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Abstract

A fundamental requirement for safety design of structural components is flaw tolerance. In this field, the soft materials have a
unique ability to bear external loads despite the presence of defects, due to their pronounced deformability. Unlike traditional
materials, which have an enthalpic elasticity, the mechanical response of a polymer-based material is governed by the state of
internal entropy of a molecular network which has a great ability to rearrange the material structure and shape so to minimize the
local detrimental effect of flaws. For a correct estimation of the fracture toughness of these materials, a proper knowledge of this
entropic effect is needed. In the present research, the mechanical behaviour up to failure of silicone-based cracked plates is
examined by taking into account the time-dependent effects. Experimental and theoretical aspects are discussed in order to
understand the defect tolerance of such materials.
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1. Introduction

Fracture toughness is an important property to be taken into account for defect tolerance-based design of
structural components. Such a property quantifies the ability of a material to reduce the effect of flaws on the global
strength of the structures. In this paper, we present the results of some experimental tests performed on flawed
specimens made by a common silicone-based polymer. This material has a particular stress-strain curve, which is
nearly hyperelastic up to failure, with a negligible effect of plasticity or internal damage until the final brittle failure
occurs (Brighenti 2016).
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Nomenclature

2a Initial crack length

Decreasing function of a that reduces the actual applied remote stress during crack growth
Young modulus and Poisson’s ratio of the material, respectively
Energy release rate

Stress-Intensity Factor (SIF) in Mode |

Dimensionless Stress-Intensity Factor in Mode |

Final crack length, measured along the crack path, after the final failure
Thickness of the specimen

Plate width

2a /W Dimensionless crack length

Fracture energy per unit cracked surface

Strain rate

Average radius of the micro voids existing in the material

Stretch ratio

Surface stretch

Total deformation energy and elastic energy, respectively

Cauchy stress tensor

Remote applied stress
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The mechanical behaviour of a polymeric material is quite different from that of a crystalline material (Doi 2013).
As a matter of fact, in the absence of external forces, the microstructure of a crystal is in a stable equilibrium state
that minimizes the energy of the system. The external forces produce displacements of the molecules and lead to a
new equilibrium state with an increment of internal energy equal to the external work (in absence of non-
conservative forces). This behaviour is called “enthalpic elasticity” because it’s governed by internal energy. A
polymer has a microstructure which is not made of crystalline units, but is characterized by a network of long
molecular chains entangled all together. In absence of external forces, each chain is in a thermodynamical
equilibrium state, i.e. the effective shape of the chain is one of the infinite possible configurations that the material
can have for the current energy level.

The absolute temperature and the end-to-end distance of a chain defines its internal energy, while the energy of
the unit volume of the material is obtained by adding up the energy of a single chain weighted by the probability
density function of the chains’ end-to-end distance distribution. It is clear why this kind of behaviour is called
“entropic elasticity”: the configuration of a chain is known only in probabilistic term, and it is ruled by the order of
the system. Physically, the effect of external forces is to stretch the macromolecule in the direction of the applied
load; mathematically, the external forces “stretch” the density probability function and the states with longer chains
aligned in the load direction become more probable than before the deformation (Treloar 1973).

In the vicinity of a defect like a crack or a notch, the stress level abruptly increases within a narrow region close
to the crack tip or notch root, and the chains are very stretched in the traction direction. Moreover if the external load
slowly increases in time, the polymeric chains have the possibility to rearrange and change their shape without
varying the global energy (Flory 1989). In fact, the part of the polymeric network close to the crack tip is in a much
more ordered state with respect the other regions far from the crack because of the chains alignment. For a polymer
network, fracture mechanics is ruled by non-local phenomena, and the conventional intensification of stress loses
importance. Further, fracture toughness greatly depends on the strain rate because of the time-dependent phenomena
occurring at the nanoscale level.

In the present paper, the fracture toughness is measured from some experimental tests made on polymer-based
cracked plates. The values obtained are related to the strain rate and to the geometry of the specimen. Moreover, the
evaluation of the fracture energy allows us to determine the intrinsic defect size through the use of the cavitation
criterion to assess failure.
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2. Crack growth modeling in highly deformable materials

Failure of the polymer networks can be interpreted by applying a model known as cavitation criterion (Fond
2001). Following this criterion, intrinsic micro-spherical voids — subjected to an internal hydrostatic pressure in
equilibrium with the stress field — are assumed to exist embedded in the material. When the internal pressure grows
up to a critical value, the equilibrium is not possible and, therefore the inflation of the voids became instable, leading
to a brittle failure. The growth process of the cavity usually shows a stiffening behaviour due to the unfolding of the
long molecular chains surrounding the void (Lev 2016). According to other authors, the polymer’s failure is ruled by
the so-called fibril creep mechanism (Jie 1998).

