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Polyurethane foam behavior in mixed mode bending
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Abstract. Mixed mode four-point bending testing is performed on polyurethane foams.
This paper presents only the results on the stress intensity factors (SIFs) obtained
experimentally for a density of 325 kg/m®, although tests were done for three foam
densities. An asymmetric four-point bending setup was used for determining the critical
SIFs in Mode I and Mode II, and discussions on the influence of the initial crack length on
the SIF values are done. As initial crack length is increased the theoretical predictions give
a better comparison to experimentally obtained results. Mode 11 testing is also performed on
a polyurethane foam as a particular case of mixed-mode four-point testing. Crack initiation
and propagation in Mode Il depends on the geometrical parameters of the testing
configuration. Numerical XFEM simulations are done in order to clarify the situations in
which the crack doesn't propagate, and failure is produced in the region of supports. A
combined experimental-XFEM analysis is recommended to fully understand the
particularities of the behavior of cellular materials.

Keywords: mixed-mode, polyurethane foam, asymmetric four-point bending, mode II,
XFEM, crack propagation.

1. Introduction

Aeronautical, automotive or naval structural integrity is of great importance and
any presence of imperfections can reduce significantly the load bearing capacity.
Polyurethane (PUR) foam materials are widely used as cores in sandwich
composites, for packing and cushioning. They are made of interconnected networks
of solid struts and cell walls incorporating voids with entrapped gas. The main
characteristics of foams are lightweight, high porosity, high crushability, and good
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energy absorption capacity, [1,2]. Foam materials, used extensively in such
applications, crush in compression, while in tension fail usually by propagation of a
single crack, [3]. However, without a better understanding of progressive failure,
the fracture criteria and predictive capabilities will be limited. Interface cracking is
generally a mixed mode cracking, as both normal and shear stresses develop just
ahead of the crack tip, [4, 5]. Experiments have shown that fracture energy can
depend on mode mixity [6-8].

Consequently, the fracture toughness of such foams became an important
characteristic, because cracks weaken the foam structures capacity of carrying load.
Many experimental efforts have been made in recent years to determine the
fracture toughness of different types of foams: plastic [9-12], carbon [13] and
metallic [14, 15]. Mclintyre and Anderson [16], using single edge notch bend
specimens made of rigid closed-cell polyurethane foams, measured the K. for
different densities. They found that the fracture toughness is independent of crack
length and proposed a linear correlation between fracture toughness and density,
for foam densities smaller than 200 kg/m*. At higher densities the correlation
became non-linear. The same behavior was observed by Danielsson [17] on PVC
Divinycell foams and Viana and Carlsson on Diab H foams, [10]. Brittle fracture
without yielding produced in Mode | was observed in these experiments. Kabir et
al. [12] used the procedure described by ASTM D5045 [18] for determining the
fracture toughness of polyvinyl chloride (PVC) and polyurethane (PUR) foams.
They investigated the effects of density, specimen size, loading rate and of cell
orientation. Density has a significant effect on fracture toughness, which increases
more than 7 times when the foam density increases 3.5 times. They also presented
the results of the established fracture toughness for H130 foams measured with
crack orientation in two directions: rise and flow. The fracture toughness is higher
with 27% when the crack is orientated parallel to the rise direction.

The influence of the initial crack length on the values of the stress intensity factors
(SIFs) in mixed mode by using a four-point bending configuration is studied in this
paper. Obtained values are compared with those given by using well-established
criteria and comments on particularities of the obtained results are done. Present
paper assesses the toughness of a polyurethane foam and analyzes the crack
initiation and propagation by combining experimental and numerical analyses.

