low reliability. Therefore, a
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more general and effective technique is urgently required for the determination of

interfacial bond strength for both coatings and composite materials.

The objective of this work is to develop such a general technique that can be used to

quantitatively determine interfacial bond strength for different types of interfaces.

This thesis consists of six chapters. Chapter 1 presents a brief review of types of
interfacial bonds and current methods used to evaluate the interfacial bond strength for
coatings and composites. The main body of the thesis consists of four chapters, from
Chapter 2 to Chapter 5. In Chapter 2, a novel Inethoa, so~called lateral force-sensing
microindentation method, is proposed. During indentation near an interface, the critical
load at the initiation of interfacial debonding; can be obtained from changes in lateral
force. In conjunction with the finite element method (FEM), the interfacial bond strength
can be quantitatively determined. This novel method is justified experimentally and
computationally. In Chapter 3, the mechanisms responsible for interfacial debonding for
different interfaces are analyzed and discussed. In Chapter 4, research on optimization of
this method is presented, which includes effects of indenter shape, indenter size and
indentation position on the sensitivity of the method to interfacial debonding. Chapter 5
presents application of this method in evaluating interfacial bond strengths for thermal-
sprayed coatings in compaﬁson with the traditional tensile test. In Chapter 6, general

conclusions are given and some future studies are suggested.
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Chapter 2.

Development of a novel lateral force-sensing microindentation

technique
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In this chapter, a novel method, the so-called lateral force-sensing mincroindentation
technique, is introduced to evaluate the interfacial bond strength for coatings/films and
composite materials. This new method was developed based on previous studies on
several indentation methods, as described in Chapter 1. It was found that the previous
methods were not sufficiently sensitive to the interfacial debonding and had difficulty to
quantitatively and precisely evaluaté the interfacial bonds. For the lateral force-sensing
indentation method, microindentation was performed near an interface with in situ
monitoring of changes in lateral force. It was demonstrated that the lateral force (Fx) was
very sensitive to interfacial debonding. The critical indentation load that corresponds to
interfacial debonding can be measured and used to quantitatively determine the
interfacial bond strength, in conjunction with the finite element analysis (FEM). The
method was justified using experimental and computational approaches. As an example,

an Al ,Os/ Al alloy interfacial bond was tested and analyzed using this new technique.

2.1. Experimental procedure

Microindentation experiment was performed using a Micro-Tribometer, made by the
Center for Tribology (California, USA) as schematically illustrated in Fig.2-1. The
sample was fixed on the sample holder, which can move in different directions to adjust
the indentation position. The normal load, lateral force (Fx), acoustic emission and
indentation displacement were recorded during indentation. An optical microscope was

attached to determine the position for microindentation.
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Fig. 2-1. Schematic diagram of the indentation measurement.

In this research, Al;O3/Al alloy 6061 interface was used for a sample study. Specimens

were made by adding pieces of 47,0, into molten Al 6061 at 800°C, followed by furnace

cooling. The specimens were cut using a diamond saw and the final dimensions of a
specimen containing ceramic/metal interface were 8x15x50mm. The cross-sectional
surface of the specimens was polished énd their final roughness was 0.05pum. In order to
evaluate the sensitivity of the microindentation method for different bond strengths,
artificial interfaces were also made by bonding AlL,Os and steel 4045 using different
adhesives. AlO3; and steel 4045 pieces having a size of 30x20x15mm and surface
roughness of 0.05um were glued together with super glue (Loctite Corp.,Quicktite),
epoiy glue(Gougeon Brothers Inc.,105A) and wax (British Wax Refining Ltd),
respectively; interfacial bonds of these samples were evaluated using the

microindentation method.
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Microindentation was perforined at the cross section of an Al,O3/Al alloy specimen near
the interface at the Al alloy side. A cone-shaped tuhgsten carbideiindenter having a tip
radius of 0.2 mm and tip anglé of 30° was used. For an AL,Os/steel bond, the indentation
was performed at the steel side near the interface. A normal load was applied to the
indenter, which was linearly increased from zero to a maximum load of 40N at a rate of
0.22N/sec. During the test, the normal load, time and lateral force were recorded
simultaneously. The sample surface after each test was examined with a SEM. Each
indentation test was repeated 5 times and results presented in the thesis are averége

values for 5 measurements. The standard deviation was in the range of 8%.

2.2 Examination of currently existing microindentation methods

To determine the interfacial bond strength, a method should have the ability (1) to
produce sufficiently large stress to break the interface; and (2) to detect the initiation of
interfacial debonding with high sensitivity. Considering the currently existing methods to
evaluate the interfacial bond strength, the microindentation is the only method that can be
applied for both composites and coatings. The present work began with examining the
currently existing indentation methods. As discussed earlier, direct application of
indention on a coating surface is an ineffective way to determine the interfacial bond
strength. Therefore, in this work, the emphasis is put on the cross-section near an

interface to evaluate its bond strength.

First, microindentation was applied at the Al 6061 side near an Al,O3/Al 6061 interface.

The loading and unloading curves were recorded. It was expected that the interfacial
40
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failure could be detected by unusual changes occurring on the force-depth curve, e.g.,
kinks. After indentation test, the interface was examined with a SEM. Results for many
such tests indicate that when indentation produced a crack at the interface as shown in
Fig. 2-2, the loading and unloading curves did not always show a kink, which
corresponds to interfacial debonding. Fig. 2-3 is a typical force~depth curve. This method

is therefore not sensitive to the interfacial debonding as expected.

Fig. 2-2 Interfacial debonding caused by microindentation.
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Fig. 2-3 Typical loading and unloading curves of microindentation with interfacial

cracking.

Acoustic emission signals (AE) were also monitored to see if they were sensitive to the
interfacial debonding. When indentation was applied at the Al 6061 side near an
interface, AE was not sensitive to interfacial debonding v(Fig. 2-4), However, when
indentation was applied directly at the interface, AE signals became rough with many
peaks (Fig. 2-5). These signals may come from interfacial cracking and brittle fracture of
the hard phase, Al,O3 as well. It was difficult to identify which peak corresponded to
interfacial failure. In summary, acoustic emission and the force ~ depth curve are not

reliable for determining the interfacial debonding.
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Fig.2- 4. Acoustic emission response for indentation test near an interface.

2.3 The lateral force-sensing indentation method

The failure in evaluation of interfacial debonding using the force~depth curve or acoustic

emission redirected our attention to search for more suitable parameters for detecting

interfacial debonding during indentation. It was interesting to notice that the lateral force
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Fig. 2-5. Acoustic emission response for indentation at interface.

on the indenter showed unusual changes whén interfacial debonding occurred. Typical
normal load versus time curve and lateral force versus time curve for indentation on an
ALO3/Al alloy specimen are illustrated in Fig.2-6. As shown, when the normal load was
increased, the lateral force (Fx) changed correspondingly. At the beginning, Fx increased
gradually and the tip was pushed away from the interface. When the normal load was

about 10N, the lateral force decreased and the tip moved backward as the normal load
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was continuously increased. Such a change corresponds to a change in the slope sign of
the Fx~t curve. It was noticed that each time when the slope of Fx~t changed its sign,

interface cracking was observed as shown in Fig.2-7.
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Fig. 2-6. Load-time and lateral force Fx-time curves of an Al,O3/Al alloy bond.

Fig. 2-7 Debonding at an Al,04/Al alloy interface caused by indentation.
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In order to confirm this phenomenon, similar tests were performed for Al,Os/Steel 4045
interfaces with different bond strengths. When the load was épplied to a specimen with a
weak bond (Fig. 2-8(a)), cracking initiated at a critical normal 1§ad (Lc) was about 5N;
For a medium bond (Fig.2-8(b)), the critical normal load (Lc) was about 30N. A high-
strength interface with a superglue bond was also tested. Under this condition, there was
no slope-sign change on the Fx~t curve during the entire loading process (see Fig.2-8(c)).
Surface observation under SEM indicated that interfacial cracking occurred in cases (a)
and (b) only after the Fx~t curve slope-sign changed at Lc. No interfacial cracking was
observed in case (c). It appears that the change in the sign of the slope of Fx~t curve
could be considered to be a critical pointv corresponding to interfacial cracking and the
corresponding normal load may be taken as the critical load that results in interfacial

debonding.

A possible mechanism responsible for the variation in lateral force during indentation is
illustrated in Fig.2-9. When indentation is performed on a homogeneous bulk material,
the constraints of the specimen to a conical indenter in all radial directions are the same
and the lateral force is zero because of the cylindrical symmetry. However, when
indentation is carried out near an interface, the constraint around the indenter is no longer
symmetrical due to the difference in mechanical properties between the materials that
form the interface. As a result, a lateral force would occur. When the indentation load
increases, this asymmetric constraint may increase, resulting in an increase iﬁ Fx. When

the indentation load is sufficiently large, interfacial debonding would occur. At this point,
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Fig. 2-8. Normal load-time and lateral force-time curve of Al,O3/Steel 4045 bonds; (a)

weak bond, (b) medium bond, and (c) strong bond.
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Fig. 2-9. Schematic illustration of an interfacial debonding process and corresponding

changes in lateral force.

the constraint from the interface to the indénter would decrease so that the lateral force
could not keep the previous trehd, resulting in the change in slope sign of the Fx~t curve
as shown in Fig.2-6. Such a change may allow us to determine the initiation of interfacial
debonding and corresponding indentation load. This critical load could be related to the
interfacial bond strength using the finite element method (FEM). Details about the FEM

analysis have been given in a later section of this chapter.
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2.4 Further justification by computer meodeling

In order to further justify the proposed correlation between interfacial debonding and the
sign change of the slope of Fx~t curve, an indentation process was modeled using a
micro-scale dynamic model (MSDM) [90,91]. In this model, a given specimen is
discretized using a discrete lattice as illustrated in Fig. 2-10. Each lattice site represents a
small volume of the material. Under the influence of an indentation force, a lattice site

may move, governed by Newton’s law of motion to predict the trajectories of lattice sites:
-> ] -
F =m-—F 2.1

N
where m is the mass of a lattice site, » is the position of the site and ¢ is the time. The

P ’
total force F' on a site includes the interaction between the site and its adjacent sites as

well as the external force from indenter if the site is at the surface.

