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ABSTRACT

A study of the mechanical behavior of metal/ceramic bonded systems is
achieved by using a simple model system consisting of two ceramic bodies and
a metal interlayer; The mismatch of the material properties across the inter-
face strongly affects the stress fields in the system and thus the mechanical
strength. Four important factors determine the mechanical strength of a
bonded material; the yield strength of the metal, mismatch of material proper-
ties, the dimensionless thickness of the metal, d/h, and the defects at the

interface.

The finite element method, in conjunction with the virtual extension tech-

nique, is used to evaluate the stress fields as well as the strain energy release

- rate and predict the possible failure strength. Edge dominated failure is found

to be important when the yield strength of metal is large, whereas limit load
failure may exist in the metal when the yield strength is small. Reduction of

the thickness of the metal diminishes edge stress concentrations and increases



the limit load. Residual stresses and the crack blunting induced by metal plas-

ticity also affect the failure.
The failure strength of diffusion bonded A!,0;/Au is evaluated by a
bending test and the corresponding microstructure at the interface examined

by scanning electron microscopy. The effect of the defects at the interface is

then related to the stress fields, through the use of failure statistics.

A map including the general failure mechanisms is presented to summar-

ize the mechanical behavior of the bonded systems.
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CHAPTER 1

INTRODUCTION

The successful technological utilization of ceramic components [1] often
requires that methods be found to connect to other components [2-4], e.g.
ceramic rotors bonded to a metal shaft in gas turbines. Metal/ceramic bonding
is also important for metal thin films deposited onto ceramic substrates in
VLSI circuits, as well as for metal conductors within ceramic substrates in
electronic packages. The mechanical behavior of such bonded systems is usu-
ally influenced by the applied load and the geometry. A simple model ( Fig.1-1
) consisting of two ceramic bodies bonded by an intermediate metal is con-
sidered in the present work in order to understand the fundamental behavior.
In general, a monolithic ceramic material' fails catastrophically at room tem-
perature [5] and exhibits a linear stress-strain curve (Fig. 1-2(a)). Conversely,
an elastic perfectly plastic metal fails by ductile fracture at a limit load
(Fig.1-2(a)). The stress-strain relation for a bonded system is likely to vary
between these extremes (Fig.1-2(b)) and will be investigated in the present

study.

Four characteristics are critical in metal/ceramic bonded systems. The
mismatch both of elastic consﬁants and of thermal expansion coefficients create
a discontinuity of physical properties across the interface and induce concen-
trated stress fields. Metal plasticity can alter stress distributions and cause
crack initiation. The bond geometry also affects the stress distribution and

thus, the mechanical strength. Debonding at the interface can destroy the



fundamental properties, as well as induce mechanical failure.

The literature regarding metal/ceramic bonded systems can be divided
into two groups. One emphasizes plane problems of bonded dissimilar media
under different loading conditions [6-22]. Several issues are of importance in
this context: the stress singularity at the tip of interface cracks and relations
with the fracture criterion, the singularity at the edge of the interface, and the
appropriate composite parameters that represent the degree of mismatch. The
second group involves experiments, concerned mostly with trends in bonding
(23-40] and simple bending tests to measure the strength. The vpresent study
constitutes a preliminary attempt to connect these approaches, leading to the
development of quantitative relations between the measured strength and the

mechanics of the system.

The main objective of the present work is thus to improve the fundamen-
tal understanding of the strength of metal/ceramic bonded systems, by incor-
porating such variables as the mismatch of physical proberties, plasticity,
geometry and interfacial microstructure. For this purpose coupled finite ele-
ment and slip line field analysis are used to determine stress fields in the
ceramic and metal close to the interface. The study of interfacial behavior also
includes the experimental observation of interface cracks and the finite ele-
ment calculation of the plastic zone, as well as the associated stress fields and
strain energy release rate for interface cracks. The bulk interfacial strength is
investigated by four point bending and a statistical analysis used to relate the

microstructure to the observed strength.

A brief review of both the characteristics of bonded bi-material systems
and the nature of adhesion is included in chapter 2, in order to establish a
basis for the approach. The behavior of bonded strips under linear elastic con-

dition is described in chapter 3, with emphasis on the importance of the edge.



The effect of metal plasticity is investigated in chapter 4, including limit load
conditions and the reduction of stress concentrations by metal plasticity at an
interface crack tip. Bending tests conducted to measure the strength, and to
relate failure to the interface flaws are described in chapter 5. Finally, the last
chapter summarizes the contribution of each factor to the strength of the

bonded system.



Figure Captions

Fig.1-1
An illustration of the model system consisting of two blocks of ceramic
bonded with an interlayer of metal in plane strain under uniaxial tension.
Fig.1-2
(a) Failure characteristics of monolithic ceramic and elasitc perfectly plas-
tic metal in stress-strain curve. (b) A pbssible stress- strain curve for

bonded sandwich material consisting of the materials in (a).
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CHAPTER 2

BACKGROUND

Commonly used adhesives include organics, inorganic cements and
glasses or glass ceramics. Organic adhesives are usually used at room tempera-
ture. Inorganic cevmen'ts are composed of the silicates of Ca and Na, aluminum
phosphate, caleium aluminate, magnesium oxychloride, etc., with or without

an inorganic filler. However, their adhesion to metals is not good [37].

Glasses or glass-ceramics have wider applications. The method entails

glazing both the metal and the ceramic by choosing the proper glass. Glazing

‘is achieved by coating on a thin layer of powdered glass and melting. Then

the bonding relies on the joining of the glazed surfaces. The paramet.-= which
affect the bonding strength are the wetting angle, the surface tension of the
liquid glass and the viscosity. The strength is highly dependent of the

temperature,via the viscosity of the glass.

In metallizing, a layer consisting of organic vehicles containing metallic
and glass poWdem is placed on the ceramic. After heat-treatment, during
which the organic is burned out and ‘the glass melts, a glass-metal layer forms.
Two glazed ceramic parts can then be adhered by using a proper brazing alloy
[31].

Diffusion bonding [41-44] is a solid-state joining process by which two
nominally flat surfaces are joined at an elevated temperature using an applied
pressure. The temperature is usually in the region of 0.5 - 0.95 ‘T,, , where

T, is the absolute melting point of the material being bonded. When two



different materials are bonded, the bonding temperature is determined by the
constituent with the lower melting point. The applied pressure must be

sufficiently low so that no large-scale deformation.
The advantages of the diffusion bonding technique are:
(1) low deformation, enabling machined parté to be joined without distortion
(2) the ability to join large areas
(3) possibilities for joining materials in non-conventional situations

When a metal and ceramic are bonded by this technique, two groups of
bond result. A well-defined interface is observed for noble metals ( e.g.
Au ,Ag ,Pt Nb ) bonded to Al,0,;. In many otherv cases a reaction occurs
between the ceramic and the metal ( e.g. Zr bonded to SizN, ) producing a
second phase at the interfacial zone. The second phase often weakens the

interface.

