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Abstract
Actually, polymeric materials are widely used in industry due to their attractive properties. These materials are replacing the traditional
materials used to manufacture mechanical components. Thus, their mechanical behavior should be known for a better and judicious

use of the material. Fracture mechanics principles and tools are used to characterize polymeric thin films fracture. In this paper

a global energetic approach proposed to characterize the rupture phenomenon and determine the essential work of fracture.

Keywords

polymeric materials, films, rupture, essential work of fracture, finite element method

1 Introduction

Among the modes of damage of structures, rupture is
the phenomenon the most dangerous due to its suddenless
which makes difficult to plan or take preventive action.
That is why, the knowledge and modeling of rupture have
a bigger interest among industrials whishing better com-
putational means for prediction.

Polymeric material rupture is a complex problem.
In many cases, one has guaranteed their resistance by over
dimensioning which gives a sufficient safety margin.
This type of approach cannot be applied in industries such
as energy transportation. High reliability structure, which
require higher safety. Instead of introducing an empiri-
cal safety coefficient at all levels (design, manufacturing
and operations) it is useful that an efficient method should
be developed to perform safety computations and predict
the behavior of structure in the most unfavorable case.
The safety margin can be then easily known.

In this paper, a numerical analysis of polymeric thin films
rupture is carried out on SENT specimen using the essential
work of fracture. The mechanical conditions of validations
in terms of ligament lengths have also been studied.

,» can be
evaluated using two distinct intrinsic ratios similar to than

The results obtained prove that w, and ,b’wp

presented by Cotterel and Reddel [1] but another method
has been established to determine that.

2 Theoretical principle
Broberg proposes [2], in the case of a material presenting
plasticity, to separate the non-elastic region at the crack tip
into two distinct regions as shown in Fig. 1:
* The first zone called "internal zone" or "end zone"
in which the process of rupture initiates. This zone
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Fig. 1 Schematic representation of zone separation size.
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is in fact the cracks zone referred to as fracture pro-
cess zone (F.P.Z).

* Thesecond zone: external "outer zone" which entour the
crack elaboration zone referred to as peripheral zone.

From Broberg's idea, many researchers [3-7] had char-
acterized ductile rupture of materials by partitioning the
total work of fracture W, by:

* The work dissipated in the F.P.Z, W, which consid-

ered essential in the rupture process.

* The work that is responsible for plastic deformation

w, which is considered secondary in rupture process.
This work is dissipated in order to deform the material
in the external in the external plastic zone of the F.P.Z.

W, =W, +W, (1)

W : is the total essential work. It corresponds to the inte-
gral of the essential work during the evolution of the work,
it can be considered proportional to the size of the liga-
ment L and to the area of cracked ligament. W, is the spe-
cific non-essential work of rupture i.e. the work dissipated
per unit volume of material.

By taking Eq. (1) and dividing the area of ligament,
we obtain:

w,=w,+BLw, 2

W is the total specific work of rupture, i.e. the total work
of fracture per unit area of ligament. The term ﬂwpl is not
considered as a material property but as a measure of work
of plastic deformation around the crack tip Eq. (2) gives
a linear relation between w, and L (Fig. 2). The slope of
this relation is proportional to w,. For a given material,
w, increases with ductility.

For relation Fig. 2 to be applied, the ligament must

be in plane stress state. Many writers in literature [1]
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Fig. 2 Linear relation between total specific work and
initial ligament length.

and [5-8] suggest maintaining the ligament length 3 to
5 times the thickness of the specimen such that:

L' =3-5B<L. 3)

That plastic zone at the crack tip must contain the entire
ligament, such that it will be completely plasticized before
the crack propagates. This condition must be fulfilled
in order to maintain the proportionality of w, witch L2.
The length of the ligament L must be less than 27, where
r: plastic zone radius.

