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Summary

Most failures of structural components in service are related to the presence of geometric
micro-defects in the material that occurred during its processing. In other words, real materials
often contain internal defects such as micro-cracks or cavities. During the deformation process,
under sufficient load, these internal defects can propagate and, at the same time, new micro-
defects occur in the area of stress concentration (inclusions, voids, etc.). This phenomenon
influences the macroscopic properties of the material, gradually decreasing its mechanical
strength. The process of structural deterioration of the material, resulting from the nucleation
and growth of micro-defects, is called damage. This paper focuses on the application of a three-
dimensional finite element method based on a local approach in order to study the effect of
nucleation and growth of micro-voids on the failure of polymer materials. A parametric analysis
was carried out to study the sensitivity of the fracture parameters of the Gurson-Tvergaard-
Needleman (GTN) model in terms of the stress-strain behaviour and ductility of the material in
service. The numerical results obtained from those parametric studies were validated by
comparing them with the experimental results in terms of stress-strain behaviour.

Key words: Ductile fracture; the Gurson-Tvergaard-Needleman (GTN) model; Finite
element analysis; Stress field; Growth and coalescence

1. Introduction

The current technology requires materials with a combination of properties superior to
those provided by conventional materials, as has often been demonstrated in the aeronautical
and aerospace, automobile, and sports industries. This need has been satisfied to a large extent
by the development of composite and polymeric materials that are designed to have a set of
specific properties to meet technical requirements. Among the existing materials, polymers are
the most outstanding materials. The behaviour of polymers is not linear and requires calculating
the behaviour of the stress-strain function to obtain the functional parameters that make up a
large deformation model.

The term "ductile fracture" is used ambiguously in the literature, mainly with two
meanings. In micromechanical investigations, the term refers to the type of fracture resulting
from nucleation, growth, and coalescence of voids in the material. On the other hand, in
macroscopic applications, it is related to the large deformation of the material before failure
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occurs. At the microscopic level, ductile fracture has for a long time been attributed to a process
that involves concurrent and mutually interactive mechanisms, which include: (i) the nucleation
of voids or inclusion cohesion; (ii) the growth of void induced by plastic deformation and void
bonding (coalescence); (iii) plastic flow located between two voids; and (iv) the final opening
of a crack in the material. Studies of the growth of micro-voids in metals were carried out by
Mc-Clintock [1] and Rice and Tracey [2].

Rice and Tracey described the void deformation as a function of the ratio between the
hydrostatic stress and the equivalent stress, called the triaxiality parameter. Their models
exhibited failure when the accumulated damage variable reached a critical value. Recently, the
triaxiality parameter has been studied by Topilla and Toros [3].

Gurson [4] considers the plasticity function of a porous material and adds a new parameter
whose goal is to take into account the nucleation, coalescence, and growth of voids during the
damage. Later, Tvergaard [5] and Tvergaard and Needleman [6] improve the model developed
by Gurson [4] by considering the volume fraction of voids as a function of the nucleation of
new voids and the growth of existing voids during the damage. It is known that the polymer
material, when used for polymer pipes, offers several advantages: good resistance to wear and
corrosion, low density, low cost, ease of installation, durability and reasonable mechanical
resistance, and the ability to be produced in complex shapes [7, 8]. Tvergaard and Needleman
showed that the fracture behaviour of a high-density polyethylene (HDPE) pipe is related to the
loading condition, the shape, and the position of the crack in the wall of the pipe.

Through the determination of the damage parameters inherent in the Gurson-Tvergaard-
Needleman (GTN) damage model and a subsequent comparison of the predicted outcomes with
experimental results, a satisfactory level of agreement was attained by Topilla and Toros [3].
This agreement, in turn, enabled the identification of the complete set of parameters required
for the GTN damage model.

In other words, it is known that during the process of forming solid materials, the plastic
instability phenomena often control the appearance and performance of the finished product,
according to Moulai et al. [9], Khellafi et al. [10], and Zaim et al. [11,12]. These authors
examined the effect of stress triaxiality on the mechanical behaviour response of
polyvinylchloride (PVC), polybutylene terephthalate (PBT) and thermoplastic copolyetherester
(TPC) under large plastic strain. They have concluded that the damage evolution of PVC and
PBT in service has been influenced by the level of stress triaxiality. On the other hand, it is
known that the voids have different expansion rates in different directions under service loading
and that changing this parameter changes the critical strain of unstable (coalescing) voids,
according to Kim et al. [13].

