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Mesoscopic approach to subcritical fatigue crack growth
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We investigate a model for fatigue crack growth in which damage accumulation is assumed to follow a power
law of the local stress amplitude, a form that can be generically justified on the grounds of the approximately
self-similar aspect of microcrack distributions. Our aim is to determine the relation between model ingredients
and the Paris exponent governing subcritical crack-growth dynamics at the macroscopic scale, starting from a
single small notch propagating along a fixed line. By a series of analytical and numerical calculations, we show
that, in the absence of disorder, there is a critical damage-accumulation exponent y, namely y,. = 2, separating
two distinct regimes of behavior for the Paris exponent m. For y > y,, the Paris exponent is shown to assume
the value m = y, a result that proves robust against the separate introduction of various modifying ingredients.
Explicitly, we deal here with (i) the requirement of a minimum stress for damage to occur, (ii) the presence of
disorder in local damage thresholds, and (iii) the possibility of crack healing. On the other hand, in the regime
y < ¥.,the Paris exponent is seen to be sensitive to the different ingredients added to the model, with rapid healing
or a high minimum stress for damage leading to m = 2 for all y < y,, in contrast with the linear dependence
m = 6 — 2y observed for very long characteristic healing times in the absence of a minimum stress for damage.
Upon the introduction of disorder on the local fatigue thresholds, which leads to the possible appearance of
multiple cracks along the propagation line, the Paris exponent tends to m =~ 4 for y < 2 while retaining the

behaviorm = y fory 2 4.
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I. INTRODUCTION

Fracture phenomena are quite common in nature and play
a fundamental role in many situations of interest for science
and technological applications [1,2]. Despite many advances in
materials science and applied mechanics over the past decades,
the full description of such problems remains a great challenge
to physicists and engineers [3]. However, it is a well-known
fact that the presence of cracks within a material can magnify
by several times the effect of the external stresses applied,
causing a strong reduction in its strength and inducing rupture
at a stress very much lower than that needed to break the atomic
bonds in a flawless, regular arrangement [3,4].

Scaling arguments developed by Griffith [5] show that a
single crack, after reaching some critical length, will propagate
spontaneously within the material, causing its catastrophic
failure. Below that critical length, many kinds of external
mechanisms occurring on relatively slow time scales can
dominate the crack dynamics, defining a subcritical regime
of crack growth [1]. Among those mechanisms, we highlight
the occurrence of fatigue as the result of a progressive accu-
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mulation of damage throughout the material when submitted
to cyclic load [1,3,6].

In general, subcritical fatigue crack propagation is well
described by an empirical law largely used in engineering
practice, known as the Paris (or Paris-Erdogan) law [7], which
states that the growth rate of a linear crack under cyclic load
follows a power law of the stress-intensity factor, with an
exponent m,

da _ C(AK)" ~ a"/? (1)

dN ’
Here a is the crack half-length, N is the number of loading
cycles applied to the material, da/dN is the crack-growth
rate (proportional to the crack-tip speed), AK = gAog/ma
is the amplitude of the stress-intensity factor of the crack,
Aoy and g being the stress amplitude and a geometrical
factor, respectively, while m (the Paris exponent) and C are
parameters that may depend on both the material properties and
the experimental conditions. Numerous experiments have con-
firmed the validity of this law over several orders of magnitude
for a wide variety of materials and loading conditions [1,3].

Despite its simplicity and practical importance, a systematic
understanding of this law on physical grounds is still lacking,
especially as regards the determination of an explicit relation
between the Paris exponent m and microscopic parameters
of a given material. An intermediate step was taken by
three of the authors of the present paper [8], who were
able to show that the Paris law indeed emerges from a

©2016 American Physical Society


https://doi.org/10.1103/PhysRevE.94.043003

ARAUJO, VIEIRA, ANDRADE, JR., AND HERRMANN

damage-accumulation rule defined by a power law of the
external stress amplitude, with a characteristic exponent y,
whose relation with the Paris exponent m can be determined
via a combination of analytical and numerical calculations.
Although such a damage-accumulation rule can be justified
by invoking self-similarity concepts [9], a first-principles
calculation of the damage-accumulation exponent y for a given
material remains challenging. Nevertheless, assuming such
a damage-accumulation rule on phenomenological grounds,
it is possible to show [8] that, in the absence of disorder,
there is a critical damage-accumulation exponent y, namely
Y. = 2, separating two distinct regimes of behavior for the
Paris exponent m. For y > y,, the Paris exponent assumes
the value m = y, while for y < y, a different linear relation,
m = 6 — 2y, is verified.

Our aim in this paper is to further explore the consequences
of the dynamics associated with a power-law damage accumu-
lation rule, both in the uniform limit and in combination with
disorder in the local rupture thresholds. Regarding disorder,
some progress has already been made in Ref. [10] by a mapping
to arandom-fuse problem, which was solved numerically. Here
we combine results from linear-elastic fracture mechanics with
an independent-crack approximation to perform a thorough
study of the effects of disorder on the relation between the
damage-accumulation exponent y and the Paris exponent
m. We also investigate the effects of introducing a healing
mechanism that lowers the local damage throughout the
material as time passes. We present evidence that the relation
m =y for y > y, is robust against the separate introduction
of various modifying ingredients, but that in the regime y < y,
the Paris exponent is sensitive to the different ingredients added
to the model, with rapid healing or a high minimum stress for
damage leading to m = 2 for all y < y,, while disorder leads
tom =~ 4.

