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AbstractÐThe utility and robustness of the mechanics of materials is illustrated through a review of several
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1. INTRODUCTION

Starting with earlier applications in elasticity and

plasticity, the mechanics of materials has evolved in

recent decades into topics related to the failure of

structural metals, ceramics and polymers, as well as

composites, coatings and multilayers. Methods have

been developed for assessing the performance of

advanced materials in new applications and designs,

through models of deformation, damage and frac-

ture. Most methods have some element of phenom-

enology, especially when small-scale mechanisms

in¯uence macroscopic behavior. Yet, mechanism-

based concepts provide key insights. The canonical

example is provided by the fracture mechanics of

structural materials. Fracture mechanics has estab-

lished a framework for: (i) experimentally measur-

ing the fracture resistance of a material under

monotonic and cyclic loadings; and (ii) assessing

structural integrity using these data. The extraordi-

nary success of fracture mechanics lies in its ability

to combine a theoretical framework with exper-

imentally measured critical quantities. The mech-

anics is used to link the macroscopic geometry and

loads to microscopic fracture processes, which are

then characterized by experiment, not theory.

Despite signi®cant progress in the theoretical under-

standing of the in¯uence of microstructure on frac-

ture, the development of predictive models

continues to provide one of the major mechanics

and physics challenges. It remains true that material

fracture properties are experimentally measured

quantities in nearly all present day applications of

fracture mechanics, whether toughness, fatigue or

stress corrosion growth rates.

The theme of this paper is the exploration of the

considerable additional scope within the mechanics

of materials for further signi®cant advances in

``top-down'' approaches, which couple continuum

mechanics descriptions to phenomenology and ex-

perimental calibration at the smallest scales. In

most structural material systems, given the com-

plexity of the microscopic processes, ``bottom-up''

approaches which use fundamental mechanics and

physics to link the atomic scale to the macroscopic

aspects of deformation and fracture are unlikely to

be developed with adequate accuracy in the near

future.

Four interrelated topics will be used to illustrate

this point of view, each selected within the scope of

problems to be found in crack growth and adhesion

(Fig. 1). The general plan is to augment the conven-

tional approach to crack growth, which is based on

a single parameter (namely, the local energy release

rate, Gtip), with a richer model capable of incorpor-

ating microscopic aspects of the rupture process

itself. The underlying concept is to divide the pro-

cess into two separate domains that can be analyzed

independently and then linked together to express
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the overall behavior. One domain represents the

zone near the crack front that may experience very

large strains as the fracture process evolves. This

zone incorporates a model of the rupture process,
referred to as an embedded process zone (EPZ).

The other domain is the physically larger plastic

zone and outer elastic region that can be analyzed
using either continuum models of elastic/plastic

behavior, or variants that incorporate a plasticity

length scale. The link between the two zones is pro-
vided by tractions, s, and displacements, d, on the

boundary between the zones, resulting in the well-

known leveraging e�ect of the EPZ response on the
size of the inelastic zone and, accordingly, on the

overall crack growth resistance. The details inherent

in s(d ) contain the information about the rupture

mechanism, which replaces Gtip. Parameters charac-
terizing s(d ) will generally be determined by ®tting

model predictions to a selected set of experiments,

thereby providing a calibration against the fracture
process at the smallest relevant scale. Models for

the EPZ have attained various levels of complete-

ness. At the simplest level, the EPZ has been
located on the fracture plane, subject to normal and

shear tractions that express the rupture phenom-

enon. More complete models, such as that for the
ductile fracture of structural alloys, incorporate the
full e�ects of the multi-axial stress ®eld in the EPZ.

To explain this spectrum of models, the article is
organized in four sections.

1. The EPZ model is used to extend fracture mech-

anics to adhesive interfaces between two elastic
materials.

2. The linkage between the EPZ and plastic dissipa-

tion is explored.
3. EPZ models for fracture initiation and crack

growth in ductile structural alloys are addressed
subject to small- and large-scale yielding con-

ditions.
4. Plasticity at the micrometer scale and its role in

strength and toughness is examined.