In general, the ductile fracture process is influenced by several microstructural and
mechanical factors. Among the microstructural factors, the size and geometry of the particle
(inclusion or second-phase particle) and volume fraction corresponding to the particle can be
mentioned. Among the mechanical factors, we should mention the resistance of the particle
matrix interface, the matrix resistance, and the present stress level at the interface. Zhang et al.
[14] presented phenomenon-based hybrid experimental testing and finite element simulations
to describe the fracture behaviour of pipe-grade polyethylene. Their results show that with the
consideration of damage evolution, the constitutive equations enable the finite element
simulation to determine the whole stress—strain relationship during both the necking and
fracture processes.

Samal et al. [15] used an extended classical Gurson-Tvergaard-Needleman (GTN) model
as a non-local damage parameter in the finite element formulation. They indicated that the
evolution of the non-local damage is related to the actual void volume fraction and conclude that
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the different GTN parameters have a great effect on the fracture behaviour of the materials. A
further examination of this subject can be found in Refs. [16-21]. In other words, for the case of
polymeric materials, the fracture has been carried out both in dynamic [22, 23] and quasistatic
[24] regimes and examined from experimental, numerical, and analytical points of view.

Based on the above, it can be noted that the nucleation of voids is caused by second-phase
particles (phases are the different micro-structures of the material) that break or cohesion from
the matrix material during plastic deformation. The size and shape of the second-phase particles
or inclusions play a very important role in the nucleation mechanism. In addition, the ductile
fractures, especially the failure of polymer materials, are not fully understood and represent a
very active research field. In this study, we focus on the determination and optimization of the
GTN parameters in order to predict the mechanical behaviour and ductile failure of
polyvinylchloride (PVC). Full details and information about this polymer can be found in [10].

2. Gurson—Tvergaard—Needleman (GTN) Model

In ductile fracture, the only adjustable microstructural parameter in the Gurson model [4]
is the volume fraction of the cavity f; the matrix is supposed to be rigid and isotropic, and it
meets the Von Mises plasticity criterion. Tvergaard and Needleman [6] developed the Gurson
model by adding the description of the coalescence of cavities by internal striction (the GTN
model). The constitutive equation of the GTN model is expressed as:

o

2
o(3 ,af)=z(;j +2Q1f*005h[%(hzm J—l-(qlf*)2=o, (1)

where g1 and g2 are the damage coefficients involved in the load function, which mainly depend
on the plasticity of the matrix [6]; oy corresponds to the flow stress with strain hardening of the
material without cavities.

From the nucleation of cavities or pre-existing cavities, the volume fraction of cavities f
begins to increase under the effect of plastic deformation cumulated with the growth rate [6]:

feroissance = (1-7)éh, (2)

with ¢/, representing the hydrostatic plastic deformation.

The evolution of porosity is the result of the germination of new cavities and the growth
(coalescence) of already existing cavities. This evolution is described in the following form:

f = fnucluation+ fcroissance 3)

The coalescence is described by the acceleration of the growth rate of cavities in the GTN
model. The function f* represents the effective porosity, and it is necessary to describe the
appearance of coalescence beyond a critical porosity fc; the effective porosity is expressed as
follows:

/ if f</.

: 4
foto(f-1) it f>f, @

f*(f)={

with 5= Ju"Je
Ir-Je
where f, =1/¢, is the effective porosity at break and f, is the porosity at break.

