International Journal of Materials Engineering 2016, 6(1): 15-21
DOI: 10.5923/j.ijme.20160601.03

Numerical Study of Finite Fracture Growth
in an Epoxy Resin

André Luis Christoforo"’, Marcio Eduardo Silveira’, Avelino Manuel da Silva Dias’,
Victor Almeida De Araujo®, Francisco Antonio Rocco Lahr?®

"Department of Civil Engineering, Federal University of Sio Carlos (UFSCar), Sio Carlos, Brazil
*Department of Mechanical Engineering, Federal University of Sdo Jodo del-Rei (UFSJ), Sdo Jodo del-Rei, Brazil
3*Department Mechanical Engineering, Federal University of Rio Grande do Norte (UFRN), Natal, Brazil
“Research Group LIGNO of UNESP-Itapeva, Department of Forest Sciences, School of Agriculture Luiz de Queiroz of University of Sio
Paulo (ESALQ/USP), Piracicaba, Brazil
Department of Structural Engineering, Engineering School of Sio Carlos (EESC/USP), Séo Carlos, Brazil

Abstract In the last decades, the study of fracture mechanics has been increase as tool capable to analyze the mechanical
strength for structures without the occurrence of failure. The presence of small cracks can reduce the structural strength of the
component enabling, in some cases, the collapse of the structure under a lower stress than the structural ultimate strength.
Currently, the use of numerical methodologies, as finite element method (FEM), that address the problem of fracture in
structural components to representing the macroscopic regime of the structure has been also used becoming increasing. The
goal of the article, through the analysis of fracture and grounds of FEM, determine the fracture growth for a polymeric
material (epoxy resin). Through ASTM E399 were established experimental procedures for obtaining fracture toughness (Gc),
the mechanical fracture bending SE (B) testing was choose, for its simplicity of design and manufacture. Three different
numerical models were used to analyze the behavior the material and the fracture process. The results obtained from the
numerical simulation were close to the literature results, confirming the effectiveness of the numerical tool used in predicting
fracture phenomena in the material and its evolution associated with the loads application.
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1. Introduction mechanical and phenomenological aspects inherent to failure
mechanisms become dominant for success and effectiveness
of such predictive methodologies applicable to numerical
analysis of the mechanical integrity of a wide class of
structural components and different material types [3, 9]. In
this regard, over the years, the finite element method (FEM)
has established itself as a simulate and study the nucleation
and crack growth in the structures. The FEM include simple
procedures for extrapolation of the stress intensity factor and

In the last decades, the fracture mechanics field has
undoubtedly prevented a substantial number of structural
flaws. If it is correctly applied, the fracture mechanics
inhibits the flaws from the negligence during the project and
of that due to the implementation of new projects with the
utilization, or not, of new materials, which produce an
unexpected and unwanted result in their behavior [1]. In

these recent decades, new methods approach the problem of ¢ gevelopment of special elements (decohesion elements)
these structural failures through the numerical models with - ¢racks to represent the failure region, as well as the stress
macroscopic organization of the structure [2-5]. More e crack’s front or tip [3, 6-10].

recently, discrete models of finite elements have been used
along with the concepts of fracture mechanics, continuum
mechanics and finite fracture mechanics by the evaluation of
the structure damage [3, 6-8]. These approaches have been
developed for both the analysis of structural flaws in
ceramics, metals, polymers and, more recently, the
composite materials. However, the correct incorporation of

This study aimed to evaluate the behavior of cracks or
areas prone to damage in a polymeric material (epoxy resin)
through different numerical models enabled for the study of
fracture problems. It is noteworthy that the epoxy resin is a
commonly used material as matrix phase in the development
of various composites [4]. It was used a commercial software
of finite elements, and three different analysis for study

] development were used [10]. Thus it is intended to contribute
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2. Material and Methods

Table 1 presents the data obtained in the literature for the
mechanical behavior of commercial epoxy resin. This raw
material has long been used as matrix phase of particulate
composites and, in particular, the laminated composites of
glass fiber, aramid fiber and carbon fiber. The latter
composite material has been extremely used in the aerospace
industry due to its excellent relation between mechanical
strength and its weight (density). However, due to the
mechanical characteristics of the matrix and of disperse
phase, this composite has a fragile mechanical behavior.
Therefore, it is possible to apply the mechanical concepts of
linear elastic fracture to then study the other damage
numerical models available on finite element solver [10].