2. EPZ MODELS FOR ADHESIVE INTERFACES

Important aspects of failure lie outside the scope
of conventional elastic fracture mechanics, even

Fig. 1. Schematic of fracture models which employ an embedded fracture process zone (EPZ) within
continuum descriptions of adjoining solids. Some models for mode I separation specify a traction±sep-
aration, s(d ), on the crack plane. A more elaborate model representing the ductile fracture mechanism
of void nucleation, growth and coalescence uses calibrated elements which simulate the ductile fracture

mechanism at various states of stress triaxiality.
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under nominally elastic conditions. The situation is

exempli®ed by fracture initiating from regions of
stress concentration. A recent study on the fracture

of brittle adhesive interfaces illustrates the EPZ
approach [1]. The interface between the relatively

brittle epoxy and the aluminum is the weak plane.
The initial geometry does not have a crack at the

interface, just a notch with an opening angle, a
(Fig. 2). The elastic behavior in the vicinity of the

notch is not governed by the inverse square root
singularity characteristic of an interface crack, and

accordingly, when a 6� 0, the energy release rate is
zero. Consequently, conventional elastic fracture

mechanics cannot be used to predict the load at
which the interface will fail.

Before elaborating on this problem, some of the
details of the EPZ approach are summarized for the

interface model illustrated in the lower left-hand
corner of Fig. 1. The primary parameters character-

izing the interface are the work of separation per
unit area, G0, and the peak stress, ŝ: The shape of

the separation relation is of secondary importance:
once the shape is ®xed, the critical separation, dc, is
no longer an independent parameter. When separ-
ation takes place under both normal and tangential

crack face displacements, a potential can be used to
generate the relation between the traction com-

ponents and the displacements such that the work
of separation remains as G0. Alternatively, a mode-

dependent work of separation for the interface
could be considered, but in this paper G0 will be

taken to be mode-independent.
Computation of the traction±separation behavior

from ®rst principles is beyond present capabilities.
Mohammed and Liechti [1] determined the interface

parameters from measurements made using a sharp
crack test. No plastic deformation occurred in
either the epoxy or the aluminum, apart from

highly localized strains at the scale of the fracture
process. The work of separation �G0 � 4:09 J=m2�
was identi®ed with the fracture toughness obtained

with a � 0, whereupon, ŝ � 3 MPa, gave the best ®t
to the opening displacement distribution at the
verge of fracture. This stress is a small fraction of

the tensile yield strength of the epoxy
�sY � 20 MPa), which accounts for the absence of
bulk plasticity.
The success of the cohesive zone model in repro-

ducing the experimentally measured loads at which
the interface fails is seen in Fig. 3. While the coinci-
dence of the simulation and test data for the sharp

crack limit �a � 0� necessarily follows from the cali-
bration, the signi®cant increase in failure load with
increasing a is precisely captured by the model.

Neither conventional fracture mechanics nor a criti-
cal stress approach could be used to predict this
trend.

3. EXTENSIONS TO ACCOUNT FOR EXTRINSIC
PLASTIC DEFORMATION

When the peak separation stress, ŝ, is larger than
two or three times the tensile yield strength of the
softer of the two bonded materials, a signi®cant
plastic zone will be induced (Fig. 1) such that the
total work of fracture will exceed G0. To facilitate

Fig. 2. The four-point bending specimen used by
Mohammed and Liechti [1] to study initiation of cracking
along a brittle epoxy±aluminum. The role of non-crack-
like stress concentrations on the load at fracture of the
interface was determined. The distance between the loads
was ®xed at 254 mm and at 177.8 mm between the sup-
porting rollers. The thickness of the Al and epoxy layers

was ®xed at 12.7 mm.

Fig. 3. Comparison of measured loads at which crack
growth on the interface initiated with predictions from the
cohesive zone model [1]. Data were taken for a � 08, 458,
908 and 1358. Only a was varied from specimen to speci-

men.
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understanding of the e�ect of this zone, consider
small-scale yielding (SSY) conditions wherein the
height of the zone is small compared with the crack

length, such that the energy release rate, G, still
serves as the measure of the remote, or macro-

scopic, intensity. After the crack has propagated a
distance comparable to the plastic zone size, steady
state is approached with the crack advancing at a

constant applied energy release rate with G � Gss:
Application of the EPZ model has been made for

strong interfaces in the sense that: ŝ=sY > 2 [2±5].