1. Work of Adhesion

The work of adhesion, W,,, as defined in the classical Young’s formula, is
simply the algebraic difference between the surface free energies of the two

separate surfaces and the pre-existing interface [45-48).
Wi =m + % ~ Yme (2-1)

The ‘reversible equilibrium work of adhesion, can be measured from the
geometry of voids at the interface. When equilibrium is achieved (Fig.2-1), the

interfacial free energy, ’imc , is related to the dihedral angle by,
Yme = Ve + Vm cOSO (2-2)
Hence,

Wy =m (1-cost) (2-3)
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2. Diffusion Bonding

The work of Derby and Wallach [41-44] on the diffusion bonding of two
identical metals provides insight regarding metal-to-ceramic systems. The
mechanism is based on the assumption that diffusion bonding is analogous to

pressure sintering; accordingly, mass transport may involve,

(1) surface diffusion from surface sources to a neck

" (2) volume diffusion from surface sources to a neck

(3) diffusion along the bond interface from interfacial sources to a neck
(4) volume diffusion from interfacial sources to a neck
(5) power law creep
(6) plastic yielding.
Plastic yielding vonly occurs at the beginning when the local contact
stresses due to the roughness are higher than the yield strength. The combined

effects of microdeformation and diffusion operating at the interface are sum-

marized in Table 2-1.

Table.2-1.

Some possible diffusion-bonding mechanisms

Mechanism Effect

Plastic deformation instantaneous deformation of surface asperities
or collapse of interfacial voids

Surface diﬂ'usion transfer of material along the void surface,
pore volume unaffected

Interface diffusion transfer of material from the interface
to a void, decreased pore volume

Bulk diffusion v transfer of material through the bulk to a void;
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Creep flow deformation of surface asperities or collapse of

interfacial voids

The regime of dominance of each mechanism is dependent on the bonding
conditions; pressure, temperature, time é,nd the surface roughness as well as
the material properties. In general, high pressure and high temperature
enhance the bonding process. Initial roughness results in inhomogeneous void

elimination and related effects on the interfacial strength.

3. Stresses

Several methods have been used to solve plane elasticity problems in dis-
similar materials, such as eigen-function expansions [9] and Hilbert problems
[10]. The fundamental complex stress functions are formulated by Kolosov-

Muskhelishvili [12]:

(azz )j + (oyy )j = 4Re[¢j (Z )l (2‘4)
(049)j = (022); +2i(o,y); =2(z®; () +_‘I’j' (z)] (2-5)
where j = 1,2 refer to materials 1 and 2 respectively, z=z+iy (

#(z )j’ and ¥(z )J-' be @(z); and ¥(z); respectively ) and the potentials

¢;(2) and Y (z ) satisfy the Airy stress function
U =Re[z¢;(z) + ¢; ()] (2-6)

The corresponding displacements can be expressed as follows:

2G;(u, ; +iuy ) =r,;0;(z)~26;(z) - ¥, () (2-7)

Al
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where GJ- denotes the shear modulus, £; = 3-4v; for plane strain and

K =(3-v;)/(1+v;) for generalized plane stress, v; being Poisson’s ratio.

A composite body consisting of two isotropic, elastic phases subject to
prescribed surface tractions, has a stress field that depends on three parame-
ters involving the elastic constants. However, for plane deformation without
net forces on internal boundaries, two combinations of elastic constants
characterize the stress. For bonded interfaces, with the displacements and
tractions being continuous at the interface, the two appropriate constants, pro-
posed by Dunders [8], are;

_ Try+1) = (kp+1)
T T(ky+1) + (ko+1)

(2-8)

_ T(r-1) - (mo-1)
— T(r+1) + (ko+1)

(2-9)
where '=G,/G, . Another composite parameter, associated with interface

cracks is called the bielastic constant [10],

| 1 Ko 1

1= (GGt g (210
or [14]
== El;logfy (2-11)

In engineering applications, parameter proposed by Elssner et al. [21] to
express the effective modulus of elasticity for the bulk system is

1+K.l 1+IC2 _i

E’ =16
[ Gl M G2

(2-12)
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For dissimilar media, the modulus of the crack singularity remains pro-
portional to the inverse équare root of the distance from the tip, but also

possesses an oscillatory character [9]
r~/2sin(elogr ) , (2-13)

A sign change in the stresses thus occurs in the region very close to the crack
tip. For example, in the glass-s{eel system, the region within which relative
displacements oscillate is 0<(r /a )<1077 , implying contacting crack surfaces
in this region [11].

First contact takes place at a distance é from the ends of the crack

2a -6 T
5 | =1 (2-14)

log |
og

with a maximum occurring when v = 1/3 or 3 . The value of the maximum
is

2—1&10'4 | o (2-15)

The overlapping crack surfaces create ambiguity. However, since the irre-
gularities are confined to small regions near the ends of the crack, it is often
assumed that the linear elastic solution provides an adequate connection
between the applied loads aﬁd the crack tip field, for purposes of fracture

characterization.

4. Fracture Parameters

The stress intensity factors used in fracture mechanics constitute a meas-
ure of the strength of stress singularities. In dissimilar systems, the relevant

stress intensity factors, defined by Rice and Sih [14] are

k- thky=2V2e" lim, o z{1/2+79) & (2) - (2-16)



13

Therefore, the explicit forms of the stress intensity factors for a small interfa-

cial crack with symmetric and skew-symmetric loadings, o, , and 7, are

Oso|cos(elog2a )+2esin(elog2a )]+7.,[sin(elog2a }-2ecos(elog2a )]

= coshme al/?
(2-17)
__ Too[cos(elog2a )+2esin(elog2a )]-o, [sin(elog2a )-2ecos(elog2a )] Y
= coshe
(2-18)

where 2a is the crack length.

The corresponding strain energy release rate for unit crack extension
along the interface is given by
_ olra (1-vy) R (1-vy)
[4cosh?me] (1+4€2) G, Gy

] (2-19)

For present purposes, G is used as a fracture criterion. However, it is
realized that this assumption is oversimplified and may be a poor choice, espe-

cially when k,/k, becomes appreciable.



Figure Captions

Fig.2-1

The dihedral angle at the metal/ceramic bonded interface.
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CHAPTER 3

MECHANICAL BEHAVIOR UNDER LINEAR ELASTIC
CONDITIONS

1. Introduction:

The mechanical strength is determined by the stress state, the severity of
pre-existent flaws, and the fracture toughness. Furthermore, high stress con-
centrations often occur at the interface near the edge induced by mismatch of
elastic constants or thermal expansion coefficients. The effect of a mismatch in
elastic constants is studied in this chapter and the corresponding effect of ther-
mal expanéion mismatch is estimated. A system consisting of a thin metal
layer between tw'o ceramic plates in plane strain and under uniaxial tension is
chosen as a simple model to understand the strength of the singularity, the
stress state around the singular point, an the strain energy release rate for

edge cracks.

For the main purposes of fractufe analysis, the stress state in the area
around the interface is calculated for varying thicknesses of the metal layer.
The corresponding change in the stress singularity at the interface edge is also
addressed. The strain energy release rates for edge cracks are then evaluated
numerically by using the virtual extension method, and finally, the strengths

of the bonded systems are related to the strain energy release rates.
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2. Finite Element Considerations

In homogeneous materials, the finite element approach to fracture
mechanics [49-57] can be described as either direct or indirect. Two common
direct methods [51] are the displacement method and the stress method,
wherein the stresses or displacements in the vicinity of crack tip are fitted to
the singular form. However, owing to the existence of the singularity, a rela-
tively large number of near tip elements are needed and the error is usually
about 10-20%. |

‘In the indirect method [58-60], an energy release rate is calculated and
stress intensity factors inferred from it. Several techniques for evaluating
energy release rates have been described. These methods are based on either
the change in potential energy for two crack lengths [52] or the change in com-
pliance for sequential crack lengths [50]. The virtual crack extension method,
originally suggested by Parks [53] and Hellen [54], is an efficient finite element

procedure of the indirect type.