TRANSACTIONS OF FAMENA XLVIII-4 (2024) 125



H. Khellafi, M. Bendouba, Experimental and Numerical Analysis of
H. M. Meddah Ductile Fracture of Polymeric Materials

3. Experimental procedure

The tensile tests were carried out on a conventional INSTRON 1341 hydraulic machine
(Figure 1a). Tensile specimens were machined with the dimensions and geometry according to
the ASTM D 638 standard [25] shown in Figure 1b with dimensions expressed in millimetres.
The quasi-static tension test was carried out under a crosshead speed of 0.04 mm s™'. The tensile
test bench is connected to a video-metric system (video-traction), which is based on the precise
measurement of the local geometry of a specimen during deformation. This is made possible
due to a video camera connected to a micro-computer equipped with an image analysis system.
The elastic properties obtained for this polymer material (PVC) at room temperature were:
Young’s modulus, £ = 650 MPa; Poisson’s ratio, v = 0.4; and the yield strength, g. = 40 MPa.
The uniaxial stress—strain curve of this material at room temperature for a level of strain rate
equal to 0.001 s (de/dr = 0.001) is given in Figure lc.
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Fig. 1 a) The traction machine with the measuring system; b) Specimen geometry (all dimensions in mm);
¢) Uniaxial stress—strain curve of the PVC at room temperature and de/ds = 0.001.

Thirteen specimens were tested at various speeds (the speed ranged from 0.05 to
0.2 ms™). The breaking of major specimens occurred at the end of the useful area near the
transition radius of the specimens, while in other specimens, the rupture occurred in a more
central area, as can be seen in Figure 2. The usable area is calculated from the width and
thickness of the specimen, and their breaking usually occurs where the area is smaller. This
phenomenon can be explained by the existence of porosities in the specimens during the
processing of polymer materials, which has led to a change in the site of the crack initiation and
growth in the weakest area of the specimen. The same conclusion has been reached by other
authors [9, 26].

Fig. 2 Typical failure mode of PVC specimens
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4. Finite element analysis

Ductile fracture develops relatively slowly and is accompanied by a large plastic
deformation. The growth of a crack in a ductile material is said to be stable because the crack
stops propagating unless there is an increase in the stress level. In this type of fracture, the
occurrence of three main stages is observed: (a) formation of a free surface or void over the
inclusion or secondary phase particles dispersed in the material; (b) growth of the void (or
voids) around the particle; and, finally, (c) coalescence of adjacent voids [6]. The damage to
polymeric materials is not fully understood and represents a very active research field.

The focus of this study is numerical simulation using the finite element method to
predict the overall behaviour of a PVC material based on the damage GTN model. In this
context, computational modelling, particularly the finite element analysis (FEA), is a good
choice. An innovative and useful approach to the problem of damage to polymeric materials
is to use FEA in conjunction with the data obtained from experiments. When a detailed
evaluation of the damages that occurred or a description of the stress and strain fields in the
structure are of interest, the finite element method [27] becomes the most used method due to
the possibility of determining all the variables (mechanical quantity) with great precision.

i
i

b)

Fig. 3 a) Illustration of the specimen geometry with the boundary and loading conditions,
b) Meshing of the specimen.

This study is a contribution to a parametric analysis in order to optimize the fracture
parameters of the GTN model for a polymeric material; it is necessary to understand the effects
of fracture parameters on the mechanical behaviour of a PVC material. Figure 3 shows a PVC
plate according to ASTM D638 M1A [25] and the boundary conditions employed in the finite
element models. A three-dimensional solid element (hexahedral elements: C3D8R) is used for
the modelling; this element is defined by eight nodes, each having three degrees of freedom. A
mesh sensitivity study was carried out. The typical model for this study contains 3240 nodes
and 2272 elements for the specimen under tension loading. The properties of the material used
in the modelling are the same as those listed in Section 3, Experimental procedure.

The theory of incremental plasticity is introduced to the modelling of the material
nonlinearity. The Newton—Raphson iterative method is used as an approach to solving nonlinear
equations by finite elements.
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5. Results and discussion

The objective of this numerical study is the analysis of the fracture behaviour of the PVC
materials using the three-dimensional finite element method. Figure 4 shows the distribution of
the Von Mises stresses within the flat test specimen for a strain rate equal to 0.001 ms™ and for
the calculation times. The figure shows the evolution of the Von Mises stress at different
increments during the tensile test simulation.

The results show that the maximal stress is concentrated in the weakest area of the
specimen. Consequently, the presence of the very high stress gradient at this location can favour
the crack growth, which leads to a sudden failure by the presence of the service loading. Also,
we note that the results of the numerical simulation have the same crack initiation and rupture
mechanisms as the experimental results. These comparisons demonstrate the ability of finite
element modelling, taking into account the ductile failure of material, to predict faithfully the
global mechanical behaviour of a PVC material.