2. Comments on XFEM formulation

The eXtended Finite Element Method (XFEM) is an extension of the FEM, and its
fundamental features were described by Belytschko and Black [19], based on the
idea of partition of unity presented in [20], which consists on local enrichment
functions for the nodal displacements to model crack growth and separation
between crack faces. With this technique, discontinuities such as cracks are
simulated as enriched features, by allowing discontinuities to grow through the
enrichment of the degrees of freedom of the nearby nodes with special
displacement functions. As the crack tip changes its position and path due to



Journal of Engineering Sciences and Innovation, Vol. 4 Issue 1 /2019 19

loading conditions, the XFEM algorithm creates the necessary enrichment
functions for the nodal points of the finite elements around the crack path/tip.
Compared to cohesive zone modelling (CZM), XFEM excels in simulating crack
onset and growth along an arbitrary path without the requirement of the mesh to
match the geometry of the discontinuities neither remeshing near the crack, [21]. In
[22], Moés et al. used XFEM to create a technique for simulating crack
propagation in two dimensions without remeshing the domain. Later Moés and
Belytschko [23] integrated CZM into the XFEM framework to overcome the CZM
shortcoming because the XFEM is particularly effective in dealing with moving
arbitrary discontinuities. Developments were done by Sukumar et al. in [24], where
the two-dimensional enrichment functions for planar cracks were used, and
afterwards the idea was extended to three dimensions by Areias and Belytschko,
[25].

The implementation of the eXtended Finite Element Method in commercial FEA
software is still limited, and the most famous one including such capabilities is
Abaqus™ (Abaqus Unified FEA). However, due to its relatively recent
introduction, XFEM technique in Abaqus™ has been proved to provide trustable
results only in few simple benchmark problems involving linear elastic material
models.

2. Mixed mode formulation in four-point bending

The experiments in mixed mode are done on established setups, one of the most
common being the four-point bend specimen. This can create the pure mode | or Il
and the mixed modes | and Il. The four-point bend specimen is loaded in two
forms: symmetric and asymmetric. The symmetric bend specimen creates the pure
mode | and the mixed mode, but the asymmetric specimen creates mode Il in
addition to the mixed modes | and Il. In [26] a fundamental reference solution is
given for an infinitely long cracked specimen loaded by a constant shear force and
the corresponding bending moment. Small corrections need to be applied for a
finite four-point loading geometry. Initial tests were already reported, [27],
showing the difficulties to perform such tests. In the present paper results on the
mode | and mode Il stress intensity factors are presented for different geometry
configurations of the experimental setup.

Asymmetric four-point bending represents a good method to determine de Mode Il
stress intensity factor for an isotropic material. The method itself has been
investigated by many researchers, but He and Hutchinson [26] have thoroughly
studied it and even proposed corrections that consider the ratio between the length
of the initial crack and the height of the sample. These corrections are suitable for
ratios less than 0.5, but by increasing it the values of the corrections no longer
influence the main results.

The formulas that are used to determine the values of the stress intensity factors for
each mode are, [26]:
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The experimental setup is presented in Fig 1 and consists of two four point bending
fixtures positioned in an asymmetric configuration.

P
bl bz

b,

Fig. 1. Experimental setup for four-point bending.

In relations (1) and (2) the force P gives the shear force Q which acts between the
inner loading points is given by @ = P (b, — b,)/(b, + b;) and M = ¢cQ s the
moment. All tested specimens had B = 12.5 mm, W = 25 mm, and b; + b, = 100
mm. In this paper, crack length a to height W ratios are 0.5 and 0.68.

The reference solution of Egs. 1 and 2 is accurate (finite element results show this
in [27]) if the distance of the nearest loading point is greater than 1.4W. That is
(b, — ¢) = 1.4W. For our by value (initially considered as 40 mm) results ¢ < 5
mm, as to fulfill this condition. For loading points nearer to the crack, He and
Hutchinson established that a correction of the above relations is needed, as these
are valid only for a reference specimen.

It is relatively clear that if parameter ¢ is chosen to be zero, mode | will no longer
influence the test, thus the setup will lead to a shear load, resulting a mode Il crack
propagation. The ration between crack length a and the height of the sample W is
considered when each stress intensity factor is being calculated upon using the
following relations:

F, (%) = 1122 — 1.121 ( )+ 3, 740( ) +3.873 [%)3 —19.05 (%)4 (3)

+ 22.55( )
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F, (%) = 7.264—9.37 (W) +2.74 (%) +1.87 (%) —1.04 [%) )
3. Experimental testing

All specimens were produced by cutting them from a panel of polyurethane foam
with density 325 kg/m®. The polyurethane foam is named Necuron 301, produced
by Necumer. The crack has been produced artificially by using a razor blade and
cutting the foam to the desired initial crack length a.

