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Abstract—A theory is proposed for cleavage cracking surrounded by pre-existing dislocations. Dislo-
cations are assumed not to emit from the crack front. It is argued that the pre-existing dislocations, except
for occasional interceptions with the crack front, are unlikely to blunt the major portion of the crack front,
so that the crack front remains nanoscopically sharp, advancing by atomic decohesion. The fracture
process therefore consists of two elements: atomic decohesion and background dislocation motion. An
elastic cell, of size comparable to dislocation spacing or dislocation cell size, is postulated to surround
the crack tip. This near-tip elasticity accommodates a large stress gradient, matching the nanoscopic, high
cohesive strength to the macroscopic, low yield strength. Consequences of this theory are explored in the
context of slow cleavage cracking, stress-assisted corrosion, fast running crack, fatigue crack growth,
constraint effects, and mixed mode fracture along metal/ceramic interfaces. Computational models and
experiments to ascertain the range of validity of this theory are proposed.

1. INTRODUCTION

The fundamental process for plastic flow is discrete,
consisting of at least two length scales: the Burgers
vector b ~10"'m, and dislocation spacing
D ~ 107 m. On one scale, atoms exhibit individual-
ity ultimately governed by quantum mechanics.
On the other scale, dislocations interact through
elasticity. Continuum plasticity applies when stress
variation over a multiple of D is small compared to
the macroscopic yield strength. The discreteness be-
comes important for events occurring between
lengths b and D. In the emerging field of nano-
mechanics, various concepts have been proposed to
bridge the two scales. The underlying assumption is
that the individual atom motion gives way to the
cooperative motion of many atoms, forming nano-
scopic shear-bands, decohesion zones, etc. Recent
mechanics studies of this kind include dislocation
emission from a crack tip (1], experimental imaging of
dislocation cores near nanoscopic stress concentra-
tors [2], and dislocation cell formation {3, 4].

We explore the implications of the existence of the
length scale D in a particular context: cleavage in the
presence of pre-existing dislocations. It is known that
a sharp, cleaving crack can propagate, slowly or
dynamically, surrounded by substantial dislocation
motion. For example, a sharp crack can grow slowly
by cleavage along a gold/sapphire interface even
though the gold deforms plastically; the measured
fracture energy is much larger than the adhesive
energy [5]. Similar behavior happens in copper/glass
(6], copper/sapphire [7], niobium/alumina [8], and
copper bicrystals contaminated by bismuth [9].
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This phenomenon cannot be explained by existing
mechanistic theories. Atomic cohesive strength, oy, is
known to be orders of magnitude higher than macro-
scopic yield strength, oy. When og/ay exceeds about
4, crack-bridging models within the framework of
continuum plasticity predict that the crack blunts,
limiting the near-tip stress to several times oy [10-13].
Consequently, cleavage cannot proceed from the
crack tip. Instead, one has to appeal to other fracture
mechanisms, such as hole growth [14] and cleavage
from a remote defect [15], both leading to rough
fracture surfaces not observed in experiments cited in
the previous paragraph.

A cleavable, rate-sensitive material has a low frac-
ture resistance at high crack speeds, dislocations
being outrun by the crack. A model has been devel-
oped on the basis of this picture [16, 17]. It is found
that within a continuum visco-plastic formulation for
a propagating crack, a square root singularity is
retained, provided that the material is sufficiently
rate-sensitive. This limits the model to high speed
cleavage, or low dislocation mobility, which is too
restrictive to account for the above experiments. It is
clear that neither strong rate-sensitivity nor high
crack speed can be general requirements for cleavage.

Figure 1 conveys the essentials of the present
theory. Consider materials and testing conditions
such that no dislocation emits from the crack tip
before the crack grows. This happens, for example,
for cleavable materials such as steel and silicon
below the ductile-brittle transition temperature, or
contaminated grain boundaries, or interfaces sub-
jected to environmental degradation, or interfaces
with a few atomic layers of brittle reaction com-
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Fig. 1. A decohesion front in a network of pre-existing dislocations. The diameter of the decohesion core
is about 1 nm; the average dislocation spacing is more than 100 nm.

pounds. Obviously, the competition between atomic
decohesion and dislocation emission [1, 18] cannot be
addressed by the present theory; instead, the conse-
quences of the premise that dislocations do not emit
from the crack front is explored in this paper.
Included are slow cleavage cracking, stress-assisted
corrosion, fast-running crack, fatigue cracking,
constraint effects, and mixed mode fracture along
metal/ceramic interfaces.