The paper is organized as follows. The basic ingredients of
the model are presented in Sec. II, with the next two sections
dedicated to investigating the uniform limit in the absence
of healing. The behavior of the model in the presence of
disordered local damage thresholds in discussed in Sec. V.
Healing effects in the uniform limit are introduced and
discussed in Sec. VI. The final section summarizes our
findings.

II. THE BASIC MODEL

In the present section, we define the model and discuss
schematically the dynamics of crack growth. The next sections
deal with particular cases and extensions.

Following Ref. [8], we assume that a single thin elliptic
crack is initially produced in an infinite two-dimensional
sample of a linear-elastic material. The sample is subject to
cyclic loading, with an external stress oy transverse to the
major axis of the crack. We further assume that the crack
grows only along its major axis, so that crack propagation
becomes essentially a one-dimensional problem, as shown in
Fig. 1.

Along the crack line, we discretize space so that the crack
grows by the rupture of elements of fixed length r, and we
assume that, when the crack has length 2a, the element at
position x experiences a stress given by o(x 4 8r;a). This
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FIG. 1. A very thin elliptical crack of half-length a propagating
along the direction of its major axis in a two-dimensional sample of
material subject to an external stress 0. The crack propagation line is
indicated by the dashed line, and x is the coordinate of a given point
P relative to the midpoint of the crack.

assumption prevents the appearance of divergences in the stress
field around the crack tip, and, to a first approximation, it is
consistent with the fact that linear-elasticity theory must break
down in the immediate vicinity of the crack tip, giving rise to
a fracture process zone or plastic zone [1,11]. We assume
in this work that the size of the fracture process zone is
smaller than the discretization length §r. We also assume that
the relaxation time of the material is much shorter than the
period of the loading cycle, so that crack propagation can be
investigated within a quasistatic approximation, according to
which the system always reaches its equilibrium state between
two successive crack-growth events.

In the continuum limit, and within linear-elasticity theory,
the local stress o (x; a) along the crack line is given by [4]

|x — Xol

where oy is the external stress applied to the material, x is the
coordinate of the point of interest, xg is the coordinate of the
midpoint of the crack, and 2a is the crack length (see Fig. 2).

Sufficiently close to the crack tips, we obtain an asymptotic
expression for o (x;a),

@)

o(x;a) =0y

K
2 (fx = xol —a)’

defining the stress intensity factor K = og/ma for this
particular geometry.

We postulate that cyclic loading with an external stress
amplitude Aoy = 00 max — Co.min leads to fatigue damage
accumulation in each element along the crack line according
to the rule

(€)

o(x;a) >~

8F(x;a) = fodt(a)[Ao(x;a)]”, 4)

where §F(x;a) is the damage increment in the element
located at position x during the time interval §¢(a) when the
crack remained with length 2a, Ao (x;a) is the corresponding
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FIG. 2. Sketch of the stress field o(x;a) along the propagation
line of the crack, whose midpoint is at xo = 0. Except for the presence
of the crack, the medium is homogeneous. The cutoff value o, stands
for the stress attributed to plastic effects within a zone around the
crack tip, whose linear dimension is assumed here to be smaller
than ér.

local stress amplitude, y is a phenomenological damage
accumulation exponent, and fj is a constant setting the time
scale, being proportional to the inverse duration of the loading
cycle; see Fig. 3 for an illustration.

Therefore, the damage at position x when the crack is about
to grow from length 2a is given by the relation

F(x;a) = F(x;a") + §F(x;a), (&)

in which 24’ is the previous crack length. When the crack
always advances symmetrically with respect to the midpoint
of the initial crack, we have a’ = a — ér.

A heuristic motivation for the power-law dependence of the
damage increment can be formulated by invoking concepts
of self-similarity and fractality commonly observed in spa-
tial patterns related to crack propagation and fragmentation
processes [9,12—16], and assuming that the most important
contribution to damage accumulation comes from the local
stress amplitude.

Finally, we assume that an element at position x ruptures
when the corresponding accumulated damage reaches a

X
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FIG. 3. Schematic  diagram representing the damage-
accumulation process for a given element at position x in a
configuration with crack half-length a. The damage accumulated
F(x;a) is depicted by a life-bar with the level labeled in red
that can receive a damage increment §F until it reaches the
damage-accumulation threshold F,.
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threshold Fi,(x). In the uniform limit, Fy,.(x) = Fy, for all
x, elements break sequentially, starting from the initial crack
tips, and the crack advances symmetrically. In the general case,
as shown below, elements far from the crack tip can suffer early
rupture, leading to irregular crack growth and to the presence
of multiple cracks. In all cases, we focus on the growth of the
initial crack—or main crack—which may involve secondary
cracks when these coalesce with the main crack.

The main crack advances when the accumulated damage in
one or both elements at the crack tips reaches the correspond-
ing threshold. Equations (4) and (5) allow the calculation of
the number of cycles since the last growth event and of the
updated accumulated damage along the crack line.

III. THE UNIFORM CASE

When all fatigue thresholds are equal, i.e., in the uniform
limit, the monotonic behavior of the stress amplitude function
Ao (x;a) (see Fig. 2) ensures the existence of a single crack
along the whole rupture process. Furthermore, the crack
always advances symmetrically, with elements at both crack
tips breaking simultaneously. As already shown in Ref. [8],
the iteration of Egs. (4) and (5), along with the crack-growth
condition, lead to a crack growth dynamics reproducing the
Paris law, as illustrated in Fig. 4.