In bi-material systems, the most attractive approach combines a hybrid
element with the virtual crack extension technique [20]. A method based on

the crack closure integral also gives reasonable accuracy with only coarse grids

[56).

2.1. Description of Method

When a crack extends by an amount Aa, conceptually, it may be visual- -
ized that the elastic body may be cut along the segment, r =a to z =a +Aa,
without releasing the stresses on the cut and then reducing their intensity by
inﬁnitesimally small increments until the segment Aa is stress free (Fig.3-1)
The strain energy released is the work done in this process, by the stresses

o, (Aa -3’ ,0) acting through the displacements Uy (8,m), provided that Aa is
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very small, whereupon the conditions

Uy —-»uy* ., B—-p : (3-1)

are fulfilled. The work done at both ends of the crack is then

. 1 41
G=2 llmAa =0 2—&;"; E'Uy (Aa —ﬂ,O)uy (ﬂ,ﬂ')d B (3-2)

For an interface crack, the corresponding strain energy release rate is,

Aa
G=limy, _o Qi—a [, (aa-B0)[u,*(Bim)-u, (B m)]d 5 (3-3)

+lim, o 5a " 02y (A0 ~80)[u; " (B, (B,m)d 6

In order to implement this concept within a finite element scheme [56], the

crack tip stresses are replaced by nodal forces; therefore,

: 1 Ae e, d
G=llmAa —0 m"; Fc (‘Uy —-uy) ] (3-4)

. 1 A
+hmAa —0 EZ";',/; Tc (uzc"“zd)'

where the notation is indicated in Fig.3-2. Two sequential calculation with
crack lengths a and @ + Aa are required to evaluate the nodal forces and

crack obening, respectively, for every value of strain energy release rate.
2.2. Mesh Configurations

2.2.1. Singular Points

When a singular point exists in the system of analysis, a very fine mesh is
usually used. Guydish and Fleming [57] studied the optimum mesh
configuration for finite elements used in fracture mechanics. It was demon-
strated that merely using smaller elements will not necessarily improve the

solution accuracy. The general rules indicated three criteria. (i) It is necessary
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that the elements immediately adjacent to the crack tip are very small in pro-
portion to the crack length. The optimum size appears to be about 0.005¢
for the linear dimensions of these elements. (ii) The most efficient mesh results
from a smooth progression of node spacing in all directions from the crack tip,
and extending over a distance of at least one crack length. Beyond this dis-
tance there is no apparent limitation on element size. (iii) Very slender ele-
ments anywhere in the mesh produce errors. For best results, the aspect ratio
of individual element should not exceed 50. The most essential and fundamen-
tal concept behind these rules is piece-wise int.erpolation. A discretization
according to the gradient of the fields of solution can provide good accuracy.

Therefore, a good estimation of the solution is important and useful.

Triangular and Quadrilateral linear displacement element are used.
According to the rules discussed above, a fine mesh around each singular
point, with the array of elements radiating from the singularity, accurately

represents the angular stress and displacement gradient (Fig.3-3).

2.2.2. Virtual Crack Extension

A simple example of crack extension along the original crack plane is used
to describe the mesh appropriate for the virtual crack extension calculations
(Fig.3-4). A value of Aa is selected, as shown in Fig.3-4. Then, values of F,
and T, are chosen to be the y- and x- forces, respectively, required to hold
nodes ¢ and d together. When evaluating ., and T,, it is convenient to main-
tain [, equal to Aa with elements 1,2,3 and 4 being the same size. The forces
at the crack tip are obtained by placing very stiff springs between points e and
f. Constraints are also applied in order to avoid the overlapping of elements.
The ratio Aa /a is selected to be less than 0.1. The accuracy of the strain

energy release rate for each crack length is checked by using known solutions



in homogeneous materials. The error is less than 3%.
3. Results

3.1. Stress Concentrations

When a property mismatch exists in a system, edges and corners usually
suffer high stress conCentratipns. The tensile and shear stresses in bonded
Al,03; and Nb under uniaxial tension in plane strain are shown in Fig.3-5(a)
and (b). The interface tensile and shear stresses are similar to Bogy’s calcula-
tion [22]. This high stress concentration decreases slowly in the ceramic nor-
mal to the interface. The resumption- of uniform stresses occurs at a distance

of about half the width, h.

The trend with the mismatch of elastic constants is shown in Fig.3-6(a)
and Fig.3-6(b). The larger the mismatch, the larger is the stress concentra-
tion. Furthermore, the tensile stress concentration is much larger than the

shear stress concentrations, indicating that mode I failure is preferred.

3.2. Stress Singularity

A pertinent form of the singular interfacial normal stress in the present

system is
o) /o, = Kr™ (3-5)

where r=(h-y)/h. The proportionality constant K and the strength of singu-
larity X\ are functions of both geometry and material properties, as expressed

by
K =f,(d/h,ap) (3-6)

A= f,(d/h,ap) (3-7)



Remote from the edge, the tensile stress is rather uniform, in most cases,

'suggesting the simple form
0. )0 =Kr* (r<r’) (3-8)
=A (r>r") (3-9)
where r * is the intersection of the two curves.

The exact value of X\ in the present work is determined by fitting each
stress distribution curve. The limiting case, K —0, and A—0 should be reached
when the thickness of metal layer becomes zero, with A —1 and r * —0. An
example of Al,0 3/Au system with varying dimensionless thickness of metal

interlayer is shown in Table 3-1.

Table.3-1.

Strength of edge singularities (K~ ) for various metal thicknesses

d/h K A r
0.01 0.29 0.148 0.02
.~ 0.04 0.34 0.158 0.06
0.08 038  0.64 0.08
0.1 0.36 0.189 0.10
0.2 0.38 ~0.200 0.12
0.4 0.48 0.202 0.15
0.8 ~ 0.60 0.205 0.20

3.3. Strain Energy Release Rates

The stress concentrations that occur around the interface, near edges and
corners, enhance the driving force on associated cracks. Strain energy release

rates, calculated for small edge cracks, are required to assess the magnitude of
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the effect. The important influence of the edge stress concentration is best
revealed by plotting trends ( with relative crack length, a/h ) in the ratio of G
for the bonded system to that for the homogeneous ceramic, G, . For this

purpose, a quantity R is defined as

R =E'GJ/E, AG,, (3-10)
where E, is the elastic modulus of the ceramic and

E, G, =1.1202ma - (3-11)
Some typical results are plotted in Fig. 3-7. The solution for interface cracks

between bonded planes reveals that R increases monotonically at small a/h,

resulting in the singular form
R =(h [a)"F (o,8)+B (a,B) (3-12)

where the quantities n and F are tabulated in Table 3-2.

Table.3-2.