2. CLEAVAGE IN THE PRESENCE OF A
DISLOCATION NETWORK

The theory is based on a single premise: the crack
front does not emit dislocations. As illustrated in Fig.
1, so long as dislocation spacing D is much larger
than the lattice constant, the probability for a pre-
existing dislocation to blunt a major portion of the
crack front should be extremely small. Consequently,
a crack which does not emit dislocation will remain
nanoscopically-sharp, advancing by atomic decohe-
sion. Within the cell essentially free of dislocations
which surrounds the crack front, the crystal is linearly
elastic down to a nanometer. Near the crack tip,
nonlinearity arises from partial atomic separation
and nanoscopic shear bands. The size of the elastic
cell, represented by D, is several orders of magnitude
larger than the nonlinear zone size. Consequently,
information regarding the nanoscopic nonlinearity is
transmitted—to an observer outside the elastic cell—
through a single quantity: the Griffith energy I';. The
elastic cell provides a medium through which the
stress decays rapidly, matching the high atomic
debond stress on one side, and the low macroscopic
yield stress on the other. For example, with
b=10"""m and D =10°m, the stress decays ap-
proximately by a factor \/(D/b) =100 over a dis-

tance of 1pum. The dislocation motion at the
characteristic distance D away from the crack tip
dissipates plastic energy, I'p, which is typically much
larger than I'g. In summary, atoms around a
crack front can be divided into three regions:
nanoscopic decohesion zone, microscopic elastic cell,
and macroscopic dislocation dissipative background.

The elastic cell is a nanomechanics concept with
imprecise, if any, continuum description. The concept
can be approximately understood in terms of
spatially varying yield strengths. Sketched in Fig. 2 is
yield strength varying with the distance from a repre-
sentative atom at the crack tip. The theoretical shear
strength is approached near the crack tip; the strength
decays to the macroscopic yield strength in the
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Fig. 2. Yield strength as a function of the distance from an
atom at the center of an elastic cell.
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Fig. 3. A model system with a step-function decay in yield
strength.

background. The shape of the decay function has not
been investigated; dislocation cell models may
provide some insight [3, 4]. Nevertheless, the decay
function must have a characteristic length compar-
able to the dislocation spacing D.

Consider a cleavable, rate-independent material
with Griffith energy I'g, yield strength oy and yield
strain €y = oy /E, E being Young’s modulus. The
crack tip energy release rate, %;,, is shielded by
background dislocation motion from the remotely
applied energy release rate, 4. Dimensional analysis
dictates that

9%, =g(Deyoy [Fyp)- )

The shielding ratio g also depends on crack increment
and material constants such as ¢y, Poisson’s ratio v
and in particular, the shape of the decay function
in Fig. 2. For properties representative of metals (e.g.
D~1pum, e,~1073 oy ~10°N/m? Ig~1J/md),
the parameter Dey oy /I'g ranges from 1072 to 10. The
parameter can be understood in several ways; e.g. all
else being fixed, an increase in elastic cell size D
reduces the total energy dissipation.

Under steady-state growth, 4, = I'; and ¢ equals
the measured fracture energy I'. The plastic dissipa-
tion I'p is given by I' =I'p+ I'g. Since typically
I'y> TG, it is sometimes assumed that I'g is an
irrelevant parameter for fracture involving substan-
tial plasticity. However, various authors have pointed
out that if cleavage is the basic fracture mechanism,
I'y must depend on I'g—that is, the small quantity I'g
serves as a ‘“‘valve” for large dissipation I'p (e.g.
[19,20]). In the present context, the extent of plastic
zone is set by I'g. Similar behavior happens in
transformation-toughened ceramics, where the
matrix toughness sets the extent of the transform-
ation zone and thereby the steady state toughness
[21,22].

In the present theory, it is assumed that no low
strength, long range bridges, such as tearing caused
by cleavage plane reorientation between neighboring
grains, operate in the crack wake. These bridges are
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responsible for the large ‘““cleavage energy” reported
for polycrystalline steels. When operating, the bridges
may serve as a bigger valve than atomic decohesion.
If this is the case, a bridging law may be used in the
present model. Indeed, when /0y < 4, the present
model should reduce to regular bridging model with-
out an elastic cell [10-13].