In the thermodynamic limit (i.e., for system sizes L — 00),
the relation between the Paris exponent m and the damage-
accumulation exponent y is a piecewise-linear function

6 - 2 ) g cs
m(y) = { versy ©6)
)/7 y > J/L‘v
with
Ye = 2.

This follows from both analytical calculations for y > y, (see
below) and from a finite-size scaling analysis of numerical
calculations, according to

LY ]—'7(”/ — j/C|Ly), Y < Ve
m(y; L) — v {L—y Filly — velL?), y > ye. @

Here the system size L is the number of discretized elements up
to which the calculations are iterated, . are scaling functions,
and y is an exponent to be determined from the best data
collapse of properly rescaled plots according to Eq. (7). As
shown in Fig. 5, this finite-size-scaling hypothesis is nicely
reproduced by numerical data for all values of y.

The critical value y. =2 of the damage-accumulation
exponent is related to the divergence of the stress integral
along the crack line, as shown by the analytical calculations
presented below. It separates two regimes, one dominated
by damage accumulation mostly around the crack tip, which
happens for y >> 1, and one in which damage accumulation
occurs more uniformly along the crack line, as in the limiting
case y — 0.

An alternative method to obtain the thermodynamic limit
from the numerical results comes from an analysis of crack-tip
velocity versus crack length for a single value of y, according
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FIG. 4. Top: numerical dependence of the Paris exponent m on
the damage-accumulation exponent y for system sizes ranging from
L = 10° to 10°. The solid line corresponds to an extrapolation of the
results to the thermodynamic limit assuming the finite-size scaling
hypothesis given by Eq. (7). Bottom: typical curves of da/dt as
a function of a/ay for several values of the damage-accumulation
exponent y .

to the finite-size scaling hypothesis

L de (3)m/2, (8)
dt L

where now m is chosen so as to produce the best data collapse
of the rescaled curves, as illustrated in Fig. 6. This yields
a continuous curve (not shown in Fig. 4), which agrees quite
well with the previous piecewise linear prediction, except in the
neighborhood of y,, where logarithmic corrections to a simple
power-law behavior are expected to be relevant. Nevertheless,
this alternative method turns out to be less susceptible to
statistical fluctuations, and it will be used to evaluate the Paris
exponent in the presence of disorder (see Sec. V).

Analytical calculations

A few analytical results for the uniform limit can be derived
from a recursion relation obtained by eliminating §¢(a) using
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FIG. 5. Scaling plots of the dependence of m on y and L,
following Eq. (7), for different system sizes ranging from L = 10? to
10°. Top: y < y. = 2. Bottom: y > y, = 2.

Egs. (4) and (5) in order to compute the accumulated damage
at the crack tip for each crack length.

In the uniform limit, as both crack tips always advance a
single element at a time, after n iterations the crack length is
2a,, with

a, = agp + ndr.

Here a( represents the initial size of the crack, which we
assume to be larger than the minimum crack size associated
with A Ky, the threshold value of the stress-intensity factor
at which a fatigue crack propagates at a detectable rate. For
smaller sizes, crack growth proceeds at a very slow rate (see,
e.g., Ref. [6], Chap. 2), below one atomic length per loading
cycle, and our mesoscopic approach is inapplicable. Therefore,
we expect that our results only apply to the Paris regime of
fatigue crack propagation.
If we define

Fn = F(an-l»l,an—l),
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10°
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FIG. 6. Top: scaling plots of the dependence of da/dt ona and L
for different system sizes ranging from L = 10? to 103, with y = 1.
Bottom: mean-square error of the data collapse as a function of the
rescaling parameter m, showing a minimum very close to m = 4.
The mean-square error is calculated by summing squares of relative
deviations of rescaled ordinates for all rescaled values of abscissas,
between all possible pairs of data sets.

combining Egs. (4) and (5) with the crack-growth condition
leads to the time elapsed between consecutive rupture events,

Fine(1 — Gy)
ﬁJ[AU(an-&-l;an)]y '

and to the rescaled recursion relation

ot(a,) = 9)

Fy,
Fthr

n
G, = = Zgnk(l = Gg-1), n>0, (10)
k=1

with Gy = 0 and

Ao (ag+ (n + Dér;ag + (k — 1)6r)]”
Gnk = [ A - } (11)
o(ag + kér;ag + (k — 1)dr)

Notice that g,; is related to the ratio between the stress
amplitudes at two different times in the rupture process, and
that the asymptotic behavior of the rescaled accumulated
damage G, at the crack tip must be taken into account in
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FIG. 7. Typical behavior of the stress amplitude amplitude ratio
gni for a few values of the damage-accumulation exponent y. Top:
y = 1. Bottom: y = 4.

order to estimate the crack-growth rate

da or 1
dN  §t(a) St(a)

The asymptotic behavior of G, is related to the asymptotic
behavior of g, which is given by

(287 /ap)'?, kér < ag K nér;
gk ~ 1§ (2/k)/2, ay K kér K nér; (12)
n—k+2)v2  ay < kér~nér.

Notice that g, assumes its largest values for k approaching n,
as shown in Fig. 7.