Edge fracture parameters for various material combinations

Materials v G E’ a B n F .
(GPa) (GPa)

Nb /AL, 05 0.39/0.25 38/147 163 0.554 0.154 0.237 0.667

SiJAl,0, 0.25/0.25 50/147 188  0.489 0.183 0.066 0.984

Cu [Al,0, 0.35/0.25 40/147 167  0.545 0.165 0.213 0.583

Al /S 0.33/0.25 27/50 89 0.252 0.061 0.039 1.090

Al,O, 0.25 147 400 00 00 00 00

The strength of the singularity, n, increases as the mismatch in elastic
properties ( expressed by a and § ) increases. Cracks in the ceramic adjacent

to the interface also exhibit values of R >1 ( Fig.3-8). However, R decreases
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rapidly with distance, z, from the interface. For small edge cracks in bonded
metal strips, R increases with increase in the thickness d of the metal strip (
Fig.3-9). Furthermore, for d< <h, R is independent of specimen width and

varies only with a/d.

3.4. The Failure Stress

The strain energy release rates can be readily related to the failure
strength by invoking eqn.(3-11) and eqn.(3-12) and by equating G and G,,

whereupon
o (1.12n/E G, )V/?=[Ba +Fh™ a}-"|"1/2 (3-13)

For material combinations with n<1, the crack propagation stress decreases
monotonically with increase in crack length, such that the fracture instability
is indicated directly by eqn.(3-13) , ( with a replaced by the initial crack length
a, ). However, should material combinations exist with n>1, a stress max-

imum could develop upon crack propagation, given by (do/da=0)

EG, ) (n _l)l—l/n
= /2 : 1/2 :
% ( 1.127 ) [nhp‘l'/n Bl-1/n (3-14)
occurring at a crack length,
@y =h [F (n-1)/B /™ (3-15)

For such materials, the fracture strength o, is independent of initial crack

size, ( at least when a¢y<a,, ) and fracture is preceded by stable crack exten-

sion.
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4. Remarks

The present work has emphasized the stress fields normal to the interface.
The shear stress, which is relatively small, has been ignored especially in
evaluating the strain energy release rate. Other loading conditions would
require incorporation of shear effects and their interaction with tensile loads.
Furthermore, singular stresses only e:iist in the linear elastic calculation.
When metal plasticity is involved, the singular stresses are prohibited. The
edge stress concentrations are then controlled by the yield strength of the
metal. Therefore, edge dominated failure only occurs in sy.stems consisting of
high yield strength metals or low strength ceramics. Failure in a porous
ceramic close to the interface has been reported by Pabst et al. [33], while
failure at the interface or in the ceramic has been reported by Twentyman et
al. [31].

When the edge stress is important, the property mismatch and the
geometry, d/h, are important. Reduction of the edge stress concentration can

be achieved by using a thin metal layer or multilayers with property gradients.



Figure Captions

Fig.3-1
An illustration of the crack closure integral method.

Fig.3-2
An illustration of the finite element grid and the corresponding notations
around the crack tip for explaining the use of virtual crack extension
technique.

Fig.3-3
A typical finite element grid for a system having a singular point for
evaluating stress fields around it. (a) the whole system, (b) fine mesh
around the singular point.

Fig.3-4
A typical finite element grid near crack tip for evaluating strain energy
release rate by the virtual displacement method.

Fig.3-5
Finite ele{rnent calculations of stress concentrations generated at edges in
an edge bonded strip of metal and ceramic, (a) normal stresses, and (b)
shear stresses at or near the interface in an Al,0 3/Nb bonded system.

Fig.3-6
Finite element calculations of stress concentrations generated at the inter-
face, (a) normal stresses, and (b) shear stresses for bonded systems with

various property mismatch.



Fig.3-7 -

The strain energy release rates for interface cracks between various

materials.
Fig.3-8
Strain energy release rates for small cracks in the ceramic adjacent to the
interface.
Fig.3-9
Strain energy release rates for small cracks adjacent to the interface of

bonded strips.



27

u
y u *
y
U, r 0]
6 Ly
/ | ﬁoxy ~
~p ~p
a >< Aa >

XBL 873-6213



Y; V

28

Aa

> X, U

XBL 873-6224



29

Bl

T3

. —4

B S—

Fig.3-3(a)



Bes . SSR
| RN

77T N
SRR

77




dorr ottt ottt

31

Figo 3-4

near crack tip
N T
~ T
| ) |
/.
Tt
[
aa ¢
Aa/a £ 0.1
IR N R A IR R K
XBL8S 7- 6426



Normatized Tensile Stresses, 07,/0,,

32

1.6 |-

N

N
|1 ——
—...‘\"‘;—

-—1

z/h

— )
— e (.07 ]

1 1 | 1
0.2 0.4 0.6 0.8 1.0
Normalized Distance From Edge, (h-y)/h

XBL 85 7- 6430



Shear Stresses, 0y, /0,

- 33

1 1 1

0

0.2 0.4 0.6 0.8 1.O
Normalized Distance From Edge, (h-y)/h
XBL857-6425



Normal Stresses, o,;/0

1.8

o

>

1.2

34

Al, 04 /Nb

Al203 /CU
Al,04/5i
Si/Al

L

] 1

0.l

| 0.2 0.3
Normalized Distance From Edge, (h-y)/h

X8L857-6423



0.20

0.15

S OQZ/O&)
@)

Shear Stresses,

0.05

35

T T T I 1
/’
L / -
/
II
Il 4
/
j, Al,03/Cu
i
,H
|
,'l P Al>03/Si
I - .
I // .
¥ /7 Si/al
i
Ij 1/
1
,l/
'y
4
] | 1 1 1
o) 0.1 0.2 0.3
Normalized Distonce From Edge, (h-y)/h
XBL 857-6424

Fig.3-6(b)



rn
o

o

N » o)

Normalized Crack Driving Force, E*Q/E g’h

o

36

t | Interface
Crock

Al>03/Nb

oovo a Virtual Displacement
A|203 /CU

® Energy Derivative

0.1 0.2
Normgalized Crack Length, a/h

XBL 857-6427



37

o N o
@) 3 @)
|

5

Normalized Strain Energy Release Rate, G/G,

1.0Y

a/h = 0.1

Al203

1

|

L
0.2 04

0.6

Normalized Distance, z/h

XBL 857-6428



Normolized Strain Energy Relecse Rate, ¢/Gh

38

(8}

Ceramic{- +4a

Metal +d

Ceramict

ho—

3 ZT \Crock

20 4.0
Normalized Crack Length, a/d

6.0

XBL857-6429



39

CHAPTER 4

MECHANICAL BEHAVIOR UNDER ELASTIC-PLASTIC
CONDITIONS

1. Introduction

The stress concentrations that arise when the metal has elastic charac-
teristics have been studied in the previous chapter. These studies revealed that
singular stresses exist at the free surface and that the strength of the singular-
ity depends upon the elastic mismatch as well as the geometry. Consequently,
plasfic deformation inevitably occurs within the singular field and the elastic
calculations have restricted utility. Elastic/plastic behavior of the metal strip

is thus emphasized in the present study.

The edge stresses afe no longer infinite, due to yielding, and the stress
maximum translates toward the center The dominant failure mechanism is
then dictated by such properties as the flow stress of the metal, the metal
layer thickness and the elastic properties of both materials, as well as the flaw

distributions in the ceramic, and at the interface.

