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Abstract

Interfacial cracking and toughening in metal/ceramic layered materials are investigated
in this dissertation. This work stems from the fact that mechanical properties of
metal/ceramic layered materials are, to a large extent, determined by the deformation and
failure mechanisms at the interface. With the wide use of metal/ceramic layered materials
in electronic packaging, ceramic actuators, coatings of fine length scale, the
characterization of the basic properties of the layered materials can be quite different from
that of the corresponding bulk materials, and provides challenges for both theoretical
modelling and experimental measurements. Two fundamental issues are analyzed in detail
in present work with considering the fine length scale (from micrometer to nanometer):
ductile versus brittle behaviour of metal/ceramic layered materials, and interfacial
toughening in metal/ceramic layered materials under mixed mode load condition.

The ductile versus brittle behaviour of the metal/ceramic layered materials is examined
by considering the energy conditions for dislocation initiation (layered materials behaviour
is denoted as ductile) and interface debonding (layered materials behaviour is denoted as
brittle). It is demonstrated that dislocation emission is obvious when the metal layer
thickness is above several micrometer; on the other hand, the metal/ceramic layered
material is brittle when the metal layer thickness is in the order of nanometer. The mode
mixity effect on this ductile versus brittle behaviour is also investigated in terms of loading

phase angle.
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The interfacial toughening in metal/ceramic layered materials is analyzed by
considering the dislocation behaviour in the metal layer. Superdislocation approach is
employed to analyze the effects of blunting and shielding on the interfacial crack. A model
of periodically enabling dislocation emission and interface debonding is established to
simulate the interfacial crack initiation and propagation process. The interface fracture
toughness is investigated and steady-state interfacial crack propagation is achieved such
that provides some basic parameters, such as length scale and mode mixity, for the safe

design of metal/ceramic layered materials.
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Chapter 1

Introduction

1.1 Prologue

Layered materials made from constituents with different physical properties have been
widely used to achieve functional requirements, such as the attainment of damage
tolerance while maintaining high strength. Some of the important application areas of
layered materials include: electronic packaging (Evans and Hutchinson, 1995), ceramic
actuators (Furuta and Uchino, 1993; Aburatani et al., 1994; Uchino, 1995; Gong and Suo,
1996), and coatings used for either thermal protection (Kokini and Takenchi, 1995) or for
abrasion, oxidation and corrosion resistance. These layered materials usually combine a
hard brittle material with a softer ductile material in order to achieve optimal combination
of damage tolerance, stiffness, and strength. Generally, they have involved combinations
of a ceramic with a polymer or metal and an intermetallic with a metal. Some example
brittle materials of interest include silicon, and various oxides and nitrides. The typical
ductile materials include aluminum, copper, nickel, and gold.

The dissimilar nature of the constituents challenges the thermomechanical integrity
and reliability of the layered material (Evans and Hutchinson, 1995). One of the dominant
factors affecting reliability is the deformation and failure mechanisms at the interfaces
which are both numerous and susceptible to decohesion and sliding. There are two
basically different interface responses: “strong” and “weak” (Evans and Dalgleish, 1992).

If one of the constituent materials fails prior to interface rupture, the interface is



2
designated “strong”. Conversely, if failure occurs by interface separation, the interface is

considered “weak’.

The “weak” interface is the focus of recent research because defects such as voids,
gas pores and cracks, are generated easily in the process of layered materials thus make
interfaces susceptible to failure. As mentioned by Evans and Hutchinson (1995), there are
several basic mechanisms of interfacial failure in metal/ceramic layered materials as shown
in Figure 1-1.

Emphasis of this dissertation will be put on the mechanism of brittle debonding with
no reaction products or interphase on the interface in metal/ceramic layered materials. For
this mechanism, the fracture behavior of the interfacial crack will be investigated by

considering both the microstructure and macro performance of the layered materials.

1.2 Objectives

Recently, a lot of work (Leung, He and Evans 1995; Leung et al., 1995; Turner and
Evans, 1996; Embury et al., 1996; Mao and Evans, 1997) has been done on metal/ceramic
layered materials with micrometer to nanometer length scale. In these thin layered
materials, the characterization of basic properties, which can be quite different from that in
corresponding bulk materials, provides challenges for both theoretical modelling and
experimental measurement. For example, because of the issue of length scale, the
characterizations of interface toughness and elastic-plastic transition mechanism are

needed.



Ductile Brittle
Fracture Debonding
Fully
Plastic Voids Plastic Zone
No v ‘
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Figure 1-1 Different mechanisms of interface failure in metal/ceramic materials.
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This dissertation is aimed to examine two fundamental issues in such thin

metal/ceramic layered materials: ductile versus brittle behavior and interfacial toughening.
These two fundamental issues become more complicated because of two major factors:
the interfacial crack and the fine length scale in the material. Due to the existing of the
interfacial crack, interfacial fracture mechanics approaches should be used. For example,
the effect of mode mixity, which is the measure of the relative amount of mode II interface
stress intensity factor to mode I interface stress intensity factor at the interfacial crack tip,
on the performance of the material should be investigated.

To look at the effect of length scale, consider, for example, a layered material
consisting of alternating ductile and brittle layers with a pre-existing crack at the interface
(Figure 1-2).

Upon loading, the ductile phase flows and blunts the crack tip. If the ductile layer
thickness h is sufficiently large, the flow and blunting events at the crack tip will proceed
until a limiting event intervenes. Depending on the material system, the limiting event can
be cleavage at the blunted crack tip, or void growth and its linkage with the blunted crack
tip (see Figure 1-1). It is assumed here that the limiting event does not occur such that
only the plastic flow itself is presented (Hsia et al., 1994).

For the example layered materials presented above, Tvergaard and Hutchinson (1994)
proposed a material-based length quality, Ro, to estimate the plastic zone size (show as
dark area in Figure 1-2) around the crack tip.

1 K
— (==

R, =
it oy

)? (1.1)
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Figure 1-2  Plasticity for different length scale in layered materials.
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where K. is the fracture toughness (material resistance for crack propagation) of the

ductile material and & is the yield strength. For a typical ductile material such as steel,
the crack tip plastic zone size is of the order of millimeters to centimeters. If the ductile

layer thickness is larger than a few centimeters (e.g. h/R_=6), no confinement exists

and the measured fracture toughness is independent of the layer thickness.

However, the plastic flow becomes confined when h~R, (e.g. h/R, =1.5),

resulting in a lower fracture toughness. This is in agreement with experimental results
(Evans and Dalgleish, 1992) which indicate that as the ductile layer thickness decreases,
the material appears increasingly more brittle, absorbing smaller amounts of energy at
fracture, even though the volume fraction of the ductile is substantial in these layered
materials.

When h approaches the micron level, the plasticity within the thin ductile layer can no
longer be treated with continuum theory. The interaction between individual dislocation
and the crack tip will be considered. This is the regime to be studied in the present
dissertation. The ductile layer is assumed as metal in this dissertation. The confining metal
layer thickness considered in this study is about a few microns, thus the metal is treated as

crystal and the effects of the dislocations within the crystal will be analyzed.

1.3 Original contributions
Some work on the two fundamental issues mentioned previously is listed in Table 1-1

and Table 1-2. Considering what were done, the original contributions of this dissertation

are:



Table 1-1 Outline of work on ductile versus brittle behavior of materials

Material Contributors
Homogeneous, Kelly et al. (1967); Rice and Thomson (1974);
Isotropic Manson (1979)

Bimaterial Rice et al. (1990); Wang and Anderson (1991);
Beltz and Wang (1992); Beltz and Rice (1992)
Layered materials | Will be investigated in this dissertation

Table 1-2 Outline of work on toughening in layered materials

Cmil;:';og fmlg;(t)i?; and Contributors and Comments

Crack within metal layer, | Hsia et al. (1994)

Mode I load
Using dislocation model and fracture mechanics mn
homogeneous material. Only crack initiation was
analyzed

Interfacial crack, Tvergaard and Hutchinson (1994)

Mixed mode (mode I +

mode IT) load Addressed interfacial crack propagation. A stress-
displacement relationship was assumed at the crack tip.
Finite element method was used.

Interfacial crack, Mao and Evans (1997)

Mode I load
Using fracture mechanics approaches in homogeneous
material. Metal was treated as crystal and dislocation
model was used. Analyzed the interfacial crack
propagation.

Interfacial crack, Will be investigated in this dissertation

Mixed mode (mode I +

mode IT) load Using interfacial fracture mechanics approaches.

Addressing interfacial crack initiation and propagation.
Employing dislocation model.
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1. Investigating the condition for the ductile versus brittle behavior of metal/ceramic

layered material.

2. Examing the effects of length scale and mode mixity on the ductile behavior of the
metal/ceramic layered material.

3. Analyzing the interfacial toughening in metal/ceramic layered material under mixed
mode load condition with interfacial crack fracture mechanics approaches.

4. Establishing a model to simulate the interfacial crack propagation process by
considering the crystal structure of the metal layer.

5. Investigating the effects of length scale and mode mixity on the interfacial crack

fracture toughness in metal/ceramic layered material.

1.4 Organization of text

After a review on the work about interfacial crack and dislocation in layered materials
in Chapter 2, the fundamentals about interfacial crack fracture mechanics and edge
dislocation theory are introduced in Chapter 3 and Chapter 4, respectively. Considering
the two fundamental issues mentioned previously, the ductile versus brittle behavior of
metal/ceramic layered materials is examined in Chapter 5 in terms of the competition
between atomic decohesion (cleavage) and dislocation nucleation at the interface crack
tip. In Chapter 6, the interfacial crack toughening mechanism is investigated by addressing
interfacial crack initiation and propagation process. Based on the equilibrium dislocation

emission concept and superdislocation approach, the dislocation behavior and its effect on
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interfacial toughening are examined. The conclusions and recommendations are

summarized in Chapter 7.
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Chapter 2

Literature Review

In this chapter, the literature is reviewed on layered materials from both a macro
continuum fracture mechanics viewpoint and a micro standpoint in terms of dislocation
theory and application. Even though research on layered materials stems from the study of
composites, it is remarked here that the recent research interest of layered materials
originally stems from testing the fracture toughness of bimaterial system (see the review by
Hutchinson and Suo, 1992), only some recent work sheds directly light on layered
materials modeling (Hsia et al., 1994; Tvergaard and Hutchinson, 1994, 1996; Wei and

Hutchinson, 1996; Mao and Evans, 1997).

2.1 Macro continuum fracture mechanics in layered materials

The original interest in layered materials stems from their applications in composites
decades ago. Conventional plate or shell theories were used to analyze the stress and
strain field by considering the boundary conditions across layers. But, research on layered
materials in the presence of defects has only been done recently. The main reason for this
trend is due to the fine length scale in these layered materials. Therefore, even some
initially small defects will significantly change the performance of the system. The defects
include voids, inclusions, gas pores and cracks etc.

Because of the high stress singularity at crack tip, the fracture behavior of layered

materials has been the focus of recent research. Erdogan and Gupta (1971) employed
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integral equation to provide the theoretical tools for studying the fracture of layered

composites with flaws. Some basic methodologies and results based on fracture mechanics
concepts were presented in a recent review by Hutchinson and Suo (1992).

Even though layered materials may consist of many layers with different material for
each layer, most widely used layered materials are composed of alternating two different
materials, wherein, one constituent has high strength and another constituent has excellent
toughness. The typical application areas of such layered materials include micro-electronic
packaging (Hutchinson and Evans, 1995), ceramic multilayer actuators (Furuta and
Uchino, 1993; Aburatani et al., 1994; Yang and Suo, 1994; Uchino, 1995; Rogers, 1995;
Gong and Suo, 1996), and coatings (Kokini and Takenchi, 1995).

For modelling, three layers are usually used to investigate the performance of the
layered materials system, as illustrated in Figure 2-1. The middle layer is denoted as
material 1, and two outer layers are assumed identical and denoted as material 2.

Generally, material 2 is brittle such as ceramic and glass, and material 1 is either
brittle, such as epoxy, or ductile, such as metal. If material 1 is brittle, or the plastic
behavior of material 1 can be ignored, such layered material is denoted as
elastic/elastic/elastic type material; when the plastic behavior of material 1 should be
considered, the layered material is denoted as elastic/elastic-plastic/elastic type material. It
is noted here that the ductile or brittle behavior of materials will change under some
circumstance. For example, the brittle material at room temperature may be ductile at high

temperature and a ductile bulk material may be brittle when the dimension of the material
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<--t- Material 2

-- Material 1

1

<<--I-- Material 2

Figure 2-1 Layered materials model with three layers.
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sample becomes very small. The definitions of brittle and ductile used in this dissertation

are from the conventional standpoint, such as bulk homogeneous media.

2.1.1 Elastic/elastic/elastic layered materials

Comprehensive work has been done about elastic/elastic/elastic type layered materials
because the middle layer is susceptible to induce crack, and plasticity in such system is
ignored, which makes analysis simpler. The original purpose of using such system is to
measure interface fracture toughness of a bimaterial system (Suo and Hutchinson, 1989).
Suo (1990) analyzed the parallel debonding, which was observed in an ALO5-SiC-ALO;
laminate. Various modes of cracking in a thin brittle adhesive layer joining two identical
bulk solids were reviewed by Hutchinson and Suo (1992). The objectives of these work
can be concluded as two groups: (1) the cracking morphology investigation, including
straight crack within layer, interfacial crack, alternating crack between two interface and
wavy crack within adhesive layer; (2) interface fracture toughness analysis and testing for
various cracking morphologies.

Two main factors to affect the system performance, namely, residual stress in the
adhesive layer and loading phase angle which measures the ratio of shear load to tensile
load, were investigated in detail in recent work (Hutchinson and Suo, 1992).

It was widely reported that the different levels of elastic mismatch and residual stress
induce different crack morphology (Fleck et al, 1991; Hutchinson and Suo, 1992).

Therefore, different interface fracture toughness is predicted.
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Recent experiments have been accomplished to examine the strong dependence of

interface toughness on mode mixity in terms of loading phase angle. Cao and Evans
(1989) and Liechti and Chai (1992) have studied an epoxy/glass system. Wang and Suo
(1990) examined an epoxy on metal and Plexiglass substrates. All these systems exhibit
rapidly increasing interfacial fracture toughness at large phase angles. Various aspects of
methods for measuring interface fracture toughness can be found in articles by Suo and
Hutchinson (1989), Charalabgides et al. (1989), Evans et al. (1990), Rice et al. (1990),
Hutchinson and Suo (1992) and Shih (1991), and in a volume edited by Ruhle et al.

(1990).