Fig. 2-10 A system, used for modeling study (MSDM), is discretized and mapped onto

discrete lattices.
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The simulated system material includes two parts. One is hard (ceramic) and the other is
soft (metal). They are connected by an interface (Fig. 2-10). For a homogenous material,
the interaction between two adjacent sites is dependent on the mechanical properties of
the material, which include the elastic modulus, the yield strength, the tensile strength,

the ductility and work hardening. The site-site interaction may be expressed as:

F=k-Al (2.2)
where’Ai } is the magnitude of deformation of the bond connecting a pair of adjacent
sites. It can be calculated by subtracting the stress-free bond length from the bond length

- >
after deformation under the force: Al = - [/o. The coefficient & is equal to £- Iy, where
E is the slope of the stress-strain curve of the material. Fig. 2-11 illustrates a stress-strain
curve. Within the elastic region, the curve is linear, corresponding to the elastic modulus

Ee; while in the plastic region the “modulus” varies with the strain. In the elastic region,

e

E=F = % , where oy and &, are the yield stress and yield strain, respectively. In the

plasticregion, E=FE = (or~0,) (e, -2 )" If the deformation Al is within the region of
) P =&,

elasticity, E is equal to the elastic modulus (E,), if the deformation A/ exceeds the elastic
region, E is equal to the plastic modulus E,. When the deforrnation Al is smaller than
zero, two sites are under compression. In this case, we assume E is equal to the elastic
modulus and no damage to the bond will result. The site-site bond will not be broken
when the sites approach to each other under a compressive stress. Only when the bond is

elongated and its deformation is larger than the strain at fracture, will the bond be broken.
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Fig. 2-11. Schematic illustration of a stress-strain curve.

The total force on a surface site, P, that is in contact with the indenter may be expressed

as:

- 7l - -,
Fp=%k-Al(p,Q)+ fp 2.3)

where, n is the number of sites q adjacent to site p, f, is an external force exerted by the

indenter. If site P is not in contact with indenter, fp is equal to zero. When the total force

on the site is known at time t, its velocity and position after a time interval Af are

determined by
. - 1 -
Va2 =V () +—F (P)A (2.4)
P (P)=F(P)+V,(p)AL (2.5)
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where ¥, and V., are velocities of site P at time ¢ and ¢+ Az, respectively, and }?, (P) is

i

the total force on site P att; 7, and 7,,,, are positions of site P at f and ¢+ At , respectively.

In such a way, the trajectory and position of each lattice site can be predicted. When the
length of a bond between two adjacent sites exceeds a critical value corresponding to the
fracture strain of the material, the bond fails. Using this method, a dynamic indentation

process could be simulated.

All interfacial bonds in this simulation study were assumed to be elastic and had the same
fracture strain. In order to iﬁvestigate the response of an interfacial bond to indentation,
three interfacial bonds with different strengths were considered. A strong bond had its
maximum tensile strength almost the same as that of the ceramic bond. The middie bond,
whose strength was between those of the ceramic bond and the metal bond, and weak

bond, whose strength was weaker than the metal bond.

Using the model, indentation near each of the interfaces was simulated. Lateral
movement of the indenter, which corresponded to the lateral force, was recorded. Fig. 2-

12~ 2.14 illustrate the results of the simulation.

For the weak interfacial bond, as Fig. 2-12 illustrates, the tip continuously moved toward
the interface during indentation, and almost all the interfacial bonds were broken. For the
strong interfacial bond, as Fig. 2-14 illustrates, the tip continuously moved away from the

interface. In the case of the medium interfacial bond as shown in Fig. 2-13, the tip moved

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



away from the interface at first, and it later moved towards the interface when interfacial

debonding occurred.

The simulation is consistent with experimental observations. Since the “computational
experiment” was performed under controllable condition with given bond strength. This
consistence between simulation and experiment provides support for the proposed

correlation between interfacial debonding and the change in slope sign of the Fx~t curve.

Ux(Fx)

Fig. 2-12. Simulation of indentation near an interface and corresponding lateral

displacement (or force) of the indenter as a function of time for a weak bond.
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Fig. 2-13 Simulation of indentation near an interface and corresponding lateral

displacement (or force) of the indenter as a function of time for a medium bond.
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Ux(Fx) ™~

Fig. 2-14 Simulation of indentation near an interface and corresponding lateral

displacement (or force) of the indenter as a function of time for a strong bond.

2.5 Interfacial stress analysis and determination of the interfacial bond

strength

2.5.1 Finite element analysis

As demonstrated earlier, the critical indentation load for interfacial debonding may be
determined by monitoring the change in the slope sign of the lateral force~time curve.
After the critical load is determined, with known geometry and location of the indenter, it
is possible to evaluate the interfacial bond strength by analyzing the stress state in the

vicinity of the interface using the finite element method.

In this study, the stress distribution around an indenter was determined using the ANSYS
software package (version 6.1). As an example, stress and strain around an Al,O3/Al
6061 interface, corresponding to the critical indentation load on a conical WC indenter,
were analyzed. Since the indentation introduced plastic strain, the problem was non-
linear. For simplicity, the indenter was treated as a rigid body and the surface—to—surface

contact was applied.
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In order to be consistent with the indentation test, all parameters used for the FEM
simulation had the same values as those for the experiment, such as the geometry and
location of indenter and material properties. The simulated sample had free side
boundaries with its bottpm fixed. T‘hé sample was big enough so that the stress/strain
around the indenter was localized with negligible influence of the boundary condition.
The Al,O3 phase was fully elastic with its X’dung’s modulus and Possion’s ratio equal to
360GPa and 0.25, respectively. Plastic behavior of the Al alloy was modeled using
multilinear is‘otropic hardening approach, along with the Von Mises stress yield criterion.
The mechanical properties used in the finite-element model were obtained from literature
[92]. The Young’s modulus and Poisson’s ratio of Al alloy were 70GPa and 0.3,

respectively.

The region of indentation was discretized with fine mesh, which became progressively
coarser at the distance from the indenter in order to reduce the computing time (Fig. 2-
15). During the simulated indentation process, the indentér was pressed under a gradually
increased load. The bottom boundary of the specimen was constrained in all directions.
As an example, the stress components in the vicinity of an Al,Os/Al alloy interface are

illustrated in Fig. 2-16.
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Indenter \

Fig. 2-15. A system for indentation modeling using FEM.

2.5.2 Interface failure criterion and interfacial bond strengthv

From the finite element analysis, the stress or strain distribution at interface can be
determined. When indentation is performed near an interface, the stress at interface is
usually multi-axial, that is, normal stress and shear stress coexist at interface, which
makes the analysis of interfacial failure difficult. A criterion, therefore, needs to be

chosen to determine interfacial bond strengths.

There are usually two basic approaches to evaluate the interfacial bonding. The
mechanics of materials approach calculates the stress state at the interface and thus
determines the interfacial bond strength with a stress value. The other approach is the
strain energy release rate approach, which uses an energy value to evaluate the interfacial

bond strength. Due to the fact that most testing methods use the stress value to evaluate
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the interfacial bond strength, we adopt the former one so that the results can be directly

compared with those from other methods.

Several models suggest that interfacial failure is caused by either the normal stress or
the shear stress at the intex‘face [93, 94]. When the interfacial normal stress or shear
stress exceeds a critical value, the interfacial debonding occurs. However in general,
real interfacial debonding involves the coupling of shear and normal stresses.
Therefore, a general criterion for prediction of interfacial debonding should take the

coupling effect into account.

In 1988, Brewer and Lagace [95] proposed a criterion, the so-called Quadratic
Delamination Criterion (QDC), to determine the initiation of interfacial failure, which
takes account of the coupling effect of normal and shear stresses. This criterion was
proposed initially for interfacial delamination in composites and now has been widely
used for various interfacial failure problems [96~98j. This criterion is adopted here to

predict the onset of interfacial debonding.

(o, )2+(a_vz)2 + (o,

(2

where oy, and oy, are interfacial shear stresses; o, is interfacial normal stress; Z" and 7°

5 A
Gy = A=l e

/’

are interfacial normal and shear strengths. When the lefi-side value of equation (2.5),
which we define it as A for convenience, is smaller than 1, there is no debonding at the
interface. Therefore, Z" and Z° may be used to determine the interfacial bond strength.
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Normal stress(MPa)

indenter

Shear stress(MPa)
Shear stress{MPa)

Fig.2-16. Normal and shear stress distributions at an Al,O3/Al alloy interface under an
indentation load. (a) indentation position and coordinates; (b) distribution of normal

stress G, (¢) distribution of shear stress oy,; and (d) distribution of shear stress Gy
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In order to determine two unknown parameters, Z" and Z°, which are used to evaluate the
interfacial bonding strength, two indentation tests need to be performed at two different
indentation locations to obtain two corresponding critical indentation loads. By
substituting the data of local stress components corresponding to interfacial debonding
into equation (2.5), we have two equations to determine two unknown parameters, ZN and

ZS

Regarding the position of debonding initiation, microscopic observation and FEM
analysis show that debonding usually occurs on the sample surface at the interface.
- However, in order to avoid the possible situation that the crack may initiate in sub-
surface at the interface, a procedure was proposed to determine both the position of crack
initiation and (Z", Z®) as a flow chart in Fig. 2-17 illustrates. The procedure is described
as follows. We may perform two indentation tests at two different locations with different
distances from the interface to obtain two critical indentation loads at interfacial
debonding. For debonding analysis, we may choose any two nodes at the interface as
possible debonding positions for these two indentation processes, separately, and
calculate the corresponding normal and shear strengths (ZN, Z%). Then we may use the
calculated (ZN, ZS) to test other points at the interface by substituting their o, oy, and c,,
and the initially calculated (Z", Z%) into left-hand side of equation (5), that is equal to A.
The A value should be smaller than 1 if debonding does not occur at these points.
Otherwise, we should choose anothervpair of two nodes as debonding points and repeat

the above process until a pair of ZV and Z®, which can make A for all other points less
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the corresponding nodes are the positions where interfacial debonding initiates during
these two indentation processes. As an example, (ZN, 7% of an ALOs/Al alloy bond was
determined. The calculated tensile and shear strengths at interface are 10.6MPa and

28.5MPa, respectively.