If G, approaches a value G* smaller than unity as n — oo,
it follows from Egs. (10) and (12) that we can write

G'~(1-GNY (n—k+2)7? =1 - Gsxy), (13)
k=1

with

vy _ .
s¢w={“” Loy=>2 (14)

00, y <2,

where ¢ (x) is the Riemann zeta function.
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Therefore, for y > 2 we have
e Soc(¥) da, _ a)?
1 4+ 500(¥) dt 1 - G*

yielding m = y. However, this analysis breaks down for
y < 2, since G* approaches unity as y — 27,
Nevertheless, for y — 0" we can write

[Ao(x;a,)]” = exp{ln[Ao(x;a,)]"}
~ 1+ 1In[Ao(x;a,)]”,

~ any/2’ (15)

from which, by using Egs. (10) and (12), we obtain, forn > 1,

G, ~ 1 +1n( En.1 ) (16)
8n—1,1
and
g a\’
2.l %1—y<—0> n=>. (17)
&n—1,1 or

Therefore, as y — 01 we have

1 - Gn n _
it~ —In <&> ~ya® (18
an 8n—1,1

so that we obtain a Paris exponent m = 6, in agreement with
the numerical results. Notice, however, that the multiplicative
coefficient in the Paris law expression, which in this limit is
proportional to y ~!, diverges as y — 0, in agreement with the
expectation of sudden rupture when the damage threshold is
reached simultaneously at all points.

8t(an) ~

IV. THE UNIFORM CASE WITH A MODIFIED
DAMAGE-ACCUMULATION RULE

In analogy with modifications of the Paris law suggested
by crack-closure phenomena, related to factors such as
plasticity, roughness, and oxidation, which imply an effective
reduction of the stress-intensity amplitude [6,17], the damage-
accumulation rule can be modified to accommodate a threshold
stress amplitude needed to induce local damage. This can be
done by rewriting Eq. (4) in the form

§F(x;a) = fodt(a)[Aoe(x;a)]”, (19)
with an effective stress amplitude
Aoeg(x;a) = Ao(x;a) — bAoy, (20)

the coefficient b (0 < b < 1) giving the strength, relative to
the external stress amplitude Aoy, of the threshold stress
amplitude below which no damage accumulation occurs.
Notice that for b =0 we recover the case investigated in
Sec. III, whereas b = 1 leads to no damage accumulation
infinitely far from the crack tips.

A similar analysis to the one performed in Sec. III shows
that Egs. (9) and (10) now read

Fine (1 — Gy)

ot(a,) = 21
M) = S A Car(an s anl? <D
and
Gy =) hu(l = Gry), (22)
k=1
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with the g, of Eq. (10) replaced by
Aoe(ag + (n + 1)8r;ap + (k — 1)ér) 1"
he = . (23
Aoegelag + kér;ap + (k — 1)ér]
whose asymptotic behavior is given by

(1—b)2agsr |V
ag—b~/2apdr ’

kér < ay L nér;

~ y
hak & [—(Fb)m] , ap K kér < nér; 24)

k—b~2k

(n—k+2)7v?, ag K kér =~ nér.

Thus, Eq. (15) remains valid for y > y,, and we still have
m = y, with y. = 2 irrespective of the value of b.

On the other hand, in the limit of small damage-
accumulation exponent (y — 07), the expansion in Eq. (16)
becomes

hy
G,,%1+ln< ! ) n> 1. (25)
hp—11

Now we have to distinguish between the cases 0 < b < 1 and
b=1.If0 < b < 1, then

]’l,,] ap 2 1 -3
—~l—-y|—=) —n", 26
Bt y(&) a—n" (26)
so that
1-G, ~vya,”, 27)
whereas if b = 1 we have
hn 1 -1
— ~1—-2ya, (28)
hn—l,l
and thus
1-G, ~ya . (29)
Therefore,
6, 0<b<l,
m(y — 0) = {27 b 1. (30)

Numerical calculations suggest that for 0 < y < 2, a Paris
regime still exists, but with a nonlinear relation between m
and y if 0 < b < 1; see Fig. 8.

V. INTRODUCING DISORDER IN
THE FATIGUE THRESHOLDS

In this section, we turn our attention to a description of crack
growth in a heterogeneous medium by introducing disorder in
the fatigue thresholds. We assume that the element at position
x along the crack line has a fatigue threshold Fi,:(x) chosen
randomly from the uniform probability distribution

1
P(Fyr) = AF O(F> — Finr)0 (Finr — F), €1y

where 6(x) is the Heaviside step function and AF = F, — F)
gauges the disorder strength, with the additional condition
that, in appropriate units, F; + F, = 2. We also assume that
the fatigue thresholds at different elements are uncorrelated.
In the presence of disorder, elements far from the crack tips
may reach their fatigue thresholds, giving rise to secondary
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FIG. 8. Top: numerical dependence of the Paris exponent m on
the damage-accumulation exponent y, within the modified version of
the model, for a few values of the threshold-stress-range parameter b
and system size L = 10°. Notice that the linear relation m = y seems
to be recovered for y > 2, but a nonlinear relation seems to emerge
for y <2 if 0 < b < 1. Bottom: finite-size behavior of m against
y for b = 0.5. The continuous curve is a polynomial guess for the

infinite-size behavior. Blue stars indicate the results obtained by the
alternative finite-size-scaling scheme employing Eq. (8).

cracks, as illustrated in Fig. 9. In such a case, we focus on the
growth of the initial or main crack, noting that it may coalesce
with secondary cracks as the growth dynamics proceeds.