2.1.2 Elastic/elastic-plastic/elastic layered materials

Comparing to elastic/elastic/elastic system, elastic/elastic-plastic/elastic type layered
materials are more complicated to analyze because of the involvement of plasticity.
Although defects are easily generated within middle layer in elastic/elastic/elastic system,
cracks are usually found at the interfaces in elastic/elastic-plastic/elastic systems because
of the weakness of interface. Two main mechanisms contribute such creation of interfacial
cracks. Firstly, in the process of layered materials, the middle layer is deposited on the
substrate and some defects will be generated on the interface. These defects will nucleate
the interfacial crack. Secondly, the adjacent brittle layers are cracking susceptible. Once
the crack is generated in the brittle layer, it is likely to propagate to the interface and cause

the interface cracking (Shaw et al., 1996).
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Because of the stress concentration near the interfacial crack tip, plasticity can be

easily generated in the middle layer. Therefore, to investigate the properties of
elastic/elastic-plastic/elastic system, it must consider the role of plasticity.

Some basic phenomena that control crack propagation at metal/oxide interfaces have
been reported (Reimanis et al., 1991; Evans and Dalgleish, 1992; Leung et al., 1995; Shen
and Suresh, 19952 and 1995b; Turner and Evans, 1996; Finot and Suresh, 1996). Previous
studies on comparable interfaces have indicated strong effects on the fracture toughness,
T, of plasticity, of reaction products and of the atmosphere, coupled through the interface
fracture mechanism. Crack extension along interfaces without reaction products may
occur either by ductile void growth (ductile mode), by brittle debonding (brittle mode) or
by coupled with plasticity. Interfacial cracking involving plasticity often occurs by a failure
mechanism operating at interfacial defects ahead of the interfacial crack front, whereas
brittle debonding occurs by direct bond rupture at the crack front itself. The dominant
mechanism (among these possibilities) is governed by such parameters as yield strength,
work of adhesion, metal thickness and interface defect population.

Some criteria were suggested to distinguish brittle mode and ductile mode. As
mentioned by Turner and Evans (1996), ductile mode occurs when the bonding at the

interface is capable of sustaining stresses in the range, ¢, /6y, =35, where o is the mean

1
stress [E(G” +0,, +0,,) ] and G is the uniaxial yield strength of the metal. When this

stress is reached, defects in the metal near the interface are unstable against plastic hole

growth and ductile rupture is inevitable. When the interface bonding is less strong, fracture
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can occur by debonding along the interface with essentially no metal attached to the oxide

and vice versa.

Recently, many experiments (Leung et al., 1995; Turner and Evans, 1996) and
theories (Hsia et al., 1994; Evans and Hutchinson, 1995; Mao and Evans, 1997) have been
proposed to investigate the properties of such system, especially metal/oxide combination.
A fundamental understanding now exists for the ductile fracture mechanism. However,
basic issues remain to be understood when fracture occurs by brittle bond rupture,
particularly with regard to the role of the work of adhesion, W, . Recent work focusing
on brittle mode analysis indicated that even when interface fracture involves bond rupture,

there can be a substantial influence of plastic dissipation I', on the fracture toughness I'.
Moreover, T, is affected by the mode mixity at the crack tip and the metal layer

thickness.
Reimanis et al. (1992) investigated the effects of plasticity on the crack propagation
resistance of a metal/ceramic interface by conducting experiments on a gold/sapphire

interface. The interface was found to fail by interface separation in a nominally “brittle”
manner with a critical strain energy release rate, G_ =50 Jm™, substantially larger than
the work of adhesion, W, =0.5Jm™. Evidence of plastic deformation on the gold
fracture surface, such blunting steps and slip steps, suggested that plastic dissipation is the
primary contribution to the measured G,. Their calculations indicated that the majority

effect occurs in the plastic zone through the crack wake. The interface was also found to

be susceptible to slow crack growth.
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The effects of interface structure and microstructure on the fracture toughness, I", of

metal-ceramic interfaces were reviewed by Evans and Dalgleish (1992). Some systems
exhibited a ductile fracture mechanism and others failed by brittle mechanism. In the
absence of either interphase or reaction products, I' is dominated by plastic dissipation
(for both fracture mechanisms). Additionally, I", is larger when fracture occurs by ductile

void growth (for the same layer thickness, h, and yield stress ¢, ). Interpahses and reaction

products have been shown to have an important effect on I'. A general trend found by
experiment is that I" scales with the fracture toughness of the interphase itself. The
important effects of the residual stresses in the interface (which influence the fracture
mechanism) and the layer thickness were examined as well.

De Graef et al. (1992) studied the structure, bonding and fracture resistance of
interfaces between alumina and platinum. O’Dowd et al. (1992) addressed the fracture
toughness of alurmmina-niobium interfaces. A model system was developed to measure the
interfacial strength and fracture toughness. Interface fracture toughness experiments were
carried out for phase angle between O and 45 degree. For positive phase angles less than
45, fracture along the interface was observed in most cases. The measured interfacial
fracture toughness shows a strong dependence on phase angle. They suggested that
mterface toughening with increased mode mixity in the alumina/niobium system is due to
two phenomena. Firstly, because the fracture toughness of the niobium is much greater
than that of the interface, the crack is constrained to grow on the interface. Crack growth
along the interface requires a sufficiently high interfacial hoop stress. Mixed mode loading

redistributes the stresses which results in lower hoop stresses across the interface at a
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fixed magnitude of stress intensity factor, K. Therefore the magnitude of K must be

increased in order to produce the hoop-stress levels similar to those for small mode mixity.
Secondly, plastic flow in the niobium results in stress relaxation. Under conditions of high
mode mixity, stress relaxation becomes particularly important, further elevating by a
significant amount of remote loads that are necessary to raise the near-tip stresses to the
levels required to fracture interface.

To facilitate comparison with theory, plastic dissipation effects for confined metal
layers subject to mode I (tensile) loading was explored experimentally by Turner and
Evans (1996). The mechanism of mode I crack propagation along gold/sapphire
interfaces in both humid and dry environments have been investigated. It was reported that
interface failure occurs by bond separation at the interfaces accompanied by substantial
deformation of the gold along intersecting slip planes. In a dry environment, crack
extension occurs by interfacial decohesion at multiple sites ahead of the main crack front.

The associated fracture toughness is of order I'=50 Jm™. The debonding initiates from

interfacial defects. The main crack experiences extensive plastic blunting; whereas
debonds ahead of the crack have diminished blunting and propagate, subject to rising
resistance curve. Because of the small blunting displacements, the stresses ahead of the
debonds are sufficient to cause rupture of the interface bonds. In a humid environment, the
crack propagation mechanism changes. In this case, the crack front itself extends, when

[ =10 Jm™, subject to small blunting displacements.

Some theoretical models have been provided recently to address the interfacial crack

problems in layered materials. Tvagaard and Hutchinson (1994, 1996) proposed a model
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to consider the plasticity role by establishing a stress-displacement relationship at the

interfacial crack tip and FEM (Finite Element Method) simulations were implemented to
investigate the model. The steady-state is attained and the strong dependency of interface
toughness on mode mixity is analyzed. Wei and Hutchinson (1996) used the FEM model

to analyze the joints and strain plasticity theory was suggested to modify the model.

2.2 Micro viewpoint of plasticity — application of dislocation theory

Since the edge dislocation was proposed by Orowan (1934), Polanyi (1934), and
Taylor (1934) to explain the discrepancy between theoretical strength and experimental
result in crystal, dislocation theory has been widely used to investigate the property of
materials. Some basic concepts and results of dislocation theory will be presented in
Chapter 4. The emphasis here is on the applications of dislocation theory in bimaterial

system and layered materials for non-cracked media and cracked media, respectively.

2.2.1 Dislocation in non-cracked media

For bimaterial system, Head (1953) analyzed the stress of the edge dislocation with
different interface boundary condition. Dundurs (1969) reviewed some basic approaches
and results for both edge dislocation and screw dislocation.

Using the complex potential and conformal mapping techniques, Chu (1982) analyzed
the stress field of a straight screw dislocation lying parallel to the surface of a two-phase

isotropic thin film of equal thickness in each phase with a welded interface.
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Due to the misfit dislocations introduced at the interface, Freund (1987) investigated

the stability of dislocation threading a strained layer on a substrate in terms of critical layer
thickness at which interface dislocation can form “spontaneously”. Beltz and Freund
(1994) redressed this critical layer thickness issue using a Peierls-Nabarro model for the
dislocation.

For bimaterial interfaces with arbitrary stiffness, Shilkrot and Srolovitz (1998)
examined the interaction between an array of dislocations and the interface with general
bond condition.

For the dislocation in layered materials, Chou (1966) used the method of images to
determine the stress field of a screw dislocation in and near a lamellar inclusion. Kamat et
al. (1987) extended Chou’s approach to get the image force on screw dislocations in n-
multilayer structures. Embury and Hirth (1994) analyzed the dislocation storage and the
mechanical response of fine scale microstructures using the edge dislocation array model.
Considering dipole screw dislocations embedded within a multilayer which was modeled
as alternating layers of material 1 and material 2, Anderson and Li (1995) predicated the
Hall-Petch relations for multilayered materials in terms of critical local resolved shear

stress on a slip plane to produce slip transmission across an interface.

2.2.2 Dislocation in cracked media
Considering the dislocation in bicrystal system, Beltz and Wang (1990) predicated the
brittle or ductile behavior of an interfacial crack (with regard to particular slip systems).

To avoid the assumption of the effective core size of the emitted dislocation in the
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approach proposed by Beltz and Wang (1990), Beltz and Rice (1992) solved the elasticity

problem of a traction-free crack with a Peierls-type stress versus displacement relationship
being satisfied as a boundary condition along a slip plane ahead of the crack tip.

Suo (1989) analyzed the dislocation interaction with interfacial crack in terms of the
interface stress intensity factor due to the dislocation.

Crack tip dislocation emission and arrangements were investigated experimentally for
bimaterial system (Lii et al., 1990; Zielinski et al., 1992; Huang and Gerberich, 1992;
Marsh et al., 1992). In the work, a superdislocation model, in which the image force is
already included, was developed to determine the shielding effect of assays of dislocation
on interfacial crack.

So far, the work on dislocation in cracked layered materials is not advanced.
Anderson and Li (1993) employed screw dislocation model to investigate the ductile-to-
brittle transitions in multilayered materials under mode III (anti-shear) condition.

The effects of dislocation confinement on fracture behavior in laminates consisting of
alternating submicron ductile and brittle layers were studied by Hsia et al (1994). The
crack is within the ductile layer. Employing superdislocation model, the crack tip field was
analyzed. It was indicated that cleavage can even occur in ductile metals such as copper
and aluminum if the constraining layer is sufficiently thin.

Considering an interfacial crack within the metal/ceramic layered materials, Mao and
Evans (1997) analyzed the blunting effects on interfacial crack initiation and propagation

in metal/ceramic layered materials under mode I loading. Because the metal layer thickness
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is in the order of micrometer, the metal was treated as crystal and superdislocation

approach was used to analyze the blunting effect.



Chapter 3

Fundamentals of Interfacial Crack Fracture Mechanics

After an introduction about some concepts in linear fracture mechanic, some fundamentals
of interfacial crack fracture mechanics are reviewed in this chapter. The elastic fields are
analyzed for bimaterial system, and the fracture mechanics result for layered material with
an interfacial crack is presented. The fundamentals herein and those in the next chapter are
the grounds for Chapter 5 and Chapter 6 to address the interfacial crack problems in

metal/ceramic layered materials.

3.1 Fundamental definitions and basic formulations in linear fracture mechanics
3.1.1 Modes of crack propagation
Three loading situations are summarized in fracture mechanics to analyze different
types of stresses. Figure 3-1 shows the three modes and directions of crack propagation.
These modes are generally identified by subscripts I, I and III. Mode I, which is also
called the opening or tensile mode, refers to cases in which the crack surfaces move
directly apart and the traction on xz plane ahead of the crack tip is pure tensile. Mode II,
usually called the sliding mode or in-plane shear mode, refers to cases in which the crack
surfaces slide over one another in a direction perpendicular to the leading edge of the
crack and the traction on xz plane ahead of the crack tip is pure in-plane shear. Mode III,
also referred to as the tearing or antiplane shear mode, is those cases in which the crack

surfaces move relative to one another and parallel to the leading edge of the crack and the
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Figure 3-1 Basic modes of loads and cracking propagation.
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traction on xz plane ahead of the crack tip is pure anti-plane shear.

These three modes essentially describe three independent movements of the upper and
lower crack surfaces with respect to each other and are sufficient to describe all possible
modes of crack propagation in an elastic material. If subject to more than one mode, the

material is referred to as under mixed mode condition.

3.1.2 Stress distribution in vicinity of crack tip

The plane problem of elasto-statics in the absence of body force for the homogeneous
isotropic solid, either in plane strain or idealized plane stress, reduces to the solution of a
biharmonic function

V2V2y(r,0) =0. 3.1)

Here, is Airy stress function, VZ2is Laplacian operator in polar coordinates and
X p pe P

=a2 10 1 9d°

VZ
32 TTor 2 o@

.rand O are shown in Figure 3-2 and measured from the crack

tip. The stress components can be determined according to the relations

“ radr r2a6*’
2
Gee:%;gi, (32)
.ol 19%
® 1290 rorod’

Williams (1957) solved the above plane problem by using the eigenfunction expansion
method. The stresses and displacements in the vicinity of the crack tip can be expressed in

the polar coordinate system as
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Figure 3-2 Stress distribution in the vicinity of crack tip.
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Here, u, and u, are radial and tangential components of displacement field. E is Young’s

modulus and v is Poisson’s ratio.
In the Cartesian coordinate system the above expressions can be written as

c,. = K, cos— [1 smesmg—]— K sin—e-[2+cosg+cos%9],

“Jz- 27 27 o2 2

K, 0 . 0. 36 Ky, . 6 0 3
G, = cos—[l+sin—sin—]+ sin—cos—cos—,

¥ J2nr 2 2 2 NJ27r 2 2 2

K, L cosg[l—sin—e-sin—?ﬂ] ,
2 2

o) ——singcosgcos£+-£—
Y 27 2 2 2 J2mr 2

_Ki ’_r_ e g_ .31_9_
u—2E 21!:(14—v)[(._1< 1)c052 cos 2]
K r 0 30
+—L [ —1+V)[(2x+3)sin—+sin—],
251/2n( )( ) in=+sin 2]



28
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Here, u and v are displacement components in Cartesian coordinate system. In Equations

3.4

(3.3) and 3.4), 6. O, , O, and Gy are normal components of the stress tensor, G,,

and o, are shear components of the stress tensor, and

if plane stress,
o= I+v (3.5)

3—-4v if plane strain.

The asymptotic singular field around the crack tip for anti-plane deformation of the

medium can be expressed as

K . 0
,tu S 1l sin R
27r 2
K
I cos—,

r

—_ 3.
2T (3.6)

W= sin

_Kp )
i 2

Here, w is anti-plane displacement. T,, and T, are anti-plane shear stresses and L is the
shear modulus. In anti-plane deformation, expressions in polar coordinate system are the
same as expressions in Cartesian coordinate system.