Start

Input: interfacial nodal stress components Ti(Gy;, Gy,,6,,) and Tj(Cxs,
Oyz,07) fortwo critical load Fy and F,, respectively. iand j are
node index numbers and (i=1,2...... n; j=1,2....n).

Set =1
¥ A
Set )71 i=i+1
*‘ A
Calculate ( Z", Z%) using equation (2.5) —
* J=Jﬂ—1 A
No

Calculate A for all other nodes excluding i and Yes|
using ( ZN, ZS) to determine the maximum Apax. @
Yes

Print (ZV,Z%) as the normal and shear strength (ZN,
7%) and nodes i and j are the initial debond points.

Fig. 2-17. A flow chart of the computational procedure used to determine the normal and

I Agax<1

shear strengths of an interface.
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2.6 Comparison with a tension test

In order to justify the validity of the proposed method for determination of the interfacial
bond strength, a tension test experiment was performed. Ten specimens with Al,O3/Al
alloy bond were made using the process described in section 3.1. The specimens had a
size of 40x8x2mm. Tensile stress was applied to the samples to determine the critical
stress for debonding at the interface (Fig.2-18). The load~ displacement curve and
acoustic emission signal during the tensile test were recorded as described in literature

[99]. The first main AE peak was indicative of interfacial debonding.

[6)
P
AlLO;
Free ed&v Interface
Al alloy
N

Fig. 2-18. Schematic of a tension test for determination of the bond strength of an Al,Oy/

Al alloy interface.
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It is generally understood that a three-dimensional stress state exists at the free edge of a
sample in tension for a dissimilar material interface, where debonding should occur first
[100,101]. The free-edge stress state was computed using the finite element method with
fine mesh around the free edge at the interface [95,101]. By incorporation with Z" and Z°
obtained from the indentation test, the critical uniaxial tensile stress for crack initiation
was calculated, and compared to the result of the tensile test. As shown in Fig.2-19, the

predicted critical tensile stress was in good agreement with the experimental value.
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Fig.2-19. Comparison of experimental results of the tension test with a predicted bond

strength obtained based on the force-sensing indentation test.
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2.7 Conclusions

A latefal force-sensing indentation method is proposed to determine the interfacial bond
strength for composites, thin films or coatings. The indentation is applied on the cross-
section near an interface and the critical indentation load at initiation of interfacial
debonding is determined by monitoring changes in sign of the slope of the lateral
force~time curve. Indentation tests were performed for diffe;ent interfacial bond
strengths. Results of the tests demonstrated that this method was very sensitive to
interfacial debonding. Computer modeling was performed to further justify the method
and to investigate the mechanisms involved. The stress distribution at the interface
corresponding to the critical load at debonding was analyzed using FEM aﬁd results
showed that the interface was in a multiaxial stress state. In order to quantitatively
determine the interfacial bond strength using the microindentation method, a
computational method is proposed. This method allows the determination of the
interfacial bond strength based on the critical indentation load, the Quadratic
Delamination Criterion (QDC) and interfacial stress analysis using FEM. Tension tests
were performed to evaluate an interfacial bond and results of the tests were compared to
the bond strength determined using the lateral force-sensing indentation test. Good
agreement between the results obtained respectively using the indentation method and the

tension test was found.
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Chapter 3
A finite element study of interfacial failure mechanism and
parametric influence on the lateral force-sensing indentation

method
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In Chapter 2, the development of a lateral force-sensing indentation method to evaluate
interfacial bond strength for composite mate;‘ials and coatings was reported. When
interfacial debonding occurs under a critical indentation load, the correéponding lateral
force changes its direction, resulting in a change in the slope sign of the lateral
force~time curve. Although previous studies have experimentally and theoretically
confirmed interfacial debonding caused by microindentation, the interfacial failure under
indentation condition and mechanisms involved have not been fully understood. The
objective of this chapter is to obtain in-depth understanding of interfacial debonding
processes under different conditions. Cu-ceramic and Al-ceramic bonds were studied,
which may represent deformation and interfacial debonding of some typical engineering
materials. The effects of indentation position and interfacial bond strength on the
sensitivity of the lateral force response to debonding for detection of crack initiation at

interface were also investigated.

Since it is difficult to conduct such research using an experimental approach,
computational studies were conducted using the finite element method (FEM), an
efﬁcient tool for stress analysis and particularly suitable for studying interfacial failure
processes [102~108]. There are usually two different methods to model the interface. One
method treats an interface between two dissimilar materials as a distinct layer with a
certain thickness and mechanical properties that are different from those of the adjacent
materials, which form the interface [102~104]; while the other only takes account of the
interfacial bond strength but ignores the interfacial thickness [105~108]. The later

approach is preferred in the present study because properties of an interfacial layer are
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not easily determined. Interfacial debonding could be evaluated using the energy release
rate [109], local strain [110] or local stress [111~113]. In the present work, we have
adopted the local stress approach, which is most widely used in studies on interfacial

phenomena.

3.1 Construction of simulation model

3.1.1 Finite element modeling

A three-dimensional indentation process involving an elastic spherical indenter (e.g.
diamond) applied to a soft clastic-plastic phase (e.g., a metal) that was bonded with a
hard elastic phase (e.g., ceramic) was modeled using a finite element model. Al 6061-
ceramic bon.d and Cu-ceramic bond were chosen for the study and material properties are
listed in Table 3-1 and Fig. 3-1. Selection of Cu and Al alloy 6061 was based on the fact
that the materials were typical engineering materials and are often used as matrix
materials for composites. Young’s modulus of the hard phase was chosen as 600 GPa,
which was typical for ceramic materials. In all cases, a spherical indenter having a radius

of 100 um with its Young’s modulus equal to 1000 GPa was used.

Table 3-1. Mechanical properties of materials.

Material E(GPa) v oy (MPa) K(MPa) n
Indenter 1000 0.16 — — —
Ceramic 600 0.2 - — o
Annealed Cu 110 0.34 333 315 0.54
Al 6061-T6 69 0.33 350 410 0.05

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4

Stress
9
i
by
ty

Y

Strain

Fig. 3-1 An illustrated stress~strain curve of an elastic-plastic material.

The analysis was made using commercial finite element software ANSYS 7.0. In order to
reduce the CPU time, only a half Qf the whole system was modeled, due to the mirror
symmetry. Fig. 3-2 illustrates the system and the mesh used for the simulation. The
region for indentation was discretized and map]éed with fine mesh, which became
progressively coarser when away from the indenter to ensure sufficiently accuracy and
reduced computing time. The size of a simulated sample was sufficient large to eliminate
the effect of boundary conditions on interfacial debonding. Before interfacial failure
occurred, the interface was assumed to be perfectly bonded, j, e, the displacements at the
interface were continuous. The interfacial constraint was satisfied by using common
nodes which belong to eléments on both sides. The simulated system had free side
boundaries with its bottom fixed. Indentation at different locations, normalized with
respect to the indenter radius, was chosen. Surface-to-surface contact between indenter

and sample was employed with negligible friction.
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Fig. 3-2 Iltustration of (a) a system and (b) corresponding mesh for the FEM simulation.

3.1.2 Interfacial failure criterion

With an increase in the penetration depth of the indenter, cracks occurred at the interface,
when the stress was sufficiently large to break the interface bond. In order to predict’the
onset of a crack, an interfacial failure criterion is necessary. In this study, the commonly

used Quadratic Delamination Criterion (QDC) [95] was adopted to predict the initiation
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of interfacial failure. This criterion has shown good agreement with experimental

observations [95], and has the following form:

) 2
(O-:cz) +(Gyz) (0'22 )2 > 1
+ =52 )
where oy, and o, are interfacial shear stresses; o, 18 interfacial normal stress; ZN and Z°
are interfacial normal and shear strengths. It is assumed that when the QDC is satisfied at
the interface, an interfacial crack initiates and propagates. In this case, an interfacial node
is split into two nodes that respectively belong to the two sides of the interface and the

crack-tip will subsequently move to the next node.

3.1.3 Interfacial crack growth

The interfacial debonding and lateral force response to indentation were simulated based
on a flow chart shown in Fig. 3-3. The indentation load increased at a rate of 0.3N/min
and the calculation was iterated up to 30 steps. The occurrence of interfacial cracking was
checked during each iteration based on the QDC, and the total latefal force oﬁ the
indenter was recorded. If no failure was determined at any interfacial node, the
indentation load was then increased to the next step. Otherwise, interfacial cracking was
introduced and the node at the position would be split into two nodes respectively
belonging to two adjacent materials'thvat formed the interface. The crack-tip subsequently
moved to the next node and the crack thus propagated. The corresponding lateral force
was also determined. The ca]culatién was repeated in this manner until the maximum

indentation load was reached.
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Fig. 3-3 A flow chart for modeling interfacial failure.

3.1.4 Verification of the finite element model

In order to investigate the interfacial failure mechanism, the FEM model needs to be
verified. However, an accurate analytical solution of the stress distribution in the vicinity
of the interface is not évailable, and experimental measurement also encounters some
difficulties. Therefore, considering that the stress distribution for elastic material under an
spherical indentation has been derived analytically [114], we used the model to calculate

the indentation-stress field with an assumption that the materials that form the interface
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are elastic and have the same mechanical properties as the ceramic phase. The analytical

solution from the elastic model was compared to that obtained from the FEM analysis

(Fig. 3-4). It can be seen that compressive stress o, at interface had the maximum value

0.37p*(l?*

— _F . " .
= ~x2 , r-radius of the contact area; F-contact force) at position d/a=0.6 with

the indentation distance 1/a=1. The difference between the FEM result and corresponding

analytical one was found to be negligible. It may thus be concluded that the finite element

model is acceptable for modeling the microindentation processes under study.

o
N
i

stress, o,, /p*

-0.25

S
W
;

~-0.35 A

+ Analytical
—FEM

-0.4

Fig. 3-4 Comparison between numerical results of the FEM model study on a perfect

elastic body and corresponding analytical solution obtained based on the Hertz contact

theory.
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3.2 Results and discussion

3.2.1 Deformation geometry and stress distribution for homogeneous materials.

Before conducting the interfacial debonding analysis, it is instructive to look at the
deformation and stress distribution caused by indentation for homogeneous materials.
Fig. 3-5 shows deformations of annealed Cu and Al alloy materials under an indenter. It
is noticed that sink-in occurs around the indenter for Cu material, but pile-up is produced

for the Al alloy material.