Plots of Gss=G0 as a function of ŝ=sY for several
values of strain hardening exponent, N, are given in
Fig. 4 for plane strain, mode I growth with identical

solids on either side of the interface. These results
illustrate the large in¯uence of extrinsic plasticity
on the macroscopic toughness of strong interfaces.
Mixed mode loading and asymmetry in yielding

across the interface will a�ect the details, but the
trends in Fig. 4 are representative. In particular, the
exceptionally strong in¯uence of the interface

strength, ŝ, is evident. With ®xed ŝ, the steady-state
toughness Gss scales linearly with G0. Conversely,
for ®xed G0, Gss is an exceptionally strong nonlinear

function of ŝ: In this sense, changes in the interface
strength have more e�ect on macroscopic toughness
than changes in the intrinsic work of fracture.

In multilayer systems, an elastic layer (thickness
h0) may separate the interface crack from the ma-

Fig. 4. The extrinsic plasticity contribution to plane strain
steady-state toughness as predicted by the cohesive zone
model for mode I crack growth along an interface separ-
ating identical solids with tensile yield stress sY and strain
hardening exponent N [3]. The curves give the ratio of the
steady-state macroscopic work of fracture to the intrinsic
work of separation as a function of the ratio of peak sep-

aration stress to yield stress.

Fig. 5. (a) Multilayers tested using edge-notched, four-point bend specimens by Dauskardt et al. [6].
The interface that fractures lies between two sets of elastic layers: the SiO2 layer and the TiN/Ti/TiN
layers. Plastic deformation occurs in the Al±Cu layer. (b) Solid points indicate the measured interface
toughness as a function of the thickness h of the Al±Cu layer. The curve is the theoretical calculation

[7] based on the EPZ model in the SSV limit with the system parameters listed in the text.
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terial layer susceptible to plastic deformation (thick-
ness h ). A speci®c example will be considered

below. The intervening elastic layer introduces some

new features, discussed next. The interface is gov-
erned by a traction±separation potential, again

characterized by G0 and ŝ: If the plastic zone height

is very small compared to the crack length and the

total multilayer thickness, the applied loads can be
speci®ed in terms of KI and KII or, equivalently, by

G � �1ÿ n2��K2
I � K2

II�=E and c � tanÿ1�KII=KI�: If

c is prescribed, the history of G vs crack advance,

Da, can be computed. A steady state is approached
such that G becomes independent of crack advance,

and, in this limit, G � Gss: A material-based length

parameter that plays an important role is: R0 �
�1=3p�1ÿ n2���EG0=s2Y�: This reference length can be

interpreted as a rough estimate of the height of a

plastic zone which would arise in a thick metal

layer directly in contact with the interface when the
applied loading is G1G0: It serves as the relevant

length quantity against which both h and h0 should

be compared.

Recent experiments on multilayers representative

of those encountered in electronics on-chip provide
an example (Dauskardt et al. [6]). The weakest

interface in the multilayer (Fig. 5) is that between

the TiN and the SiO2 layers. The three layers above
this interface (TiN/Ti/TiN) have a ®xed combined
thickness, h0 � 0:17 mm and, because of their high

hardness, deform elastically. Above these is a rela-
tively soft layer of Al±Cu having thickness, h, vary-
ing between 0.1 and 4 mm in the seven

con®gurations fabricated and tested. The multilayer
is sandwiched between two relatively thick layers of

Si to form a mixed mode ¯exure specimen that is
then used to measure the interface toughness. The
combined thickness of the multilayers is very small

compared to both the interface crack length and the
outer Si layers. The Young's moduli of the constitu-
ent materials di�er by only a few percent, and for

modeling purposes, are considered to be the same.
The Al±Cu layer is taken to be elastic±perfectly
plastic with tensile yield strength sY and a von

Mises yield surface. The other layers are assumed
to undergo only elastic deformations.