S, Mises

(Avg: 75%)
+7.480e+00
+6,857e+00
+6.233e+00
+5.610e+00
+4.987e+00
+4.363e+00
+3.740e+00
+3.117e+00
+2493e+00
+1.870e+00
+1.247e+00
+6.233e-01
+0,000e+00

S, Mises

(Avg: 75%)
+4.174e+01
+3.826e+01
+3478e+01
+3.131e+01
+2.783e+01
+2435e+01
+2.087e+01
+1.73%+01
+1.391e+01
+1.044e+01
+6.957e+00
+3478e+00
+0.000e+00

S, Mises

(Avg: 75%)
+4.792e+01
+4.393e+01
+3.993e+01
+3.5%4e+01
+3.195+01
+2.795e+01
+2.396e+01
+1.997e+01
+1.597e+01
+1.198e+01
+7.987e+00
+3.993e+00
+0,000e+00

S, Mises

(Avg: 75%)
+4.793e+01
+4.393e+01
+3.9%4e+01
+3.595e+01
+3.195e+01
+2.796e+01
+2.396e+01
+1.997e+01
+1.598e+01
+1.198e+01
+7.988e+00
+3.9%4e+00
+0.000e+00

$, Mises

(Avg: 75%)
+4.720e+01
+4.327e+01
+3.933e+01
+3.540e+01
+3.147e+01
+2.753e+01
+2.360e+01
+1.967e+01
+1.573e+01
+1.180e+01
+7.867e+00
+3.933e+00
+0.000e+00

Fig. 4 Stress distribution in a flat specimen for various level loadings (numerical and experimental)

5.1 Parametric study

Micromechanical models describe the nucleation-growth-coalescence damage
mechanism of cavities as a function of the stress and strain states. These models take into
account the stress state and the microstructural factors that are required in the finite element
simulation. In this study, the GTN model is used in order to analyse the damage to the PVC

material tested. In this form, this model requires eight parameters: q,,q,, f, , f;, f,, where ¢,
and ¢, are the coefficients introduced by Tvergaard, and £, is the parameter that can be

determined from the volume fraction of inclusions. The parameters related to the nucleation
stage, nevertheless, remain difficult to identify experimentally. The volume fractions of critical

cavities f,and f, ruptures are adjusted by the fitting of the numerical and experimental results

from tensile tests. In this section, we focus on a parametric study in order to determine the effect
of these parameters on the mechanical response of the PVC material in service.
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5.1.1 Effect of the g1 parameter

The effect of g1 on the mechanical response of the PVC material in terms of stress versus
strain is shown in Figure 5. These results show that the shape of any stress-strain curve is
similar with respect to the value of the g2 parameter. An increase in the value of the g1
parameter reduces the plastic deformation, which accelerates the crack growth. We conclude
that the sensitivity of the behaviour of the PVC material to the giparameteris very strong. For
the value of g1 = 0.5, it is noted that there is no significant change in the stress-strain curve
(see Fig. 5.a).
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Fig. 5 Effect of the g1 parameter with a) g>= 0.5, b) g>= 1, ¢) = 1.5, and d) g>= 2

Bi-linear behaviour, that is, pre-cracking (elastic behaviour) and post-cracking to the total
failure (appearance and development of the damage within the volume of the material), is also
noted.

5.1.2 Effect of the g, parameter

The effect of ¢, on the mechanical response of the PVC material in terms of stress with
respect to strain is shown in Figure 6. We observe that the effect of the g,parameter is similar
to that of ¢, ; this means that increasing values of ¢, significantly reduce the plastic deformation
of the material. In other words, the reduction in the value of ¢, leads to fewer defects in the

PVC material and makes it possible to retard the crack initiation and growth. We recall also that
the combination of the ¢, and ¢, parameters for given loading conditions and the environmental

effect (temperature, time) tends to reduce significantly the lifetime of any material in service.
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In addition, the GTN parameters are not easy to determine, especially for polymer materials.
This behaviour has been confirmed by other authors [28] in terms of loading-displacement
response of materials.
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Fig. 6 Effect of the ¢, parameter with: a) g;= 1, b) ¢1= 1.5, ¢) ¢1=2, and d) g;1=3