The tests have been performed on a Zwick-Roell Z010 testing machine, capable of
measuring a force up to 10 kN. The distance between the supports has been four
times the height of the sample, that is 100 mm. The purpose of these tests was to
determine the variation of the stress intensity factors with respect to parameter c.
Speed of testing was always considered as being 1 mm/min, [16].

The specimens were tested using different values for the parameter c, by
considering its values in the range specified for each tested setup. As an example,
for Setup 2 we tested for values of ¢ equal to 1, 2.5, 4.5 and 7. For each selected
value of parameter ¢ we considered a minimum of five tests in order to validate the
results, [28]. The setups used are presented in Table 1.

Table 1. Setups used for ratio a/W =0.5 and W = 25 mm.

Dimension | Setup 1 Setup 2 Setup 3
b; [mm] 40 42.5 45
b, [mm] 60 57.5 55
B [mm] 125 125 125
¢ [mm] <5 <75 <10

By using these setups, we were able to determine the stress intensity factors
presented in Fig. 2. The results show that there is a little difference between the
values obtained for ¢ being 1 and 2.5, and we can even say that for ¢ = 2.5 the
Mode Il values increase a little bit suggesting that it could be a problem in
propagating the crack correctly.

Another important draw back represented the fact that the cracks don't propagate at
all in some cases, especially for Setup 3, where the difference between b, and by is
approaching the value of 10. For this case the samples started to break in the
supports’ region due to the crushing of the foam in that area.

The stress intensity factors obtained experimentally are normalized to the mode |
fracture toughness and compared to the theoretical predictions obtained with
consecrated criteria: maximum circumferential tensile stress (MTS), minimum
strain energy density (SED), maximum energy release rate (Gnax), €quivalent stress
intensity factor (ESIF). Thus, for each criterion, a curve represents the failure locus
for Mode | and Mode 11 cohabitation.
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The results obtained from experimental data of valid tests (for some tests the crack
didn't propagate) are represented in Fig. 3; the experimentally obtained ratios
Ki/Kc are to be represented as a function of K,/K,., and then are compared to the
theoretical ones.

As one can notice the values are well below the proposed criteria for establishing
the critical locus of failure, and this comparison suggests that the crack didn't
propagate correctly. Therefore, we decided to increase the ratio to a/W = 0.68.
Another issue is related to the fact that some specimens broke near the supports,
which cannot lead to a valid test. We decided to increase the difference between b,
and b; and started to perform tests for b;= 37.5 mm instead of b;= 45 mm, as an
example. The setup configurations are presented in Table 2.
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Fig. 2. Stress intensity factors for Mode | and Mode 11 function of c,
for a/W =0.5and W = 25 mm.
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Fig. 3. Variation of normalized SIFs compared to the theoretical predictions for
a/W = 0.5 and W =25 mm.
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Table 2. Setups used for ratio a/W = 0.68 and W = 25 mm.

Dimension | Setup 1 Setup 2 Setup 3
by [mm] 375 40 42.5
b, [mm] 62.5 60 57.5
B [mm] 12.5 12.5 12.5
¢ [mm] <25 <5 <75

Using these configurations, we were able to perform valid tests by determining the
critical stress intensity factor (toughness) in Mode Il for ¢ = 0, and afterwards by
increasing each time with 2 mm the value of the parameter c. The variation of the
SIFs was obtained for all the testing setups. By taking this decision the results
improved significantly, as to be seen in Fig. 4.
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Fig. 4. Stress intensity factors for Mode | and Mode 1l function of c,
for a/W = 0.68 and W = 25 mm.

Even if the results are quite scattered, a pattern of variation is to be noticed clearly,
mainly that Mode | SIFs increase with parameter ¢ while Mode Il SIFs decrease
with this parameter. This is a normal behavior as Mode | values are proportional to
the parameter c.