After the rupture of n elements, we label the configuration
of the system as

{ar, Xk }n, (32)

where a; is the half-length of the kth crack, which is centered
at position x; with respect to the midpoint of the initial crack.
We assume that between rupture events, an element at position
X is subject to damage accumulation following

SF(x;{ak,Xi}n) = fodt({ax,Xih)[Ao (x;{ax, Xe})l”,  (33)

where 8t({ay,Xy},) is the time elapsed between the nth
and the (n + 1)th rupture events, and Ao (x; {ax,Xx},) is the
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main crack

FIG. 9. Schematic diagram representing a configuration of the
system with random fatigue thresholds. In this case, we observe the
presence of multiple cracks (each one indicated by a sequence of dark
elements) along the propagation line.

corresponding stress amplitude at position x. This is analogous
to Eq. (4), so that, in the notation of Sec. IV, we take b = 0.

As a rupture event involves the element requiring the least
time to reach its fatigue threshold, the analog of Eq. (5) allows
us to write 8¢ ({ayx,Xi},) as

Fine(x) — F(x; {ag, X }n—1)
SJolAo (x; {ag,xi})1Y

It should be emphasized that, as soon as the first secondary
crack appears, the stress amplitude Ao (x;{ax,X;},) is no
longer given by the analog of the simple form in Eq. (2).
Due to the lack of an analytical solution for the stress field
of multiple thin cracks, even in the simplest case in which
the cracks are arranged along the same line, we resort to
an independent-crack approximation, to be detailed below,
whenever it is necessary to deal with secondary cracks, except
in the case y = 0, which we now present in detail.

St({ar,xx}n) = m}“ { } (34)

A. Thecasey =0

In this limit, damage accumulation is independent of the
local stress amplitude, so that the problem is similar to a 1D
percolation process, and it is possible to obtain analytical
results. In this subsection only, in order to simplify the
calculations, we assume that the initial crack is a notch of
length ay at the left end of the medium. The case of a central
initial crack was briefly discussed in Ref. [10].

The probability of finding the main crack with length a at
time ¢ is given by

P(alao,t) = [p(M)]*~*[1 — p(®)], (35)

in which p(z) is the probability that an element has reached
its fatigue threshold before time ¢, the factor 1 — p(t) being
the probability that the element at the (right) tip of the main
crack remains intact at time ¢. Since for y =0 we have
F(x;{ar,xi}n) = fot, it follows that

t—n
T

p(t) = min {1, ot — tl)}, (36)

where t| = Fi/fo and T = AF/fy are parameters related to
the disorder distribution.
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For a semi-infinite medium, the average length of the main
crack at time ¢ is given by

p(1)

(@) = ) aPlalag,t) = ao+ 1 o

a=a

(37)

so that, eliminating ¢ from Eqgs. (36) and (37), the average tip
velocity of the main crack can be written, for t; <t < t, =

F>/fo, as

(V) = —({a); ~ (a);, (38)

implying a Paris exponent m = 4 instead of m = 6 as in the
uniform limit.

It is also possible to study finite systems containing L
elements, and have access to the distribution of waiting times
between rupture events, as well as to the distribution of
avalanche sizes. An avalanche is defined as a sudden event in
which the crack tip advances by more than a single discretized
elements, while the avalanche size is the number of elements
by which the main crack grows in a single event. (Notice
that an avalanche involves stress rearrangements by changing
the configuration of the cracks in the system. In the limit
of y =0, this stress rearrangement is irrelevant for damage
accumulation, and avalanches are just random nucleations.
This is not the case for any y > 0, and avalanche events
will be correlated.). Toward that end, we must consider the
probability that the main crack has length a and, upon rupture
of the element at its tip, happening between times ¢ and ¢ + dt,
advances Aa elements having waited a time between At and
At 4 d(At) since it last advanced. Denoting this probability
by p, (Aa,At,t|a)dt d(At), we have

(@a—ap)a—ap+1)

pr(Aa,At,tla) = [p(t — Ap)]* ™!

T2
x [pOI* 1 = pOI(1 = 5a,2-a)
+8Aa,L—a}a (39)
8;j being the Kronecker delta symbol. Here,

[p(t — A% is the probability that a — ap — 1 elements
are broken at time ¢ — At, d(At)/T is the probability that the
previous growth event of the main crack has occurred between
times t — At and t — At + d(At), dt/T is the probability
that the new growth event of the main crack occurs between
times ¢ and ¢ +dt, and [p(¢)]*“"! is the probability that
the first Aa — 1 elements to the right of the element at the
crack tip are broken before time #. The terms between curly
brackets in Eq. (39) distinguish the case in which the crack
stops before reaching the right end of the medium, which
occurs with probability 1 — p(¢), from the case in which
catastrophic failure occurs, corresponding to Aa = L —a.
The prefactor on the right-hand side of Eq. (39) ensures
normalization.