Slip line solutions provide insights regarding the expected trends, while
finite element analysis establishes detailed characteristics. The Prandtl field
" and limit load revealed by the slip line solution in a rigid plastic material are
briefly described as background [61], and the finite element procedures are
then explained. The results lead to a prediction of those property/geometry

characteristics that optimize the mechanical strength.
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The effect of metal plasticity not only prohibits the singular stress but
also can blunt the interface crack. The stress fields and the plastic zone sizes
are studied at the vicinity of a single edge interface crack. These stress fields
in conjunction with the fracture toughness at the interface dictate crack pro-

pagation, which is also affected by the thickness of the metal interlayer.
2. Limit Load

2.1. Slip Line Solution

For a rectangular block of piastic-rigid material bonded between rigid
parallel plates with a tensile load applied, plastic zones initiate at the edges
and spread inwards. The plastic zohes first meet in the center of the block,
with a zone near the middle still rigid. The associated slip line field, in con-
junction with the interfacial tensile stress are -shown in Fig.4-1. The external
plastic-rigid boundary passes through the edges, intersecting the horizontal
axis of symmetry at 45° . Considerations of the equilibrium around the edge

~ then dictate that the mean normal stress be equal to shear yield strength ( &,

or %Yo ) along OA. The mean tensile stress on OB is thus & (1+—g—) . This is

also the value of the normal tensile stress acting on the interface. The stress
distribution in the center is more difficult to predict. When the ratio of thick-
ness to width is between 0.01 and 0.8, the tensile stress as well as the
corresponding pressure distribution can be obtained from the sli‘p line field
(Fig.4-1). However, since the state of stress within the rigid wedge is unknown,
only the average tensile stress between the interface and the wedge can be

obtained.

The average pressure P is;
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where d | is the deformed thickﬁess. Tﬁis pressure dictates the limit load for a

perfectly plastic metal bond.

2.2. Finite Element Procedure

One material couple chosen as reference has the material properties, v,
= 0.25, E, = 400,000 MPa and Y, = 100,000 MPa for the ceramic and v,
= 04, Y,/E, = 1/670, and E,, /E, = 0.25 for the metal, in order to
approximately simulate the Al,0 3/Nb system. The other couple simulates
Al,03/Au , and has the metal properties, Y/E, = 1/615, and E,,, /E, =
5. Plane strain, isoparametric quadrilateral elements are used in the present
analysis. The nonlinear problem is linearized by specifying small load incre-
ments and iterating within each increment for good convergence. Displace-

ment boundary conditions are chosen in order to facilitate convergence.

For perfectly plastic material, the tangent stiffness finite element solution
exhibit too stiff a résponse in the fully plastic range. This makes the solution
often exceed the limit load by substantial amounts, and in some cases have no
limit load at all. It is shown that incremental deformation fields are highly
constrained at or near the limit load, causing inaccuracy [62]. Three
approaches reduce this inaccuracy. A special mesh configuration is designed
based on the slip line field, in order to release the excess constraints. A varia-
tional principle for mixed field approximation [63] is used to separate the devi-

atoric and dilatational strain increments.

2.3. Elastic/Plastic Solutions

An estimation of plastic zone size along the interface in small scale yield-
ing is obtained from the elastic field. The elastic stresses normal to the inter-

face o', are described by Eq.(3-8) as
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o) /0n =K r+4 (4-2)

where K , A\, and A are functions of d/h and of the elastic properties
(Table.3-1). Consequently, since o,, at the edge in a non-hardening system is
limited to (Y,/2)(1+7/2), the extent of the plastic zone along the interface,

r, , in small scale yielding (Fig.4-2) is of the order,

ry=( K 00 | | (Yo/2)(147/2) - A 05 ] (4-3)

As the Von-Mises yield criterion is chosen in the present work, the
corresponding shape of the plastic zone should reflect trends in the equivalent
stress with orientation 6 about the interface plane. The elastic equivalent
stress o, is thus evaluated for the Al,0 3;/Nb system (Fig.4-3) in order to
compare with the results from the elastic- plastic calculation. The plastic zones
derived from finite element calculation (Fig.4-4) are in reasonable agreement

with those predicted from the elastic equivalent stresses.

S_ubsequent-ly, extension of the plastic zones meet at the center and spréad
inwards. The side wedges are the last regions to be plastic deformed. The
growth- of the plastic zones and the rate of deformation determines the
engineering stress-strain curve. A representative engineering stress-strain curve
(Fig.4-5) with d/h =0.2 can apparently be divided into three regions. In the
first region, small scale yielding conditions prevail and the system is linear.
‘When the plastic zones from both edges meet at the center, small scale yield-
ing is no longer applicable and a deviation from linearity initiates. Subse-

quently, the entire metal strip yields, leading to a limit load.

Full numerical solutions for the elastic/plastic stresses have again been
obtained for the material combination A/,0;//Nb, but are then generalized

based on comparisons with the slip line field and elastic solutions. Engineering
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stress-strain curves with different d/h ( Fig.4-6) show that the limit load is in

very good agreement with that predicted from the slip line field. Conse-

quently, an effective criterion for plasticity limited failure can be indicated by

Eq.(4-1), at least when the elastic modulus of the metal is smaller than that of

the ceramic ( typical of most metal/ceramic combinations of practicél
s

interest). It is also noted that the plastic strain at saturation ¢, varies

inversely with the relative metal layer thickness
e, =3h /d _ (4-4)

This result can be used in conjunction with Eq.(4-1) to provide a reasonable
estimation of the stress-strain behavior expected for a wide range of layer

thickness and yield strength levels.

Normal stresses along the interface have also been determined for the
same material combination ( Al,03/Nb ), as plotted on Fig.4-7. For the fully
plastic limit, the computed result agrees closely with the slip line solution.
Also, for the small scale yielding region, the stresses are 'closelyA simulated by
truncating the elastic solution at r =r,. However, at intermediate loads, the
stress field is relatively complex and not readily derived from either the elastic

or fully plastic solutions.

The interfacial normal stress fields for the material combination
Al,03/Au system with various d/h are shown in Fig.4-8-10. The comparison
of Fig.4-7 and Fig.4-9 reveals the effect of property mismatch in the small

scale yielding region.

3. Plastic Deformation around an Interface Crack

A calculation of the plastic zone size for Au bonded to A!,0 ; is shown in

Fig.4-11. In small scale yielding, the shape of the plastic zone resembles that
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of the homogeneous material, but the angles of the maximum extension of the
plastic zone are changed. When this maximum extension reaches the other side
of the metal layer, the plastic zone starts to spread towards the edges. A com-
parison of the plastic zones in homogeneous material and bonded material is
shown in Fig.4-12 . The plastic zone in the bonded system is apparently

smaller than that of the homogeneous material.

3.1. Stress Fields Around The Crack Tip

Contours of the maximum principal stress are shown ip Fig.4-13 for
different load levels. In small scale yielding (Fig.4-13(a)), the asymmetrical
stress field is apparently caused by the mismatch of the material properties.
However, when the load levelsv are increased, the degrees of the asymmetry
increase substantially. The reduction of the stress concentrations at the crack

tip is revealed by the tensile stress fields normal to the interface (Fig.4-14).

4. Concluding Remarks

The thickness of metal interlayer is important in both the strength of the
singularity and the plasticity induced limit load. The reduction of the strength
of the singularity is apparently caused by the increase of the constraint from
the ceramic. This smaller strength of the singularity reduces the corresponding
size of the plastic zone in small scale yielding. Similarly, the constraints at the
sides of metal retard the growth of the plastic zone, and consequently, the

corresponding limit load is increased.