K. Kg, and K in the foregoing expressions, are defined as the stress intensity factors

for the three respective modes. The stress intensity factor depends on the geometry of the

body and the loading configuration.



3.1.2 Srress intensity factor
From Equation (3.4), the stress field near a crack tip for Mode I can be written as
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An important feature of the above expression is the fact that the stress distribution
around any crack in a structure is similar and depends only on the parameters r and 6.
The difference between one cracked component and another lies in the magnitude of the
stress intensity factor K,. In essence, K, serves as a scale factor to define the magnitude
of the crack-tip stress field. K, depends on the loading configuration and the geometry of

the system. In general, the stress intensity factor can be expressed as
K, =f(c,a) (3.8)
where the functionality depends on the configuration of the cracked component and the
manner in which the loading is applied. Many functions have been determined for various
specimen configurations and are available from the fracture mechanics literature (e.g. Tada
et al., 1985). For example, a central crack in an infinite body, subjected to a uniform

stress, O, the stress intensity factor is

K, =cJma (3.9)
Once the stress intensity factor for a given test sample is known, it is then possible to

determine the maximum stress intensity factor that would cause failure (crack
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propagation). This critical value K, is described in the literature as the fracture

toughness, T', of the material. The fracture toughness is one of the materials properties,
and interacts with the design stress and crack size to control the conditions for fracture in
a component. For the example of a central crack in an infinite body subjected to a uniform

stress, the fracture toughness, I, is
I'=K =6f4na (3.10)

where o, is the fracture stress of the material.

3.1.3 Energy release rate
The strain energy stored per volume of material, U, for a general three-dimensional

loading system can be expressed by the stress components as

1 b 2 2 2 2 2
U= j)'E[G'; +0, +0, —2V(G,‘Gy +06,0, +0,0,)+2(L+V)(T,, +T, +7;)]. (3.11)

Crack instability is associated with the stationary value of the strain energy curve.
Beyond this stationary value the energy release during an incremental crack extension
exceeds the energy required to create new crack surfaces. The energy release rate, G, is
defined by Irwins (1957) as

ou
- 12
G 32 (3.12)

G is also termed as the crack driving force. G can be interpreted as the energy required for
crack extending one unit length, and includes all energy dissipation in the material such as
crack surface energy and plastic work. If the fracture occurs via mode I, then G is

expressed as G,, and similarly G, and G, for the other modes.
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It was demonstrated in fracture mechanics literature (e.g. Hutchinson and Suo, 1992)

that the relationship between stress intensity factor and energy release rate can be

generalized as

(12 2
-IE'—;&- if plane stress,

G =1 ; (3-13)
£<—‘;;A(I— v?) if plane strain.

Similar to the critical stress intensity factor, the critical energy release rate, G, is
described in literature as the fracture toughness of the material such as

r=G,. (3.14)

3.2 Interfacial crack in bimaterial system

Bimaterial system, which consists of two type of materials, are shown i Figure 3-3
with material 1 above the interface and material 2 below. Some results for anisotropic
materials can be found in the review by Hutchinson and Suo (1992), this part will focus on

plane problem for isotropic materials. Let W;, E; andv; be the shear modulus, Young’s

modulus, Poisson’s ratio of the respective materials.

3.2.1 Dundurs parameters

Dundurs (1969) has observed that a wide class of elastic plane problems for bimaterial
depends on only two (rather than three) nondimensional combinations of the elastic
moduli. With the convention set in Figure 3-2, the Dundurs’ elastic mismatch parameters

are
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Figure 3-3 Interfacial crack illustration.
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_P-.(Kz +1)—u,(x, +1) _lJ-l(Kz"l)'uz(Kx-I)

a= dB= : (3.15)
(<, +D+p, 0k +1) B u, (<, + D+, (x, +1)
Here,
3—-v. .
7 : if plane stress,
+V.

=y (j=1.2) (3.16)

3-4v, if plane strain.

A more revealing expression for o is

a=(E, -E,)/(E, +E,) (3.17)

where Ej = Ej/(l -v?) in plane strain and fj =E; in plane stress. Thus, o measures the
mismatch in the plane tensile modulus across the interface. It approaches +1 when material
1 is extremely stiff compared to material 2, and approaches -1 when material 1 is
extremely compliant. When v, = Vv,, & is the same in plane strain and plane stress.

The parameter § is a measure of the mismatch in the in-plane bulk modulus. In plane
strain,

B= 1, (1=2v,)—u,(1-2v))
2 g (I=vy)+p,(l=vy)

(3-18)

Thus, in plane strain, B vanishes when both materials are incompressible (v, =V, = 1/2),
and B=0/4 when v, =V, = /3. Inplane stress, B =o/3 when v, =v, =1/3.
Both o and B vanish when there is no mismatch, and both change signs when the

materials are switched. To describe the singularity around crack tip (see section 3.1.2),

another index ¢ is defined as
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1 1-B
e =57 g)- (3.19)

In plane strain, the physical admissible values of o and B are restricted to lie within a
parallelogram enclosed by o« = 1 and ot —4B = £1 in the (¢, ) plane (see Figure 3-4),
by requiring 0 <v <1/2 and L >0. The range of o and B in plane stress in somewhat

more restricted.

Table 3-1  Dundurs parameters and the oscillatory index

Bimaterial (material 1 / material 2) o B g

Al / Sapphire -0.69 -0.143 0.046
Au / Sapphire -0.62 -0.053 0.17
Cu / Sapphire -0.47 -0.096 0.031
Nb / Sapphire -0.55 -0.056 0.018
Ni/ Sapphire -0.26 -0.063 0.020
Fe / Sapphire -0.30 -0.065 0.021

Au/MgO -0.53 -0.062 0.020

Ni/MgO -0.13 -0.079 0.025

Cu/ Si -0.04 0.038 -0.012




o—4B =-1 B=a/4

Y

/(Z—4B=1

Figure 3-4 Dundurs parameters.
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It is demonstrated (Hutchinson and Suo, 1992) that most of the (o, B) combinations

fall between B =0 and B=0/4. Some example values are listed in Table 3-1. Note that
o, P and € reverse sign when material 1 and 2 are interchanged.

Combinations that satisfy 3 =0 give rise to simpler crack tip fields than combinations
with B #0, and special attention will be paid to this restricted family of materials in

Chapter 5 and Chapter 6.

3.2.2 Interfacial crack stress field

Solutions to bimaterial interfacial crack problems were presented in the earlier papers
on the subject by Williams (1959), Cherepanov (1962), England (1965), Erdogan (1965),
Rice and Sih (1965), and Willis (1971). Here, the notations and definitions of Rice (1988)
for the crack tip fields will be adopted since these reduce to the conventional notation
when the mismatch vanishes. Coordinate system is set to take the origin at the crack tip,
as in Figure 3-5, with the crack flakes lying along the negative x-axis. The dominant stress
singularity for any plane problem in which zero tractions are prescribed on the portion of
the negative x-axis ending at the origin is of the form

o, = Re[Kr*](2nr)"?Z! (0,¢) + Im[Kr*](2mr)*Z] (6,6) (m,n=r, 6) (3.20)

where i =+/—1, rand 6 are defined in Figure 3-5, Re denotes real part of a complex and

Im refers to the imaginary part of a complex, and € is the index defined in Equation (3.19).

The quantities . and Z[  are given by Rice et al. (1990) as follows,

sinhg(m—-0) 38 e =%
—_————Ccos—+
coshre 2 coshme

=

129

cos—(1+sinzg+ssin 9),
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Figure 3-5 Stress distribution and interface stress intensity factor.
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- _ -£(x—8) ”
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_ —~g(r-0)
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and £ =X ,=0,Z, =v(Z_ +Zy).

In Equation (3.20), K=K, +iK,, the complex interface stress intensity factor, has
real and imaginary parts K; and K,, respectively, which play similar roles to the
conventional mode I and mode II intensity factors in isotropic solids. It is noted here that
throughout this dissertation, subscripts I and II to K indicate in homogeneous medium,
and subscripts 1 and 2 to K refer to interfacial crack problem involving two types of
material. Superscript oo to K refers to far field loading or boundary condition.

Generally, the singular fields are normalized so that the traction on the interface
directly ahead of the tip are given by

c,, +i0,, = (K, +iK,)2nr) """ (3.22)

or

C,, = Re[Kr*®](2rr)™?, G, = Im[Kr*](2rr) ™ (3.23)

where ' =cos(elnr) +isin(elnr) . The associated crack flank displacements at distance
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r behind the crack tip, 8, = u,(r,6 = xt) —u,(r,8 = —x), are given by

5 +is 8 (K, +iK;)  ©

, +id, = )2 (3.24)
: (1 + 2i€) cosh(me) E. 2%

where

11
E T,

L1 3.25
E._z( ) : (3.25)

ol -

Compared to the r ? singularity of the stress field in homogeneous material (see

1.
+1E

Equation (3.7)). Equation (3.22) indicates that the stress filed for interfacial crack is rT
singularity. This is the so-called oscillatory singularity in interfacial crack fracture
mechanics, which brings in some complications that are not present in elastic fracture
mechanics of homogeneous solids. To solve this unrealistic phenomenon, contact zone
model was proposed by assuming a contact zone on the interface behind the crack tip
(Comninou, 1977a, 1977b and 19977c; Gautesen and Dundurs, 1987; Gautesen and
Dundurs, 1988). Rice (1988) readdressed the interfacial crack problem, and indicated that
the oscillatory singularity zone is so close the crack tip that the results based on Equation
(3.20) are valid to investigate the fracture behavior of the bimaterial system. If €=0,
which is a reasonable approximation for most materials (see Table 3-1), the singularity of
the interfacial stress field is the same as that of the homogeneous material and the

oscillatory behavior can be neglected.

3.2.3 Energy release rate

In plane problem, the energy release rate for crack advance on the interface is related
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with the interface stress intensity factor as (Malyshev and Salganik, 1965)

G=QEE2[KF = (1;5-) (K2 +K32) (3.26)

where [ is one of the Dundurs parameters defined in Equation (3.15). Consider the
relationship between B and €, 1 —B* =1/cosh®(n€), G can be expressed by € as

(K; +K3)

= (3.27)
E. cosh™(me)

3.2.4 Mode mixity and Interfacial crack toughness
In isotropic solids, pure loading mode results in pure stress distribution on the plane

ahead crack tip. For example, a central crack with length of 2a in an infinite body subject
to a uniform stress G, , stress intensity factors are

K,=0},Yna and K, =0. (3.28)
The stress field ahead crack tip can be derived from Equation (3.7) by setting 6 =0

K,

oo a
O, = \/?n_r =cm/—2-; » Oy =0. (3.29)

On the other hand, the interfacial crack is not free to evolve with pure mode stressing at

its tip. If a central crack with length of 2a lying on the interface between two semi-infinity
media under uniform stress G, , the interface stress intensity factor is
K=K, +iK, = 0o, (1 +2ie)(na)'*(2a) ™ (3.30)

and the stress filed ahead the interfacial crack is expressed in Equation (3.22). It can be

seen that shear stress ©,, is involved into the bimaterial system and mode II stress
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intensity factor is presented at the interfacial crack tip. In interfacial crack fracture

mechanics, mode mixity is defined as the term to describe the relative amount of mode I

to mode I at crack tip and measured by the phase angle ¥,

tan'¥ = X . (3.31)
K

I

In this dissertation, ¥~ is used for far field load with K* = K[ +iKj,
KN
tany” =—L, (3.32
v K> )

and W™ for interface crack tip withK = K, +iK,,

K,

. 3.33
X (3-33)

tan Yy =

—_

Similarly to homogeneous material, both the crack interface stress intensity factor for

interfacial crack propagation, K., and the critical energy release rate, G, are used to

measure the fracture toughness for interfacial crack. But the interface fracture toughness is
not a single material parameter (as it would be in homogeneous solid), rather it is a
function of the mode mixity. The fracture toughness of the interface is generalized as
G =T(¥™)=T(¥F"™). (3.34)
and can be interpreted as an effective surface energy that depends on the mode of loading.
The above relationship is also assumed to hold for quasi-static crack advance when crack
growth resistance effects can be disregarded.
Although there are lots of methods to measure the fracture toughness in
homogeneous material, the progress in interfacial crack is not advanced. Efforts to

measure interfacial toughness under mixed mode conditions go back some years (e.g.
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Trantian, 1972; Anderson et al., 1974), as reviewed by Liechti and Hanson (1988).

Parallel efforts have also been underway to develop mixed mode fracture specimens
designed to measure the delamination toughness associated with ply separation in
polymermatrix composites (e.g. Kinloch, 1987). A series of recent experiments (Cao and
Evans, 1989; Wang and Suo, 1990; Liechti and Chai, 1992) have focused on the interface
between epoxy and glasses, metals and plastics. Thouless (1990) has carried out mixed
mode toughness experiments for crack propagation in the interface between a brittle wax
and glass.

An overview of various mechanisms responsible for the strong dependence of
interfacial toughness on mode mixity was given by Evans et al. (1990). Two primary
mechanisms are asperity contact and plasticity. Asperity on the fracture surfaces will tend
to make contact for some distance behind the tip when mode II is presented along with
mode I. A micromechanics model of shielding of the tip due to asperity interaction was
presented by Evans and Hutchinson (1989), which led to a prediction of I'('Y") in terms
of a nondimensional measure of fracture surface roughness.

The role of plasticity on the interface fracture toughness has been widely investigated
(Evans et al, 1990; Shih, 1991; Zywicz and Parks, 1992; Liang and Liechti, 1995). Shih
and Asaro (1988) demonstrated that the nature of crack tip plasticity depending on ‘¥~ ,
by observing that the plastic zone in plane strain increases in size as [‘P“’| increase with G
fixed. When an interface between a bimaterial system is actually a very thin layer of a third

phase, the details of the cracking morphology in the thin interface layer can also play a role

in determining the mixed mode toughness. Tvergaard and Hutchinson (1993, 1994 and
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1996) used a stress-displacement relationship at the interfacial crack tip to investigate the

effect of plasticity on the interfacial fracture toughness.

3.3 Result for layered materials with interfacial crack

Several elasticity solutions for mixed mode cracks in multilayers were obtained in
recent years by analytical and numerical methods, and have been used to calibrate fracture
specimens and assess technically representative structures (Hutchinson and Suo, 1992).
One example, which is related to the topics that I will address in this dissertation, is cited
here in details.

Suo and Hutchinson (1989) analyzed a sandwich sample as illustrated in Figure 3-6.
The discussion was restricted to brittle systems for which any inelastic behavior occurs on
a scale that is small compared with the layer thickness h. The layer thickness is assumed
to be very small compared with the in-plane dimensions of the joint or of the sandwich
specimen. At the macroscopic level, the tip of a crack along the joint or layer is

characterized by macroscopic, or applied stress intensity factors K7 and Kj which are

determined from a standard analysis that ignored the existence of the thin layer.