5.1.3  Optimization of the /., f, and f, parameters

Several studies, e.g., [26-28], have shown that the micromechanical parameters of the
GTN model are very important factors that affect the ductile failure behaviour of materials.
In this section, the effects of these parameters (7, f, and f») on the fracture behaviour of the
PVC material are analysed (Figure 7). From this figure, one can see that the f, parameter
has a great effect on the mechanical response of the material; a decrease in the f» value leads
to the improvement of the PVC material behaviour in service. The effect of the parameters
frand fc is the inverse of that of the f, parameter (see Figures 7a and 7b). We also recall that,
in order to predict the ductile failure of any mechanical component based on the
micromechanical approach, we need a local approach such as the damage GTN model. The
latter requires several parameters, which are not easy to determine for polymer materials.
Zhang et al. [29] acquired fc from tensile tests and found an infinite number of pairs of (fo,
fc) that gave identical predictions. One attractive feature of this model is that ductile failure
of the material is exclusively linked to the micro-void nucleation parameter, and the
nucleation parameter, in many cases, can be determined without metallurgical
examinations. In the same context, experimental and numerical investigations have been
carried out by Kiran and Khandelwal [30] to determine the complete set of the GTN model
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parameters. They found a unique combination of f. and fr values that best match the
experimental load-displacement history, while Benseddiq and Imad [31] suggested that the
fnparameter can be evaluated by microscopic examination of the undamaged material.

60 60
a)
504 / 50
40 F=0.12 0.
—_ —— F=0.02 —
© ©
o —— F=0.04 [
= — F=0.08 E 20
@ e @
g — F=0.08 2
20 F=0.1 » 20+
c
10 10+
0 — 1 - r - 1 1~ 1 1 1T 1T 1T L e e e NS B s s e e e e Sy e e s S e S I
00 o1 02 03 04 05 06 07 08 09 10 11 00 o1 02 03 04 05 06 07 08 09 10 1,1
Strain Strain

60

50

'
=
1

30

Stress (MPa)

0 T T T T T T T T T T
o0 o1 02 03 04 05 06 07 08 09 10 11

Strain
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5.1.4 Validation of FEM

Accurate identification of remaining GTN model parameters (g1, q2, g3, f4, fe, and fn) is
crucial for a successful ductile fracture analysis. Figure 8 shows the comparison of finite
element results predicted by the GTN model and experimental stress-strain curves for the same
PVC material. We notice that a good correlation was found between experimental stress-strain
records and the finite element simulation results, thus confirming the validity of the present
numerical analyses of the polymeric material damage.
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Fig. 8 Ductile fracture prediction of the GTN material model compared with the experimental results

The identified optimum calibratedvalues of the GTN model for the PVC material tested
in this research are:

g1=2,q2=1,q3=q1>=4, ff =0.12, f=0.02 and f,= 0.001.

6. Conclusion

It is known that the macroscopic behaviour of a material is determined by phenomena that
occur at microstructural scales, in which it is extremely difficult to carry out an adequate
experimental evaluation. This study was carried out in order to analyse the effect of some
parameters of the GTN damage model on the mechanical response of a polymeric material under
tensile loading. This model does not explicitly account for strain rate. However, it can indirectly
capture this effect by calculating the strain rate based on the loading rate and predefined solution
time. This calculated strain rate then influences the void growth within the model.

The GTN damage model relies on ten constants obtained through expensive and lengthy
experiments. This study proposes a more efficient method for determining six of these constants
for the PVC polymer material tested, requiring only quasi-static tensile tests combined with
numerical techniques.

The obtained results allow us to draw the following conclusions:

e The fracture prediction was assessed using the GTN model using the finite
element method.

e The GTN model faithfully reproduces the macroscopic mechanical behaviour of
the PVC material in terms of stress versus strain.
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e A good correlation was found between the experimental stress-strain records and
the finite element simulation results; these results validate the present numerical
analyses of the polymeric material damage.

e The validity of the finite element damage analyses is checked by comparing their
results with the experimental test.

e The efficiency of the model is extended to predicting the deformed geometry,
including necking patterns, crack initiation sites, and propagation paths. This was
confirmed by comparing the simulated sections with those obtained from
fractured samples in experiments.
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