The edge dominated failure described in chapter 2 can be eliminated by
plastic deformation in the metal. Furthermore, a specific magnitude exists for
the maximum value of the stress concentration. This makes the estimation of

edge effects straightforward.
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A low yield strength metal blunts the crack at the interface when the
interfacial strength is relatively strong. The plastic zones are also different for
the homogeneous material and the bonded material even when the applied
stress intensity factors are the same. This implies that the plastic zone size is

strongly affected by the corresponding stress fields at the crack tip and thus by

the geometry indirectly.
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Figure Captions

Fig.4-1.
A slip line field in the metal interlayer in junction with the interfacial
normal stress predicted by Prandtl stress field.

Fig.4-2.
Interfacial normal stress fields under different load levels in small scale
yielding region and the corresponding plastic zone size along the interface.

Fig.4-3.
The contours of effective stress fields with different values of effective
stress to applied stress, o, /o,,, The parameter o,/Y is the predicted
applied load to have the corresponding plastic zone.

Fig.4-4.
The growth of the plastic zones from the singularty point at a bonded
edge.

Fig.4-5.
The engineering stress-strain curve in conjunction with the corresponding
plastic zones} small scale yielding in the linear elastic region, large scale
yielding in the ’'harding’ region, and the fully plastic deformation in
saturation region.

Fig.4-6.
Engineering stress-strain curve for various thickness of metal interlayer,
d/h. The asymptomic values from slip line field are indicated for com-

parison.
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Fig.4-7.
The interfacial normal strbesses under different load levels for material
combination Al,03;/Nb with d/h = 0.2. The dashed line is the interfa-
cial normal stress predicted from slip line field.

Fig.4-8. ”
The interfacial normal stresses under different load levels for material
combination Au /Al,0 3 with d/h= 0.01.

Fig.4-9.
The interfacial normal stresses under different load levels for material

combination Au /Al,0 3 with d/h =0.2.

Fig.4-10.
The interfacial normal stresses under different load levels for material
combination Au /Al,0 3 with d/h = 0.8.

Fig.4-11.
(a) An illustration of the model system for calculation of the stress fields
and the plastic zone around an interface crack. (b) The mesh
configuration around an interface crack tip in the region outlined by
dashed lines in (a). (¢) The growth of the plastic zones around the crack
tip.

Fig.4-12.
The comparison of the plastic zone sizes between nomogeneous material,
Au, and a bonded material, Al,0 3;/Au, under the same loading condi-

tion..
Fig.4-13.
The contours of the maximum principal stress, 0,/0, at the vinicity of an

interface crack under different load levels. (a) 0,,/Y, = 0.04, (b) 0/ Y,
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= 0.28, and (¢) 0,/ Y, = 0.4.

Fig.4-14.
The interfacial normal stresses at the vinicity of an interface crack tip

under different load levels for the material combination Al,0 ;/Au .
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CHAPTER 5

INTERFACIAL STRENGTH:
EXPERIMENTAL OBSERVATIONS AND FAILURE
STATISTICS

The strength of a brittle material is dependent of the stress state, flaw
size, and fracture toughness. The interfacial strength is evidently a function of
the interfacial void distribution. The purpose of the present chapter is to

- study the interfacial microstructure and the corresponding interfacial strength.
1. Experimental Observations

1.1. Procedures

Commercially available polycrystalline alumina is prepared for bonding by
sawing and grinding into blocks, 25.4 mm x 12.5 mm x 375 mm. The ground
specimens are then polished on one end by optical finishing techniques using
15u4m ,9um Bum , and 1um diamond pastes sequentially. Gold foils { 99.9%
purity ) having five thicknesées, ( 25um ,51um 127um 254pum , and 381um )
are cut into sections having dimensions a little larger than 25.4 mm x 12.5

mm.

Prior to bonding, both the ceramic and gold are cleaned in acetone by
ultrasonic agitation. The specimens are then rinsed in water and allowed to air
dry. As a final pre-treatment both the ceramic and gold are pre-baked to
1000° C fof 1 hour in air. It is considered that such a treatment effectively

removes hydrocarbons that may remain after the solvent cleaning procedure.
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The bonding arrangement is shown in Fig.5-1. The specimen is assembled
and placed between these two rams using a fixture that adjusts and aligns the
load. This fixture consists of an alumina pressure plate with a hole in one side
and a hemi-spherical alumina ball. The ball can rotate to align the load and
provide uniform pressure to the specimen. Contact pressures between 2.7 to 5

MPa are applied using this arrangement.

The rate of heating is 0.5° C /s followed by holding at the selected tem-
perature ( 1000° C or 1045° C : the melting point of gold is 1064° C ) in an
air atmosphere for 10 to 15 hours. The load is only partially removed du‘ring
cooling to inhibit thermal stress induced debonding. A complete pressure and

temperature history during bonding is shown in Fig.5-2.

Three main sets of operating conditions are selected as shown in Table.5-

Table.5-1.

Bonding conditions

| () ®) (©)
Bonding temperature(C) | 1000 1045 1045
Bonding time(hr) 10 10 15
Contact pressure(MPa) 27 | 3 3

In some cases 1 Kg indentations are placed in the gold before bonding in
order to investigate the bonding mechanism. The bonding conditions used in

such studies are 1045° C, 5 MPa, and 10 hours.

The blocks are cut and surface ground into beams, 3 mm x 3 mm in cross
section and about 40 mm in length, with the gold layer at the center. Then

two neighboring sides are polished by using 15um ,9um ,6um , and lum
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diamond pastes, sequentially. The mechanical properties are then measured in

four point flexure (Fig.5-3) using a displacement rate of 102mm /s .

Most fractures initiated at the interface. However, the crack arrests
without complete separation of the specimens. The profile of the arrested
crack at the interface is observed using the scanning electron microscope.
Then, the specimens -are reloaded to separation and the fracture surfaces
examined by scanning electron microscopy. The fracture surface topography is

also investigated using a surface profilometer.

1.2. Measurements

The plastic flow strength of Au is estimated by indentation, and using,
Y=H/3 [64]. Gold foils after heat treatment give Y=70 MPa, whereas after
bonding Y=130 MPa. The different yield strengths suggest hardening due to
bthe mismatch of thermal expansion coefficients during cooling. The value of
130 MPa is used for the calculation of the failure strength. The dihedral
angles are also measured by a profilometer on fracture surfaces of the metal.
The angle for is about 17° at iOOO"C and .30° at 1045° C. The surface
energy for Al,03is 1.81 J/m? at 1850° C and 1.99 J/m? at 1000° C'. The
reported values of surface energy for solid gold are 1.25 J /m ? at 1000° C and
1.4 J/m? at 1120° C [47,48|. The interfacial energy of Au /Al,0, is reported
by Pillar [46] to'be 1.75 J /m? at 1000° C. Therefore, the work of adhesion is
0.5 J/m?2 The value derived from the dihedral angles is about 0.3 J/m?2

This discrepancy could be caused by impurities ( such as SiO, ) in the Al,0 ;.