To validate these tests, by plotting the experimentally obtained values together with
those given by the theoretical criteria, one can observe in Fig. 5 that the results
improved considerably and can be predicted using some of the already mentioned
criteria.

The results obtained for using the highest values of ¢ for by = 40 mm and b, = 42.5
mm fall outside the prediction criteria which suggest the fact that the crack
propagated in an unstable manner.
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By increasing W to a value of 30 mm, we studied again the phenomena observed
previously, trying to understand what happens for extreme values of parameter c.

In Table 3 the experimental setups are presented.

Table 3. Setups used for ratio a/W = 0.68 and W = 30 mm.

Dimensions Setup 1 Setup2 Setup3 Setup 4 Setup 5
by [mm] 42.5 45 47.5 50 52.5
b,[mm] 775 75 725 70 67.5
B [mm] 12.5 12.5 12.5 12.5 12.5
¢ [mm] <05 <3 <55 <8 <10.5

Again, we should remember that condition (b; — ¢) > 1.4W must be fulfilled. For
the b, values (given in Table 3) limitations for ¢ values do result.
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Fig. 5. Variation of normalized SIFs compared to the theoretical predictions for
a/W =0.68 and W =25 mm.

The stress intensity factors obtained experimentally are normalized to the mode |
fracture toughness and compared to the theoretical predictions as mentioned
before. Thus, for each criterion, results a curve which represents the failure for
Mode | and Mode Il cohabitation. By using the configurations described in Table 3
the obtained results were plotted in Fig. 6.
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Comparison between prediction models and
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Fig. 6. Test results plotted against prediction models
for a/W = 0.68 and W = 30 mm.

The obtained results revealed that there is a dependency between the crack
propagation and the b, distance. This means that by increasing the distance b, the
results are starting to become more scattered and for ¢ close to the maximum limits
the obtained results are not following any criteria. Starting from this conclusion we
describe a critical distance as being & = b, — b; for which the crack will not
propagate, or it will propagate under certain special conditions.

For tests performed using § = 20 mm and ¢ = 0 we observed that the crack did
propagate for one test, but the values were not predictable by any criteria, while for
d =15 mm we were unable to propagate correctly the crack for three values, as ¢ =
0, 2 and 4 mm.

Even if the experimental results results can be explained for extreme values of the
parameter ¢, where mode mixity is fully dependent as parameter ¢ multiplies Mode
I SIF value, they don't explain why the crack doesn't propagate for certain
conditions.

In order to investigate and clarify this issue we performed XFEM simulations for
the tested setups.

4. XFEM analysis of crack propagation

Constructing a good 2D XFEM model requires knowing how the analyzed material
performs under different loading conditions. Compression, tensile and fracture
toughness data obtained from experiments are used in order to construct the model
that will help investigate the behavior of the studied foam under mixed-mode
testing.

The model functions upon a simple requirement, that is initiating a crack when a
certain maximum principal strain value is achieved. By calculating all the time this
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value the crack is initiated and then propagated on a direction. The maximum
principal strain is found to be usually equal to the strain at which the foam breaks
in tension.

The cellular material has been analyzed using the hyperfoam model from
Abaqus™ by inserting tabular compression testing data, that will be used to
describe the crushing behavior of the material in the supports and loading areas.
The damage evolution is defined by the released energy G (crack driving force),
and represents the area enclosed by the stress and strain curve for the element.
Because we are dealing with a mixed mode situation the G energy represents the
equivalent energy which is consumed in order completely propagate the crack. The
formula which gives the condition of propagation is written as

6r\" G \"
(G—) + (G—) 1. 5)
In this power law relation, we considered that n is equal to 1 for this application,
while G;. and G;;. are the critical values for the released energy determined in
Mode | and Mode 1.

Tensile and fracture toughness tests results have been used in order to calculate the
values needed for relation (1) and presented in Table 4.

Table 4. Input data for the numerical model.