The marginal probabilities for avalanche sizes and waiting
times are obtained from p; (Aa, At,t|a) by integrating over the
appropriate variables. The marginal probability for avalanche
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sizes Aa is given by

%) r—1
P (Aala) :/ dt/ d(AHpr(Aa, At t)a)
n 0

( + 1) 1 - (SAa,L—a
= (a—a
0 (Aa+a—ag+ 1)(Aa + a — ap)
8Aa L—a
Lenma 40
+ ao} (40)

while the marginal probability for waiting times between
consecutive jumps is

L— f1+At
P (Atla) = Z / dtpr(Aa,At,t)a)
1

Aa=1

Leman( 2y
T T

The mean values of avalanche sizes, (Aa), 1, and waiting
times, (At), 1, can be computed from the above marginal
probabilities, yielding

(Aa)a,L = (Cl —ap+ 1)[(HL—ao - Ha—uo)(l - (Su,ao)
+ HL—aOSa,aU]’ (42)
where H, is the harmonic number of order n, and
T
Aty = ————. 43
(At)a,L a2 (43)

Figure 10 compares these last results with numerical simu-
lations implementing the crack-growth dynamics in the limit
y =0.

The ratio between those mean values yields an estimate of
the crack-growth rate, proportional to the the crack-tip velocity
of the main crack, which we define as
(Ad)a  (a—ao+2)a—ap+1)

(At >a, L T

X [(1 - 6(1,00)(HL7(Z()_HG*[10) + (Sa,anHLfan]- (44)
Thus, in the limit of large crack lengths (L > a > ayp), we

obtain
L
(V)ar ~a’In <—> 45)
a

<U>a,L =

leading to a Paris law with exponent m = 4, apart from loga-
rithmic corrections depending on the system size. Numerical
simulations of the model are in good agreement with the
analytical calculations, as shown in Fig. 11.

B. Thecase y > 0

In this subsection, we study the properties of the disordered
model in situations in which the damage-accumulation expo-
nent is nonzero, a case in which a fully analytical treatment
is impossible. The approach we employ is therefore mostly
numerical, and based on an independent-crack approximation
that neglects the correlations between the multiple cracks
emerging along the propagation line during the breaking
process.

Our approximate results can be compared with another
approach, the fuse model [18,19], which is equivalent to
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FIG. 10. Rescaled mean values of waiting times (top) and
avalanche sizes (bottom) between consecutive jumps of the main
crack for the disordered version of the model with y = (0. Numerical
results are in good agreement with the analytical results from
Egs. (42) and (43), indicating power-law behaviors of both quantities
as functions of the length of the main crack, in the limit of infinite
system size.

fracturing a discretized scalar version of linear-elastic theory,
appropriate for the loading mode and the two-dimensional
geometry we assume here. Within the fuse model, we can
compute numerically the finite-size value of the local stress in
multicrack configurations.

The independent-crack approximation (ICA) consists in
writing the stress (and thus also the stress amplitude) in the el-
ement located at position x when the multicrack configuration
is {ay, X}, as

N

o (x; {ax.Xil) 2 00 + Y _[01(x;: Xpoar) — 0ol,
k=1

N
x ¢ | — % + an), (46)
k=1

in which oy is the applied external stress, ay is the half-length
of the kth crack, which is centered at position x; with respect
to the midpoint of the initial crack (which we assume again to
be located at the center of the system), and o} (x; X,ax) is the
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FIG. 11. Rescaled mean crack-growth rate defined as the ratio
between the mean values of avalanche size and the waiting time
between consecutive jumps for the disordered version of the model
with y =0. Numerical results are in good agreement with the
analytical prediction of Eq. (44), indicating a Paris exponent equal to
m =4 1in the limit of infinite system size.

stress field that would be produced by the kth crack if it were
the only crack in the system. The —oy factors inside the square
brackets on the right-hand side of Eq. (46) ensure that very far
from any cracks, the external stress is recovered. Inside any of
the cracks, the stress is zero.

To get an idea about the accuracy of the ICA, we compare its
predictions with those of the fuse model for the case in which
there are two symmetric cracks with length 2a whose centers
are separated by d elements. The numerical comparison
is shown in Fig. 12, and it indicates good qualitative and
quantitative agreement, with a relative error of at most a few
percent.

We now discuss the results obtained by implementing
the disordered crack-growth model according to the ICA
with y > 0, presenting comparisons with the random-fuse
model whenever appropriate. In our simulations, we performed
averages over up to 100 000 disorder realizations, with system
sizes ranging from L =23 to 2°. We varied the damage-
accumulation exponent y and the disorder strength AF. The
single-crack stress fields o;(x;Xy,ar) were calculated from
Eq. (2).

First we note that it can be shown (see Ref. [8]) that
for y < 2 any amount of disorder leads to the appearance
of secondary cracks, while for y > 2 those appear only for
stronger disorder, such that F|/F, <1 — 1/;(%)/), which, in
terms of the disorder strength A F, corresponds to

2
2(v) =1
The value of A Fp, increases monotonically from 0 at y =2
to 2 as y — oo, which implies that, for large values of
y, secondary cracks appear only if the disorder distribu-
tion allows the presence of arbitrarily small local damage
thresholds.