The calculated e�ect of the interface strength, ŝ,
on the steady-state toughening enhancement,
Gss=G0, in mode I is shown in Fig. 6(a) for several

choices of h0 and a relatively thick metal layer [7].
Weak interfaces �ŝ=sY < 2� give rise to very little

toughness enhancement. The interface separates
before signi®cant plastic deformation occurs. The
toughness enhancement becomes independent of the

interface strength when ŝ=sY exceeds about four.
This is the limit in which the behavior in the elastic
region fully surrounding the crack tip is controlled

by the local stress intensity factors and there is no
di�culty attaining the separation stress. In this
limit, the model only requires attainment of the

local energetic condition, Gtip � G0 [8]. This is the
regime in which the SSV model of Suo, Shih and

Varias [9] applies. (The elastic strip shielding the
crack tip from the plastic deformation was intro-
duced in the original SSV model to simulate a dislo-

cation-free region near the tip). The e�ect of mixed
mode loading on the steady-state toughness
enhancement is shown in Fig. 6(b) for several

values of h0/R0. These were obtained using the SSV
limit of the cohesive zone model [7]. The asymmetry

in the relation of Gss=G0 to c stems from the asym-
metric location of the layer susceptible to plasticity.
The mode I toughness is close to the lowest value,

while the mode II component ampli®es the tough-
ness. The strong mixed mode toughness variation
seen in Fig. 6(b) is due entirely to extrinsic plastic

deformation.
The following values for the system parameters

will be used in comparing the model simulations
with the experimental results: E � 107 GPa,
n � 0:25, sY � 140 MPa, h0 � 0:17 mm and

G0 � 1:5 J=m2: For this set of values, R0 � 0:93 mm:
The roles of the two remaining parameters, h and
ŝ, will be explored. The specimen (Fig. 5) corre-

sponds to a mixed mode loading with c � 408:
Simulations using the cohesive zone model in the

Fig. 6. (a) Dependence of normalized steady-state tough-
ness in mode I on normalized interface strength for a rela-
tively thick Al±Cu layer and six values of the normalized
thickness of the intervening elastic layers. (b) Dependence
of Gss=G0 on mode mixity c for a relatively thick Al±Cu
layer and three values of h0/R0 as computed from the SSV

limit of the cohesive zone model [7].
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SSV limit have been made [7]. The model predic-

tions are included along with the experimentally

measured interface toughness as the solid curve in

Fig. 5(b). The toughness enhancement with increas-

ing thickness of the Al±Cu is again entirely due to

extrinsic plasticity since the interface is the same for

all specimens. The model captures the trend of the

data reasonably well and, in particular, brings out

the relevance of the reference length R0 to the thick-

ness of the Al±Cu layer and that of the elastic

layers imposed between the layer and the interface.

If h=R0 > 4, the Al±Cu layer can be regarded as

thick in the sense that the plastic zone does not

extend entirely across it and the macroscopic tough-

ness becomes independent of h.

There are two major uncertainties in the compari-

son carried out in Fig. 5(b). Perhaps the most sig-

ni®cant is the uncertainty in the yield strength sY
of the Al±Cu which strongly a�ects the model pre-

dictions. Direct measurements of the yield stress on

similar Al±Cu ®lms in the same range of thickness

(by indentation and tensile testing) give sY in the

range from 100 to 200 MPa [10]. Had the higher

value been used in the simulation, the plasticity

enhancement of the toughness would have been

considerably less than that shown in Fig. 5(b),

mainly due to a decrease in R0 and the consequent

increase in h0/R0 (cf. Fig. 6). There is also uncer-

tainty in the intrinsic work of interface separation,

G0. This quantity has not been measured directly.

The choice 1.5 J/m2 appears to be a reasonable

extrapolation of the experimental data in Fig. 5(b),

but by no means unambiguous, as already noted.

At the present stage of development, without

further re®nement and veri®cation, the model is still

qualitative. Nevertheless, the ability to predict the

major trends with respect to the coupled e�ects of

mixed mode loading and extrinsic plasticity holds

considerable promise for dealing with interface frac-

ture in small-scale devices.

A successful application of the EPZ model to the

failure analysis of adhesively bonded sheet metal

has been initiated by Yang et al. [11, 12], motivated

by e�orts in the automotive industry to exploit ad-

hesive joining technology. These authors have tested

and analyzed tearing modes of adhesive joints

under various loading modes. The geometry of a

symmetric (mode I) peel test is shown in Fig. 7.