When indentation is applied to a material, either pile-up or sink-in would occur,
depending on its mechanical behavior [115~117]. The extent of pile-up or sink-in around

a spherical indenter can be determined from the equation [116,117]:

¢’ = %(3—1"—) (3.2)

where n is the work-hardenihg exponent of the material. When ¢ is greater than one,

corresponding to a relatively ductile material, pile-up occurs; when ¢ is smaller than one,

sink-in would occur around an indenter.

The difference in deformation behavior between Al alloy and Cu depends on their work-

hardening exponent n and the indentation position. The annealed Cu has its work-
hardening exponent n equal to 0.54, corresponding to a € that is less than 1. Therefore,
sink-in is expected to occur in Cu. The situation is different for the Al alloy, whose work-
hardening exponent n is equal to 0.05 and corresponding ¢ is 1.1. As a résult, pile-up

occurs in the Al alloy.
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(a)

(b)

Fig. 3-5 Deformation geometries of different materials under an indenter tip: (a) Cu

material, and (b) Al alloy.

The normal and shear stress distributions for the annealed Cu and Al alloy around the

indenter are also different as shown in Fig. 3-6 and 3-7, respectively. For the annealed Cu
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material, the maximum tensile stress occurred at the sample surface around the indenter,
and the stress became compressive below the surface. However, for the Al alloy material,
compressive stress existed at the sample surface and subsurface. The shear stress was also
symmetric around the indenter but the“ maximum value was below the surface for both
materials. The shear stress at the surface around the indenter had opposite values for the
materials but their shear stress distributions are similar below the surface. The different
stress distributions were related to different deformation behavior of the materials.
Indentation produced compressive normal stress and upward shear stress at the surface
for pile-up deformation, while tensile normal stress and downward shear stress result at

the surface for sink-in deformation.
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Fig. 3-6 Stress distribution caused by indentation in Cu material. (a) normal stress, and

(b) shear stress.
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indentation in the Al alloy: (a) normal stress, and

(b)

Fig. 3-7. Stress distribution caused by

(b) shear stress.
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3.2.2 Deformation near an interface under indentation condition

Fig. 3-8 and 3-9 show deformations around Cu-ceramic and Al-ceramic bonds when
indentation was applied at two different positions, respectively. It was observed that the
two interfaces behaved differently during indentation. Sink-in was produced for Cu
around the indenter at two different positions with their ratiQs 1= 1.0 and /r=1.8 ( Fig.3-
8 (a) and (b)), respectively. However, for the Al-ceramic bond, there was no sink-in but
pile-up that occurred around the indenter whén indentation was applied at d/r= 1.8 (Fig.
3-9(bj); when indentation was applied Very‘ close to the interface, sink-in occurred as

shown in Fig. 3-9(a).

When indentation was applied near the interface, the ceramic phase constrained the Cu or
Al phase, which resulted in asymmetric deformation at two sides of the indenter. For Cu,
it did not influence the deformation trend, i.e. sink-in occurred at‘the both sides of the
indenter for two different indentation positions; For Al alloy material, when indentation
was applied at 1/r=1.8 as shown in Fig. 3-9(b), pile-up occurred as expected. However,
when indentation was applied near the interface, the constraint from the ceramic phase
increased, which influenced the plastic deformation of Al alloy near the interface. Such
influence led to sink-in near the interface while pile-up still occured at the other side of

the indenter as shown in Fig. 3-9(a).
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Fig. 3-8 Deformation of Cu near a Cu-Ceramic interface at different indentation

positions, (a) I/r=1.0 and (b) I/r= 1.8. The indentation depth is 50pm.
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Fig. 3-9 Deformation of Al alloy near a Ceramic-Al alloy interface at different

indentation positions, (a)l/r=1.0 and (b)l/r= 1.8. The indentation depth is SOpm.
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3.2.3 Stress distribution at interface

Sink-in and pile-up certainly correspond to different interfacial stress states and thus
different mechanisms responsible for interfacial debonding. The distributions of normal
and shear stresses at the interface along the mid-plane of the indenter for the two different
bonds are shown in Fig. 3-10 and 3-11, respectively. The normal and shear stresses are
normalized with respect to the normal contact pressure p*.

It can be seen in Fig. 3-10(a) that the maximum interfacial tensile stress exists at
the surface for the Cu-ceramic bond at positions of I/r=1.0 and 1/#1.8, respectively. The
tensile stress decreases and changes to compressive stress with increasing distance d/a.
Since a compressive normal stress does not contribute to delamination [118,119], it is not
considered here for interfacial debonding. When the indentation is applied closer to the
interface at position of 1/r=1.0, larger tensile stress o,,/P*=2.26 is produced, compared to
oy,/P*=0.48 at position of I/r=1.8. The shear stress has a similar trend as the tensile
stress, that is, the magnitude of stress is larger at the position of I/r=1.0 than that at the
position of I/r =1.8 (Fig. 3-10(b)). It is thus suggested that indentation should be applied
closer to interface so that the interfacial debonding may oceur more easily. It can also be

seen that interfacial debonding is caused by a combination of tensile and shear stresses.
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Fig. 3-10 Stress distributions at interface for Cu- Ceramic bond. Normalized (a) normal

and (b) shear stresses.
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The stress distribution ét the interface for the Al-ceramic bond is shown in Fig. 3-11.
When the indentation is applied at a position of I/r=1.8, corﬁpressive stress exists along
all the interface. Although the shear stress changes its sign at d/a ~ 1.1, it also contributes
to the interfacial debonding . In this case, pile-up occurs near interface without the
existence of interfacial tensile stress. The shear Stress changes gradually to negative value
with increasing d/a. When indentation is applied near an interface at a position of 1/r=
1.0, the distributions of normal and shear stresses are similar to those for the Cu-ceramic
bond, so that interfacial debonding is caused by both tensile and shear stresses. In
addition, it can be seen that the stress produced by indentation at position of 1/1=1.0 is
much larger than that at position of /r=1.8. Therefore, indentation is preferred to be

performed closer to interface.

Regarding the interfacial debonding position, it is determined not only by the stress, but
also the interfacial bond strength (ZN, ZS) in equation (3.1). From the stress distribution

for both the interfacial bonds under study, debonding may occur most likely at the sample

surface with some probability to occur below the surface,

The stress distributions for the Cu-ceramic and Al-ceramic bonds correspond to different
interfacial deformation modes as discussed earlier. It is understandable that “sink-in”
corresponds to a maximum tensile stress at surface, but the normal stress at interface
becomes negative because the indenter pushes material away when it moves deeper.
Consequently, the shear étress magnitude increases with the indentation depth and

reaches a maximum value as shown in Figs. 3-10 and 3-11. However, when the material
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pile-up occurs, compressive stress exists at the sample surface, and the shear stress
changes its direction with its magnitude reaching a maximum value beneath the surface.
In the former case, interfacial debbnding is caused by a combination of tensile and shear
stresses; while in the latter case, the shear stress at the interface plays the major role in

inducing interfacial debonding.

3.2.4 Interfacial debonding

In order to evaluate the interfacial bond strength, the microindentation method should
have the capability to (1) generate sufficiently large interfacial stress to cause interfacial
debonding, and (2) to detect the interfacial debonding with high sensitivity. In the
present studies, the influence of indentation load on the interfacial stress distribution, the
interfacial debonding mechanism and the sensitivity of the microindentaiton technique
were investigated. The sensitivity could be evaluated by the degree of change in the slope

of the lateral force~time curve when interfacial debonding occurred.

3.2.4.1 Interfacial debonding mechanism

Fig. 3-12 shows different interfacial debonding mechanisms for ceramic/Cu and
ceramic/Al bonds, respectively. When sink-in occurs in the material, there existed a crack
opening at the interface, which is caused by the coupling of tensile and shear stresses.
However, when pile-up occurs, the interfacial debonding is caused by the shear stress at
the interface. It is also noticed that the stress concentration exists at the crack tip, which

facilitates the crack propagation.
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Fig. 3-12 Interfacial debonding processes. (a) ceramic/Cu bond, and (b)ceramic/ Al bond.
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In order to examine the capability of indentation to cause interfacial debonding, the
stress distribution at interface for different indentation loads was investigated. As an
example, the ceramic/Cu bond at two different indentation positions of /r=1.0 and
1/r=1.8, respectively, was analyzed. As shown in Fig. 3-13, with the increase in the load,
both the normal and shear stresses increaée for two different indentation positions.
Therefore, we can conclude that when the applied load reaches a certain value that
produces a sufficiently large stress at interface, interfacial debonding occurs even though

the failure mechanisms may differ.
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Fig. 3-13 Stress distribution along the interface for ceramic/Cu bond. (a) I/r=1.8, and (b)

I/r=1.0, =2pm,

3.2.4.2 The sensitivity of lateral force response to interfacial debonding
Cu-ceramic and Al alloy-ceramic interfaces were investigated. The former is
accompanied with “sink-in” and the later with “pile-up’ when subjected to indentation.

Different bond strengths were considered, ranging from no bonding to strong bonding.
For a case study, we assumed zN = ZS, i.e. the interfacial tensile strength was equal to the

interfacial shear strength.