For all values of y, both the average crack jump (avalanche
size) Aa and the average waiting times between consecutive

AF > AFpin ™ A7)
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FIG. 12. Top: comparison between the stress along the propaga-
tion line of the system calculated exactly (black circles) and by the
independent-crack approximation (red squares) for a sample of length
L containing two cracks of length 2a separated by a distance d. Both
calculations were performed for the fuse model, which is equivalent to
fracturing a discretized scalar linear-elastic theory (see the main text).
The independent-crack approximation uses the stress field calculated
within the fuse model as if each crack would be separately present
in the system. Bottom: relative error between the exact result and the
independent-crack approximation for the stress at the crack tip, as a
function of the separation d between cracks of length 2a.

jumps At seem to follow power laws of the main crack length
2a, namely (Aa),; ~ a® and (At),; ~ a~P, as shown by
the finite-size scaling plots of Figs. 13 and 14. The results for
the corresponding exponents « and § are in good agreement
with those predicted by the random-fuse model. Notice that
o quickly becomes negligible for y > y,, indicating that in
this regime the formation of secondary cracks is rare, except
in the presence of strong disorder (AF > A Fyin). As for the
B exponent, it seems to be approximately given by y /2 for
y > 2, while approaching § = 1asy — 0.

Predictions of the ICA for the average crack growth rate
of the main crack are shown in the finite-size scaling plots
of Fig. 15, exhibiting the power-law behavior associated
with the Paris law. The values of the Paris exponent are
chosen so as to yield the best data collapse of the curves
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FIG. 13. Top: scaling plot of the average main crack jump (Aa), .
as a function of the rescaled crack half-length a/L, for different
sample sizes ranging from L = 23 to 2° and two values of the damage-
accumulation exponent y and the disorder strength AF. Bottom:
dependence of the power-law exponent « on the damage accumulation
exponent y for different degrees of disorder, as predicted by the
ICA (left) and comparison between predictions of the ICA and the
random-fuse model for AF = 1 (right).

corresponding to different system sizes for the same values
of the damage-accumulation exponent y, with the help of
Eq. (8). The dependence of the macroscopic Paris exponent m
on the damage-accumulation exponent y, for different degrees
of disorder, is shown in Fig. 16, together with the results found
for the homogeneous case [8] and the random-fuse model
[10].

Notice that, in all the cases studied, we observed a strong
tendency of the Paris exponent for y < 2 to display a value
m(y) =~ 4, irrespective of the disorder strength. This can be
understood on the basis of the observation that, already in
the uniform limit, y, = 2 separates a growth regime in which
damage accumulation happens mostly around the crack tips
(y > 2) from another regime where damage accumulation ac-
cumulates more uniformly along the propagation line (y < 2).
It is thus not surprising that, upon the introduction of
random damage thresholds, this last regime is dominated
by disorder effects, rather than by the relatively small vari-
ations in damage accumulation along the propagation line,
therefore leading to m = 4, as in the y — 0 limit. On the
other hand, for y 2 4 the Paris exponent m(y) assumes
values very close to the uniform-limit result y, as already
observed in the random-fuse calculations [10]. The region
2 <y <4 is plagued by large statistical fluctuations and
corrections to scaling, making it difficult to locate within this
picture.
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FIG. 14. Top: scaling plot of the average waiting time between
successive jumps of the main crack, (At), ., normalized by the
average rupture time 7', as a function of the rescaled half-length
a/L, for different sample sizes ranging from L =23 to 2° and a
few values of the damage-accumulation exponent y and AF = 1.
Bottom row: Dependence of the power-law exponent B on the
damage accumulation exponent y for different degrees of disorder,
as predicted by the ICA (left) and comparison between predictions of
the ICA and the random-fuse model for AF = 1 (right).
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FIG. 15. Scaling plot of the main crack-growth rate da/dt as
a function of the crack rescaled half-length a/L, for different
system sizes (from L = 2° to 2°) and a few values of the damage-
accumulation exponent y. The disorder strength is fixed at AF =1.
Curves for y =5 are offset for clarity. To minimize statistical
fluctuations, crack-growth rates were calculated from the numerical
derivative of the half-crack length with respect to the average time
in which the crack became trapped in a configuration with the
corresponding length. Averages were taken over n=10° disorder
realizations.
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FIG. 16. Top: dependence of the Paris exponent m on the damage-
accumulation exponent y for the disordered model, according to
the independent-crack approximation. Bottom: comparison between
the results obtained by the independent-crack approximation and
the random-fuse model for the same relation m x y, with disorder
strength AF = 1. Notice the good agreement except in the vicinity
of y =2.

VI. HEALING EFFECTS IN THE UNIFORM LIMIT

We finally return briefly to the uniform limit, and we
introduce the possibility of damage healing with a charac-
teristic time t. Explicitly, we assume that, up to time ¢, the
accumulated damage on the element located at position x is
given by [20]

F(x;t) = fo/ dt/[AO‘(x;t/)]ye_(r_t,)/r, (43)
0

where fp is a constant setting the time scale, Ao (x;t) is
the stress amplitude at position x and time ¢, and y is the
damage amplification exponent. Healing mechanisms during
fatigue crack growth are known to be relevant, for instance,
in materials such as asphalt [21] and also in self-healing
composite materials such as epoxy, with the incorporation
of microencapsulated healing agents such as dicyclopenta-
diene [22]. The healing time t is treated here as another
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phenomenological parameter, which presumably depends on
the temperature and possibly on the concentration of a healing
agent.