Employing energy conservation principle proposed by Rice (1968), the global energy

release rate, G™, and local energy release rate at interface crack tip, G, are the same:

L a2, jpmvay 1B g2
G==[UK}) +(K})’]= P K| (3.35)
E, E.
This relationship gives
T e o Y o
K =h™(——) (KT +iK})e", (3.36)

1-p*



Figure 3-6 Layered material with interfacial crack.
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where o and B are defined in Equation (3.15). From numerical calculations (Suo and

Hutchinson, 1989), the angle shift ®, which is due exclusively to the moduli dissimilarity,
ranges between 5° to —15°, depending on o and 3.

The fracture toughness of the joint as determined in a test is identified with the critical
value of the overall energy release rate at crack advance according to

r¥~)=G~ (3.37)

where ¥~ = tan"(K‘; /K7D .-
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Chapter 4

Fundamentals of Edge Dislocation Theory

Dislocation theory is a branch of solid state physics that relates the plastic properties of
crystals to atomic structure (Taylor, 1934; Orowan, 1934; Polanyi, 1934; Koehler, 1941;
Cottrel, 1964; Kovacs and Zsoldos, 1973). Although it is mainly concerned with
mechanical properties, dislocation theory contributes to the understanding of other
properties of solids; e.g. chemical properties such as crystal growth, surface catalysis,
diffusion and chemical reactions in crystals; and physical properties such as carrier
lifetimes in semi-conductors, magnetic coercetivity and dielectric breakdown. Instead of
working with real laws of interatomic force, derived from quantum mechanics, some ideal
models of crystals in which the forces are represented by simple analytic formulae are
widely used (Cottrel, 1964; Hull, 1975; Nabarro, 1979; Hirth and Lothe, 1982).
Therefore, the strain field of a dislocation has a long range, and so can be discussed
rigorously from simple elasticity theory. Several of the important properties of
dislocations, e.g. self-energy, long-range interactions, can thus be deduced reliably.
Dislocation theory has also been related to the fracture behaviours of materials
(Lardner, 1974; Comninou, 1977b; Chang and Ohr, 1981). This dissertation is to
investigate the fracture behaviour of layered materials by employing the dislocation theory.
In this chapter, the edge dislocation theory is reviewed. After some fundamentals
about dislocation theory are introduced, the focus is put on the interactions between crack

and dislocation: the effect of crack on dislocation is investigated by analyzing the force on
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dislocation; the effect of dislocation on crack is examined by analyzing the changes of

stress intensity factor at crack tip.

4.1 Plastic flow and dislocations
4.1.1 Plastic flow in crystals

When single crystals of many materials are stressed above their yield strength they are
often observed to undergo plastic deformation which is concentrated as slip on a few
parallel planes (Figure 4-1). The planes on which the deformation occurs are called slip-
planes. When a group of slip-planes become active within the same neighbourhood of the
crystal, they are often said of form a slip-band. The slip-planes are usually crystal planes
on which the atoms are closest packed (e.g. {111} plane in face centered cubic crystal and
{110} in body centered cubic crystal), regardless of the orientation of the applied stress.
Furthermore, the direction of slip within the slip-plane is always crystallographic, no
matter what the direction of the shear stress on the slip plane. In the plastic deformation
of a polycrystal, each grain behaves as a separate single crystal, slipping on one or more
sets of crystal planes, but with the additional constraint that the slip displacements in
adjacent grains have to be continuous across the grain boundary between them. Thus, m
detail, the plastic flow of polycrystal is considerable more complicated than that of single
crystals, although basically it is the same process.

The elementary slip process is illustrated in Figure 4-2 for a simple cubic crystal,
where intersections of pairs of line represent atoms. The two halves of the crystal slide

relative to one another on the plane SS’ (slip plane). In this simplest process the amount of
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Figure 4-1 Plastic deformation of single crystal under tension.

Figure 4-2 Elementary slip process in cubic crystal.
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slip is one lattice spacing. In practice, slip can and does occur through many lattice

spacings on the same slip plane, leading to visible steps on external surfaces, but such
multiple slip corresponds to many repetitions of the above basic process (Lardner, 1974).
The simplest hypothesis for the slip mechanism shown in Figure 4-2 is that slip occurs
over the whole plane at once. This process requires that bond breakage across the slip
plane occurs simultaneously. But the yield stress based on this model is several orders of
magnitude higher than the experimental values of yeld stress of the crystal. This

discrepancy was not explained until the dislocation theory was established.

4.1.2 Dislocations in crystal

A dislocation is a lattice line defect that defines the boundary between slipped and
unslipped portions of the crystal (Hertzberg, 1996). Two basically different dislocations
can be identified: edge dislocation and screw dislocation.

The edge dislocation, shown in Figure 4-3, was proposed by Taylor (1934), Orowan
(1934) and Polanyi (1934) to explain the discrepancy between the theoretical yield stress
and experimental value, as discussed above. The edge dislocation is defined by the edge of
the extra half plane of atoms. This extra half plane wedged into the top half of the crystal.
As a result, the upper part of the crystal is compressed, while the region below the
dislocation experiences dilatation. Note the symbol | is used to denote the edge
dislocation. The horizontal line denotes the slip plane and the vertical line denotes the
extra half plane. Burgers (1939) advanced the description of the screw dislocation shown

in Figure 4-4. The screw dislocation is generated by displacement of one part of the crystal
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Figure 4-3 An edge dislocation in a simple cubic crystal.

Figure 44 A screw dislocation in a simple cubic crystal.
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Figure 4-5 Burgers circuits. (a) In a perfect reference crystal, (b) in a real crystal with
edge dislocation and (c) in a real crystal with screw dislocation.



relative to the other.

In dislocation theory, Burgers circuit is used to describe the movement of a
dislocation. The Burgers circuit is a series of atom-to-atom steps along lattice vectors that
generated a closed loop about any location in the lattice. In a perfect lattice, the Burgers
circuit beginning at S and progressing an equal and opposite number of lattice vectors in
the horizontal and vertical directions will return to its starting position. When this occurs,
the lattice constrained within the circuit is considered perfect (Figure 4-5(a)). When an
edge dislocation is present in the lattice, the circuit does not close (Figure 4-5(b). The
vector needed to close the Burgers circuit (SF) is called the Burgers vector b of the
dislocation and represents both the magnitude and direction of slip of the dislocation. The
Burgers circuit and Burgers vector for screw dislocation are shown in Figure 4-5(c). It
should be noted that the orientation of b with respect to the dislocation line is different
for two types of dislocations. For the edge dislocation, b is oriented normal to the line
defect (the extra half plane). For the screw dislocation, b is parallel to the line defect (line

AB in Figure 4-5(c)).

4.1.3 Explanation of plastic flow in crystal

Using the dislocation movement model shown in Figure 4-6, the lower yield stress of
material can be explained. As the dislocation line moves through the crystal, bond
breakage across the slip plane occurs consecutively rather than simultaneously as was
necessary in the perfect lattice. The end result of the movement of the dislocation is the

same as shown in Figure 4-2: the upper half of the cubic has been translated relative to the
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Figure 4-6 Edge dislocation movement in crystal.
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bottom half by an amount equal to the magnitude of the Burgers vector b. The major

difference is the fact that it takes much less energy to break one bond at a time than all the
bonds at once. So, one may reconcile the large errors between theoretical and
experimental yield stresses by considering the presence of dislocations in the crystals that
were examined. In practice, dislocation has been observed in materials by various
experimental methods and is the internal defect of the material (Doner et al., 1974; Hirth
and Lothe, 1982). The plastic behaviour of crystal is due to the movement of the

dislocations within the crystal.

4.2 Elastic behaviour of edge dislocation in a homogeneous isotropic medium

The mathematical work that eventually contributed to dislocation theory was
developed earlier than the physical phenomena that led to the discovery of dislocations. To
qualitatively address dislocation theory, the approaches developed by Volterra (1907) in
treating the elastic behaviour of a cut homogeneous isotropic cylinder is extensively used.
For edge dislocation (symbol as _L ), the treatment is done by considering a hollow edge
dislocation along the axis of a circular cylinder with inner and outer radii r, and R,
respectively (Figure 4-7).

The edge dislocation can be produced from a perfect cylinder by shear displacements
in the x direction across the xz glide plane, and has a positive Burges vector b. The xz

plane is called the slip plane and the x direction is the slip direction of the dislocaiton.



Figure 4-7 An edge dislocation modelling with cylinder.
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4.2.1 Elastic field

Classical elastic approach can be used to solve the stresses and strains for the edge
dislocation illustrated in Figure 4-7. The material parameters are: U is the shear
modulus, v is the Poisson’s ratio. In plane strain deformation, the only stresses to be

determined are the normal stresses o, O,

y (note that ¢, =V(0,, +G,)). and the

shear stress G,,. In polar coordinates r, 8, z, the stresses are G, Gg and G4. The

elastic equations for plane deformation are satisfied by any solution of the biharmonic
equation
vViQ =0, 4.1)

and Q is the Airy stress function. The stresses are

0 30 30
=—, = —_—, = - . 4.2
O dy* Ow =552 Ow 9x3y (4.2)
or
10Q 1 3°Q a°Q d 10Q
=——t =—, =——(——). 4.3
S R e T 4.3)

Considering the free-surface boundary conditions of ¢ =06, =0 on both r=r, and

r =R, and the x direction displacement of b, stresses can be expressed as

G, =Cg =—Dsin6/r,6, =DcosO/r, (4.4)
and
3 2+ 2 2_ 2 2_ 2
XX _‘_D Y( 2x Zy 2) * yy = Y(‘)’( Z, ") * Xy = )((2X Z 2) - (4’5)
(x*+y7) ¥ x“+y7)’ ’ (x*+y7)

Here D = pb/2mn(l—Vv) and b is the magnitude of the Burgers vector b.
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4.2.2 Self-energy

The strain energy per unit length of dislocation between two cylindrical surfaces of

radius r, and R about an edge dislocation in an infinite medium is
W =J‘*§drr’tde[icr2 +—1-(o'2 +02 —2vo, o, —02%)] (4.6)
° T 0 2” o 2E = ¥ - oy = ’ ’

and yields

ub- R @7

° =41c(1—v) 'y

(]

In dislocation terminology, r, is defined as the effective core size of dislocation. It can be
seen that the energy W, diverges as R — oo or r, — 0. The divergence with R shows the

energy depends on the size of the crystal. In practice, R is a finite value. For the case of
one dislocation in a crystal, an approximate choice for R is the shortest distance from the
dislocation to the free surface. Because of the logarithmic dependence, the energy is
insensitive to the precision of choice of a value of R (Hirth and Lothe, 1982). The
divergence with r, arises from the inadequacy of linear elasticity theory to deal with the
severe lattice distortion near the core of the dislocation. Thus the treatment leading to
Equation (4.7) is restricted to the matter outside a cylinder of radius r, ~ b, where linear
elasticity theory should apply (Hirth and Lothe, 1982). The total energy is obtained by
adding an energy term of misfit for the matter inside the core cylinder. For the case of
glide dislocations in close-packed structures the core energy is about ~ 0.1 to 0.05 ub?,
thus the core energy can be neglected in practice when it is compared to the total energy

calculated by Equation (4.7) by setting r, =b.
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4.2.3 Forces on dislocation

Peach and Koehler (1950) analysed the forces exerted on dislocations in
homogeneous media. Consider a dislocation line I' (mixed with edge component and
screw component) having a Burgers vector b. Let dI be a line element of the dislocation
in the direction shown in Figure 4-2. The dislocation is immersed in a stress field by the
tensor G

(¢ (o]

Gxx Xy xz
é6=lo, O, O, | (4.8)
° /
The force exerted on the unit length dislocation is
f=-fix(b-3) (4.9)

where fi is the unit vector and dl = fidl.

Taking an edge dislocation with Burgers vector b as an example, if the resolved
shear stress on the slip plane is denoted as T and the angle between these two directions is
9, the magnitude of the force is tbcos6.

The force on dislocation can also be derived from the work done by Eshelby (1951,
1956), who was the first to associate an energetic force on an elastic defect with a
conserved integral of elasto-static field quantities over a surrounding surface (or a contour
for two dimensional (2D) fields). His concern was with "any source of internal stress, such

as an inclusion or dislocation whose motion translated an incompatible and possible

singular field along with its core”.



Figure 4-8 Dislocation in infinite homogeneous media.
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4.3 Edge dislocation in crack-free bimaterials system

For an edge dislocation embedded in a bimaterial media, forces on edge dislocation
include the Peach-Koehler type force due to external load as discussed previously, and the
image force due to the bonded interface. Because the Peach-Koehler force can be solved
for different boundary conditions by the traditional mechanics approach, we only consider
here an edge dislocation in the two bonded semi-infinite plane without external loading as
shown in Figure 4-9. Therefore, only the image force will be discussed in this section.

Employing Airy stress function, Head (1953), Dundurs and Sendecky]j (1967) and
Dundurs (1969) solved the image force for an edge dislocation with Burgers vector
parallel and normal to the bonded interface, respectively. The results are reviewed in
following sections. Note that the subscripts 1 and 2 to other symbols are used here for

reference to the two regions denoted as two matenals in Figure 4-9.

4.3.1 Image force on edge dislocation with Burgers vector normal to interface

The Airy stress functions for a dislocation with Burgers vector b, (normal to the

interface) are (Dundurs, 1969)

2
Qb =— 2D, —[(1—B?)r, logr, sin 6, + (B* — a)r, logr, sin 6,
n(x, + D(1-B?) .10)
—(1-)Br,0, cos 8, — (B — a)(1+B)c(sin 26, —2c sin B, )]
for region 1 and
Q(Z) = zulbx(l-a) [r‘ lOgI‘l Sinex +B(r|el cosel +206|)] (4.11)

* n(x, + DA -B>)

for region 2, where c is the distance from the dislocation to the interface.



Material 2 Material 1

VI |

Figure 49 Edge dislocation in bimaterial media with bonding interface.
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It was indicated that (Dundurs and Sendeckyj, 1967), the force tending to move the

dislocation on the slip plane by glide is

(4.12)

fotice =D (Top )| x=
y=0

where 1., is the shearing stress in material 1 produced by the image term in Equations

(4.10) and (4.11), i.e., terms containing r, and 0,. From Equation (4.2), the stresses are

i, (B2 — )b
c.,=0,06.=0,1T., =— _ 413
xx1 yyl xyl Tt(Kl + 1)(1 _ Bz )C ( )

and the glide force is

_ lllbi (Bz‘a)
g% me(x, +1)(1-B?)

(4.14)

4.3.2 Image force on edge dislocation with Burgers vector parallel to interface

For Burgers vector b, (parallel to the interface) (Dundurs, 1969)

'¢)) - 2u'lby
Y r(l+x,)1-B%)

[(1—B?)r, logr, cosB, + (B> —a)r, logr, sin8,

cos6,

+(1-a)Br,0, sin@, — (B —o)(1+PB)c(2logr, —cos28, +2c )]

I,

for region 1 and

@ _ zulby(l — )
Y om(x, + (1 —-B?)