3. SLOW CLEAVAGE CRACK GROWTH

Further simplifications are needed to make quanti-
tative predictions (Fig. 3). The decohesion zone is
small compared to D so that the square root singular
elasticity solution prevails in b <r < D. Detailed
atomistic description of decohesion is unnecessary
except for a prescription of a cleavage energy I'. The
shape of the elastic cell is unimportant since the
plastic zone height is typically much larger than D;
we use a strip to represent the elastic cell. A disc
translating with the crack tip can be another con-
venient choice, but the difference is expected to be
minor in so far as %/%,, is concerned. The back-
ground dislocation motion is represented by contin-
uum plasticity. A refinement, if needed, may include
individual dislocations or a dislocation network in
the transition region between the elastic cell and the
continuum plastic flow.

The crack starts to grow when ¢4 > I';; more load
is required to maintain the growth, leading to a
resistance curve (R-curve, see Fig. 4). The plastic
zone also increases as the crack grows, attaining a
steady-state height H. The energy release rate reaches
a steady-state value I's. The model geometry is
analyzed in the steady-state using finite elements.
Figure 5 shows that the shielding ratio increases
rapidly as D or oy decrease. The influence of strain
hardening exponent, N, can also be seen. For non-
hardening metals, the plastic dissipation completely

shields the crack tip at a finite D<yay/%,. In prac-

tice, D may be used as a fitting parameter to correlate
experimental data. For example, a metal with
oy =108M/m?, e, =107 and Ig=1J/m® gives

Aa

Fig. 4. A fracture resistance curve: the fracture energy
increases as the crack grows.
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Fig. 5. Computed shielding ratio as a function of various
parameters: N—hardening exponent, T—transverse stress
applied to the sample, D—elastic cell size.

I'cg/oyey=10pum. If the measured fracture
energy I'ss=10J/m% one finds from Fig. 5 that
D =~ 0.5 um.

In an experiment with a single crystal of copper,
diffusion bonded to a sapphire disc [7], interface
debonding was driven in two crystallographic direc-
tions at slightly different energy release rates. The
phenomenon was interpreted according to the
Rice-Thompson model: dislocations emit from the
crack tip in one direction but not from the other. An
alternative interpretation appears to be possible on
the basis of the present theory: both the crack tips do
not emit dislocations; the different debond energies
result from the different extent of background dislo-
cation motion. Indeed, the micrographs show much
denser slip lines in one case than the other. Exper-
iments at higher magnifications are needed to
ascertain which of the two interpretations is appro-
priate for the copper/sapphire system. Calculations
within the framework of the present theory, taking
into account of single crystal plasticity, are in pro-
gress to facilitiate a direct comparison with such
experiments.

4. STRESS-ASSISTED CORROSION

In an ambient environment, the crack on a
metal/ceramic interface can grow with a finite vel-
ocity under loads smaller than the failure load
measured in an inert gas [5, 6. Plasticity is present in
both cases. The phenomenon can be understood in
two steps: (1) a chemical reaction at the crack tip that
weakens the atomic bond, and (2) load shielding by
the background plasticity. The elastic cell provides
the required high stress to partially separate the
atomic planes, facilitating the transport of degrading
species (e.g. water molecules). The bond-weakening
reaction is diffusion-limited; the crack velocity de-
pends on temperature and crack opening profile. The
latter, in turn, is controlled by %p- The growth
law can be obtained by modeling a prescribed
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diffusion mechanism, or by direct measurement. A
phenomenological growth law is

o= {Do(g!ip/rG)n for gtip < FG’
o for Gy, =TI;.

@

where v, and n are fitting parameters, and v, is
temperature-dependent. Observe that &, is shielded
by background plastic flow as described by (1).
Combining (2) with Fig. 5 [or equation (1)], one
obtains the crack velocity at a given remote load 4.

In the experiments on gold/sapphire interfaces [9),
gold foils of various thickness, A, are sandwiched
between sapphire plates. The plastic dissipation is
limited by the foil thickness as governed by a dimen-
sionless parameter hoyey/%,,. Once the growth law
(2) and elastic cell size D are fitted with the data
obtained from experiments with one thickness #, the
response for other foil thickness can be predicted
by computation. Combined experiments and compu-
tations could ascertain the validity of the present
theory.

5. CRACK SPEED VS DISLOCATION MOBILITY

Consider a crack propagating at a velocity v in a
cleavable, rate-sensitive metal; the crack tip is kept
sharp in an elastic cell. The dislocation mobility
is represented by continuum visco-plasticity. The
plastic strain rate, €, depends on the applied stress,
g, in accordance with

P = ¢ F(a/ay). 3)

where oy is the yield stress, and ¢, a material constant
related to dislocation mobility, both depending on
the temperature.