Fig. 3-14 illustrates the responses of lateral force to indentation for the Cu-ceramic bond
and Al alloy-ceramic bond, respectively. For a strong bond, the lateral force keeps going

down. That happens because the constraint of the interface to indenter is stronger than

8§

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Y
Ot

7N=78

e
4
(=]

IPRT L h R ~ g ~ 200
- = =300
wm...wrvw400

o
o
1
®

Lateral force,N
)

-0.5 -
-1 4
M15 1 L ) I
0 2 4 6 8
Load, N
(@
1.5
1 -

Lateral force, N

(b)

+00

Fig. 3-14 Effects of interface bond strength on the lateral force response to indentation.

(a) Cu-ceramic bond. (b) Al alloy-ceramic bond. 1/r=1.0.
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that at the other side of the indenter, so that the indenter keeps moving away from the
interface. Such trend changes when the interfacial bond becomes weaker. In this case, a
change in the slope sign of the lateral force~time curve occurs, corresponding to
interfacial debonding. When the bond strength is zero, the lateral force keeps moving up,
i.e. the indenter keeps moving towards the interface due to zero shear constraint from the
interface. It is worth noting that the lateral force responses to indentation for both Cu-
ceramic and Al alloy-ceramic interfaces are similar (Fig. 3-14(2) and (b)). This means
that using the lateral force response to detect interfacial debonding is effective no matter
whether debonding is caused by shear stress or the combination of tensile and shear
stresses; the former plays the main role with the pile-up phenomenon while the latter with

the “sink-in” phenomenon.

The sensitivity of the lateral force response to indentation is certainly influenced by the
indentation location. Fig. 3-15 shows the lateral force response when indentation is
performed at different positions, from 1/r=0.6 to 1/r=2.0 for both the Cu-ceramic and Al
alloy-ceramic interfaces with an interfacial bond strength of ZN=Z5=200MPa. As shown,
with an increase in the indentation distance from the interface, the magnitude of the
lateral force at interfacial debonding becomes larger. This means that a larger indentation
load is required for debbnding. However, the corresponding change in the slope of the
lateral force~time curve becomes smaller, that is, the lateral force response becomes less
sensitive when indentation location is far away from the interface. Therefore, indentation

should be performed to the interface as close as possible to the interface as long as the
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indenter does not touch the interface. If the indenter touches the interface, the lateral
force would move down dramatically, pushing the indenter away from the interface as

illustrated in Fig. 3-15 for the case of I/r=0.6.
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Lateral force, N

Lateral force, N

Fig. 3-15 Effects of indentation position on the lateral force response to indentation. (a)

Cu-ceramic bond, and (b) Al alloy-ceramic bond. ZN=75%=200MPa.
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3.3 Conclusions

Interfacial debonding processes involving “sink-in” and “pile-up” phenomena were
investigated using the finite element method. The interfacial stress associated with “sink-
in” is quite different from that with “pile-up”, corresponding to two typical failure

mechanisms. The FEM studies have led to the following conclusions:

(1) For the Cu-ceramic bond, interfacial debonding is most likely caused by a
combination of tensile and shear stresses when indentation is applied. In this case,

material sink-in occurs around the indenter.

(2) For the Al-ceramic bond, pile-up occurs around the indenter when indentation is
applied far away from interface. Interfacial debonding is caused mainly by interfacial
shear stress. However, when indentation is applied close to the interface, sink-in may
occur around the indenter at the side near the interface and pile-up occurs at the other
side. In this case, the interfacial debonding may result form a combination of tensile and

shear stresses.

(3) Lateral force responses of the Cu-ceramic and Al alloy-ceramic bonds to interfacial
debonding have similar sensitivities. Or in other words, the lateral force-sensing
microindentation method may have similar sensitivities to interfacial debonding for both

the processes accompanied with “sink-in” and “pile-up” phenomena.
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(4) Indentation is preferred to be performed close to an interface (without touching the
interface), which can produce larger stress at interface and also a sharper change in the

slope sign of the lateral force~time curve.
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Chapter 4
Optimization of the indentation condition for determination of

interfacial bond strength: A FEM study
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In Chapters 2 and 3, the lateral force-sensing indentation method to evaluate the
interfacial bond strength was introduced, and the interfacial failure mechanism as well as
the sensitivity of lateral force response to interfacial debonding was also discussed.
Logically, it is desirable to maximize the interfacial stress to facilitate interfacial
debonding especially for very strong bonds. Material mechanical properties and
indentation parameters have strong influences on the stress distribution at the interface. In
order to provide guidelines fbr efficient application of this method, it is necessary to
investigate different indentation conditions and identify optimum experimental
parameters to maximize the interfacial stress. Furthermore, a larger interfacial stress
introduced by indentation could make the slope of the lateral force-time curve change

more sharply, thus increasing the sensitivity and accuracy of this technique.

The objectives of the research reported in this chapter are to investigate effects of the
different parameters, including material properties, indenter geometry and indentation
position, on interfacial debonding and to identify the optimum indentation condition. It is
difficult to conduct such studies experimentally, as they require numerous tests for
different interfaces and experimental parameters. Numerical simulation, however, could
be an effective approach for such studies. In this work, the finite element method was
adopted for interfacial stress analysis. We chose three interfaces, Al-ceramic, steel-
ceramic and tool steel-ceramic, to represent typical interfaces: s'oﬂ~hard,’ medium-hard
and hard-hard bonds. The effects of indentation condition including indenter geometry

and indentation position on indentation debonding were investigated. Particular efforts
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were made to investigate the effects of material properties on the interfacial stress at the

~ free edge caused by the mismatch in mechanical behavior between two bonded materials.

4.1. Statement of the problem and the FEM model

4.1.1 Factors that affect the interfacial stress

The interfacial stress distribution is affected by many factors. It is known that in general
the maximum stress has high probability to exist at the free edge of an interface. A
general form of the stress field near the free edge of an interface in ceramic-to-metal joint

has been derived [120,1211:
mt Yo g,
O, = O'(E) A’ij (4.1

int

where ¢, is an interfacial stress component, / and H are dimensional parameters (see

Fig.4-2 and 4-3)., and k; is a constant depending on material properties. o is the applied

[ ... ) : .
stress. The term (;1;) “is the singular part of the equation and @ is a singular exponent.

According to equation (4.1), if @ is negative, the term (—}—{—)’” approaches infinity as /
approaches zero and, therefore, a singular stress distribution would exist at the free edge
of the interface. In this case, the interfacial stress o, could be dominated by this factor at

the free edge and cause interfacial debonding easily. The singular exponent @ is
determined by the mismatch in mechanical properties between the two bonded materials.
Therefore, it is necessary to explore the relationship between @ and material properties

and thus determine the influence of material properties on interfacial stress.
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When indentation is applied near an interface, the stress distribution around the indenter
-is complicated and it is difficult to determine the influence of material properties on
interfacial stress directly by the singular exponent @ according to equation (4.1).
Therefore, in this study a tensile test model was built, in which o can be considered as a
constant, to investigate the singularity and the corresponding interfacial stress. A
commonly used method, nonlinear regression analysis [122] was adopted to derive the

singular exponent @ for different interfacial bonds.

The factor ¢ in equation (4.1) is a measure of the applied stress, which is affected by the
indenter geometry and indentation position as well as interfacial properties. An associated
indentation model was proposed to investigate the influence of indentation parameters on

interfacial debonding.

4.1.2 FEM model

The stress distributions at three different interfaces were analyzed using the finite element
method. A two-dimensional model was developed to investigate the influence of
indentation parameters on interfacial debonding. Although the 2-D model cannot
completely represent a 3-D case, it more or less helps to gain some insight into the
interfacial debonding under different indentation conditions [123]. The ceramics and
metals under this study were assumed té possess linearly elastic and bilinear elastic-
plastic properties (Fig. 4-1), respectively, and their mechanical properties are given in

Table 4-1.
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Fig. 4-1 The bilinear elastic-plastic behavior of materials used in the FEM analysis.

Table 4-1. Material properties

Materials  Young’s Modulus  Poisson’sratio  Yield stress Tangential Modulus

E (GPa) v c,(MPa) E¢ (GPa)
Aluminum 69 0.30 280 1.5
Carbon steel 200 0.28 370 10
Tool steel 210 0.28 1800 50
Ceramic 400 025

The modeling work involved two tasks: one was to investigate the influence of the
mechanical properties of materials on the interface stress at the free edge by means of
three different interfaces subjected to tension as shown in Fig. 4-2(a). The applied stress
at two ends of the sample having an interface (Fig. 4-2) produced uniform stress near the
interface and, thus, the stress o in equation (4.1) is the same for three different
interfaces, i.e. Al-ceramic, steel-ceramic and tool steel-ceramic interfaces. The influence
of the applied stress could thus be excluded. Therefore, this model could be used to

investigate the influence of the material properties, which is related to the effect of the
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singular exponent @ on interfacial stress. The second task was to investigate interfacial
debonding caused by indentation, as shown in Fig. 4-3(a). Three indenter shapes, circular,
90-degree and 136-degree between fv?o opposite faces, with tip radius of 2um were
chosen for modeling and comparison. The indentation was applied at metal side at
different distances from the interface (Fig.4-3). The loading conditions for both the

tension and indentation cases were given in Table. 4-2.

Table 4-2 Load and geometry parameters used for interfacial stress analysis.

Dimensions of the system (Fig.4-3)

Width H 0.12mm
Length 2L 0.24mm
Indentation| Tip radius ro  2um
test Tip angle 0 circular, 90-degree, 136-degree
Distance from interface drr | 1.2~15
Load P 6N

Dimension of the system (Fig.4-2)

Width H ~ 3mm
Tension | Length 2L 40mm
Applied tensile load P 5N

r-- is the radius of the contact area under a specific applied load.
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Fig.4-2 Tensile test: (a) geometry and boundary condition, (b) mesh of the system for

FEM analysis, (c) a closer view of the mesh at the free edge.
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Fig. 4-3 Indentation test: (a) geometry and boundary condition; (b) mesh of indentation

model and (c) a closer view of the mesh at the interface.
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In the modeling study, we treated the indenter tip as a rigid body. A perfect bond was
assumed at the interface between the two materials, i.e. displacements across the interface

were continuous:

w1 ()= 1 (x, p)
viGey) =vi(xy)

(4.2)
where the superscripts 1 and 2 present two different materials, respectively. u and v are
the displacement components that are respectively vertical and parallel to the interface.
These interface constraints were satisfied by using common nodes which' belong to
elements at both sides of the interface. The finite element mesh consisting of 4-node
quadrilateral clements was used for stress analysis. Finer mesh was set at the interface,
which became progressively coarser with an increase in the distance from the interface,

as shown in Fig. 4-2(b) and Fig. 4-3(b), to ensure sufficient accuracy for the stress

analysis.