L<2r, @)

In order to minimize edge effects some authors suggest
that the width of the specimen w, must three times greater
than the ligament size. These restrictions concern the size
of the ligament L, which conditions the dimensions of test-
ing specimen, they are expressed as:

3—SB<min(2rp,w/3). )

The identification of the limit load P, to maximum load
allows to find the result from Hill's analysis on DENT
specimen. This hypothesis states that rupture occurs
after the limit load. The maximum load and the initial lig-
ament are related linearly as:

B, =po LB (6)

p: confinement ratio; o : threshold plasticity of non-
cracked specimen.
The maximum average load in the ligament (o, ) is

defined as the ratio between maximum load and the initial
ligament surface:

b

O-mm = 5=
LB

po,. (7
When Eq. (5) is verified, the plane stress state is then guar-
anteed. When o> po , a stress triaxiality is observed.
The confinement ratio p is equal to 2/ V3 for DENT spec-
imen and p = 1 for SENT specimen. Thus, when the plane
stress conditions prevail in the ligament of SENT speci-
mens, the maximum average load is equivalent to the plas-
ticity stress threshold o .
F
c,,=—2=0 8
m="7p =% @®
The evolution of this stress obtained from our numer-
ical results with respect to the ligament length is show
in the results simulation.



3 Numerical analysis
The simulation of experimental testing of rupture have
been made by finite element code "ABAQUS".

The analysis is made under plane stress conditions.
The material is thermoplastic plasticized acrylic sil-
icon polymer. Its temperature of transition is 85 °C,
due to the complex behavior of this polymer, a numerical
approach has been adopted introducing elastoplastic
behavior. Porous ratio » = 0.499 assuring the material is
incompressible, and, in order to really simulate the behav-
ior of the material the data base stress-strain is introduced
as material property (Fig. 3).

3.1 Methodology
A batch of cracked SENT specimen has been modelised.
Table 1 summonses the specimen dimension and
the speed of solicitations witch a thickness of 0.4 mm and
for three different lengths) 18 mm, 24 mm and 30 mm
(witch constant length equals to 100 mm.
Fig. 4 shows a sample of stress-strain curves obtained
with w =24 mm.

3.2 Meshing and boundary conditions
Due to the symmetry only one-half of the SENT speci-
mens has been modelized. The impose null displacement
at nodes located on the ligament allows to introduce ini-
tial crack length.

The load is simulated by imposing a displacement of
nodes located at the edge of specimen.
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Fig. 3 Real stress-strain curve for speed of 50 mm/min
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This displacement is incremental with 0.2 mm step incre-
ment. This displacement is imposed on the half of the geom-
etry of the specimen which corresponds to a double displace-
ment for the total geometry of the specimen. The critical
displacement value of initiation is then over ridded.

In this study, the elements used are quadrilaterals with
8 nodes and they are 198 in number.

In a first step, we took up this mesh by using quadrilat-
eral elements with 8 nodes which make it possible to con-
sider the state of plane stresses (CPS8). The calculation
takes about 5 minutes.

In order to optimize the modeling time, the elements
used were quadrilateral node type. The number of integra-
tion points of each element is equal to 4 (CPS4). Each node
has two degree of freedom which are plane displacements
u andu (Fig.5).

4 Results and discussion

From the stress-strain curves detained from SENT speci-
men tests a, b, ¢ (Fig. 4). The limit value L* has to be deter-
mined. First, the evolution of maximum load witch respect
to the initial ligament length is studied (Fig. 6).

In this case, the existing relation is effectively linear.
This accordance with the results found in literature [9]
and [10]. The regression carried out on all the values of
maximum load allow to obtain the following relation.