Taking into account that Ao (x;t) does not vary between
crack-growth events, the last equation leads to a recursion
relation for the damage at a given location when the crack has

length 2a,

F(x;a) = e "D F(x;a — 8r)+ 8F(x;a),  (49)
with

8F(x;a) = for[Ao(x;a)) (1 — e @y (50)

where the symbols have the same meaning as in Sec. II, and we
have used the fact that in the uniform limit, the crack always
grows by the breaking of the elements at the crack tips. Notice
that as T — oo, we recover Egs. (4) and (5).

The time interval §¢(a) during which the crack has length
2a is determined from the condition F(a + 8r;a) = Fy,. For
the time during which the crack remains with the initial notch
size 2ay, this yields

_ Flhr ) (51)
fotl[Ao(ag + dr;ap)l” )’

St(ap) = —tln <1
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FIG. 17. Behavior of the rescaled rupture time (red curves)
and the Paris exponents (black curves) as functions of the healing
characteristic time 7, rescaled by the corresponding minimum value,
for y =1 (top) and y = 4 (bottom).
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indicating the existence of a minimum value of 7 below which
the crack cannot grow. This minimum value is given by

Fthr
folAa(ag + 8r;ap)l””

For a fixed value of 7, this result is compatible with the
existence of a minimum stress amplitude around which the
fatigue lifetime diverges [22].

Using the previous equations, we can numerically inves-
tigate the crack-growth dynamics and its dependence on the
parameters y and t. It turns out that the Paris exponent m
is independent of 7 for y > 2, but it becomes 7-dependent
for y < 2. In this last regime, m is equal to 6 — 2y for
T — 00, but it approaches the value 2 as t approaches
Tmin. Figure 17 shows, for y =1 and 4, the behavior of
m as a function of t for a finite sample with L =2
elements. Also shown is the 7 dependence of the rupture
time #,p, normalized by its value in the limit T — oo. Notice
the seemingly logarithmic divergence of frp as T — Tmin,
a prediction whose experimental verification would require
an estimate of the healing time t in terms of material and
environmental parameters. At the moment, to the best of our
knowledge, such estimates are not available.

(52)

Tmin =

VII. CONCLUSIONS

In summary, we investigated various extensions of a model
for subcritical fatigue crack growth in which damage accu-
mulation is assumed to follow a power law of the local stress
amplitude. In all cases, our main interest was in determining the
effects of model ingredients on the Paris exponent governing
subcritical crack-growth dynamics at the macroscopic scale,
starting from a single small notch propagating along a fixed
line.

In the uniform limit, we showed that a number of analytical
and numerical results can be established regarding the de-
pendence of the Paris exponent on the damage-accumulation
exponent, the threshold stress range required to induce local
damage, and the characteristic time of damage healing. There
is a critical value of the damage accumulation exponent,
namely y. = 2, separating two distinct regimes of behavior
for the Paris exponent m. For y > y,., the Paris exponent is
shown to assume the value m = y, a result that proves robust
against the introduction of various modifying ingredients. On
the other hand, in the regime y < y, the Paris exponent is
seen to be sensitive to the different ingredients added to the
model, with rapid healing or a threshold stress amplitude
b = 1leading tom = 2 for all y < y,, in contrast to the linear
dependence m = 6 — 2y observed for very long characteristic
healing times and b = 0.

The introduction of disorder on the local fatigue thresholds
leads to the possible appearance of multiple cracks along
the propagation line, and the Paris exponent tends to m ~ 4
for y < 2, while retaining the behavior m = y for y > 4.
The independent-crack approximation employed for all cal-
culations in the presence of disorder yields results in good
agreement with the more computationally expensive random-
fuse calculations, suggesting that it can be reliably applied
to further extensions of the model. An interesting candidate
would be an investigation of the combined effects of disorder

043003-12



MESOSCOPIC APPROACH TO SUBCRITICAL FATIGUE ...

and healing, a situation that is closer to what occurs in real
materials.

It is possible to compare the results obtained from the
present approach with those derived in recent years (see, e.g.,
Refs. [23-27]) based on the extension of ideas of incomplete
self-similarity as applied directly to the macroscopic Paris
law (see, e.g., Refs. [28,29] and references therein). These
works point not only to the effect, on the Paris exponent,
of characteristic lengths (usually the sample thickness) or of
plasticity properties of the fracture-process zone ahead of the
crack tip [28], but also to the fact that the fractal character
of the crack profile leads to modifications of the asymptotic
behavior of the stress field around the crack tip, which also
affects the Paris law. Specifically, this changes the dependence
of the stress field on the distance r to a thin crack tip, which now
diverges as r'P~2/2_ D being the fractal dimension of the crack
profile [30]. Notice that this makes the stress field decay more
slowly with r than the » ~!/2 behavior of a linear (D = 1) crack.
This is reminiscent of the behavior of a damage-accumulation
rule with y < 2, for which, as discussed in Sec. III, damage
is more uniformly distributed along the crack line. Therefore,
a possible interpretation of the present approach is that, via

PHYSICAL REVIEW E 94, 043003 (2016)

the introduction of the damage-accumulation exponent y, it
encapsulates various effects such as the plasticity properties
ahead of the crack tip and the fractal nature of the crack profile,
allowing the use of linear-elastic fracture mechanics to provide
an effective description of fatigue crack dynamics.

Incidentally, the question remains as to whether it is
possible to relate the phenomenological, mesoscopic damage-
accumulation exponent y to atomistic or structural features of
real materials. We are currently investigating the possibility
of employing molecular dynamics or phase-field methods to
approach this issue.
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