The plastic shielding is still described by (1), but g
now depends on two additional parameters,
B = (voyey)/(% ) and m = v/cg, cy being the Ray-
leigh wave speed. The first parameter measures crack
speed in terms of dislocation mobility, and the second
captures the effect of inertia. When D in (1) vanishes,
the model in [16, 17] is recovered at high v/cg . Unlike
the previous model, the qualitative features of the
present model do not rely on the details of the
visco-plastic law, i.c. the functional form of Fin (3).
Moreover, the present theory treats slow and fast
cleavage from a unified point of view. From this
viewpoint the essential condition for cleavage is near-
tip elasticity that keeps crack sharp. A new class of
problems can be treated where dislocation mobility is
so low that rate effects become pronounced even
when v/cg % 0. The shielding ratio /%, depends pri-
marily on f: 4/%;, =1 when $ = o0, and the quasi-
static results in Fig. 5 are recovered when g =0.
Model computations of this type are in progress.

The ability of a cleavable, rate-sensitive metal to
arrest a crack may be studied experimentally by using
artificial elastic cells (Fig. 6). A step is created in a
metal substrate and a layer of ceramic deposited. Two
such substrates are then bonded with a well-defined
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Fig. 6. A proposed experiment to demonstrate the ability of
a metal to arrest a dynamically propagating crack.

interface. Thickness D, is large so that no back-
ground plasticity results in this region; the crack runs
dynamically into the region with thickness D,. Since
D, controls the amount of plastic dissipation, the
ability of the system to arrest the crack can be studied
systematically by varying D,.

6. STABLE CLEAVAGE CRACKING UNDER
CYCLIC LOADING

A physical model for fatigue cracking must address
the following questions: why crack grows stably at
substantially lower load than the monotonic failure
load, and how the growth per cycle depends on the
loading magnitude. We focus on fatigue crack growth
in cleavable, rate-independent materials, or along
weak metal/ceramic interfaces. The remote loading,
9, alternates in the range 0<¥<%,,. When
Ymax < I'g, the plasticity does not provide any shield-
ing so that % < I'g; the crack remains stationary
and the background material undergoes cyclic plas-
ticity. When ,,,,, > I'g, the crack grows and Yi=1Tg
when ¢ > I';. Non-proportional plasticity is induced
in the process, so that the material no longer under-
goes cyclic deformation. That is, the crack must grow
under reloading to create new plastic zone to receive
sufficient shielding. Within the framework of this
theory the threshold toughness is I'. Loading
frequency effects can originate from either rate de-
pendent plastic flow in the background, or diffusion-
limited processes near the tip.

All the effects can be quantified once two sets
of material properties are prescribed, one for
the background plastic flow, and the other for the
near-tip cohesion. For a cleavable, rate-independent
material with Griffith energy I';, yield stress oy
and yield strain ey, using a model similar to that
in Fig. 3, one can analyze the continuum problem
under cyclic loading. Dimensional consideration

dictates that
4 — y(DeYoY , gmax) (4)
I'gleyoy I'g I'g
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where A is crack growth per cycle. Detailed calcu-
lations would reveal whether this model could predict
the widely observed Paris law.

Sorting out mechanisms in fatigue cracking has
been difficult. Our theory suggests that the two
elements key to fatigue cracking are near-tip bridges
and background dissipation. They can be studied
independently, for the same metal, by two exper-
iments. In Fig. 7(a) the metal substrates contain a
ceramic layer of micron thickness; the fracture energy
of the ceramic has been measured independently. The
thickness of the ceramic layer sets the extent of plastic
dissipation in the metal substrates which can be
determined in this experiment. Figure 7(b) describes
an experiment designed to measure the fatigue prop-
erties of the near-tip bridges in the metal, background
plasticity being absent.

7. SMALL CRACKS

An advantage for a mechanism-based theory is
that it applies to small as well as large cracks.
Consider a small penny-shaped crack in a cleavable,
rate-independent material, subject to a remote,
monotonically increasing, triaxial tension 6. The
conditions are representative of a small crack near the
tip of a long, blunted crack. The small crack begins
to grow with %, = I'; and a small plastic zone; larger
plastic zones develop to shield the crack as it grows.
Dimensional considerations suggest that
q (DCYUY acyoy L)

Oy

FG ’ rG ’ a
where a is initial crack size, and L the crack extension.
The critical stress for unstable crack growth,

&)

metal

a)

metal

b)

Fig. 7. A proposed experiment to sort out the roles of
near-tip bridges and background plasticity on fatigue
cracking.
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Fig. 8. The critical stress for unstable growth of a finite
crack. The Griffith criterion applies for short and long
cracks, with I'g and I'g, respectively.