4.2 Results and Discussion

4.2.1 Influences of material properties on the interfacial singularity
In order to investigate the influence of material properties (Table 4-1) on interfacial
debonding, the interfacial stresses in the vicinity of the free edges of the three different

interfaces subjected to remote uniform tensile stress were calculated and the results are

£

shown in Fig. 4-4. o is the applied tensile stress and o™ is the interfacial tensile stress

near the free edge. Fig. 4-4 indicates that the interfacial stress far from the free edge is

int

close to the applied stress o for all the three interfaces. However, o™ approaches infinity
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when I/H is close to zero, showing a singularity at the freec edge. The Al-ceramic bond
has the largest increase in stress at the free edge, while the tool steel-ceramic bond has
little change at the free edge. A non-linear regression analysis was conducted, in

conjunction with Equation (4.1), to investigate the relationship between interfacial

stresses o™ and the singular exponent @, which was dependent on material properties.

The results obtained by best-fitting the calculated stress with Equation (4.1) for three
different interfaces are as follows: |
Ceramic-Al: w=-0.188
Ceramic-steel: @=-0.11 (4.3)
Ceramic-tool steel: @=-0.014

In the regression analysis, the correlation coefficient is above 0.95.

It was demonstrated that the Al-Ceramic bond showed large singularity (@=-0.188)

existing at the free edge of the interface due to the large mismatch in mechanical behavior
between two dissimilar materials. This means that the term (-}{]—)'0-'88 becomes very large

int

; 1s mainly determined by this

when / approaches zero. Therefore, the interfacial stress o

singular term and very high stress exists at the free edge to initiate interfacial debonding.
The strong singularity and resultant stress concentration at the free edge facilitate the
interfacial debonding , especially for very strong bonds. For the steel-ceramic bond, its
singularity at the free edge is @ =-0.11. Therefore, the stress concentration at the free
edge of the steel-ceramic interface is smaller than that of the cefamic-Al bond. For the

tool steel-ceramic bond, its » =-0.014 is very small so that the corresponding singularity
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could be ignored and thus the interfacial debonding would be caused basically by the
applied load. Therefore, the soft-hard and medium-hard interfaces have stronger
singularity at the free edge, which is beneficial to the interfacial debonding, compared to

the hard-hard interface.

VY J—

3.5 4

Al-Ceramic bond

1\ / Steel-Ceramic bond

e Tol steel-Ceramic

1.0 = ; ? ¥ ¥
0.000 0.002 0.004 0.006 0.008 0.010

IH
Fig. 4-4 Interfacial stresses with respect to I/H for different interfacial bonds under

applied tensile stress.

Because of the singularity, it is difficult to calculate stress at the interfacial free edge. A
method has been proposed to calculate the average stress within a small distance from the

free edge of an interface 7[1 19,120,124] as follows:

o j i o (1)d( /H (4.4)

(f)

where /* is a distance from the free edge along an interface. The stresses 0,, 5 is an

average interfacial stress at free edge over a relative length of /*/H=0.001[119].
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4.2.2 Influences of indentation parameters on interfacial debonding

As mentioned earlier, if is ahvays desirable to maximize the stress at the interface to

facilitate interfacial debonding. In addition to the influence of material properties on
~ interfacial singularity and thus the interfacial stress, thé indenter geometry and

indentation position also affect the interfacial stress. To optimize the indentation

int
max

condition, the maximum normal stress o and shear stress 7in produced at the

interface with respect to different indentation positions and indenter geometries for three
different interfaces are shown in Fig. 4-5 ~ 4-7 for comparison. d/r is a ratio used to

represent the indentation position, where r is the radius of the contact area between

it and ™ are normalized with

max max

indenter and sample under an applied load of 6N. o

respect to the yield stress.

According to the FEM analysis, as indentation is applied near an interface, the normal
stress can be either tensile or compressive, depending on the indentation position and
material properties. It has been suggested that interfacial compressive normal stress does
not contribute to delamination [125,126]. Therefore, only tensile and shear stresses at

interface were considered here to cause interfacial debonding.

According to the Quadratic Delamination Criterion, interfacial debonding is caused by
the coupling of normal and shear stresses. Interfacial debonding is, therefore, judged by
the combined effect of tensile stress and shear stress at interface. As shown in Fig. 4-5 ~

4-7, in which the compressive stress with the negative sign is not given, when the
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indentation position is closer to an interface, both o™ , and 7™ increase for all the three

max/t max
typical interfaces. Thus, for an interface with larger tensile or shear strength, indentation

near the interface is preferred, which may cause onset of interfacial debonding easily.

Regarding the influence of indenter geometry on interfacial stress, for an Al-ceramic

bond, it was demonstrated that the circular indenter produced the largest o and ™

max ¢

int
max

and 7™  while the 136-

at the interface. The 90-degree indenter resulted in smaller o -
degree indenter produced the smallest stresses as shown in Fig. 4-5. When indentation is
applied, the material around the indenter can be sink-in or pile-up, depending on material
properties and indentation situation [115]. The sink-in produces a tensile stress around the
indenter, while the pile-up produces the compressive stress around the indenter. Since a
soft material may “sink-in”” when the indentation is very close to the interface and “pile-
up” when indentation position is away from the interface, the tensile stress only existed
when d/r is small. Therefore, the distance between the interface and indenter should be
within a limited range in order to have tensile interfacial stress, e.g., (d/#)=1~1.5 for the

circular indenter, 1~1.32 for the 90-degree indenter and 1~1.3 for the 136-degree

indenter, respectively, as indicated by the FEM analysis.
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Fig. 4-5 The influence of indenter geometry and indentation position on the maximum

(a) tensile stress and (b) shear stress for the Al-Ceramic bond.
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For the steel-ceramic bond, the situation changed. As demonstrated, the 136-degree

indenter caused the largest o and 7. , while the circular indenter had the smallest

max " max *

nt and ,L_mt

O e ox » a8 shown in Fig. 4-6. For the same reason, as discussed earlier, the tensile

stress only existed when indentation was performed close to the interface. However, the
distance between the interface and indenter, within which tensile stress existed, was much
larger than that for the Al-ceramic bond. The preferred ratio (d/r) was 1~6.3 for 136-

degree indenter, 1~4.5 for 90-degree indenter and 1~3.7 for the circular indenter.

For the tool steel-ceramic bond, the FEM analysis demonstrated that the three indenters

™ and ™ (Fig. 4-8). This happened because the tool steel

max max

produced almost the same o

was very hard and resultant deformation was small. The indentation contact area was
limited to a very small arca. Different from the Al-ceramic bond and steel-ceramic bond,
no pile-up but sink-in occurred in the tool steel. As a result, only tensile stresses existed

in the entire indentation region.

From the above analysis, guidelines for lateral-force sensing indentation method to
evaluate interfacial bond strength, which has difficulty to be performed experimentally,
could be established based on FEM analysis. In order to achieve the maximum interfacial
stress, indentation closer to the interface is preferred for all the three different interfaces.
Regarding the effect of indenter shape on the interfacial stress, the circular indenter could
produce the largest stress at interface for the soft-hard interface, while the 136-degree
indenter would be the best for the medium-hard interface. However, the indentation

geometry had little influence on the hard-hard interface.
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Fig. 4-6 The influence of indenter geometry and indentation position on the maximum

(a) tensile stress and (b) shear stress for the steel-ceramic bond .
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Fig. 4-7 The influences of indenter geometry and indentation position on the maximum

(a) tensile stress and (b) shear stress for the tool steel-ceramic bond.
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4.4. Conclusions

The influences of material properties and indentation parameters on interfacial stress
were investigated using FEM, with the aim of establishing guidelines for effective
application of a newly developed lateral force-sensing indentation method in evaluation
of interfacial bond strength for coatings/films and composites. The following conclusions

have been drawn:

(1) At the free edge of interface, singularity existed for Al-ceramic and steel-ceramic
bonds, which facilitated an interfacial debonding. There was no obvious singularity for

the tool steel-ceramic bond.

(2) Interfacial debonding resulted from interfacial tensile stress or shear stress or a
combination of both. When the indentation distance from interface decreases, the
maximum tensile and shear stresses increase. It is preferred to perform indentation test

near the interface as close as possible.

(3) Circular indenter may produce the largest interfacial tensile and shear stresses for
soft-hard bonds; while the 136-degree indenter could produce the largest interfacial
stresses for medium-hard bonds. For hard-hard bonds such as the tool steel-ceramic bond,
the indenter geometry has no significant influence on the interfacial tensile and shear

stresses.
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Chapter 5
Application of the lateral force-sensing microindentation
method for evaluation of the bond strength of thermal-sprayed

coatings - A case study
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In previous chapters, a novel lateral force-sensing microindentation method was
introduced to evaluate interfacial bond strength for coatings/films and composites. The
indentation test is performed on the sample cross sectiqn near an interface. By monitoring
changes in lateral force during indentation, the critical indentation force corresponding to
the interfacial debonding can be determined. The interfacial bond strength is then
determined based on the critical indentation force and interfacial stress analysis using the
finite element method. The mechanisms of interfacial debonding and lateral force
response have been analyzed and the optimization of indentation condition have also
been proposed. In this work, this novel method was applied to determine the interfacial
bond strength of coatings, including a commercial thermal-sprayed Al,O3/TiO; coating
(Mecto 130) and a nanostructured Al,O3/TiO; coating on mild carbon steel substrate. The
main objective of this case study is to evaluate the efficiency of this method for
interfacial characterization. The obtained results were compared to results of a pull-off

test. It was demonstrated that the lateral force-sensing indentation method was effective

for determination of interfacial bond strength.