Table 1. Mechanical Properties of Epoxy Resin [11, 12]

Modulus of Elasticity £ 35.9 GPa
Ultimate Strength (S,) 33.7 MPa
Critical Intensity Factor (Kc) 1.33 MPavm
Poisson’s Coefficient (v) 0.389
Vomuletric Density [g/cm?] 1.152
Bulk Density [g/cm?] 1.168
Porosity [%] 1.601

ASTM E399 [13] prescribes experimental procedures to
be adopted in the tests to validate Critical Stress Intensity
Factor (Kjc). A popular mechanical test of fracture is the
mechanical fracture bending at three points or SE (B), for its
ease of design and manufacture, mainly in materials with
fragile behavior. Another factor that is related to the
selection of the SE (B) test was the easy in the preparation of
models and meshes for the numerical simulation developed
in this work [14].

Figure 1 illustrates the geometry and dimensions in
millimeters adopted for the specimen SE (B). In this figure, S
is the length between the specimen supports, B is its width, W
is its height and « is the crack size.

2.1. Linear Elastic Fracture Mechanics Model (LEFM)

As can be seen in Medeiros et. al. [3], the concept of linear
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elastic fracture mechanics prescribes, for the tests with SE (B)
specimens, some relationships between the mechanical
properties of the material and geometrical properties of the
specimen. In addition, as a condition for validation of this
test, there is the need to ensure the existence of a plane
condition of deformations at the crack tip, and these
conditions are evaluated by Equation 1 [1, 3]. In this
numerical simulation, Ky value corresponds to the critical
stress intensity fator K;c material [13, 15].
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Thus, it was possible to find the value of external load P,
applied in the middle of span (S) to reach the condition of
crack growth, which could be stable (ductile material) or
unstable (fragile material).

Figure 2 shows the mesh used in the three-dimensional
model to represent the SE (B) specimen of bending test,
considering the 2 of sample due to its symmetry. As Marc™
software [10] calculates the value of toughness fracture (Gy¢)
in front of the crack through the integral J (J¢), it was
necessary to determinate their experimental value from
critical stress intensity factor (K;c) of the epoxy resin using
the Equation (2). This expression is valid within the linear
elastic fracture mechanics regime, and considering the plane
strain conditions [1, 3, 13, 15]. In Figure 2, it is also shown
the refinement shape of the mesh in front of the crack,
ensuring the numerical singularity able to adequately
represent the singularity of the stress field at the crack tip, in
accordance with the analytical formulation of fracture

mechanics [1].
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In this study, SE (B) bending test, its numerical model and
the critical intensification stress factor of the epoxy resin
were used to verify the crack nucleation and growth through
the other numerical models.

S P
™~
S v
T
Il o O
sl & 0 g, 3
e w) =
<t L N~ C‘\‘!
- , s

120°

2,550

S=101,600

B=12,700

Figure 1.

Ilustration of the SE (B) specimen with dimensions in millimeters [13]
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Figure 2.

2.2. Cracking Strain Model

To incorporate the numerical simulation to some
mechanisms to examine fracture process, initially,
constitutive relationship based on classic models of
continuum mechanics was used, Figure 3, which was also
known as cracking strain model [16, 17]. This model
assumes an elastic behavior to the breaking point of studied
material or critical cracking stress (o). After reaching this
limit, it is estimated that its damage is characterized by a
cracking strain of the material in the normal direction to the
maximum principal stress (Rankine theory) and the material
is replaced by an orthotropic behavior (references). This
model allows the incorporation of a reduction behavior in the
strength of the structure after the formation of first crack,
described by a parameter of tension-softening modulus (Ej).