G max» depends on materials and initial crack size. This
dependence is illustrated in Fig. 8. The Griffith
criterion may be used for both very short and very
long cracks, with different fracture energies, I' and
I'ss. The critical stress for intermediate crack size
should be obtained by analyzing the model system.
Short cracks in transformation-toughened ceramics
exhibit similar behaviors [23].

The problem becomes even more interesting when
the background inelasticity is rate-dependent. When
the small crack can outrun the background dislo-
cation motion, the cleavage process continues with
small amount of plasticity. By contrast, the same
material containing a big crack may generate much
larger plastic zones before it fractures. This happens
in mild steels, where a big crack blunts, setting a high
triaxial stress ahead of the tip which triggers a small
crack to run dynamically to the big crack [14].

8. CONSTRAINT EFFECTS

Cleavage fracture is an issue of central importance
for aging nuclear reactors. The measured toughness
is found to depend on test geometries [24, 25], leading
to a suggestion that fracture experiments be con-
ducted using specimens comparable to pressure vessel
wall thickness (about 9 inches) under biaxial loading.
Because of the high cost, only a few such tests can be
conducted for final validation. It has been demon-
strated that data measured from different specimens
under well-contained yielding can be correlated in
terms of the T—stress [26, 27]. That is, toughness de-
pends on T, represented by a toughness curve J,(T).

A more fundamental approach would be mechan-
ism-based. From previous discussions it is clear that
progress can be made by studying the effect of the
T-stress on the near-tip bridges, and on background
plasticity. Depending on temperatures and loading
rates, near-tip bridges can be atomic cohesion, ductile
tearing or hole growth. Studies on all three mechan-
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isms are in progress [28]. Here we focus on the
low-temperature cleavage. The presence of T does not
affect the cleavage process, i.e. the value of I';.
However, T changes the plastic zone size. For
example, a negative T generates large plastic zone at
fixed I';. This effect can be quantified by using the
model system in Fig. 3, subjected to various values of
T/oy; finite element results are included in Fig. S.
Also observe that T-stress up to the yield stress,
induced by thermal mismatch, is usually present near
a metal/ceramic interface, which can be studied in a
similar way.

9. MIXED-MODE FRACTURE ALONG
METAL/CERAMIC INTERFACES

Metal/ceramic interfaces are convenient for study-
ing cleavage with background plasticity [5-9, 29, 30].
The extent of plasticity can be varied by the ratio of
shearing to opening stresses, o,,/0,,. Within the
elastic cell, the standard elastic singular solution
applies down to several Burgers vectors away from
the crack tip. The elastic field can be characterized by
a complex stress intensity factor, K,,, written in the
form [31]

Kip = | Kip |6~ exp(ithy, ). ©)

Here |K;,| is the magnitude of the complex stress
intensity factor, related to %, through an Irwin-type
formula; ¢ is a small real number depending on the
elastic constants of the metal and ceramic—tan y, is
representative of the ratio g, /5,, immediately outside
the decohesion core.

Remote loading can also be characterized in a
similar way, i.e.

K =|K|L™“exp(iy, ). Q)

Here | K| is related to the remote energy release rate,
%, by the same Irwin-type formula. The length L can
be chosen to be of the order of the plastic zone size,
so that tan Y represents the ratio, ¢,,/0,,, just out-
side of the plastic zone. For a cleavable material,
%, = I', which may be insensitive to ,, at least
when the interface is loaded with a significant amount
of tension. The plastic zone size depends on ¥, , so is
the measured fracture energy as represented by
I' (). Computations with a model system similar to
Fig. 3 would predict I'(};); comparison with the
experiments would ascertain the range of validity of
the present theory.

10. CONCLUDING REMARKS

Several general conclusions can be drawn from the
preceding discussions. Fracture process can be parti-
tioned into near-tip bridging and background dissipa-
tion. This partitioning must be made at a length scale
relevant to the dominant fracture mechanism.
Atomic decohesion dominates when no dislocation
emit from the crack tip and no other bridging mech-

N
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anisms operates. Artificial layered materials are pro-
posed as test geometries to sort out the roles played
by near-tip bridges and background dissipation.
More calculations are in progress [32]. Micron-scale
fracture processes, such as hole growth and ductile
tearing may also serve as bridges. In this regard, when
several fracture mechanisms compete, the long range
mechanism usually dominates. The implications
of these models on dynamic fracture are being
investigated [28].
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