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Abstract

The principal goal of this work is to limit the damage zone length during the crack propagation in brittle materials. This study is based
on the determination of stress fields by varying the distance between a semi-infinite crack and a neighboring dislocation. The model
suggested is a rectangular element (a dish), having a semi-infinite crack in one of its ends and a dislocation located in the vicinity of a
crack-tip, subjected to a tensile stress on mode |. The problem is treated numerically using Finite Element Method.For each distance

between the two cracks (semi-infinite crack and dislocation), stress fields are given. On the basis of these stress fields, a limiting

damage zone length is obtained.
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1 Introduction

The area found at the edge of a semi-infinite crack in a
brittle material is given by shapes that can't be determined
by classical elasticity approaches [1, 2]. This area, known as
a Damage Zone (DZ) or sometimes as a Process Zone (PS),
can be defined like a sector of stress field's concentrations.
These latest are obtained using exact analytical methods for
some particular cases and analytical approximations in cer-
tain claims. DZ can be limited in the presence of disloca-
tions nearby the edge crack-tip [3]. In this research work, we
consider only one dislocation interacting with a main crack
and by varying the distance as well as the angular orien-
tation between the dislocation and the edge crack-tip, the
stress field (o, ,
ment which is a brittle material having a rectangular form is
chosen. It has a length (L = 70 cm), a width (d = 50 cm) and
a thickness (e =2 mm) with a semi-infinite edge crack surro-

0, 0,,) are obtained. In our case, a finite ele-

unded by a moving dislocation. A remote loading is applied
according to the first mode I. The model is discretized with
finite elements of square and triangular form. On the basis
of these stress fields, a limiting DZ length is obtained.

2 Zones around the semi-infinite crack
According to the first mode of fracture [4], in a fissured
medium and from a mechanical point of view, one disting-

uishes three consecutive zones (Fig. 1). Firstzone (zone I;
the damage zone): The study of this zone is very difficult,
because the stress field distribution in this zone are very
high and disturbing.Second zone (zone II; the singular
zone): The stress and displacements fields are continuous.
In this zone, the components of the strains and stress fields
are infinite with the proximity of the semi-infinite crack.
Third zone (zone III; the external zone), in which one can
determine the fields of stress, deformation and displace-
ments while applying the boundary conditions.

Damage zone

Singular zone

External zone

Semi-infinite crack

Fig. 1 Zones created at the edge of a semi-infinite crack
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2.1 Stress distribution

In linear behavior, the theory of elasticity is employed to
characterize the state of stress and displacement at the
neighborhood of a semi-infinite crack [5]. Thus, the stress
distribution under the mode I traction is given by Chen [6]:
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where o is the plane stress, K, and K,; correspond to the
stress intensity factor under the effect of the first and sec-
ond mode respectively, r is the distance between the DZ
and the tip of the semi-infinite crack. fl_j(ﬂ) and g’.j(Q) are
the angular functions of distribution of the stresses in the
vicinity of a semi-infinite crack [7].

2.2 Dislocations

Dislocations or microcracks are crystalline defects and
are easily detected by an electronics device such as a high
resolution microscope [8, 9]. These defects can affect the
macro crack by amplifying or reducing the stress field
around a crak-tip. This phenomena can lead us to an accel-
eration of the a crack or toward a crack arrest. Generally,
each dislocation is endowed with a force of action gener-
ated by the displacement of the atoms and their interac-
tions [10]. The dislocation movement follows a translation
vector noted b and called Burgers vector [11], given by the
following expression;

b=b +b,. 2
Consequently, there are three types of dislocations as a

function of the position of the burger vector b with respect
to the dislocation line denoted L (see Fig. 2);
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Fig. 2 Presentation of a dislocation

The dislocation is called screw if the burger vector is
parallel to the line vector (b // L). This dislocation is called
edge if the burger vector is perpendicular to the line vec-
tor (b L L). If b is arbitrary then the dislocation is mixed
and the angle between b and L is called the dislocation
character [12].

The complex analytical functions of a dislocation are
given by the following relation:

¢, =yIn(z-z,), 3)

v, =7In(z-z,)-y[z,/(z-2,)] @)

with;

y=ub/[ix(k+1)], )
and where;

w, and ¢, are the complex analytical functions of dis-
location,

b, is the burger vector,

Z is the complex number,

y and z are the conjugate of y and z, respectively,

v is the Poisson's ratio.