{r, logr, cos 8, —B(1;6, sin 6, + 2clogr;)] (4.16)

for region 2. The stresses in material 1 produced by the image term are

S = u'l (Bz —a)by G - l“l'l(Bz —a)by T
=T (e, +DA-B)e” M (e, +D(A-B)e

=0. “4.17)
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The forces tending to move the dislocation on the slip plane by glide and climb are

_ p-lb: B? -
g% T me(x, + D(1—-B2)’ @18)
wb? B2 -0 '

climb =

e, + DA-B2)
The above equations show that the forces become very small when c is larger than a

critical length scale, which means that the image forces are restricted in a small area near

the interface.

4.4 Dislocation in cracked materials system

In cracked materials system, the interaction between crack and dislocation should be
considered (see Figure 4-10). Two aspects will be addressed in this section: the effect of
crack on dislocation and the effect of dislocation on crack. The former effect is to block
dislocation emission or to promote dislocation emission. The latter can be shielding
(decreasing stress intensity factor) or anti-shielding (increasing stress intensity factor)

effect on crack.

4.4.1 Effect of crack on dislocation

Employing dislocation model, Bilby et al. (1963) firstly defined the plastic zone at a
crack tip in homogeneous media by a continuous distribution function of screw
dislocations coplannar with the crack. The effect of crack on dislocation is to look at the

conditions for dislocation initiation and movement in a cracked component.
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Figure 4-10 Interaction between crack and dislocation. (a) MNlustration of crack and
dislocation; (b) Orientation of slip plane and dislocation on slip plane.
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Rice and Thomson (1974) and Thomson (1986) analysed the forces on an edge

dislocation near a crack tip in homogeneous media. Three parts contribute the total force
on the dislocation: force due to the applied load (Peach-Koehler type force), image force
due to the crack surface and the ledge force due to the ledge left behind as the dislocation
is formed at the crack tip.

Conserved integrals of the Eshelby (1951, 1956) type representing energetic forces on
dislocations and cracks were reviewed and related to invariant transformations by Rice
(1985). Applications were discussed based on path independence for 2D integrals of J and
M type and on the Maxwell reciprocity satisfied by energy forces. Such concepts have
been used to get the result for the image force drawing a dislocation to a V-notch tip and
to a bicrystal interface, and to develop the full 2D interaction effects between a crack tip
and a nearby dislocation in a crystal of general anisotropy.

Employing elastic potential functions, Lin and Thomson (1986) examined the
interaction between dislocation and crack in homogeneous solid (Figure 4-11). The effect
of crack on dislocation was analyzed by considering the force on dislocation. The total

force on dislocation with Burgers vector b is

2

b

f=————— B Ko 4.19
S () + Kda(@)] 4.19)

30 ¢

where 9,(@) =-12-sinq)cosi§-, 9, (9) =cos—é—+—;—sin cpsinz and b is the magnitude of

the Burgers vector.
For dislocation in bimaterial system with an interfacial crack, the total force on the

dislocation was explicitly expressed by Beltz and Rice (1992) as



Figure 4-11 Coordinate system for crack and dislocation.
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,b? cos’d ., b eyl eyl ur
f=-= + +— Kr*)2 +Im(Ker'®)Z  + KX ], 4.20
Arr [1—1-11 sin® §] -J; [Re( ) ™ ( ) - 1 np] ( )

where |, is the shear modulus of the material in which the dislocation is embedded, K is

the interface stress intensity factor, r is the distance from the crack tip, ¢ is the orientation
of the Burgers vector in the slip plane (Figure 4-10) and qu, (j=LILIIO) are angular
functions defined in Equation (3.21) by setting 8 =@ . Re and Im denote the real part and

imaginary part of the complex variable, respectively.

4.4.2 Effect of dislocation on crack

The fracture behavior of a crack screened by dislocations has been widely analyzed
(Chang and Ohr, 1981; Thomson and Sinclair, 1982; Rice 1985). The effect of dislocation
on crack is denoted as the shielding or anti-shielding effect in terms of modify crack tip
field by changing stress intensity factor.

In homogeneous solid, the effect of a group of dislocations on crack was examined by
Lin and Thomson (1986). For one single dislocation, the effect can be expressed by

K=K~ -k" 4.21)

where K= (K~ =K +iK}) is the far field stress intensity factor of the loaded crack, and

kP =kP +ik®. kP is the contribution from the dislocation located at § (T is the

complex conjugate) in complex Z plane as

__mw b b +n'5(C_—f)
2i1-v) \f2r  \fonT (270"

D

} (4.22)
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where | is the shear modulus, v the Poission’s ratio, b is the magnitude of the Burgers

vector with b=b, +ib, and b is the conjugate of b. In coordinate system illustrated in

Figure 4-11, { =rcos@+isin@ and

_—.+ ,
" 2nr ~J21r
b pb
R B 1 o 4.23)
T o 2 m (
where
1 -l—sinq>cos3—(p cosig-i-lsin(psin29
kP = 2 2 2 2 2| (mn=12). (4.24)
1-v cos(p—lsin in @ Lsi 39
~ ——sin@sin— —sin@cos—
2 2 2 2

In a bimaterial system with a crack at the interface, the dislocation shielding effect can
be deduced from Suo’s work (1989). The stress intensity factor, k, contributed by

dislocation shielding on the interfacial crack is

— =it

1 | B 3 .
k=22{1+A)B@? +<1+H)[§CT‘E+B<c-t)(—%—ie)c7“1}, (4.25)

1}

— > b and B is the complex conjugate of B. The Burgers vector,
mi(l +x)

where B=

b=b, +ib,, is located at { in the complex Z plane (Figure 4-11). Here, x =3—-4v for a
plane strain problem and x = (3— V) / (1+ V) for plare stress, where | and v are the shear
modulus and Poisson’s ratio of the material where the dislocation exists. A and IT are

defined by

o+p a-B
A=—— =—. 4,
1-B and II 148 (4.26)
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Here, o, B are Dundurs’ parameters. € is the oscillatory singularity index defined in

Equation (3.19).

If B=0,then £ =0, and A =TI =c. k can then be simplified as

1 1 _ 3
k = —2m{(1+0)B(D) 2 + (1 +)[BE 2 +B(c—cx—§)c 21}

(4.27)
=1+ o)k’
where
o Mo L HB,
k°—{k?}— “Vom " 2nr (4.28)
=1 tt= b, ,
k) |k,

+k ub 2
' J2nr J2nr
and Ko (m, n = 1,2) is defined in Equation (4.24). This confirms that k° for dislocation
shielding in bimaterial is the same as that in the corresponding homogeneous materials

(Lin and Thomson, 1986).

4.4.3 Energy consideration in bimaterial system with dislocation and crack

For a single dislocation in bimaterial in the presence of an interfacial crack, the energy
includes the dislocation self-energy, interaction energy between the dislocation and the
interfacial crack and the ledge energy due to the new created surface around the crack tip.

For a dislocation located at r along the slip plane from the interface crack tip (see
Figure 4-10), it was suggested by Rice and Thomson (1974) that the self energy for a
dislocation ahead of a semi-infinite crack is the same as a dislocation near a free surface,
and can be evaluated as the work done by dragging the dislocation against its image force

along the slip plane from the interface crack tip to the current location r,
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, (4.29)

2

Kb In 3
At(1—-V)  Igeive

Wi(r) =

where r_,.. is the effective core radius to initiate a dislocation near the interfacial crack
tip. An approximate value of r g .. is b, the magnitude of the Burgers vector.

The interaction energy between the dislocation and the interface crack tip is the work
done by the resolved crack tip gliding force to drive the dislocation from the interface

crack tip to its current location r;,
W, (1) = J:cwbdr, (4.30)
where G, is the crack tip shear stress for interfacial crack and can be deduced from

Equations (3.20) and (3.21). Since, for most materials combinations, B is very small, we

take =0 (so € =0) as the assumption for the present case. The angular functions 2;

and X% in Equation (3.21) (setting © = @) can be simplified such that

P 2 @ 3¢ P .20
———=[K, sin— cos =+ K, (cos— + cos—sin s 4.31
J——[ > 5 ) > )] (4.31)
where K, and K, are, respectively, the mode I and mode II components of interface

stress intensity factor without dislocation emission, and K =K, +iK,. So the interaction

energy can be simplified as

W, (1) =[5, bdr

4.32)
=— %J%— [K, sin —2-cos2 2 +K,(cos 3;) +cosi§-sin2 ig—)].

Due to the dislocation emission, one ledge is left behind at the crack tip, the ledge energy
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for this ledge is

W’ =by, (4.33)
where 7 is the surface energy of the middle layer material.

These energy terms will be used in Chapter 6 to investigate the fracture bebavior of

metal/ceramic layered materials after some modifications are made.
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Chapter 5

Ductile versus Brittle Behavior of Metal/Ceramic Layered Materials

The ductile versus brittle behavior in metal/ceramic layered materials is examined in this
chapter in terms of the competition between atomic decohesion and dislocation nucleation
at the interfacial crack tip. A model of one metal layer sandwiched between ceramic layers
is presented, and a straight line edge dislocation is assumed to emit from the crack tp at
the lower interface. Considering the image force due to the upper interface, the total force
on the emitted dislocation is obtained, from which the critical energy release rate for
dislocation emission, G, is expressed as a function of the metal layer thickness. The
role of the length scale (thickness) on G, is analyzed and compared with the previous
work done by Rice et al. (1990). The results show that ductile versus brittle behavior is
controlled by the metal layer thickness, through the image force from the upper interface
and the mode mixity in terms of the atomic phase angle (Rice et al 1990). When the
thickness is larger than a critical value, transition from ductile to brittle is insensitive to the

metal layer thickness.

5.1 [Introduction

Although some experiments and models are recommended for analyzing the fracture
behavior of layered materials from the macroscopic viewpoint (Hutchinson and Suo,
1992), the atomic groundwork on the ductile versus brittle behavior of the layered

materials, which will be addressed here in terms of the competition between dislocation
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emission from the crack tip and brittle cleavage of the interface crack, has not been

accomplished.

Historically, ductile versus brittle behavior of materials has attracted the attention of
both researchers and engineers. In a cracked component, if the failure mechanism is due
the atomic bond breakage at the crack tip, the behavior of such material is referred to as
brittle. On the other hand, due to the stress singularity at crack tip, plasticity is likely
produced around the crack tip. If this occurs, the behavior of such material is denoted as
ductile. Based on the review in Chapter 4, dislocation is the physical mechanism to induce
plasticity in materials. Therefore, the ductile behavior of the material is judged by the
condition for dislocation nucleation at the crack tip.

In practice, even though a failure may appear macroscopically to be cracklike, from
microscopic standpoint, the cleavage crack tip will be blunt instead of sharp. On the other
hand, a crack showing considerable ductility may consist of a sharp underlying cleavage
crack surrounded by large numbers of dislocations. Concerning propagation, the crack
takes the form of an expanding blunt notch, rounded hole or advances by brittle cleavage.
To understand these types of behavior, the mechanism behind the ductile versus brittle
behavior should be examined.

One earlier systematic approach to analyze the ductile versus brittle behavior was
proposed by Kelly et al. (1967). This approach assumes the cleavage dominance criterion
is given as

o™ [1™ >G5, /7, (5.1)
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where o™ refers to the maximum stress in the tensile direction on the atom bonds at the

crack tip, T™" is the maximum shear stress, while 6,and T, are the theoretical tensile

and shear strength of the bonds between atoms in the material, respectively.

From the energy perspective, Rice and Thomson (1974) treated the ductile versus
brittle question by assuming: (a) an atomically sharp crack is postulated; (b) the ductile
versus brittle behavior is controlled by the criterion for the spontaneous emission of
dislocations from the sharp cleavage crack. The crack is loaded normal to its plane (mode

D) so that the Griffith criterion, G = 2y (G is the energy release rate, Y is the true surface

energy of the crack plane) can be used to examine the stability of the sharp crack tip
against emission of a blunting dislocation in terms of the force equilibrium. The concept of
an activation energy (U, ), proposed in the three-dimensional analysis, is the work
required to nucleate a metastable loop of dislocation from the tip of the crack, thus
blunting the crack. If the activation energy is positive, the work required for dislocation
nucleation is greater than that needed to form new surfaces via crack advance. If the
energy for brittle cleavage is satisfied, the crack tends to advance in a brittle manner. On
the other hand, if the activation energy is negative, the crack will blunt via dislocation
nucleation before the critical Griffith conditions could be attained at the tip.

An alternative approach was proposed by Manson (1979) to analyze the ductile
versus brittle behavior of materials. As the crack is loaded, the stress intensity factor, K,
was examined to compare two values: a K corresponding to the Griffith load for a
propagating crack, or one corresponding to a load at which djslocatior} nucleation is

possible. The techniques developed by Manson (1979) were used (Wang and Anderson,
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1991; Beltz and Wang, 1992) to solve the bicrystal problems in terms of G the

cleave ?

energy release rate for cleavage, and G, the energy release rate associated with the

emission of a single dislocation on a slip plane emanating from the crack tip. The basic

conclusion is illustrated on Figure 5-1. If G4, < G a dislocation is spontaneously

cleave ?

emitted, thus blunting the crack tip from further increases in applied loading; if Gy, >

G the crack propagates in a brittle manner in terms of atomic decohesion.

cleave *

To avoid the uncertainty due to the effective core size assumption for the emitted
dislocation in the above approaches, Rice et al. (1992) and Beltz and Rice (1992) solved
the elasticity problem of a traction-free crack, with a Peierls-type stress versus
displacement relation being satisfied as a boundary condition along a slip plane ahead of
the crack tip.

Recently, Mao and Evans (1997) investigated the influence of blunting on crack
growth at oxide/metal interfaces of layered materials in terms of a superdislocation.
However, the fundamental work associated with the dislocation nucleation at the crack tip
has not been done.

The primary purpose of this chapter is to examine the condition for ductile behavior in
layered materials in the presence of an interfacial crack (Li and Mao, 1998a). Because of
the fine scale of the layered material, the condition for ductile behavior is that for
dislocation nucleation at the crack tip. A dislocation is assumed to exist in the middle
layer, and the forces exerted on the dislocation are analyzed. Based on force equilibrium,
the critical interface stress intensity factor is obtained. Thus, the critical energy release rate

for dislocation emission from the crack tip can be expressed clearly. In layered materials,
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Figure 5-1 Atomic competition between dislocation emission and cleavage decohesion.
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the middle layer plays a key role through the image force from the interface and the mode

mixity. The effect of the length scale (layer thickness) on G is analyzed using a bending

sandwich specimen. Some results are compared to the work done by Rice et al. (1990).