5.1 Experimental Procedure

5.1.1. Preparation of coated samples

Two different Al,O3/TiO; composite coatings were produced on a carbon steel substrate:
one was a commercial Metco 130 coating and the other was a nanostructured coating,
Both of them had the same composition, consisting of 87wt% Al,0O; and 13% TiO, The

commercial Metco 130 coating was formed using a routine thermal spray process [127].
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The nanostructured Coating was processed in a different way. Nanosized Al,O; and TiO,

powders having mean particle diameters of 50 and 70 nm, respectively, were used to

make the nanostructured coating. These powders were mixed with a fixed ratio to have

the composition of the nanostructured coating the same as that of the Metco coating. The

slurry containing this powder mixture was then sprayed and dried to form micrometer-

sized granules (20-100um). The obtained granules were subsequently heat treated to burn

out the binder, an important component of the slurry.

The thermal-sprayed coatings were made using a Metco 9MB plasma gun. The spray

condition was given in Table 5-1.

Table 5-1 Summary of plasma spray parameters [Ref. 128]

Parameters

Current (A)

Voltage (V)

Primary Ar gas Pressure (psi)
Secondary Hy gas pressure (psi)
Primary Ar gas flow rate (SCFH)
Powder carrier gas flow rate (SCFH)
Powder feed rate (1b/h)

Gun moving speed (mm/s)

Spray distance (inches)

Range
400-600
60-75
100

55
120-200

40-80
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The coatings (thickness: 100 pm) were sprayed onto steel substrate plates, which were 3
mm thick. The coated steel was then sectioned to make rectangular samples. The cross-

section of the samples were polished and the final surface roughness was about 0.05 um.

5.1.2. Microindentation test

The microindentation experiments were performed using a Micro-Tribometer, made by
the Center for Tribologyk( California, USA). A cone-shaped tungsten carbide indenter
having a tip radius of b().2 mm and tip angle of 30° was used. The indentation test was
performed on the sample cross-section at steel side at a distance of 30~80 pm away from
the interface, as shown in Fig., 5-1. Dﬁring indentation, the load was increased linearly
from zero to 30 N at a speed of 0.013 N/s, During the test, the normal load, lateral force
and time were recorded. The indentation position was determined using an optical
microscope. The critical load corresponding to interfacial debonding was determined by

averaging at least five measurements.

P: Load
Indenter

—

Fx
= Coating

Substrate

Fig. 5-1 Schematic illustration of the indentation test.
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5.2. Results and discussion
5.2.1. Microstructures of the coatings
Typical microstructures of the commercial coating Metco 130 and the nanostructured
Al 03/Ti0; are shown in Fig.5-2. The commercial coating shows a splat morphology, i.e.
lamellae structure as illustrated in Fig.5-2(a)). Such splat morphology is typically for
thénnal—sprayed coatings. In contrast, the nano-coating is composed of two distinct
microstructural features. One is the fully melted (FM) splat structure similar to that found
in the Metco 130 coating, and the other is a partially melted structure that has white
particles embedded in a splat melted structure , as marked in Fig. 5-2(b). The partially
melted (PM) structure has a typical liquid-phase sintered microstructure. TEM diffraction
patterns indicate that the fully melted splat structure is mainly composed of y-Al,03/TiO,,
whereas the partially melted region consists of submicrometer-sized o-AlO3/TiO,
particles (200nm to 3 pm) embedded in a y-Al,O3/T10, matrix [129].

Fig. 5-3. shows a representative SEM image of an interface between a fully-melted
(FM) region and the steel substrate in the commercial coating Metco 130. Microcracks
are observed at the interface, which are widely distributed in this commercial coating . In
the case of the nanostructured coating, there are two types of interfaces: one between the
FM region and the steel substrate, and the second between the PM region and the steel
substrate. Fig. 5-4 shows representative SEM images of these two types of interface
observed in the nanostructured coating. The interface between the FM region and the
steel substrate contains many microcracks in the nanostructured coatings, similar to those

observed in the Metco 130 coating ( Fig 5-4 (a)). In contrast, the interface between the
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PM region and the steel substrate is found to be highly bonded, as Fig. 5-4(b) illustrates.

A schematic illustration of microstructures of these two coatings is shown in Fig. 5-5.

Fig.5-2 Cross-sectional SEM image of ceramic/metal interfacial regions in Al,O3/TiO,
coatings on steel substrate: (a) Commercial coating Mecto 130, and (b) nonostructured
coating. FM and PM represent fully-melted and patially-melted regions, respectively.

[Ref. 130]
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Fig. 5-3 A SEM image of the interface between a fully-melted (FM) region and the steel
substrate in the commercial coating Metco 130. Cracks exist at the interface indicated by

arrows [Ref 130].

7
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(b)

Fig. 5-4 A SEM images of two interfaces in the nanostructured coating: (A) FM/steel
interface and (B) PM/steel . Cracks exist at the FM/steel interface (indicated by arrows)

but no cracks observed at the PM/steel interface [Ref. 130].

Fully-melted

¢ pIDE 2
¢ AL X D]
¢ Da X D

Substrate \\

Microcrack

(a)

Fully-melted Partially-ﬂnelted

Substrate o _
Well-bonded Microcrack

(b)

Fig. 5-5 Schematic illustration of coating’s microstructures. (a) MetcolSO and (b)
nanocoating.
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5.2.2. Determination of the interfacial bond strength

Interfacial bond strength of these two coatings were evaluated using the ‘lateral force-
sensing indentation techunique. Typical normal load (L) ~ time curve and lateral force Fx
~ time curve are illustrated in Fig. 5-6. As shown, when the normal load was increased,
the lateral force changed correspondingly. At the beginning of indentation, the absolute
value of Fx increased gradually until the normal load reached a certain value, and then
the absolute value of the lateral force decreased. Such a change corfesponded to a change
in slope sign of the Fx~t curve, indicating the o‘ccurrencevof interfacial debonding as

discussed earlier. A resultant interfacial crack is shown in Fig. 5-7.

0.0
¥ Normal load +-04 §
>
z 108 ;
B 8
o] I ™y <]
o} g 1 s “1.2 :
mh V’lr E
Lateral force |16 %
) s |

'1.2 T T T T T T T '2-0

0 10 20 30 40 50 60 70 &0

Time, Sec.

Fig. 5-6 Typical changes in the normal load and lateral force change vs. time for the

nanostructured coating at distance of 40 um from interface.
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ceramic/stéel interface drack

Fig. 5-7 Cracking at interface caused by indentation.

As mentioned earlier, the reason responsible for the occurrence of lateral force is the
asymmetric constraint on the indenter. When the stress at interface was larger than the
interfacial bond strength, debonding initiated at the interface. As a result, the asymmetric
constraint changed and this resulted in a change in the sign of the lateral force curve

slope. The corresponding normal load was the critical load (Fc) for interfacial debonding.

The critical loads corresponding to the interfacial debonding at different indentation
positions for both Metco 130 and nanostructured coatings are shown in Fig. 5-8. One may
see that when indentation was applied near the interface, a smaller critical load was
required to cause interfacial debonding. Compared to the Metco 130 coating, the
nano-coating needed a higher critical load to cause interfacial debonding at the similar
indentation position. This means that the nano-coating had higher interfacial bond

strength.
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Fig. 5-8 The critical loads vs. indentation distance from interface for the coatings.

In order to determine the local interfacial stress distribution for calculating interfacial
bond strength, a finite element model was employed with the measured critical load (Fc)
as an input. The FEM analysis was made kusing ANSYS (version 7.0) software. All
parameters used for the FEM analysis had the same values as those for the indentation

experiment, such as the geometry and location of indenter and material properties.

The sample substrate was modeled using isotropic 8-node solid elements with elastic-
plastic properties, while the ceramic coating was fully elastic. The mesh near indenter and
interface was refined to adequately reflect the stress gradient with sufficient accuracy.
The indenter was assumed to be a non-deformable body. Mechanical properties of the
substrate and coatings are given in Table 5-2. The bottom boundary of a specimen was
constrained in all directions. Load was applied on the indenter until the critical load was

reached. Using this model, the stress distribution at the interface was calculated.
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Table 5-2 Mechanical characteristics of involved materials

Materials ~ Young’s Modulus  Poisson’sratio  Yield stress  Tangential Modulus

E (GPa) v oy(MPa) Bt (Gpa)
Carbon steel 200 0.25 540 10
Metco 130 coating 168.8 0.23 _— | -
Nano-coating 158.2 0.23 —— -

Interfacial debonding generally occurs at the free edge of the interface, where the
singularity could exist, as demonstrated in literature {131~133] and discussed in Chapter
4. This may make the calculated stress at a particular point in the vicinity of the free edge

meaningless. Thus, an average stress approach was adopted here. The average of stress

component o.'l;,. is defined as [134,135]:

e [ o, | (5.1)

0 14
where x,, is a characteristic length along the interface, starting at the free edge, over

which the integration is calculated. x, , is treated here as a unknown parameter.

In order to determine the interfacial bond strength, a Quadratic Delamination Criterion
[95] was adopted. This criterion takes account of both normal and shear stresses at the

interface. The interfacial failure criterion between a coating and a substrate is given as
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O | o 2—1 | (5.2
F45) - 5.2)

where Z ans S are the normal and shear interfacial bond strengths, respectively. —c;; and

o, are respectively the average normal and shear stresses over the average length x__ .

This criterion was used for the present calculation, the three unknowns, Z, § and x_,

need to be determined.