/ E
/ E Young's Modulus
/ Es Tension-Softening Modulus
[ I oy Yield Stress
7 Oer Critical Cracking Stress
Workhardening Ecrush Crushing Strain

Figure 3. Uniaxial Stress-Strain Diagram for Cracking Strain Model [10]

This model of cracking strain presents good overall results
when the crack area is restricted to small dimensions if it is
compared to the structure size [15-17]. Some materials
present mechanical behavior that resembles to this model of
cracking strain, e.g., the epoxy resin. Recently, the

3D mesh of numerical model of SE (B) specimen considering %2 symmetry. 3.550 solid elements (3D) with eight nodes were used

evaluation of failures in laminated composites has also used
similar models to this damage [7, 9].

The analysis used the same 3D mesh previously defined,
including their simplifications and boundary conditions
(Figure 1). However, the evolution of cracks in the structure
of the model of cracking atrain results in a reduction of its
load carrying capacity, and the field of internal stresses
should be redistributed to regions where there are no failures.
Making this numerical simulation a nonlinear analysis, this
brings about the need of the interactions use to achieve the
convergence of the numerical analysis. Therefore, it was
used fifty increments in this numerical procedure. The
parameter of tension-softening modulus (Es) of the epoxy
resin was estimated at 1/10 of its modulus of elasticity or
Young’s modulus (F), according to the literature [15, 17].

2.3. Virtual Crack Closure Technique Model (VCCT)

Another way to study the crack growth is the direct
approach, or fracture mechanics approach. This approach
directly utilizes fracture mechanics criteria in which the
strain energy release rates (G 's) are computed and compared
to the corresponding critical valor, for example, fracture
toughness in mode I (G/¢). Recently, the virtual crack closure
technique is the most popular and powerful tool to
approximately computes G's values, specially, because
VCCT is simple, efficient and robust in analyzing any crack
growth problems [8]. Instead of the fact that these analyses
almost have a very expensive computational cost.

Figure 4 shows the 3D mesh used in this analysis, which is
able to represents the SE (B) specimen, whereas their
dimensions were shown in Figure 1. Since this analysis was
adopted a procedure of automatic generation of meshes
during the simulation (automesh), it was opted a first rough
mesh, with four hundred 3D solid elements of eight nodes. In
addition, the specimen was modeled without taking
advantage of its symmetry due to the use of automesh to
refine the crack front. In order to a better numerical control
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during the processing [18], the external load was applied
through a prescribed displacement applied in the middle of
the span (y). The value of this prescribed displacement was
obtained through the first model used here, i.e., through the
simulation of fracture mechanics model. Finally, as the crack
growth criterion, it was used the value of toughness fracture
(Gyc) for epoxy resin obtained through the Equation (2). It
was used a hundred increments and no convergence difficult
has been found during the crack growth analyses.

3. Results and Discussions

Table 2 shows the results obtained by numerical
simulation using the mechanical model of linear elastic
fracture showed in Figure 2. The external load applied in
bending specimen SE (B) was P =252.78 N.

This value was determined from the replacement of the
mechanical properties showed in the Table 1 in Equation 1,
considering the geometric dimensions of the specimen
showed in Figure 1. Whereas in this analysis it was used %2 of
the specimen SE(B) due its symmetry, the external load
applied was P/2. The results showed that this simulation
represented the behavior of the epoxy resin during the test
with SE(B) specimen, because the difference between the
numerical value of integral J with its experimental (Jic) was
4.4%. A major advantage of this method is its low
computational cost associated with a rapid solution to be a
linear elastic analysis of the material [3]. Nevertheless, its
main limitations are due to the fact of having to include a
crack in the model and the attention in the generation of
numerical singularity at the tip (2D) or in front of the crack
(3D). This difficulty has been the subject of many studies
published in the literature [3, 19]. In a complex structural
design is not always possible to identify crack location and
its growth direction, as well as the facility to adequately
model the singularity at the tip or in front of the crack. This
difficult becomes almost insurmountable when it is studied
the fracture mechanisms in laminated structural composites
[9].

The second model tested was diffuse crack. Despite the
use of the same mesh of the previous LEFM model, one of
the advantages of this model is the no need of attention with
the singularity at the tip or in front of the crack, as can be
seen in some studies [15, 17]. After the parameter of tension-
softening modulus (ES) has been estimated as 10% of the
modulus of elasticity of the epoxy resin [15], i.e., ES = 3.59
GPa, and considering the critical cracking stress (o) as the
ultimate strength (Su), i.e., o, = 33.7 MPa (Table 1), it was
simulated the test with specimen SE(B) incorporating the
model of diffuse crack in this analysis. Since it also takes
advantage of the geometry of the previous analysis with its
simplification due to the symmetry of the problem, the
external load applied was 126.39 N (P/2).