Bonding at 1000° results in relatively large voids ( Fig.5-4(a)), while at
1045° C only small voids exist ( Fig.5-4(b)). Further analysis with Vickers
indentations placed before bonding provides additional insights. The diagonal

of the indent, originally 300 u, reduced to a 45 u circular region after bonding
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at 1045° C for 10 hours subject to a pressure of a 5 MPa ( Fig. 5-5).

The strengths exhibited by systems bonded in accordance with condition
A and B have very different characteristics. For condition (A) the strengths
(Fig.5-6) exhibit appreciable variability, and effects of thickness are not dis-
cerned. On the contrary, the strengths provided by condition (B) exhibit
minimal variability and the mean strength tends to increase for bonds pro-

duced using thinner metal layer.

The stress state and fracture toughness for conditions (A) and (B) are
essentially the same. However, the severity of flaws at the interface differs.
Specimens from condition (B) exhibit crack paths that periodically deviate
from the interface ( Fig.5-7). Fracture in the ceramic (Fig.5-8), initiating at the
interface (Fig.5-9), is also observed for condition (C). Examination of a small
section of the fracture surface located along the interface, reveals a few, small
voids. The strength, microstructure at the interface and the fracture behavior

are listed in Table 5-2.

Table.5-2.

Relation between bonding conditions and the corresponding fracture

behavior.
Bonding conditions (A) (B) (C)
1000° C 1045° C 1045° C
2.7 MPa 3 MPa 3 MPa
10 hrs 10 hrs 15 hrs
Failure Strength (MPa)  40-110 130-190 260-280
Mean void size um 15 1.5 0.5
Failure origin interface interface ceramic or interface

(but soon deviating
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into ceramic )

Examination of the profile of the bonded interface, reveals that the gold
appears to perfectly dublicate the ceramic surface. Indeed, the gold even
extends into pores within the ceramic (Fig.5-10). In specimens with metal
layérs having thickness of 25 u, 51y, and 127u the failure path alternates
between the two interfaces (Fig.5-11). This alternation is seemingly associated
with the pull-out of metal ligaments from porosity in the ceramic. In the speci-
mens with a thicker metal layer ( 254y, 3814 ) ( Fig.5-12) the crack propagates

simultaneously along both interfaces.

The failure of the specimens is macroscoﬁically brittle, as evident from
the load-deflection curves. However, the cracks arrested during propagation,
with a blunt crack observed upon arresting ( Fig.5-13(a)). Initial reloading
caused further blunting ( Fig.5-13(b)). However, at larger loads, a metal liga-
ment is apparent at the arrest site, that pulled-out from the pores within the
ceramic. This observation suggests that the crack is, in fact, locally arrested
by a metal ligament ( Fig.5-13(c)). Occasionally, however, interfacial crack
blunting, is observed ( Fig.5-14), when fracture occurred in the ceramic, but the

interface also debonded.
2. Failure Statistics

2.1. Theoretical Background

Brittle fracture govérned by a distribution of interfacial flaws is a statisti-
cal problem [65-68], wherein the fracture probability can be related to the flaw
size distribution. However, the development of appropriate relationships is con-
tingent upon an interfacial fracture criterion. Presently, a universal criterion

does not exist. For present purposes, it is simply assumed that a critical strain
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energy release rate G_c determines the onset of fracture. Then, for fracture
dominated by the local normal stress o,, , as appropriate for the present prob-
lem ( 0,, >>0,, Fig.3-5) the normal stress, at fracture, S , is related to the

flaw radius, a , by;
S2=(4cosh?me) G, (1+4€2) [(1-,)/ G, + (1-15)/ G, | /72 (5-1)

where G is the shear modulus and v the Poisson’s ratio, and the subscripts 1

and 2 refer to the two materials. At the very simplest level,

G. =)W, (5-2)

where W,,; is the work of adhesion and A is a coefficient governed by crack
tip plasticity in the metal, microstructure interactions etc. The flaw size distri-
bution, g(a)da; , can converted into flaw strength distribution, g(S)dS, using

equation 5-1 and 5-2, with A\ as an unknown variable.

It is further assumed that weakest link statistics obtain, whereupon the

survival probability is

1-P = exp[—-fA dA j;)d"(’ )g(S)dS ] (5-3)

where A is the total interface area and g(S)dS is the number of flaws in unit
area having strength between S and S+dS. Present measurements of flaw size

distributions ( Fig.5-15) suggest the simple statistical form
S
[, 8(8)dS = (S/So™ A4 (5-4)

where m is a shape parameter and S, and A  are scale parameters. Therefore, .

from equations (5-3) and (5-4)
1P = expl-(4bh /A ) [ [0 (t)/S o™ dt (5-5)

where t=y/h and b is the specimen width.
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2.2. Flaw Strength Distribution

Flaw size distributions have been obtained by examining the fracture sur-
faces ( Fig.5-4) and evaluating the equivalent flaw radius, a from the cross sec-
tional area, A; a=VA /r . The flaw density parameter, g(a)da , is obtained
from histograms ( Fig.5-16), as the number of flaws in unit area having radii
between a and a+da . The size distributions are then converted into strength
distribution, g(S)dS, using equations (5-1) and (5-2) for choices of A = 1,2,5 (
w

¢ = 0.5 J/m™%) as depicted in Fig.5-5. The results are fitted to equation

(5-4) giving the values of m and S, indicated in Table.5-3.

Table.5-3.

Parameters of flaw strength distribution.

Bonding conditions (A) ~ (B) (C)
m 3 6 9

S,(MPa) \=1 69 160 281
S,(MPa) A= 101 226 397
S,(MPa) =5 197 358 628

2.3. Failure Statistics

The experimental results reveal failures around the transition from region
I to region II ( Fig.4-4), such that slight non-linearity precedes the ultimate
load. The stress distributions o, (y ) within this region ( Fig.4-6) can thus used
in conjunction with equation(5-5) to calculate failure probabilities, based on
the values of m and S, obtained in the previous section. The results can be

conveniently expressed in the non-dimensional form;

“in (1-p)=(§4”—:)(‘;;':)m [ (m,d [k ,00] ¥o) (5-6)



where f is the function plotted in Fig.5-18.

A comparison between measured and predicted median strengths (Fig.5-
18), based on equation (5-6) and using values of m and S, from Table.5-3
reveal good correspondence for A=1, indication of negligable crack tip plasti-

city.
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Figure Captions

Fig.5-1.
An illustration of the experimental set-up and the alignment of specimen.
Fig.5-2.
The variation of the bonding conditions, temperature and pressure , along
time.
Fig.5-3.
The relative position of the specimen to the four-point bend fixture.
Fig.5-4.
| The representive void distributions induced by bondition conditions (A),
(B), and (C) are shown in (a), (b), and (c) respectively.
Fig.5-5. |
The effect of diffusion by Au is shown by the remaining small void in (b)
through the mass transfer of material during bonding to the initial indent
in (a). |
Fig.5-6.
Failure strengths measured by four-point bending test varied with the
thickness of metal interlayer and the different bonding conditions.
Fig.5-7.
A sideview of the fracture surface shows that the crack initiated at the
interface can deviate into the ceramic.
Fig.5-8.

Failure of specimen bonded under the condition (C) occurs in the ceramic.
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Fig.5-9.
A fracture surface of specimen bonded under the condition (C) showing

the failure initiated at the interface soon deviates into the ceramic.