Two identical metal sheets of thickness h are

bonded by an adhesive of uniform thickness t and

then torn apart by equal and opposite forces per

unit width, P. When steady-state peeling is

achieved, 2P is the macroscopic work per unit of

crack extension (per unit width), such that

Gss � 2P: Thus, this test provides a ready method

for measuring the steady-state macroscopic tough-

ness for a mode I separation of the joint. The

macroscopic toughness is the sum of the energy per

unit area consumed in separating the epoxy ad-

hesive plus the plastic dissipation induced in the

Fig. 7. Peel test and results of EPZ model for sheet metal adhesive joint (Yang et al. [12]).
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sheets. A tough joint relies on a strong adhesive to
produce accompanying plastic deformation in the
sheets.

The EPZ model [11, 12] represents the entire thin
adhesive layer by the traction±separation relation

introduced earlier, characterized by G0 and ŝ (cf.
Fig. 7). These ``interface'' parameters must be
obtained by ®tting model predictions to one set of

data obtained for precisely the same thickness of
adhesive (since these parameters are expected to

depend on the adhesive thickness). The metal sheets
are elastic±plastic and represented by a full two-
dimensional continuum theory. The model enables

one to compute the crack growth resistance curve
and the steady-state tearing toughness and load,

Gss � 2P: The plasticity enhancement, Gss=G0, is a
function of the continuum parameters of the sheets
and the adhesive parameters, G0 and ŝ:
A comparison of model prediction and exper-

imental data for two thicknesses of aluminum

sheets is presented in Fig. 7 [12]. The adhesive par-
ameters used in the simulation, G0 � 1:4 kJ=m2 and
ŝ � 100 MPa, were obtained by ®tting the model to

data on the same type of joint taken under mode I
wedge loading. The stress±strain properties of the
aluminum sheet material were measured directly

and input to the computer simulation. All the par-
ameters of the joint used in carrying out the simu-

lation in Fig. 7 were thus determined independently
of the peel test data. The e�ect of sheet thickness
on tearing force is very strong, and the data and

model are in reasonable agreement. Very thin sheets
undergo less plastic dissipation in bending than

thicker sheets primarily because there is less volume
of metal to be deformed. For the joints tested (with
h � 1 and 2 mm), the leveraging of the adhesive

toughness by plastic dissipation in the sheets is
more than a factor of ten.
Another illustration of the role of extrinsic plas-

ticity has been provided by a study of crack growth
of an interface between a self-assembling monolayer
(SAM) and epoxy [13]. The intrinsic separation

energy of the SAM±epoxy interface G0 was estab-
lished by wetting angle measurements. Adjustment
of the chemistry of the terminal groups of the SAM
was used to systematically change G0 and at the

same time to measure the corresponding change in
Gss with the aid of a macroscopic fracture test. The
outcome of the two sets of experimental measure-

ments is given in Fig. 8. The most compelling
aspect of the data is the nearly four-fold increase in
the macroscopic interface separation energy for less

than a 50% increase in the adhesion energy, G0. It
is evident that this large increase cannot be
accounted for in the model of Fig. 4 by an increase
in G0 without an accompanying increase in ŝ: The
implication is that generally both the adhesion
energy and the interface strength play a role in
determining the macroscopic interface toughness

when extrinsic plasticity occurs.

4. EPZ MODELS OF DUCTILE FRACTURE

Ductile fracture is a result of void nucleation,
growth and coalescence. Constitutive models of

these processes, such as that of Gurson [14], have
been developed via specially formulated elements
that reproduce the fracture process depicted on the

lower right in Fig. 1. The computational models
enable simulation of crack initiation and subsequent
growth [15±18]. They are e�ective under both
small- and large-scale yielding conditions. These