In Figure 5 were found cracking strain in front of the crack,
indicating that this region is critical, whereas cracking strain
value was greater than zero (¢, = 8.2x107). In other words,
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the maximum principal stress was higher than the value of
ultimate strength (breaking point of the material or critical
cracking stress), Figure 3, which starts a damage process of
the crack front. Simulations with this model has presented a
compatible result with the previous analysis and with a low
computational cost; despite it is a non-linear mechanical
behavior model which can present convergence problems if
the simulation presents many damage areas.

This diffuse crack model has good overall results when the
crack area is restricted to small dimensions comparing to the
structure size [15-17]. Several literature reports show the
convergence problems of this model in different studies
about fracture mechanisms; since the structural problems
studies [7, 14-15], and the studies about thin surface coating
[17]. Other advantages of this model have been its use in
failures of composites studies [4, 9] and the absence of the
knowledge about the critical stress intensity factor (K;c) or
toughness fracture (G;c) of the material to test it, i.e., only
there is the need to know the breaking point. Last advantage
is relevant because fracture mechanics experimental tests are
more expensive and more complex if they are compared with
tensile tests, especially when the focus is the study of
laminated composites [20].

1.

Figure 4. 3D mesh initially used in VCCT analysis for the numerical
model for specimen SE (B) with 400 3D solid elements with 8 nodes

Table 2. Numerical results from LEFM analysis for Epoxy Resin

Material Epoxy Resin
Critical Intensity Stress Factor (Kjc) 1.33 MPaVm
Gyc =Jic calculated (Equation 2) 41.82 N/m
Extrenal load (Equation 1) 25278 N
Jic numerical 40.04 N/m
Error 4.4%
Displacement in the middle of span 35 um

The third model tested was the VCCT (virtual crack
closure technique) using automesh process to automatic
generation of the mesh during the simulation. In this
simulation was adopted the mesh defined in the Figure 4,
without the use of simplification to take advantage of the
problem symmetry. This coarse mesh would facilitate the
first procedure of automesh of commercial program of finite
elements [10]. That is, the initial mesh may be relatively
coarse in order that the automatic generation processing of
the mesh has the advantage to establish the necessary
conditions for the representation of the singularity in front of
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the crack. However, this procedure has a high computational
spent, which restrict its use, particularly when it is used in
more complex geometries [6, 8, 10].

The external load was applied in the middle of the span
through a prescribed displacement aiming to a better
numerical control of the convergence during its processing
[17-18]. The value of the displacement de y = 35 um was
obtained in the analysis of the LEFM (Linear Elastic
Fracture Mechanics model), according to the results in Table
2. The failure criterion adopted was that of strain energy
release rate, i.e., toughness fracture. The value of toughness
fracture was Gic = 41.82 N/m, obtained by replacing the
mechanical properties of epoxy resin of Table 1 in Equation
2.

Figure 6 shows the instant that precedes the first stable
crack propagation, in accordance with VCCT model. Esta
primeira propagacdo aconteceu com uma carga inferior ao
obtida aplicando-se 0 maximo deslocamento transversal. At

WOOT Energy Releass ('m)

this time, the program refined the mesh, especially in the
region of crack front, using a total of 7065 elements. This
happened in the 78" increment and the numerical value
found for the strain energy release rates (G) was 41.34 N/m.
This value is 1.16% lower than the toughness fracture of the
epoxy resin.

Figure 7 shows the front of the crack image of the VCCT
model in the end of the numerical simulation, i.e., in the
hundredth interaction. The numerical value for the strain
energy release rate in the end of the analysis (G) was 40.05
N/m, indicating that this specimen was in the imminence to
reach its total collapse. This result also shows compatible
with the previous analysis, whereas it shows that the crack
front is a critical region and it illustrates the growth of this
crack, which practically it has its total collapse when the
external load reaches the value of maximum load, according
to the linear elastic fracture mechanics, applied through a
prescribed displacement.
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Figure 6. Zoom of the mesh in front of the crack for the VCCT model of the epoxy resin
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Figure 7.