In order to determine Z, S and X, at least three indentation tests are needed. In this
work, we performed more than thré?e tests at different positions for a particular coating to
find corresponding three critical loads at interfacial debond. The following trial-and-error
procedure was used to determine Z, S and x,, [95]. For each given trial set (Z, S, x,,.),
the predicted critical load could be obtained by finite element analysis. When Equation
(5.2) is satisfied, the correqunding applied load is considered as the critical load, Lc(i)
(i=1,2...n), where i represents each indentation position. The predicted critical load

(Lc(i)) is then compared to experimentally determined critical load (Le(i)) using a ratio

o) = ]1:28 . The coefficient of variation, CV, is defined as [136]

cV = \/nl—iz (Q(i)_é):
0

(5.3)

where Q is the mean value of Q7). The best-fit set (Z, S, x,,,) could be determined by

giving a mean value Q =1 while maintaining the minimum CV. Using this approach, we
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determined interfacial bond strengths for both the coatings, which are tabulated in

Table 5-3.

Table 5-3. Interfacial bond strength determined using the lateral-force indentation

method.

Material Interfacial tensile strength Interfacial shear strength Xave. Coefficient

(MPa) (MPa) (mm) of variation (CV)
Metco 130 coating  26.2 11.23 0.121 5.66%
Nano-coating 44.01 29.45 0.120 3.94%

5.3 Comparison between results obtained using two different methods

The result of the lateral force measurement (Table 5-2) indicates that the nanostructured
coating has higher tensile and shear interfacial bond strengths, 44,01 MPa and 29.45
MPa, than the commercial Metco 130 coating whose corresponding strengths are 26.2
MPa and 11.23MPa, respectively. The bond strength of the coatings was also measured
using a modified ASTM direct-pull test [137], in which a coated sample was glued to
another bulk material and tensile stress was applied to cause interfacial debonding. The
maximum stress at interfacial debonding is the bond strength. The result of the pull-off
test are given in Table 5-4 [137]. The results obtained using the puli-off test and the
lateral-force indentation method are consistent. It is worth noting that the
microindentation method yielded slightly higher values than those from the pull-off test.
As a matter of fact, due to the difference in mechanical properties between the coating

and the substrate, normal stress and shear stress coexist at the interface even under a
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uniaxial tension load. Therefore, it is not accurate or adequate to quantitatively evaluate
interfacial failure using a pure tension test. Since the multi-axial stress state at interface
has been taken into account, the lateral force microindentation should provide more

accurate information that is closer to reality.

Table 5-4. Pull-off test results [Ref.137]

Material Interfacial ensile strength Coefficient
(MPa) of variation (CV)
Metco 130 16.65 ‘ 5.17%
Nanocoating 39.30 3.95%

Another reason for higher interfacial bond determined using the microindentation method
is that some defects such as voids or microcracks could be introduced to the interface
during coating fabrication, sample cutting and preparation. These defects could act as the
stress raisers, which facilitate interfacial delamination. Since the pull-off test only
provides information on the overall performance of an interface, the stress concentration
could result in interfacial failure under a smaller load than expected. For microindentation
test, indentation is performed in local area and therefore it may reflect intrinsic interfacial

bond strength, which should be higher than the average bond strength.

It was demonstrated that the nanostructured coating had a higher interfacial bond than

the Metco 130 coating. The commercial Metco 130 coating was a typical plasma-sprayed
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coating. Microcracks were observed at its interface [130]. In the case of the
nanostructured coating, there existed two different interfacial zones, one was similar to
that observed in the Metco 130 coating with microcracks, the other was a partially melted
zone as illustrated in Fig. 5-2, which is believed to be highly adherent to the
substrate[130]. However, investigation of the mechanism responsible for higher

interfacial bond of the nanostructured coating is beyond the scope of the present study.

From the above discussion, one may draw a conclusion that the lateral force-sensing
microindentation technique can provide information on the local interfacial bond
strength, including both normal and shear strength components. This technique is
therefore not only useful to evaluaté of interfacial bond strength but also suitable for
fundamental investigation of microstructural effects on interfacial strength. Since the
indentation can be carried out on micro- and nano- levels, this technique would be
effective for characterization and evaluation of a wide range of interfaces, including those

in composites, coatings and thin films.

5.4 Conclusions

A newly developed lateral force-sensing microindentation technique was applied to
evaluate interfacial bond strengths of regular and nanostructrued Al,O3/TiO, coatings.
The results of the test were compared to those obtained from a pull-off test. It was
demonstrated that the results of these two types of test were consistent. However, the
interfacial bond strengths determined using thé mcroindentation technique were higher

that those from the pull of test. Such difference could be attributed to the fact that what
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the microindentation test determined was closer to the intrinsic interfacial bond strength
while the pull-off test only gave the average interfacial bond strength that was affected by
interfacial defects such as microcracks. Furthermore, the later did not take account of
possible effect of singularity of free edge where the influence of shear stress may exist,
which could negatively affect the accuracy of the test. This study has also demonstrated
that the lateral force-sensing microindentation technique is effective and feasible not only
for evaluation of interfacial bond strength but also suitable for fundamental investigation
of effects of interfacial defects on the interfacial strength for a variety of interfaces in

composites, coatings and thin films.
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Chapter 6 Summary and Future work

6.1 Summary of the research results

A new method was developed to evaluate the interfacial bond strength for coatings/films
and composites, using a lateral force-sensing indentation approach. It has been
demonstrated experimentally and theoretically that the lateral force is very sensitive to
interfacial debonding. The mechanism responsible for the interfacial debonding caused
by indentation was investigated using the finite element method. Effects of indentation
parameters, including indenter geometry, indentation location and material properties, on
interfacial stress distribution were investigated. Based on the FEM studies, the optimum
indentation condition for evaluating the interfacial bond strength was identified. Finally,
this method was applied to evaluate the interfacial bond strength of thermal sprayed
AL, O3/Ti0, coatings. From the above-mentioned studies, the following conclusions are

drawn:

(1) It has been demonstrated that the lateral force on indenter is very sensitive to
interfacial debonding when indentation is performed near the interface. When debonding
occurs, the sign of the slope of the lateral force changes due to the loss of the
asymmetrical constraint. The critical load for the initiation of interfacial debonding can
be determined by monitoring changes in the sign of the slope of the lateral force~time
curve. The siress distribution at the interface corresponding to this critical load can be
calculated through FEM analysis. The interfacial stress is generally multiaxial, based on
which the interfacial bond strength (Z", Z°) can be determined using a so-cailed

Quadratic Delamination Criterion (QDC).
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(2) Finite element studies were conducted to investigate debonding of Cu-ceramic and
Al-ceramic interfaces, two representative examples. For the Cu-ceramic bond, material
sink-in occured around the indenter. In this case, interfacial debonding was caused by a
combination of tensile and shear stresses. For the Al-ceramic bond, pile-up occurred
around the indenter and interfacial debonding was caused mainly by interfacial shear
stress. However, when indentation was applied close to the interface, sink-in occurred
around the indenter at the side near the interface. In this case, the interfacial debonding

resulted from a combination of tensile and shear stresses.

(3) The effects of indentation parameters on lateral force response were investigated for
the ceramic/Cu and ceramic/Al bonds, which corresponded to two different interfacial
debonding mechanisms. The results indicated that the lateral force-sensing response to
interfacial debonding had similar sensitivities for both the processes accompanied with
“sink-in” and “pile-up”. The research further demonstrated that indentation was preferred
to be performed close to an interface (without touching the interface), which could
produce larger stress at interface and also larger change in the slope sign of the lateral

force~time curve,

(4) Effects of indentation parameters, including indenter geometry, indentation location
and material properties, on interfacial stress distribution were investigated. A finite
element model-based optimization was achieved for three typical interfaces (Al-ceramic,
steel-ceramic and tool steel-ceramic), which represented soft-hard, medium-hard and

hard-hard interfaces, respectively. The results of the study demonstrated that a strong
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singularity existed at the free edge of the Al-ceramic interface, while a weak singularity
existed at the steel-ceramic interface. However, the free edge singularity was negligible
for the tool steel-ceramic bond. The singularity could result in stress concentration and
thus facilitate interfacial debonding. It was demonstrated that an indenter with circular
geometry resulted in the largest interfacial stress for soft-hard bond, while an indenter
with an angle of 136-degree between two opposite faces iﬁtroduced the largest interfacial
stress for medium-hard bond. For a hard-hard bond, the shape of tip did not significantly

influence the interfacial stress.

(5) This method was applied to evaluate interfacial bond strengths of regular and
nanostructrued Al;O5/TiO; coatings, made by the thermal spray technique. The resuits of
the test were compared td those obtained from a pull-off test. The interfacial bond
strengths determined using the mcroindentation technique were higher than those from
the pull off test. One reason was that what the microindentation test determined was
closer to the intrinsic interfacial bond strength while the pull-off test only gave the
average interfacial bond strength that was largely affected by interfacial defects such as
microcracks. Furthermore, the pull-off test did not take account of possible effect of
singularity at free edge where the influence of shear stress could exist, which negatively

affected the accuracy of the test.

6.2 Paossible future studies
The experimental and theoretical studies have demonstrated that the lateral force-sensing

indentation is an effective method for evaluation of the interfacial bond strength. For
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more efficient and wider application of this technique, follow-up studies would be

necessary on the following two subjects.

(D Theorétically, the lateral force-sensing technigue is applicable to both coatings and
composite materials. The present work has demonstrate successful application of this
technique in evaluation of the interfacial bond strength of thermal-sprayed coatings.
However, evaluation of interfacial bond strength for composites has not yet been carried
out. Although the experimental test needed is the same as that for coatings, the
calculation of interfacial stress may need a different finite element model for the
composite. Since their interfaces may not be flat, for example, the interface in a particle-
reinforced composite is curved, the interfacial stress analysis is therefore influenced by
the particle shape and size as well as its position. Under fhese circumstances, the finite

element model needs to be modified.

(2) Interfacial adherence is strongly affected by interfacial defects, impurity segregation
and precipitates. Since the indentation can be performed on a small area under optical
microscope or under atomic force microscope, this technique is therefore effective for
determination of intrinsic interfacial bond. This allows us to investigate effects of
interfacial imperfections and other factors such as precipitates and composition changes
on the interfacial bond. Such studies are of importance to interfacial engineering, which

is crucial to application of various coatings and multiphase materials.
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