Fig. 8. Measured intrinsic and macroscopic works of fracture for an interface between a self-assembled
monolayer and epoxy by Zhuk et al. [13]. (a) Intrinsic interface separation energy, G0, as a function of
the adjusted component of the interface chemistry. (b) Experimentally measured macroscopic steady-

state interface toughness, Gss, plotted against intrinsic separation energy.
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new computational models constitute a comprehen-
sive nonlinear fracture mechanics for mode I crack

growth in tough ductile alloys. Much of the motiv-
ation driving this development has been the need to
assess the integrity of cracked thick sections of pip-

ing and pressure vessels in the nuclear power indus-
try. However, the models are applicable to ductile

fracture in a wide class of structural problems.
Accurate implementation requires that the par-
ameters of the fracture process model (such as the

initial void volume fraction and the spacing
between the voids) be chosen such that the model
reproduces one experimental crack growth history

for the alloy under consideration. Once calibrated,
the models have proved to be able to reliably pre-
dict crack growth under a wide variety of macro-

scopic geometries and loadings. In particular, in
large-scale yielding, the models take into account

the very strong role of di�erent geometries in in¯u-
encing the constraint parallel to the crack front and
the accompanying stress triaxiality on crack growth

resistance.
One set of results taken from the recent literature

(Gao et al. [18]) will be used to illustrate present
capabilities. The crack growth resistance as well as
load±displacement data are shown in Fig. 9 for a

tough pressure vessel steel (2 1/4 Cr 1 Mo) tested as
a single edge-cracked specimen loaded in three-
point bending, as depicted in the inset. The relation

of load P to load-point displacement D re¯ects both
the large-scale yielding character of the test and the

fact that crack advance takes place. This set of data
was used to calibrate the parameters of the void
damage model for this material with the result that

the initial void volume fraction and void spacing
were determined to be f0 � 0:0035 and D � 300 mm,

respectively. With this choice and an accurate rep-
resentation of the tensile stress±strain data of the
undamaged material, the ®nite element simulation

reproduces the load±displacement behavior, includ-
ing that beyond the peak load, as well as the curve
of the J-integral vs crack advance, Da. Once cali-

brated, the model has been used to predict the
behavior of a surface crack [18] in the wall of a

pressure vessel or pipe, which represents one of the
primary concerns in assessing fracture integrity. In
order to validate the simulations, the specimens

shown in Fig. 10(a) were tested under two represen-
tative loading histories in which the applied
moment and axial force were varied in a prescribed

manner. The specimens deformed well into the plas-
tic range thereby falling completely outside the

scope of elastic fracture mechanics, as is often the
case for components fashioned from tough, ductile
alloys. The test was stopped at a prescribed load,

the specimen sectioned, and the current crack geo-
metry mapped. Crack advance along the front at
two load levels is displayed in Fig. 10(b), along

Fig. 9. A tough pressure vessel steel (2 1/4 Cr 1 Mo) tested using an edge-cracked specimen in three-
point bending under large-scale yielding �a=w � 0:6). (a) Crack growth resistance. (b) Load vs load-
point displacement. The parameters of the void growth model used to formulate the ®nite elements

were adjusted to give the ®t of the model to the data shown [18].
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with the predictions from the numerical simulations,
at the same loads. The three-dimensional aspects of

the test are accurately modeled, as is the large e�ect
of the variation of the constraint along the crack
front.

This example represents only one of many that
validate the utility and accuracy of embedded frac-
ture process models for simulating mode I crack

growth in tough, ductile alloys (cf. references cited
above). As such, this class of models can be
regarded as a quali®ed tool for the engineering

analysis of structural components. A number of im-
portant extensions of this approach remain to be
implemented. A major challenge, which nevertheless

seems achievable, is the extension of the models to
encompass fracture from regions of stress concen-
tration, such as blunt notches, as well as from pre-

existing cracks. In other words, a formulation
capable of simulating crack formation, as well as in-
itiation and growth from pre-existing cracks, would

comprise a comprehensive framework for the analy-
sis of structural alloys that fracture by void nuclea-
tion, growth and coalescence. Already, the existing

models have the ability to qualitatively span both
crack growth and crack formation, as illustrated by

the progressive failure within the neck in a tensile
specimen [19]. The present limitation is that the
models calibrated using crack growth data are

unable to give reliable predictions for crack for-
mation at a blunt notch, and vice versa [20]. The
void growth models must be further enhanced and

re®ned before they will be able to cope with the full
gamut of conditions under which ductile material
failure occurs. Success in extending the models

should go a long way to achieving a comprehensive
nonlinear fracture mechanics encompassing both
crack formation and growth with a greatly enlarged

range of applications such as welding failures and
metal forming. Another extension would be to very
high strength alloys with low strain hardening

which are prone to shear localizations and which
tend to produce zig-zag crack advance. Coping with
these e�ects would require augmentation of the

constitutive model coupled with highly re®ned
meshes near the crack tip to permit crack advance
other than in the extended plane of the crack [21].