Fig.5-10.

A strong effect of diffusion makes a perfect match at the interface. The
| metal can even intrude into the very end of the pore.

Fig.5-11.
Fracture paths exchange from one side to the other side of the metal in
specimen bonded under the condition (A) with thin metal layer.

Fig.5-12.
Fracture paths in both sides of the metal occur in the specimen bonded
under the condition (A).

Fig.5-13.
A crack front stopped by an intruded metal stub is observed. (a) a
blunted interface crack, (b) the crack opening increased by reloading, (c) a
pulled-out metal stub is observed by further reloading.

Fig.5-14.
An interface crack is blunted by substantial plastic deformation of the
metal. | |

Fig.5-15.
The relation of void distribution to the strength distribution by using
equation (5-1) as well as the determination of the Weibull shows the
appropriate choice of the form of the Weibull distribution.

Fig.5-186.
Histograms of void distribution for specimens bonded under (a) condition

- (A), (b) conditon (B), (¢) condition (C).

-
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Fig.5-17.
The value of function f(m, d/h, 0.,/Y, ) varying along the 05/ Y o

Fig.5-18.
The comparison of failure strengths between values measured by experi-

ments and predicted by statistical analysis.



76

Cross-head

Furnance

L 1< Specimen

Load cell

XBL 873-6226



77

v129-€48 18X

(Do) 8injesadwal

000}

(dy) swiy

ol 0] G 0 G9I-
T T T 0

ainssald — — U

e ainjesadwa| (0

— . 0

| =

: ®

| 1. =

2,

Figos-z



Cross-head

O

o~

78

Load-cell

Fig.5-3

XBL 873-6225



XBB 874-2788

Fig.5-4

®)

1000°C
2 .75MFA
| OHRS

(®

1045°C
3 OMPA
| OHRS

©

104 5°C
30MPA
| 5HRS

79



XBB 874-2786

80



Failure strength: S; (MPa)

300

N
o
o

100 |

0

81

e: (A
- a: (B) |
} o: (C)

| I |
0 0.04 0.08 0.12 0.16

Dimensionless thickness: d/h

XBL 873-6219

Fig.5-6



Fig.5-7

XBB 874-2775

82



Fig.5-8

CERAMIC

83

XBB 874-2785



Fig.5-9

XBB 874-2784

84



85

-2777

XBB 874

Fig.5-10



Fig.5-11

874-2776

86



" XBB 874-2779

87



XBB 874-2787

()

88



89

XBB 874-2783

Fig.5-14



90

2V

) = sp(s)3

Fig.5-15



(e)91-¢814

Number of voids (—)

25

N
o

-
18)]

-
o

Condition (A) |

m= 3
S, = 69 MPa (A = 1)
101 MPa (A = 2)
12 17 22 27 32
Void size (um)

XBL 874-6268

16



(q)91-¢'314

Number of voids

10 —

)]
T

Condition (B)

6

160 MPa (A = 1)
226 MPa (A = 2)

m
SO

05 07 09 11.13 15 17 19 21 23 25 27
Void size (um)
XBL 874-6269



(2)91-¢'31 4

Number of voids

5 Condition (C)
' m= 9
Sy = 281 MPa (A = 1)
41— 397 MPa (A = 2)
3
2 —
1 —
0
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65

Void size (um)
XBL 874-6270

€6



f (M, dih, o, /Y,)

[ | /
dh
001 /
225—  _,__ o008 ]
— — 020 /
2.00 ]
m=29 /

1.75 — / / ]
150 — - e : 6//9.£
' —_— / ¢
125 :_. N /'; 6 ./
am— / ° /. "

° pRp——— _,:—-:_;3__7-/ ° 3/‘
= [ ] [ ] [ ]
1.00 963
N |
0.0 1.0 20 2.5
0x/Yg

XBL 874-6273

Fig.5-17

94



Failure strength: S; (MPa)

400

300

200

100

95

I | l l
"‘o\.
\o\o\l=2
.\
(A)
_— — (B)
- e © _
—,
O\
o\. 1
R '\o\
- 2 _]
1
1
T = T 2 ]
) ,
L L
l [ i i
0.04 0.08 » 0.12 0.16

DimenSiohless thickness : d/h

XBL 874-6271
Fig.5-18



96

CHAPTER 6

SUMMARY AND CONCLUSIONS

Metal plasticity has many effects on the behavior of metal/ceramic
bonded systems. Stress concentrations at the edge can be limited by yield and
interfacial cracks can be blunted. Conversely, plastic flow can induce residual
stress around inclusions close to the interface. A limit load condition also
exists, with the stress increasing markedly as the relative metal layer thickness

decreases.

The interfacial strength is strongly dependent on the defects at the inter-
face. Defects remaining at the interface become the pre-existing flaws. These
void distributions make the interfacial strength sensitive to the interfacial

stress distribution and, hence, the dimensionless metal interlayer thickness.

The strength trends are complicated. Nevertheless, a fracture mechanism
map seems insightful, constructed in space bounded by the relative metal layer
thickness and the stress relative to the yield strength (Fig.6-1). Two boun-
daries are derived from the transitions in the engineering stress-strain curves.
One is the limit load for plastic flow limited failure. The other is the transition
from small-scale yielding to large scale plasticity resulting in a transition from
edge dominated failure to failurg from the center. Furthermore, the strength
of the ceramic and the edge stress can be placed in the map. With the separate
knowledge of the interfacial defect distribution, an estimation of the strength

of bonded system is provided.
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One case (Fig.6-1) has the strength of the ceramic higher than both the
yield strength and the edge stress concentration. Failure occurs at the interface
with poor bonding. Otherwise, ductile fracture occurs with a thick metal inter-

layer or brittle fracture from a center crack in the ceramic for this metal layer.

The combination of materials in Fig.6-2 shows the case with the strength
of ceramic lower than the limit of edge stress concentration. When the interfa-
cial strength is strong failure strength is smaller than that of monolithic
ceramic due to the edge failure enhanced by stress concentration. When the
interfacial strength is poor, the strength is dependent of the competition of
interfacial strength and the strength of edge failure in ceramic. Mismatch of

material properties is important in this case.

The experimental example in the present work have the strength of
ceramic to be about twice of the yield strength of metal (Fig.6-3). The edge
dominated failure is eliminated. The thin metal layers obviate the ductile
failure in metal too. Therefore, the strength is dominated by the x_nicrostruc-
ture at the interface. With .very tiny and little voids at the interface, failure is

limited in ceramic part. This satisfies the current prediction.

The strength of metal/ceramic bonded systems can thus be predicted by
constructing the strength via geometric factor map so long as the strength of
monolithic ceramic, the yield strength of metal and the microstructure of
interface are known. Effects of edge stress concentration, limit load in fully
plastic range and the ceramic strength are included. Damage model by inclu-
sion or residual stresses can also be included if a sophisticated estimation is
desired. Basically, a fundamental understanding of the strength of the bonded

system has been presented in the present work.
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Figure Captions:

Fig.6-1.
A failure mechanism map with strength of the ceramic material higher
than that of the yield strength of the metal.

Fig.6-2.
A failure mechanism map with strength of the ceramic smaller than the
limit of the edge stresg concentration.

Fig.6-3.

A comparison of the present observation with the predicted failure

mechanism map.
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