5.2 Layered model

A layered model introduced here is shown in Figure 5-2. A thin layer of metal is
sandwiched in a homogeneous body of ceramic. Ceramic is taken to be isotropic and no
dislocation within it. The plasticity in the metal layer is modeled with dislocations
embedding into it. The crack lies at the lower interface coincident with the x-axis with the
tip at the origin. A dislocation is emitted from the crack tip on a slip plane which intersects
the crack front with angle ¢ . The asymptotic problem for the semi-infinite interfacial crack
will be considered as plane strain or plane stress. The crack tip field of the homogeneous
problem (no metal layer and dislocation presenting) is prescribed as the far field which is

characterized by the mode I and mode II stress intensity factors, K; and K, induced by
the loads on the reference homogeneous model. The interfacial crack tip field is

characterized by a different set of interface stress intensity factors, K = K, +iK,.

5.3 Ductile behavior of layered material

If dislocation can nucleate at the crack tip, the behavior of the layered material is
ductile. In this section, the condition for the dislocation nucleation will be investigated by
analyzing the force on the dislocation. This force analyzing approach has been used to

examine the ductile behaviors of a homogeneous material (Rice and Thomson, 1974) and
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Figure 5-2 Dislocation emission in layered material and forces on dislocation.
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bimaterial (Rice et al., 1990).

5.3.1 Force analysis

The forces on the dislocation in the layered model include three components: the
force due to the external load, fi, the image force due to the stress-free crack, foack, and
the image force due to the upper and lower bonded interfaces, fy¢e (this force makes the
dislocation glide on the slip plane). The image forces draw the dislocation back to the
crack tip, and the stress due to the external load tends to expel the dislocation away from

the crack tip. The equivalent position r, can be derived from the balance of the total

forces. The force due to the external load is straightforward. Although Anderson and Li
(1993) proposed a solution for screw dislocation in layered materials (which implied a
mode II problem), the image forces for edge dislocation in layered materials by
considering both the interface crack and bonded interfaces have not been solved (Hirth,
1998). To qualitatively estimate the effect of the layer thickness, we ignore the couple
effect between interface crack and upper interface, and take a simple approach by
superimposing two cases directly: the image force due to the interfacial crack without
upper interface; and the image force due to the upper bonded interface without interfacial

crack, which is modeled as one edge dislocation in two bonded semi-infinite media.

(1) Image force due to the interface crack
The image force due to the interfacial crack in the absence of the upper interface,

f.acx. was introduced by Rice et al. (1990) and Beltz and Rice (1992), and was summarized
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in Chapter 3 as

£ =__u_lt£[cos'¢

+sin’ 5.2
crack 47U.' 1_ V[ ¢] ( )

where b is the magnitude of the dislocation Burgers vector, ¢ is the angle between the

Burgers vector and the direction normal to the dislocation line as shown in Figure 4-10.

(2) Image force due to the upper interface

The image force due to the upper bonded interface is simplified as a plane solution for
an edge dislocation near the interface between two isotropic, perfectly bonded semi-
infinite bodies, as shown in Figure 4-9. The problems for the dislocation Burgers vectors
parallel and normal to the interface have been solved and introduced in Chapter 3. But the
general solution for a dislocation with an angle to the interface is not given, and this will
be analyzed in detail as follows.

For an edge dislocation with a slip plane angle ¢ to the interface, its Burgers vector
b, can be expressed as b, =b, +ib, in the coordinate system in Figure 4-9, and the
corresponding Airy stress functions are
Q® =Q" +QY (5.3)
for region 1 and
Q? =QP +Q¥ (5.4)

for region 2. Here Qs are defined in section 4.2.1. From Equation (4.2), the stresses on

the dislocation are



81

G. = !J-;(BZ - a)by - p-l(Bz - (X)by T =— ul(Bz —-a)b, (5.5)
=Tk, +D(A-Be’ Y m(x, +DA-B’ Y m, +DA-BPe
Combined with
b, =b.cos®, b, =-b,sin@, (5.6)
the resolved shear stress along the slip plane is
T =—(cos® @ —sin® @)1,, +sin pcos P(G,, —GC,,)
_ 1, (B° —o)b,sing )

n(i, + D(L—B*)c
The normal stress perpendicular to the slip plane is

G =-T,sin29+0, sin’ @+G,, cos’ @

:___u,(BZ — )b, cos @ (5.8)
m(x, + D(1-B*)c

Substituting Equations (5.7) and (5.8) into the Equation (4-12), the glide force for

dislocation is

b B -sing

Feiae = me(x, + DA -B%)

(5.9

The above equation shows that the glide force becomes very small when ¢ is larger than a

critical value, which indicates that the image force is localized in a small area near the

interface. Also, the value of f,;, includes the term E —(21 , which means that f, Iis

controlled by the combination of two different materials. If B~ - <0, f, <0, which

1-B*

means the force tends to draw the dislocation to the interface; when
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£ >0, that is, the dislocation will be expelled away the interface. For general bimaterial

glide
system in Figure 4-9 with metal as material 1 and some sample data in Table 3-1, aa <0,

B <<1,so f,, >0, the image force will expel the dislocation along the upper interface to
glide pe

the crack in Figure 5-2.

(3) Peach-Koehler force due to external loading

In the layered material, the Peach-Koehler force on the dislocation located in the
metal layer is due to the stress around the interfacial crack tip. With the interface stress
intensity factor, K=K, +iK,, for layered materials defined by Suo and Hutchinson
(1989), the shear stress along the slip plane can be obtained from Equation (3.20). The
Peach-Koehler force due to the external load is

be

J2nr

Here, va and pr are defined in Equation (3.21) by setting 6 =@, Re and Im denote the

fe =

[Re(Kr*)ZL, + Im(Kr*)Z ] (5.10)

real part and imaginary part of a complex variable, respectively.

5.3.2 Ductile behavior
The total force on the dislocation emerging from the interfacial crack is composed of
a linear combination of the image forces and the Peach-Koehler force. The total force on

the emitted dislocation is
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L I fglide +f¢
2 2 2,R2 _ 2 4o
=_p'lb [COS ¢ +Sin2 ¢]_ u'lb (B a)zcos ¢Sn:.1(p (5.11)
4nr 1-v, (i, + 1)1 —B°)h —rsin @)
+ 2COS® pe(kr*)EL, + Im(Kr*®)ZL ]

Vamr

where b_ =bcos¢ and h=c+rsin@ are utilized. For a positive b, these forces oppose
one another. The net force is illustrated in Figure 5-3.

According to Equation (5.11), there is always an attractive force for sufficiently small
values of r. This is because of the different functional dependence of the image and K-field
forces on r. Thus, on the basis of purely elastic effects, a crack will always be mechanically
stable against the spontaneous emission of a dislocation. But for values of r smaller than
the core size of the dislocation, the elastic approximation breaks down (Thomson, 1986).

Assuming that r, is a measure of the effective core size, and r, is the distance for which

f . =0. If the zero of Equation (5.11) occurs for values r; <r,, emission will occur
spontaneously. This means that if f_, >0 for r, <r <r_, then the repulsive force is

dominant and facilitates formation of the dislocation. On the other band, if r, >r., the net

force is attractive, which will restrain dislocation emission, and the crack propagates by
brittle cleavage.

Setting r, equal to the effective core size r,, from the discussion above, an equation
is obtained for values of K3, which must be exceeded in order to emit a dislocation.

Setting f_, =0 yields
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Figure 5-3 Total force on emitted dislocation. The criterion for ductile versus brittle
transition is shown in terms of the effective core size r.
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bcosd [Re(Kdis]rcie) Ziq, +Im(Kdis[r¢i£) z,[;] —
27,
u,b? [cosz o) +sin® 6]+ w,b*(B* — aw)cos® osin @ (5.12)
dnr, 1-v, (i, + 1)1 —=B*)h—r, sing) )

In terms of the atomic scale phase angle ¥’ (Rice et al., 1990), the critical energy

release rate G, for dislocation emission is deduced from Equation (3.26) and Equation

(5.12) as
] 4r_(1—v,)(B* —at)cos dpsin @
1- c
~ ulbz [cosd+(1—vVv,)sindtan d] +[ <, + (1 B TLsing)
Gdisl - { I Y4 14 . 7 }
(1-v,)1-ar. 41t cosh me(=!, (@) cos ¥’ + Z, (9) sin ¥)

(5.13)

which yields a criterion for emission of a dislocation in layered material.

5.3.3 Application of ductile criterion

Equation (5.13) is employed here to analyze a sample layered material, in which a film
of copper is bonded to sapphire on both sides, as shown in Figure 5-4. This configuration
is similar to the model analyzed by Rice et al. (1990). A notched bottom sapphire layer
induces the crack at the interface between the sapphire and the copper layer.

As mentioned by Rice et al. (1990), the atomic scale phase angle ¥’ is related to the
crack tip phase angle W™ of the interface stress intensity factor K by

¥’'=¥*® —eln(L/b) (5.14)

where L is a characteristic length (e.g., layer thickness, crack length), and b is the

magnitude of the Burgers vector b.
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Figure 5-4 Bending layered material.
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For the bending layered material in Figure 5-4, o =-047, B =-0.096, L is chosen as

the layer thickness h of the copper film, b and W™ are 0.15 nm and —39° as suggested by
Rice et al. (1990).¥” is a function of the layer thickness. It can be seen from Equation

(5.13), that the effect of layer thickness h on G is through both ¥’ and image force

term due to the upper interface.

The role of the thickness is examined for two applications: Cu is treated as isotropic;
and Cu is bonded to sapphire with a (001)., interface, and {110] cracking direction. In
the following calculations, G, is evaluated with p =50x 10°N/m?, r./b=1, v=03,
and ¢ = 60° for Cu.

For isotropic Cu, G, for different slip systems, defined in terms of the angles ¢ and @,
is presented in Figure 5-5. With the minimum G, representing the probable slip system,

it can be seen that the Peach-Koehler driving force is the principal factor determining
which slip system is likely to operate. The effect of the layer thickness is to slightly

increase G, and shift the probable slip system.
For the application with a (001), interface, and a [110] cracking direction, the effect
of the atomic scale phase angle ¥’ is shown on Figure 5-6. In this type of crystal, the

{111} slip planes intersect with the crack tip at @ =54.7" and @ = 125.3°. The results for
both slip systems are presented on Figure 5-6. G is minimum around ‘¥’ =-77", that
is, for a slip system with @ =125.3"and ¢ =60, the external load which results in an

atomic scale phase angle of —77° promotes dislocation emission. In Figure 5-6, the dashed

line is the result obtained by Rice et al. (1990), in which there is no image force due to the
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upper interface (f;4.=0). It can be seen that the effect of image force due to the upper

interface (shown as solid line and dotted line in Figure 5-6), is obvious only when h is very

small (e.g., h/b=35). Detailed results showing the relationship between h and G, are
provided in Figure 5-7 (the dashed line denotes the result by Rice et al. (1990)). Gy is

controlled by h through the image force f,. (expressed in Equation (5.9)) and the atomic

scale phase angle ‘P’ (expressed in Equation (5.14)). With ¢ =125.3°, it can be concluded

that G, is insensitive to h when h is beyond a critical value (e.g., =30). In

bsin ¢

practice, the metal layer thickness is at the order of micron, therefore, the results based on
bimaterial (Rice et al., 1990) can be a good approximation. On the other hand, if the metal
layer is in the regime of nanometer, the image force due to the upper interface should be

considered and the results provided in this chapter can be used for predictions.

5.4 Brittle behavior of layered material

If there is no dislocation nucleation at the crack tip, rather the crack tip atomic bond
breakage occurs, the behavior of the layered material is referred to as brittle. Geieav, the
critical energy release rate for interfacial crack cleavage (atomic bond breakage), is
generally used to investigate the criterion for brittle behavior and can be calculated by
(Rice and Wang, 1989; Wang and Anderson, 1991)

Gy =2V (5.15)

cleav

where 2y, is the reversible work to separate, against atomic cohesive forces, the

interface along which the crack grows. For layered materials with an interfacial crack, the
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results for bimaterial can be used because only the property of the interface is concerned

to calculate Ggeav. Some example values of G,y Were obtained experimentally (Wang and

Anderson, 1991; Beltz and Wang, 1992).

5.5 Ductile versus brittle behavior of layered materials
Comparing Equation (5.13) with Equation (5.15), the ductile versus brittle behavior
criterion is

G4y <Gy ductile, (5.16a)

cleav

G4y > G, brittle. (5.16b)
Therefore, the ductile versus brittle behavior of the layered material is determined by the
two values of critical energy release rate, Gyis and Geieav- For the previous bending material
sample, the values of Gy can be obtained from the work done by Beltz and Wang (1992)

and are between 5.0 J/m? and 8.0 J/m?. The values of Gagq are shown in Figure 5-6 and
are generally below 5.0 J/m?(it can be expected to get higher value when %—) 0). It

indicates that dislocation can easily emit in the sapphire/copper/sapphire material and the

behavior of the metal/ceramic layered material is ductile in most cases.
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Chapter 6

Interfacial Toughening in Metal/Ceramic Layered Materials

A dislocation shielding model is employed in this chapter to analyze the interfacial
toughening in metal/ceramic layered materials in terms of dislocation plasticity. The
dislocation emission in cracked layered materials is investigated. A group of emitted
dislocations will pile up against the bonded interface and concentrate in a small area near
the bonded interface. Superdislocation assumption is employed to look at the shielding
effect of this group of dislocations. The interfacial crack tip field is modified and crack
propagation is investigated in detail under mixed mode loading condition. The effects of
length scale (metal layered thickness) and interfacial strength are examined. It is
demonstrated that thicker metal layer, stronger interface and more mode II loading

component are preferable for higher toughness.

6.1 Introduction

Layered materials mixed with different materials are widely used because of their
optimal properties, which traditional materials cannot achieve, e.g. high strength with high
toughness, corrosion-resistance. Recently, thin layered materials especially are required in
micro-electrical components, such as computer chips, electrical packaging, and micro-
actuator. Defects in these layered materials will decay the performance significantly. Many
analytical and experimental research (Evans and Dalgleish, 1992; Turner and Evans, 1996)

have been done to investigate the mechanical and thermal performance of the layered
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materials. Interfacial crack initiation and propagation in metal/ceramic layered materials

will be investigated in this chapter. The typical length scale of the metal layer thickness is
in the order of micrometer. Dislocation shielding model is employed here to analyze the

toughening mechanism of layered materials.