In case of a plane stress, the coefficient & is given as a
function of Poisson's ratio such as;

k=3—4v. 6)

3 Fracture modes

The crack propagation can generate three modes of frac-
ture explained by the displacement of internal faces of
the crack [13, 14]. The first mode (Mode I) is an opening
mode from which faces move perpendicular to the plane
of the crack. The second mode (Mode 1) is a right sliding
of the faces in a direction perpendicular to the crack front.
The displacement of the internal faces in the same plane
and in a direction parallel to the crack front, defined by a
third screw sliding mode (Mode I1I). The Fig. 3 shows the
three modes of fracture [15].
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Fig. 3 Fracture modes



4 Semi-infinite crack-damage interaction

The general formulation of a problem of interaction
implies a propagation of a semi-infinite crack in a neigh-
bouring zone called damage zone or process zone [16, 17].
The stress and displacements components of a dislocation
near the semi-infinite crack are formulated by employing
the complexes potentials theory of the elasticity of
Muskhelishvili [18]. The elastic behavior of the cracks has
been studied by a large number of researchers [19, 20].
The stress fields generated during the interaction between
a semi-infinite crack and a neighboring dislocation are
formulated as follows [21];

o 3-sin(260)tan(0)
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where b is the burgers vector. / is the distance between
dislocation and the semi-infinite crack.  is the orientation
angle of the dislocation around itself.

5 Numerical analysis

The proposed model is an element of brittle material
(glass) of rectangular shape cracked at the end (see Fig. 4),
has a length # = 700 mm, a width B = 500 mm and a
thickness ¢ = 2 mm. Thus, there is a dislocation of circu-
lar shape having a diameter d, = 0.5 mm (that is to say
by =b_=0.1 mm), varies in the vicinity of the semi-infinite
crack according to the distance d.
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Fig. 4 Presence of a dislocation nearby a semi-infinite crack
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Fig. 5 System of loading according to a mode I

The problem is studied using a numerical approach
based on the finite element method using ABAQUS. The
material used in this study has a heterogencous brit-
tle behavior whose elasticity modulus is equivalent to
E=72000 N / mm? and the Poisson's ratio v = 0.25 which
corresponds to a glass [22]. Taking account the boundary
conditions, the loading is applied according to the y-axis,
that is to say the opening of the semi-infinite crack will be
perpendicular to the x-axis (mode 1), the Fig. 5 shows the
loading and the opening mode of the crack.

By varying the length of the semi-infinite crack (a) and
the distance between semi-infinite crack and dislocating
(d), all the plane stresses will be determined. The follow-
ing cartograms represent the maximum stresses (g,,, 7, ).

According to the Fig. 6 and Fig. 7, stress values are
increasingly higher at the end of the semi-infinite crack
and other negative in the free zone. The Table 1 gives all
the stress values found using different lengths of a semi-
infinite crack while varying the distance between the
crack and the dislocation.

The values given in Table laredrawn as curves in
Figs. 8 to 12. These curves represent the variation of stress
as a function of the distance between a crack and a nearby
dislocation for each length of the semi-infinite crack.

6 Stress intensity factor SIF

Numerical or theoretical constraints found are character-
ized by the stress intensity factor (SIF), a crucial param-
eter for determining the breaking strength of a mate-
rial [23, 24]. SIF representing the mode I and II are given
by the following relation;

k, —ik, = 1133\/2m (6,-0,)> ®)

with; k, an k, are the stress intensity factor in mode I and
mode II, respectively, z is a complex number and i rep-
resents the imaginary part.
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Fig. 6 Constraints along the y-y direction [0,,(daN/cm?)], cases: Fig. 7 Constraints along the x-x direction [,,(daN/cm?)], cases:

a)a=50 mm, b) a= 100 mm, ¢) a= 150 mm, d) a=200 mm, €) a=250 mm a)a=>50 mm, b)a= 100 mm, ¢) a =150 mm, d) a =200 mm, e) a =250 mm



Table 1 Stress values for several crack lengths (a) with different

distances between crack-dislocation (/)

a (mm) d (mm) g, o, 7,
1 148 44 37.11 47.28
5 124.79 312 40.06
© 10 110.62 27.66 41.53
20 73.97 18.49 41.68
50 68.00 16.00 21.87
100 60.26 15.07 20.00
1 398.45 94.11 178.10
5 405.05 65.75 72.88
10 27379 39.44 63.57
100
20 153.67 47.86 70.06
50 146.71 39.44 63.57
100 129.98 21.01 62.41
1 409.28 102.32 124.76
5 380.00 97.00 101.00
50 10 194.34 48.59 105.79
20 144.8 47.16 63.52
50 116.9 29.23 84.72
100 110.00 26.00 79.00
1 427.92 106.98 123.77
5 317.19 79.30 116.92
10 33231 83.08 113.64
200
20 181.08 45.27 115.09
50 160.00 40.00 112.00
100 141.17 35.29 110.94
1 698.91 174.7 187.76
5 500.67 125.17 140.84
10 348.48 87.12 139.51
250
20 207.10 5178 135.25
50 186.82 4670 123.98
100 161.62 40.40 135.25
450
o400
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Fig. 8 Variation of constraints vs.the distance (/) between a semi-