E v K, K. Maximum principal strain
[MPa] [] | [MPaym] | [MPaym] [-]
282 0.31 0.34 0.31 0.073

Using the input data, we were able to fully understand the behavior of the material
when performing tests for W = 30 mm in the case of Setups 4 and 5 (Table 3), [29].
The load is applied by considering a displacement control loading and measuring
the reaction forces that appear in the support region. In order to propagate the
crack, it is compulsory to determine the stress values that appear in the loading
vicinity and support areas. This is done by creating a tie node that sums all the
forces that are measured in this region.

In Fig. 7 one can observe that the equivalent stress values are well above the
crushing and shear values of the material, reaching approximately 18 MPa.

Crack propagates with a sudden change of direction, thus suggesting a brittle
behavior of the material. The model can analyze the crack propagation during
mixed mode testing, being able to describe the crack path for any c value. The
model revealed that in order to propagate a crack in the sample a very high force
value is needed when testing in Setups 4 and 5 configurations, as it is to be seen in
Fig. 8.
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b)

Fig. 7. Von Mises stress values at: a) initiation; b) full propagation of the crack.
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Fig. 8. Comparison between experimental and XFEM data.

In Fig. 8 the experimental data has been obtained by calculating and plotting the
mean values of the forces obtained in the experiments. This is a usual practice, but
the standard deviation values should be considered especially when testing an
anisotropic material because for a particular setup one can obtain a broad range of
force values which can be justified by the anisotropy or by the fact that the crack
was blunt or different defects were present inside the material.

One of the most important characteristics of the numerical model is that it can
describe what happens in some cases when crack propagates in the support or
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loading region. The model approximated correctly what happens for values b; =
42.5, 45 and 47.5 mm, as with the decrease of & the model requires a larger value
of the force in order to propagate the crack. We observed that this value cannot be
reached since in the same time the crack propagates in the loading area and it
becomes dominant.

In order to perform all these analyzes one must understand how XFEM propagates
a crack based on the critical G energy. The parameter called StatusXFEM can take
values from 0 to 1 and represents the amount of the G energy that has been used to
propagate the crack through an element. This parameter is used to understand what
happens in the loading region, as to be noticed in Fig. 9.

In Fig. 9 a) the von Mises stress values are quite high in the support region, leading
to the development of new cracks. This is supported by the fact that in Fig. 9 b) one
can observe that almost the entire region is subjected to high stresses, the
StatusXFEM variable is almost 0.5 (green color elements), crack being initiated,
but as soon as value 1 (red color elements) is reached the crack is propagated. This
means that the energy has been consumed to propagate a crack in the loading and
support region and this is found to happen also in the experimental setups for
& equal to 15 and 20 mm.

b)

Fig. 9. Crack propagated in the support and loading region:
a) von Mises stress values; b) XFEM element status.
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6. Conclusions

Mixed-mode testing of a polyurethane foam is done by using a four-point bending
configuration. The crack propagation is monitored and corresponding SIF values in
Mode | and Mode Il are calculated. The experimental results of normalized SIFs
are compared to the those obtained by theoretical predictions, using well-
established criteria. It was found that the geometrical configuration of the specimen
and of the testing device makes difficult the crack propagation for the initial ratio
a/W = 0.5, damage and failure in the loading area becoming dominant. By
increasing the crack length and corresponding ratio a/W = 0.68, it is to be
underlined that, although a scatter of data exists, the experimental critical SIFs can
be established.

Some theoretical criteria can predict quite correctly the normalized values of SIFs,
but usually Richard's criterion (ESIF) is the one that predicts better the behavior of
cellular materials, as a polyurethane foam.

Mixed mode testing of polyurethane foams is in some situations followed by
undesired failure in the region of supports without any propagation of the main
crack. In Mode Il testing it is sometimes difficult to propagate the crack due to the
geometrical constrains of the testing configuration. Some of the experimental
results obtained for SIFs are not comparable to the theoretical predictions.

XFEM simulations are done to study the crack initiation and propagation and
explain the failure produced in the supports’ region and not in the vicinity of the
main crack. This numerical approach proves to be a powerful method of analysis if
the model is correctly calibrated. Therefore, a combined experimental-XFEM
analysis can lead to proper results for assessing the failure of polyurethane foams
in various loading conditions.
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