6.2 Background

Although comprehensive research on interfacial crack induced problem could be traced
to Williams (1959), results for interfacial crack are accumulated recently (Comninou,
1977; Cherepanov, 1979; Rice, 1987; Hutchinson et al., 1987; Rice, 1988; Hutchinson and
Suo, 1992; Embury et al., 1996). This trend is mainly due to the industry requirements,
especially from computer-associated fields. Both properties and structures require high-
density, high-performance design, which makes thin layered materials widely available.
Micro-cracks or defects are frequently generated on the interface during fabrication
processes and grow to critical size, causing interfacial failure. Although analytical models
(Shih and Asaro, 1988; Rice et al., 1990; Bose and Ponte Castaneda, 1992; Tvergarrd and
Hutchinson, 1993, 1994 and 1996; Liang and Liechti, 1995) and numerical simulations
such as FEM analysis (McMeeking, 1977; Wei and Hutchinson, 1996) have been
employed to estimate the “elastic-plastic™ stress profile as well as the macroscopic
“plastic” zone near an interfacial crack tip, conventional macromechanics is not
appropriate to analyze the performance of these thin layered materials. Because of the
confined space in these thin layered materials, the plasticity in the metal layer should be

analyzed by considering the behavior of each individual dislocation.
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Dislocation theory has long been used to investigate the plastic and fracture behaviors

of materials (see Chapter 4). Recently, a superdislocation model has been used to analyze
the fracture behavior of the crack (Lii et al., 1990; Lubarda et al., 1993). Hsia et al. (1994)
used superdislocation model to analyze the cleavage due to dislocation confinement in
layered materials under mode I loading condition. The crack was assumed within the metal
layer, and fracture mechanics approaches are those for homogeneous material. However,
in practice, the crack is likely generated at the interface in the layered material. To
overcome this limitation, Mao and Evans (1997) analyzed the interfacial crack initiation
and propagation in metal/ceramic layered materials employing the similar superdislocation
model as Hsia et al. (1994). Although the experimental result is from mixed mode loading
condition (Figure 6-1), Mao and Evans (1997) only established a model for mode I
condition. Even though an interfacial crack was assumed, the fracture parameters to
describe the interfacial crack were approximated by those for homogeneous material.

This chapter aims to analyze the toughening mechanism in metal/ceramic layered
materials by overcoming the limitations mentioned above (Mao and Li, 1998; Li and Mao,
1998b). Interfacial crack fracture mechanics will be used to investigate the interfacial
crack initiation and propagation in metal/ceramic layered material subject to mixed mode
(mode I + mode ) loading condition. Superdislocation approach, similar to Mao and
Evans (1997), is used to investigate the fracture toughness of the metal/ceramic layered
material. The roles of the metal layer thickness and mode mixity (in term of phase angle)

on the fracture toughness will be examined in detail.
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Figure 6-1 A schematic of the small debonding extension process along AlOs/Au

interface under atomic force microscope.
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6.3 Dislocation model in metal/ceramic layered materials

A model of metal/ceramic layered material is shown in Figure 6-2. It is assumed that
metal layer has dislocation plasticity and ceramic layers are elastic with no dislocation

plasticity. The middle metal layer thickness is h and associated materials parameters are:

shear modulus p, Poisson’s ratio v, Burgers vector b and surface energy v. The energy

needed for a single dislocation emission from crack tip is assumed to be much smaller than
the interface cleavage fracture energy (as the case described in Chapter 5). Subject to
loading, a cluster of dislocations will emit from the crack tip and move along a slip plane
in the metal at an angle @ to the interface crack plane, until pile up against the upper
interface. The i’th emitted dislocation is located on the slip plane at h; from the crack tip,

and leading emitted dislocation can travel a maximum distance h, = h/sin® , as shown in

Figure 6-2. As shown in Figure 6-3, for FCC metal with [100] plane on the interface and
[111] as the slip plane, ¢ is 70.5°; for BCC metal with [100] plane on the interface and
[110] as the slip plane @ is 45°.

The emitted dislocations have two effects on the crack tip. Firstly, if the burgers
vector has a component normal to the crack plane, the emitted dislocations blunt the crack
tip and a ledge is generated as shown in Figure 6-4. The blunting reduces the stress
concentration at the crack tip such that it is more difficult to reach the decohesive tensile
strength of the interface. Secondly, the interaction forces between the crack and the
emitted dislocations will result in crack tip shielding, giving rise to crack tip stress

intensity lower than the far field applied stress intensity.
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6.3.1 Dislocation emission and equilibrium number of emitted dislocations

From the results in Chapter 5, the required energy to emit dislocation from crack tip

is very small compared to the energy to debond the interface (G, <G, ), such that the

energy barrier for dislocation emission from crack tip can be ignored. But in a layered
material, dislocations emitted from the interface crack tip are blocked by the upper
interface, sending a back stress to the crack tip to impede further dislocation emission. For
a given applied load and layer thickness, there is an equilibrium number of dislocations in
the pile-ups. Once the equilibrium number is reached, emission of additional dislocations is
prevented by the back stress, which hinders further blunting of the crack tip.

The similar approach proposed by Hsia et al. (1994) is employed here to analyze each
energy term in such dislocation embedded layered material The energy for single
dislocation was presented in Chapter 4, and the energy for dislocation cluster is analyzed

then.

6.3.1.1 Energy for single dislocation in layered materials

For single dislocation in layered materials the in presence of interfacial crack, the
energy includes the dislocation self-energy, interaction energy between dislocation and
interface crack and the ledge energy due to the new created surface around crack tip. All
these energy terms are analyzed in Chapter 4. Therefore, those results in Chapter 4 are
used here by considering the role of the upper interface.

Consider a dislocation located at r =h, along the slip plane from the interface crack

tip (see Figure 6-3). The self energy of the dislocation is



162

2 h

wb™ &
4r(l—-V) 1

W (h,) = , (6.1)

where r.. is the effective core radius to initiate a dislocation near the interfacial crack tip.

The interaction energy between the dislocation and the interfacial crack tip K™ field is

hl
W', (h,) =] "o gbdr

2b\/— , 9 B 8,0 (62)

[K¥® sin— > cos 5+ K5 (cos—-f—cos;sm —)]

where G 4 is the crack tip shear stress for interfacial crack defined in Equation (4-31). It is

remarked here that K™ is the interface stress intensity factor before dislocation emission
and K is described in Equation (3.36).
The ledge energy for a single dislocation is

W, = by, 6.3)

where v is the surface energy of the metal.

6.3.1.2 Energy for dislocation cluster in layered materials
As mentioned by Hsia et al. (1994). The strength of the local stress and strain field
associated with the dislocation can be expressed as

ub b
~ < < * h = * ] = ve 6~4
2 —w)r S (0)), €,(hy) 2mr E.(®), (mn=r0) (6.4)

O..(h)=

where local polar coordinates (r,,9,) are centered at r=h,. The forms of angular

variations Sys and Eq, do not depend on hy. They are documented in the dislocation theory
literature, such as the book by Hirth and Lothe (1982). For a group of n dislocations

(denoted here as dislocation cluster), Equation (6.4) can be rewritten as



= le CHE =——Z —E_..(8,), (6.5)

Gmn
2n(l-v) i3’y T g=1 I

so the self energy for the dislocation cluster is

Wd=%J.V0' €,dV = ———zzj —s wa(ODE . (8,)dV, (6.6)

- 8 (l-v) & a=t ~ Ol

and W, consists of the dislocation self-energy and the interaction energy between
dislocations.

The interaction energy between the dislocation cluster and the interfacial crack tip
field, Wy, is obtained by the superposition of Wy (h;) in Equation (6.2),

W, = ——2b—[K“" sin — 0 cos’ 29 + K5 (0053_6 +COS—SIII —)]z\/— (6.7)

N 2 2 2 =1
The Ledge energy for the dislocation cluster, Wi, is the superposition of W
W, =nby. (6.8)
The total energy of the system, Wi, is
W(KP K ,n) =W, + W, +W,_. (6.9)

The equilibrium condition requires that

AW,

=0 6.10
= (6.10)

which determines the number of dislocations that are emitted from the interfacial crack tip
under an equilibrium condition. This number is the measurement of the blunting at crack

tip and the dislocation plasticity involved into the layered materials.
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6.3.2 Superdislocation approach

Even for dislocations perfectly aligned in a single slip system, the calculation for their
equilibrium spacing is cumbersome. As pointed out by Lin and Thomson (1986), the
mutual interaction between the dislocations is in general not one-dimensional. The similar
approach in Hsia et al. (1994) is employed here to circumvent this difficulty. The
approximation is outlined below. If the dislocations are located at

h; =h, -9, (i=1L,....,n) (6.11)
where 8, is the distance between the i’th dislocation and the upper interface on the slip
plane. The dislocation cluster can be treated as one dislocation provided that each o,
(i=1,...,n) are much smaller than h,. This special dislocation is referred to as
superdislocation with the magnitude of Burgers vector as the sum of those for each

individual dislocation in the dislocation cluster. For modelling as a superdisicoation, each

h; (i = 1,...,n) of the dislocation cluster is taken as h, .

After using a superdislocation with strength nb to substitute the group of n
dislocation, the energy terms for the dislocation cluster can be calculated on this
superdislocation. Using the same mathematical approach as that proposed by Hsia et al.

(1994), W, and W for the superdislocation are derived from Equations (6.6) and (6.7) as

(nb)* h,
=———((n—- 6.12
¢ = am—wy g, (6.12)
nb .. . 0 o O ., 0
W, =—J§E[pr sm6cos§+2Kzp cos-2-(1—3sm jl-)],/ho. (6.13)

where ry is the effective core radius of the superdislocation as defined in Hsia et al. (1994).



105
The ledge energy for the superdislocation is the same as that expressed in Equation (6.8).

Substituting Equations (6.8), (6.12) and (6.13) into Equation (6.10), the equilibrium

emitted dislocation number is

2r(l—- [ [
n=—/7——="— n( V) - (@) + K452, (0) = 7] (6.14)

where  g,(@) =sin@cos— g,(9) = 2cos%[1—33in2 %] , h= h,/b= h/(bsing),

‘\.)—6

X KP®)=(K®,K®)/(uvb) and 7=7v/(ub). The value of ¥ ranging from 0 to 0.2
for most metals (Hsia et al., 1994).

To describe the ratio of the KiP'to K[, phase angle W™ at crack tip is defined here as

tan P® ==—. (6.15)

Considering Equations (3.26) and (6.15), Equation (6.14) can be rewritten as

\/ 2TEhG

2rn(l—-vV) _
.—_—_‘\{

T (6.16)

(1 v)[ os ¥ |[g, (@) +tan ¥*'g, (@)1 -

where —(_“?:G/ 1]_5& u’b and E. is defined in Equation (3.25) in which metal is the

material 1 and ceramic is the material 2. From above equation, it can be seen that n is a
function of loading, layer thickness, slip system of the metal and the surface energy.

Equilibrium dislocation numbers for different loads with two different layer thickness

(Taking FCC Au as metal layer, ¢=70.5°. h is about 10 um when h =35000, and h is

about 100 nm when h =350) are shown in Figure 6-5(a) and 6-5(b), where the effects of

¥ on n are also illustrated. It can bee seen that n is not sensitive to’y when h is of the order
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Figure 6-5(a) Equilibrium dislocation number for different loading conditions with metal
layer thickness h =350 (0.1 pm for Au)
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Figure 6-5(b) Equilibrium dislocation number for different loading conditions with metal

layer thickness h=35000 (10 pm for Au).
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of micrometer. Therefore, ¥ is taken as zero in the following analysis to simplify the

computation without loss the accuracy. The phase angle (W) effect on such material
system (@ =70.5°) is also presented, which indicates that more mode I load (¥*™ =0)
will obtain more dislocations. The effect of metal layer thickness on the normalized

equilibrium emitted dislocation number n/+2nG (1 - v)[cos P g (@) +tan F* g, (9)] is

shown in Figure 6-6, indicating more dislocation can emit with thicker metal layer.
Equation (6.16) also indicates the relationship between n and material system in terms
of ¢. For different material, which means different slip plane angle ¢, there exists a
different critical phase angle corresponding to the maximum n. Because n is a
measurement of the dislocation plasticity, the maximum n means highest dislocation

plasticity. To extend this result to all materials, the relationship between the critical phase

. d
angleW_,. " and slip plane angle ¢ is derived from B‘I’r:"' =0 as
ip* ()
e " = tan” [T —]. (6.17)
' £:(9)

The numerical results for Equation (6.17) are shown in Figure 6-7. Therefore, for any
material, there is an optimum phase angle ‘¥_,;, "’ to achieve the maximum plasticity; for

a fixed phase angle, a specific material could be selected to get the maximum plasticity.

6.4 Dislocation shielding effect on crack tip field
The emitted dislocations will reduce the crack tip stress intensity as shielding effect, or

to increase the crack tip stress intensity as anti-shielding effect. For shielding dislocations,
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Figure 6-6 Normalized equilibrium dislocation number for different layer thickness.
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the relationship between interface stress intensity factors at crack tip can be expressed by

K K i 6.18
Kk ||k ||k, (6.18)
where the subscripts 1 and 2 denote the mode I and mode I components, respectively.
K™ is the stress intensity factor at the crack tip after dislocation shielding. The stress

intensity factor k contributed from the superdislocation with strength nb is (details were

given in Chapter 4)

[kx]= 3oub [fl(cp)] 6.19)
k,| 2v2rh (1-v)|LE:(® )

where f, (<p)=(1+oc)sincpcos—(2?-, fz((p)=%(1+a)(2005cpcos%—sincpsin%), and ois

one of Durdurs parameters defined in Equation (3.15) with p, and W, as the shear moduli
of metal and ceramic, respectively.

The phase angle W at the crack tip after dislocation emission is defined as

tan'¥*® = K: : (6.20)
Kl

From Equations (6.14), (6.18), (6.19) and (6.20), the relationship between Y% and
P is

K?P - XII-K;].P' + }\'IZKgp- +;7l (6-21)
Kgp lzlﬁfp. + }"an‘p' +7,

Here, (K, K®) = (K¥,K%)/(uvb) and

Ay =1— £, (c;lﬁ)gi @ Ay = _fi(9)g, (9)
nh Inh

L]
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Aoy _ 5@ Ay =1 f2(@)2:(@)
- Inh Inh
(6.22)
O G 2, = L7
N * Jn/2n
The phase angle W can be expressed as
. e WP
$® = tan”! }\'Z‘E!‘i '+k,_2 tan‘I"ti E:l, -+:{‘ _ (6.23)
A KPP +A, tan PFPK® +7,
Ify=0,
@ = g tu thp a0 FT (6.24)

A +Ap,tan PP
The results for Equation (6.24) are shown in Figure 6-8(a) & (b) for FCC and BCC
metals, respectively. For a thin metal layer (e.g- h =35, ¢ =705, which means the layer
thickness is 10 nm for Au), the difference is about several degree. On the other hand, the
difference is not obvious for relative thicker layer (e.g. h =35000, ¢ =705°, which means
the layer thickness is 10 pm for Au). So, for all calculations and discussions in this chapter
are based on h ~ pm such that the phase angle at the crack tip after dislocation emission is

taken as the same value as the phase angle at the crack tip before dislocation emission.