Fig. 10. (a) A specimen employed to investigate the initiation and growth of a surface crack subject to histories of axial
load and bending. (b) Crack advance at points along the crack front at two points in a loading history for specimens
made from the pressure vessel steel of Fig. 9. Comparison of experimental observation and simulation by Gao et al. [18].

The simulations used the parameters determined by the calibration test in Fig. 9.
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5. ROLE OF SMALL-SCALE PLASTICITY IN
STRENGTH AND TOUGHNESS

A new issue arises in applying the EPZ models to
metal ®lms and layers with thicknesses in the mi-

crometer range. Conventional plasticity, which has
been devised to describe plastic deformation at

large scales, does not incorporate signi®cant size-
dependent strengthening e�ects which arise as the

micrometer scale is approached. Recent experimen-

tal data on indentation [22±25], wire torsion [26]
and ®lm bending [27] have provided evidence of a

very strong e�ect. One set of data for indentation
in Fig. 11(a) and another for ®lm bending in Fig.

11(b) are representative. In the absence of any plas-
ticity size e�ect, the indentation data (as normal-

ized) should be independent of the width of the
indent, while the bending data should be indepen-

dent of the ®lm thickness. Both sets reveal that the

e�ective ¯ow strength of the respective materials is
elevated by a factor of between two and three as

the scale of deformation is reduced to about 1 mm.
The size-dependent hardening phenomenon is

believed to be associated with nonuniform defor-
mation (strain gradients) and the storage of geome-

trically necessary dislocations [26]. It is self-evident

that size-dependent hardening is likely to play an
important role in the mechanics of micrometer scale

thin ®lms and multilayers involving metals (and
possibly polymers too, but that remains to be estab-

lished). The thin metal layers in the specimens of
Fig. 5 range between 0.1 and 4 mm, and they are

subject to highly nonuniform deformation. It seems

reasonable to expect that the e�ects at play in the
¯ow stress elevation in indentation and bending will

manifest themselves in the toughness enhancement
seen in Figs 5 and 6. The strong role of yield stress

in determining the plasticity contribution to tough-
ness in modeling the specimens has already been

emphasized. To some limited extent, the increased
¯ow stress of the thin Al±Cu layers may already be

taken into account because some estimates of the
yield stress were measured directly by indentation
of the layer. However, the thickness dependence of

¯ow over the range between 0.1 and 4 mm is
expected to be considerable and may explain the
steepness of the toughness enhancement for the

thinnest layers.
We conclude by noting that the approaches dis-

cussed in these sections all involve a progression in

modeling to ®ner scales working from the macro-
scopic down to the microscopic, i.e. the top-down
approach. To use the Al±Cu multilayer as an
example, it is unlikely that dislocation mechanics as

presently developed could provide a quantitative
model for the Al±Cu layers, particularly those as
thick as a micrometer. The paper in this issue by

Needleman [28] addresses the prodigious increase in
the computational complexity in discrete dislocation
mechanics modeling as the size of the region

increases to a micrometer and beyond. On the other
hand, it has been seen that conventional plasticity
has its own limitations at this scale, and quantitat-
ive modeling almost certainly requires a represen-

tation that incorporates plasticity size dependence.
The theories of strain gradient plasticity formulated
to date [29±32] are themselves phenomenological,

although motivated by dislocation theory concepts.
The full scope of these theories remains to be
explored but there are already studies which indi-

cate important implications for fracture phenomena
at the micrometer scale [33].
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Fig. 11. (a) Hardness (load/indent area) for tungsten single crystals at three orientations as a function
of the width of the Vickers indenter (Stelmashenko et al. [24]). (b) Normalized bending moment vs sur-
face strain for three thicknesses h of nickel ®lms tested in pure bending (Stolken and Evans [27]). The
indentation data should be independent of the indenter width if there were no material size dependence.
Similarly, the normalization used in presenting the bending data is such that the data would be thick-

ness-independent without material size dependence.
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