From the point of view of the crack growth analysis, this
VCCT model showed an interesting behavior, because it
visualize this growth and it was able to indicate a likely
growth way of this crack.

These are the advantages of VCCT model in relation to the
two models previously tested. In contrast, its computational
spent was extremely high comparing to the two previous,
which could become impracticable its use in the analysis of
the more complex structural problems, e.g., in the aerospace
structure study with composite materials [9, 20].

During these studies with these VCCT models there were
several problems in the automatic generation of the mesh,
especially in 3D models. In contrast, the models did not
present difficulties in its convergence, because it was used a
prescribed displacement to try to facilitate this convergence,
instead of the external load in the middle of the span.
Certainly the external load would hamper the convergence
and automatic generation processes due to stress
concentration in point or line of load applied. But, in
structural problems, it is not always possible to apply the
external load through a prescribed displacement. This was
only possible in this study whereas it was determined the
displacement in the LEFM simulation model.

4. Conclusions

A major advantage of the adoption of numerical analysis
is in its low cost, but with great precision, speed and
reliability, in addition to reduce the spent time in the
experimental tests performance of the same style. However,
these analyses require a high knowledge of the concepts
related to the methods and analytical and numerical models
[21]. Therefore, this research aimed to study the fracture
processes in epoxy resin through its numerical simulation. In
this study, three different numerical models were adopted to
evaluate a fracture mechanics test defined by ASTM E399
standard [13]. The selected test was the bending at three
points SE (B) due to its ease of numerical modeling and
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Zoom of the mesh in front of the crack for the VCCT model of the epoxy resin in the end of test

because it is widely used in the analysis of ceramic materials,
polymers, and recently laminated composites.

The first simulated model was the linear elastic fracture
mechanics, through the calculation of the Critical Stress
Intensity factor (K;c) of the epoxy resin found in the
literature (Table 1). In the numerical analysis, the integral J
was used to evaluate the model, whereas it is the parameter
adopted by the finite elements software [10]. The numerical
model was able to represent the SE (B) test, as well as
reproduce the singularity in the region in front of the crack.
The difference between the numerical value of Jj- and
experimental was 4.4%. This analysis showed quickly,
because the material presented a linear elastic behavior.
However, its main limitations are due to the attention in the
generation of the numerical singularity in front of the crack.

The second tested model was of cracking strain model. In
the numerical simulation of SE (B) was possible to verify
that this analysis represented the mechanical behavior of the
experimental test, whereas the region in front of the crack
reached the breaking point when they were given in the
maximum load defined by the linear elastic fracture
mechanics (Figure 4).

The last model tested was the VCCT with the utilization of
the automesh process during the simulation. This model
showed the crack growth with more precision, which may be
used to simulate the nucleation process of this crack. The
initial mesh can be relatively rough, considering that the
numerical processing with automesh establishes the
necessary conditions for the representation of the singularity
in front of the crack. However, the high computational spent
in this model makes its use somewhat restricted, if it is
compared to previous models.

Finally, all analyzed models were able to represent the
mechanical behavior of specimen in the bending test SE(B).
Despite the specialized literature presents several studies
using different models of finite element in numerical
simulations [5], rarely is found a same work about the
comparison of failure mechanisms studies. Comparing the
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three studied models in termos of difficulties in the mesh
generation and computational costs, it can be concluded that
the diffuse crack model was able to simulate the mechanical
behavior of the test SE(B) and to capture the characteristics
of the formation of cracks during these conventional tests of
fracture mechanics. This model also presented a low
computational cost when is compared with the powerful
VCCT model. Therefore, it is recommended to adopt this
model in bi modularity in the first step in the structural
design process to identify areas prone to nucleation and
growth of cracks. Then, an upgrade could occur in the
simulation including the VCCT model, but restricting and
directing in the critical areas defined in the simulation with
the bi modularity model. The importance of the LEFM
model would limit to validate the studies in the cases when
there were difficulties in the obtaining mechanical properties
derived from complex mechanical tests [20].
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