The second effect of the emitted dislocations is to create ledges at the crack tip such
that the stresses ahead of the crack tip will be reduced. Slip step due to these ledges is
shown in Figure 6-3. After n dislocations emit from the crack tip, the components of the
slip step, A, and A, as shown in Figure 6-3, are given by

A =Asing, A,=Acos®. (6.25)
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Figure 6-8(a) Difference between interfacial crack tip phase angle before dislocation
emission and after dislocation emission in FCC metal (¢ = 70.5°).
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Here A = nb. For simplicity, the blunted crack tip is approximated by a notch with radius

of A. Therefore, the crack tip tensile stress o™ and shear stress t™ after dislocation

emission can be expressed as (Tada et al., 1985)

o™ =2,/2/t K{? /\/KI-
% =22/t K% [[A, .

Taking into account of Equations (6.16), (6.18) and (6.19) and ¥=0, the stress can be

(6.26)

expressed as

™ 427G cos? P i
)2 = OO [g,(®) +8,(®)tan ¥ ][
u n(l—v)sm(plnh«]nh

Inh _ 3t (@)

g,(9) +g,(9) tan ¥'™ 2 I

% g%

tan ¥ ftan @ . (6.27)

TR
Here G = G/ L ;B' u’b and G is defined in Equation (3.26).

Figure 6-9(a) shows the relationship between the crack tip stresses and the loading for
FCC metal and BCC metal, respectively. Even though the loading increase results in more
crack tip blunting, the crack tip stress still increases. It can be seen that the shear stress is
much higher than the tensile stress and the stress level for FCC metal is higher than that
for BCC metal with same loading phase angle W™ . The phase angle effect is shown in

Figure 6-9(b). If the external loading manner changes from mode I (P* =0°) to mode II
(¥ =90°), the crack tip shear stress increase dramatically though the tensile stress

decrease in the mean time. The metal layer thickness effects are presented in Figure 6-9(a)
and (b) as well, which indicate that a higher stress level can be obtained for a thinner metal

layer.
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Figure 6-9(a) Effects of loading on interfacial crack tip stresses for FCC and BCC metals.
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Figure 6-9(b)  Effects of loading phase angle on interfacial crack tip stresses for FCC
metals.
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6.5 Dislocation shielding effect on interfacial crack propagation

The emitted dislocations will reduce the interface stress intensity factor at the crack
tip such that more energy is required for crack initiation and propagation on the interface.

This part will investigate this shielding effect in detail.

6.5.1 Interface separation hypothesis under mixed mode loading

Dislocations emitted from the crack tip will pile-up against the upper interface. This
prevents the further emission of dislocations and impedes the blunting of the crack tip.
Continuous loading will only increase the crack tip stresses. It is assumed that interface
separation will occur when the combination of the tensile and shear stresses at the

interfacial crack tip reaches a critical value. This separation hypothesis is expressed as

o™ .,
)" +(
Gb Tb

T

( ) =1 (6.28)

where ¢, and T, are the tensile strength and shear strength of the interface. Assuming
that

A=0c,/T, (6.29)
and combining with Equations (6.20), (6.25) and (6.26), the interface separation condition
can be expressed as

tan ¥

% +A%( )26%’ =2 (6.30)
Jeot®
or
G = —2b (6.31)

f,/sincp
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2hytp 1
where f=[_1 + A tan” ¥ 2,
sin @ cos @

6.5.2 Critical dislocation number

When the separation condition in Equation (6.31) is satisfied, no more dislocation can
emit from the crack tip and interface debonding tends to occur. The dislocation number at
this point is defined as the critical dislocation number for crack initiation, and is denoted

by n’. n° can be derived from Equations (6.14), (6.28), (6.29) and (6.31). fy=0,n
can be simplified as

(1-v)5,mvh [g,(0) +tan ¥ ™g, (0)]
- 3
2f[lnh —gffx (@)g,(9) +f,()g,(¢]]

n’(S,, ¥%.h) =[ i (6.32)

It can be derived from Equation (6.32) that the larger n’ is, the higher fracture
toughness will be, since n° provides crack tip shielding and blunting. The critical

dislocation numbers from Equation (6.32) are shown in Figure 6-10 with ¥* =0°. It can

be seen that the critical dislocation number increases dramatically when the combination of
h and G, increases. Compared to equilibrium dislocation number n which is the available

dislocations in the material without interface debonding, n’ is the actual dislocation
number that the layered material can achieve. Once n’ is attained, the interface debonding

will occur.

6.5.3 Interfacial crack initiation toughness T

Once crack tip stresses satisfy the separation condition expressed in Equation (6.31),
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Figure 6-10  Critical dislocation number n’.
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the interface debonding occurs. The far field applied stress intensity under this condition is

then the fracture toughness of the layered material. In the present model, the far field
applied stress intensity is the same as the stress intensity before dislocation emission (Suo
and Hutchinson, 1989). Therefore, with the separation condition expressed by Equation
(6.31), and Equations (3.26), (6.18) and (6.19), the interfacial crack initiation toughness

I, under mixed mode is

«/_ G,
- f (@)
242/ £ 2 (1- v)Jthh ?
J_cbtan\{f°9+§n, 1
2\/2/nf 2" (1-v)W2nh

g™, 8.5, 1) = — Ly
(6.33)
f,(@)I°}

where n’ is the critical dislocation number shown in Equation (6.32).

Calculation results for T, are shown in Figure 6-11(a), (b) and (c). Figure 6-11(a) is

for FCC metal with ¢ = 70.5°and Figure 6-11(b) is for BCC metal with ¢ =45°. Larger
fracture energy is needed for interface crack initiation if the interface is stronger, or the
metal layer is thicker. It can been seen that more mode II component is preferable to
inhibit interface crack initiation because more energy is required to overcome the higher
fracture toughness of the layered material.

For the same loading (phase angle) and geometrical (metal layer thickness)
conditions, the difference between FCC metal and BCC metal is shown in Figure 6-11(c)
that BCC metal requires higher fracture energy.

The effects of ratio of loading are illustrated in Figure 6-12. It can be seen that more
mode II component (W™ changes from 0°to 90°) will increase the fracture energy thus

the layered material gets more toughness.
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6.5.4 Interfacial crack growth under mixed mode loading (resistance curve)

Atomic force microscopy (AFM) observations (Mao and Evans, 1997) have
demonstrated that interfacial crack propagation in metal/ceramic layered material involves
intermittent brittle debonding and plastic blunting through the activation of slip sources
(see Figure 6-1). The process of the interfacial crack growth is approximated in this
chapter by the procedure illustrated in Figure 6-13. It is assumed that dislocations are
emitted from the interfacial crack tip and that the crack tip will be blunting. The interface
ruptures when the separation condition in Equation (6.31) is satisfied. Once the interface
rupture has occurred, subsequent crack propagation occurs in a repeating process, with an
automatically sharp tip until interactions with other slip sources enable arrest by a new
blunting event.

With the process illustrated in Figure 6-13, it is assumed that N superdislocations with
the same strength, nb, are formed after the interfacial crack propagates a length of

Aa=L(N-1) as shown in Figure 6-14, where L is the crack advancement between two
continuous slip steps. The location (r, @;) of the i’th superdislocation (i=12,..,N) in

Figure 6-14 is governed by

il h
- =— : (6.34)
sin(@; —¢@ ) singQ;sing@
or
h Y , (b Y h
( - ) =(iL)" +( - ) —2il.— cosQ . (6.35)
sin@, sin @ sin@

Rearranging Equation (6.35) to express @, in terms of iL/h and ¢ gives
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Figure 6-13 Interfacial crack propagation illustration in metal/ceramic layered material.
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Figure 6-14  Superdislocation modeling for interfacial crack propagation process in
metal/ceramic layered material.
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sing, = [(iL/h)* +1/sin> ¢ —2(iL/hycote] - (6.36)

This result is used in the text with the condition of sin@ #0.
For the i’th superdislocation located at (r;,®;) with strength b, +ib,, the shielding

effect on the crack tip can be expressed as (details in Chapter 4)

1 3(px [J' 1 (‘Pl 1 (pl 3(‘p1 p'b"
, - — = -t ——Ccos——)—T——
. K] 1to 2sm(p Cos——— > = 057, 2sm > cos—, ) T .
Tkl T 1-v|1. 39, l-'-bz o 1.9 3¢, ub, - (637)

— . —— + S——_— ——
2sm(plcos 5 r_21tri (co 5 2smzcos 2) T

h
Considering b, = Acos¢@,b, =Asin® and r; = nw. Equation (6.37) can be written as

; HA
k! =—=3' 6.38
(a-vm (639
where 8k’ is the non-dimensional quantity
3(P. @ 1 (Px (P.
i / sm cos = cos @ + (cos — s
o =|:§1ﬂ (1+a4)2 2 ; %, " . 12 c92 e 2
n — . Pt S i i
2sm(p,cos sin @ + (cos 2 7sm 2 5 )coscp
(6.39)

The values of Sk’ are shown in Figure 6-15, where the negative values mean the anti-
shielding effect of dislocation on crack tip. A is assumed to be constant during crack
growth based on AFM observations (Mao and Evans, 1997), and A=n’b. The total

shielding effect from N superdislocations can be determined by

" > 8k
[k[]-__ l-lA [8 l}: I‘LA i=1 i (6.40)

k,| (1-vWh|8k,| a-wvh iak;
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Substituting Equations (6.40) and (6.18) into Equation (3.26), the fracture toughness

during crack growth is given by

A ua e“>1<l]l+["b‘/Z tan P + M2

¢ =E{[2Jz/nf T i—vyh 2/nf Ti—wh

o, VA o, VA

Unt o 22t

I; =G 3k, ]°}. (6.41)

The terms tan¥®™ in Equation (6.41) are the contributions to

toughening from crack tip blunting, ——— %k, and —==0&k, are the
© P a-vh (1-vWh

contributions from dislocation shielding. The normalized fracture toughness for crack

propagation is

5,VA A , A
(1-vivh

+ Ok,
[2J§/nf (1-vih

where A=A/b. 8k, and 8k, will increase with crack extension and attain a constant

tan ¥ +

ILE./(u’b) = 3k,]* (6.42)

LA
2\/2/wf

value when a steady-state condition is reached.

Taking L/h = 0.1, the resistance curve is calculated for metal/ceramic layered material
as shown in Figure 6-16. It can be seen that steady-state can be achieved when interfacial
crack propagates a distance several times the middle metal layer thickness. The effect of
layer thickness shown in Figure 6-16(a) indicates that thicker metal layer gets more

toughening. For example, taking middle metal layer as gold, when h changes from 10 pm
(h =35000) to 20 pm (h =70000), the interface toughness is doubled. Figure 6-16(b)

shows that more toughness can be obtained through stronger interface, which is obvious
because it requires more energy to overcome the interface strength barrier to debond the

interface. The mode mixity (phase angle) effects are presented in Figures 6-16(c) and (d)
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for FCC and BCC metal, respectively. Larger phase angle which means more mode II load

component can get higher toughness, which is in accordance with other work (e.g.
Tvergaard and Hutchinson, 1994).

The general effects of mode mixity on steady-state fracture toughness are illustrated
in Figure 6-17. In Figure 6-17, the middle metal layer thickness is changed to compare the
results. In summary, when the mode II load component increases, the interface fracture
toughness gets higher value. In practice, if the layered material involves more mode II load
condition, it is more difficult to get failure. On the other hand, pure mode I load condition

will make the layered materials easy for failure.
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Chapter 7

Conclusions and Recommendations

7.1 Ductile versus brittle behavior of metal/ceramic layered materials

The criterion for ductile versus brittle behavior in layered materials has been

investigated in terms of the dislocation emission and interface debonding in this

dissertation. The results of this portion of work can be summarized as:

L.

Based on the analysis of forces on the dislocation emitted from the interfacial
crack tip, the critical energy release rate for dislocation emission, G , has been
obtained. This value provides the criterion to judge the ductile behaviour of the
metal/ceramic layered material.

The length scale (thickness) controls G, through the image force due to the
upper interface and the atomic scale phase angle. Calculations of G, have
shown that G, is not sensitive to the length scale when the thickness exceeds a
critical value (comparable to Burgers vector). The results based on bimaterial
system (Rice et al., 1990; Beltz and Rice, 1992) are good approximations. On
the other hand, for thin layered materials (e.g.. nano-scale materials), the layer
thickness will change the condition for ductile versus brittle transition
significantly.

The calculations showed that the mode mixity has a significant effect on G-
For the example of the copper/sapphire layered material subject to bending, an

mode mixity with phase angle of —77° can get the minimum Gg,;. The
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maximum G, is under the mode mixity with phase angle of 0°, which

indicates mode I condition.

4. The comparison of G, with G, (the critical energy release rate for
interfacial cleavage) has indicated that G, is less than G, in the cases in
which the metal layer thickness is above micrometer. Therefore, dislocation can
easily nucleate and the behavior of the layered material is ductile.

S. To extend this work, a dislocation loop could be considered for three
dimensional analysis, and G, can be obtained from an energy analysis (Wang
and Anderson, 1991). To eliminate the uncertainty of the undefined effective
dislocation core size r,, another approach is to employ the Peierls-type stress-
strain relationship for the emitted dislocation. This approach was proposed by
Rice et al. (1992) to analyze the dislocation in homogeneous material, and by
Beltz and Rice (1992) to investigate the dislocation behavior in bimaterial

system.

7.2 Interfacial toughening in meral/ceramic layered materials

Interfacial toughening has been analyzed by considering dislocation plasticity i
layered materials subject to mixed mode loading condition. Dislocation emission and
shielding in metal/ceramic layered materials have been investigated in detail in the

present study. The results of this portion of work can be concluded as:

1. It has been predicted that, for different material system, there always exists an
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optimal loading condition to get the maximum equilibrium dislocation

number, which indicates maximum plasticity involved in the material. However,
this maximum equilibrium dislocation number cannot be reached when the
interface is not so strong that interface debonding is inevitable.

2. The effect of these emitted dislocations is to modify the interfacial crack
behavior. Employing discrete superdislocation concept, the dislocation plasticity
in terms of dislocation blunting and shielding effects on crack tip field and
interfacial crack propagation, has been analyzed. The results have indicated the
dislocation plasticity significantly increases the interfacial crack fracture
toughness.

3. A model of periodically enabling dislocation emission and interface debonding
has been established to simulate the interfacial crack propagation process in
metal/ceramic layered materials. Based on this model, the interfacial toughening
for interfacial crack propagation has been examined. R-curves were obtained for
FCC and BCC metals, and steady-state interfacial crack propagation has been
predicated when the propagation length exceeds twice of the metal layer
thickness.

4. The analytical model and numerical results have showed the strong dependence

of interfacial crack fracture toughness on layer thickness and mode mixity.

For future work, experiments can be set up to examine the optimal loading phase
angle for different materials system. Also, experiments are needed to obtain the

interfacial toughness of the layered materials. For example, the experimental
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methodology proposed by Turner and Evans (1996) can be implemented to compare

the analytical results presented in this dissertation.
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