infinite crack and a surrounding dislocation (case: a = 50 mm)
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Fig. 9 Variation of constraints vs. the distance (/) between a semi-
infinite crack and a surrounding dislocation (case: a = 100 mm)
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Fig. 10 Variation of constraints vs. the distance (/) between a semi-
infinite crack and a surrounding dislocation (case:a = 150 mm)
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Fig. 11 Variation ofconstraints vs. the distance (/) between a semi-
infinite crack and a surrounding dislocation (case: a =200 mm)
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Fig. 12 Variation ofconstraintsvs. the distance (/) between a semi-
infinite crack and a surrounding dislocation (case:a =250 mm)
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Fig. 13 Variation of SIF vs. the distance (/) between a semi-infinite

crack and a surrounding dislocation

In our case, the dislocation is perpendicular to the semi-
infinite crack (8 = 3m/2). Substituting Eq. (7) into Eq. (8)
and separating the real part from the imaginary part, SIF
in a mode I takes the following form;

~ 5\2ub
Yl (k+1) ©)

In Fig. 13, the variation of the SIF versus a function of
the distance between the dislocation and a semi-infinite
crack is represented.

7 Discussions and analysis

In this research, stressare given during the propagation of
a crack in a brittle material (a glass) and are represented
in Fig. 6 and Fig. 7. Depending onthe distance between
adislocation and a semi-infinite crack (/), the stress field
(0,,, 0,,, 0,,) vary at the same ratio (see Figs. 8 to 12).

The constraint ¢,, is parallel to the loading serving the
opening according to the first mode of fracture (mode I).
In all cases, we notice that the constraint ¢, is the highest
than the other two constraints (o, ,,

Fig. 8 represents the variation of the stress field function
of the distance (/) between the dislocation and the semi-in-
finite crack. The length of the semi-infinite crack is taken
a =50 mm, the main remark is that the stress field change
their rate increasingly from the distance d € ]0,4] mm.

In Fig. 9, the length of the semi-infinite crack is cho-
sen to be @ = 100 mm. For a given distance () between a
nearby dislocation and a crack-tip d € ]0,8] mm, stress val-
ues start to rise in an exponential form.

In Fig. 10, the stress fields represented as curves, reach
maximum values for d € ]0,12] mm, the same remark can
be made in Fig. 11 and Fig. 12 for the stress field reaching
higher values for d € ] 0,16] mm and for, respectively.

On the basis of the stress field values obtained in Figs. 7
and 8, varying the length (@) of the semi-infinite crack
and the distance (/) between the semi-infinite crack and a
nearby dislocation, we notice, for each case, there are very
high stress generated when the dislocation approaches the
crack-tipfrom a short distance noted d and considered as
being the length of the DZ. The ratio (R) of two lengths
(a; length of the damage zone and d; length of the semi-
infinite crack) is given by the following expression:

R(%)=[d/a]x100, (10)

where d is the distance between the dislocation and the
main crack and a is the length of the semi-infinite crack.

R(%) is the percentagelength of DZ with respect to the
semi infinite crack length.

Obtained results for each case (see Figs. 8 to 12) are
summarized in the Table 2.

From the Table 2, we can deduce that the length of the
DZ is about eight percent (8 %) of the length for the five
cases. It is also noticed that a deep analysis of the stress
field with the corresponding distance between the main
crack and the dislocation lead us to the same ratio of 8 %
of the crack length. This % is quiet obvious since the DZ
is considered as being very small in comparaison to the
crack length as well as to the specimen dimension.

8 Conclusions
In this research work, the principal objective is to limit the
length of the damage zone with respect to the main crack.

Table 2 Percentage of the DZ length compared to the semi-infinite
crack length

Figures a(mm) Uv.(daN/cmZ) d(mm) dla R(%)
a, 4 0.08 8
Fig. 8 50 o, 4 0.08 8
7, 4 0.08 8
a, 8 0.08 8
Fig. 9 100 o, 8 0.08 8
7, 8 0.08 8
o, 12 0.08 8
Fig. 10 150 o, 18 0.12 12
0, 12 0.08 8
o, 16 0.08 8
Fig. 11 200 o, 4 0.02 2
0, 16 0.08 8
g, 20 0.08 8
Fig. 12 250 o, 6 0.024 2.4

20 0.08 8




The so called damage zone can be detected by the pres-
ence of defects (dislocations, micro-cracks...). In changing
the distance between the dislocation and the main edge
semi-infinite crack, stress fields reach high values once
closerto the crack-tip and get weak values once the dislo-
cation is far away from the crack-tip. It is shown that this
phenomena is generatedby two effects: amplification and
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