F, =1171L &)

Table 1 SENT specimen dimension

speed (mm/min) width (mm) alw Designation
50 18 0.5-0.55-0.66-0.72-0.77-0.83-0.88-0.94 SENT. a
50 24 0.3-0.4-0.6-0.66-0.7-0.76-0.83-0.86-0.9 SENT. b
50 30 0.6-0.66-0.76-0.83-0.86-.93 SENT. ¢
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Fig. 5 Meshing and boundary conditions.
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Fig. 6 Maximum load as function of initial ligament size

The identification of Eq. (9) with Eq. (6) allow to obtain
the confinement ratio p, reminding that the threshold
stress is 3 MPa and the average value of the thickness is
0.42 mm. The calculate value of p is 1.42 thus p is greater
than 1 (p > 1) which corresponds to rigid material per-
fectly plastic. This ratio can be greater than 1.42 when
the maximum load is reached. This value can be explained
by the stress factor is overestimated and then suggests that
the limit load should be less than F__ .

The average maximum stress o, ~varies in two steps
with respect to the ligament as shown in Fig. 7.
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Fig. 7 Evolution of average maximum stress on the ligament
with respect to initial ligament length

Then is a zone where its value is constant equivalent to
1.42 times the threshold plastic stress obtained from uni-
axial tension g .

The second zone its value is greater than 1.42 o, and
increases when the size of ligament decreases. This means
that the ligament is not greater in size compared to
the thickness of the specimen in order to maintain a pure
plane stress condition. This zone is a transition region
with triaxiality state.

The limit between these two zones is for about 5 mm
ligament size. The lengths of the ligament, which can be
used to determine the essential work of fracture, must be
greater than this limiting value. It's noticed that this value
is four time greater than the thickness (4 thickness) of
the specimen which equivalent to 1.68 mm. The lower
limit does not follow the criteria L* = 3-5 B. This observa-
tion is also that made by [11-14]. The conclusion obtained
confirms the idea that this lower limit L* is not universal.
It seems to be dependent of the material nature.

4.1 Determination of the essential work of fracture
Fig. 8 shows the variation of the total specific work of frac-
ture with respect to the initial size of the ligament in plane
stress conditions for three different widths of the specimen.
We note a linear evolution of w/.with L in this domain.
The regression linearity is correct in all the region of plane
stress conditions for which the ligaments are greater than
4 mm. The essential work of fracture w, is proportional
to L; and, the non-essential work w, is proportional to L2
on all this region. These proportionalities exist even if L
is greater than w/3. The values of the essential work of
fracture and that of non-essential work are respectively
17.85 KJ/m? and 2.344 KJ/m?.
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g. 8 Variation of total work fracture with respect to initial size of
ligament for W =18, 24, 30 mm



4.2 Analytical expression of w, and ﬂwp,
We are going to show that it is possible to evaluate the spe-
cific essential work of fracture we and also the plastic strain
work around the crack tip. ﬂwp ,using equations that the terms
are independent of the length of the ligament and of geome-
try in general: these equations are intrinsic equations.

In general, the total to rupture, W/.(L) corresponding to
the area under the stress-strain curve can be expressed as:

W, (L) =yF,, (Lu,(L). (10)

max

With £ (L), the minimum load, uf(L), The rupture
displacement and y(L), a form factor.

The numerical results obtained are in good concor-
dance with Eq. (10) as show in Fig. 9 where the factor of
form is equal to 0.76.

By the assumption, that /and u  are dependent only
on the length of the ligament and considering constant y.

An infinitesimal variation of total work to rupture can
be expressed as:
aw, :;{%dLu/ +%dLFm}. (11)

According to Mai and Cotterell [7], the displacement
to rupture is linked to the ligament by:

u, =6, +kL. (12)
Replacing F/_ and u n According to Eq. (8) and Eq. (12),
we obtain:
aw.
,
—~ =ypo B|5. +2kL|. 13
L~ po, B[, + 24t )

In another hand Eq. (1) and Eq. (2) gives:

daw,
d—L~=B[w€ +2Bw, L] (14)
If we proceed to terms identification of Eq. (13) and

Eq. (14) we can obtain:

w, =y po 6, (15)
and

pw, =7 po,3,. (16)
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