For sufficiently high strain rates, the elastomeric materials show, with a good approximation, an elastic behaviour

and, therefore, the Griffith’s energy balance for a penny-shaped circular crack of radius 7 can be written as follows:
oWy +¥+G
M <0 (1)
on

where W, is the potential energy of the external forces, ¥ is the deformation energy stored in the material, and
G =47n’y is the fracture energy (energy per unit surface y ). If the external loads are statically applied and the
fracture failure develops instantaneously, W} is negligible and the above balance becomes:

ov
e 4rn’y (2)
n

in which the reduction of internal energy during the fracture propagation is taken into account.

For an infinite new-Hookean medium with a spherical void having an initial radius 77, the critical value of the

hydrostatic pressure can be related to the fracture energy release rate G :
ov _ . ¥(n+dn)-¥(n)

G=—=Iim
on n-0 2zndn

)

where the energy is evaluated for a penny-shaped crack with radius that increases from 7 to n+dn .

The term S”(T]) can be evaluated from the solution of the elastic problem of a spherical void in an infinite
medium subjected to an internal pressure p ; the use of the above mentioned elastic solution (Jie 1998) in (3) leads
to:

1+ 43 —225"

G=2En 3

(4)

where E is the Young modulus of the material and Ag is the surface stretch, which can be also related to the

pressure p acting inside the spherical void through the relation p(is):(5—4/1§1—/1§4)E /6 , with

A =8"S=1+2dn- 777l . Note that S,S"' are the external surfaces of the initial and final spherical void, respectively
(Lin 2004). By substituting p(Ag) in Eq. (4), with the restriction p >(11/18)E , the failure criterion can be
formulated under the hypothesis that the energy release rate G is equal to the fracture energy of the material y,

while the pressure p acting inside the void is equal to the hydrostatic stress in the material p = o, /3 (the repeated

3

index stands for summation over such an index, i.e. o =ZU_[/~ ). The failure condition is fulfilled when the
j=1

following inequality holds:
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Note that (5) requires the knowledge of the average radius 7 of the voids which are initially present in the material.
As soon as the critical condition for void expansion is attained, it can be assumed that the stress state in that point
vanishes because of the material failure occurring in the small region around such a point of cavitation.

3. Experimental tests

In order to quantify the mechanical response and the fracture toughness of flawed elastomeric structural
components under tension up to the final failure, different pre-cracked thin plates are herein examined. The sheets
are made of a common silicone polymer obtained from the -cross-linking of two vinyl-terminated
polydimethylsiloxane matrix and an hydride terminated siloxane curing agent, with a Pd-catalyzed hydrosilylation,
also commercially known as Sylgard®. The specimens are tested under simple monotonic tension at different strain
rates. Then, experimental results are elaborated with Digital Image Correlation (DIC) technique to obtain the
deformation field in the samples during the tests.

The sheets have an initial elastic modulus equal to about £ = 0.98 MPa and Poisson’s ratio v = 0.42 . All the main
geometric characteristics of the tested specimens are shown in Table 1. Four values of the initial crack length are
examined and, for each length, three tests are made with different values of strain rate (Tab. 1).

In Fig. 1 a group of specimens (with an initial crack equal to 50 mm) during the traction test are shown. By
comparing the images it is clearly visible the characteristic evolution of the crack’s shape. The crack tip is subjected
to a remarkable blunting, and the regions along the crack are transversely compressed and show out-of-plane
displacements. Therefore, two different crack tips appear on both sides of the initial crack’s branches, developing in
the direction of the applied load. The observed failure mechanism is brittle and leads to an instantaneous rupture of
the material. In Fig. 2, some images of the specimens with the highlighted crack paths developed at the end of the
test, are reported.

In Fig. 3 and Fig. 4 some representative maps of the Green-Lagrange large strain obtained from digital image
correlation are displayed (see Blaber 2015 for an explanation of the algorithm adopted).

Table 1. Charasaerisltics and geometry of the specimens. The applied strain rates are equal to ‘éyl =5.769-107357! R é‘y2 =9.615-1074s7! s
£,3=1.603-10""s"
»3 -

w 2a t 2a/W é
SpeeNo- ) fmm) () () (o) .
C2a 112 20 275 0.179 &yl 3/2 | | 8/2
Ch 1220 285 0119 A2 g
Ce 11220 275 0179 &3 $—
C3a 112 30 300 0268 £y ?E
C3b 112 30 300 0268  &n @ €
C3c 112 30 2.60 0.268 £y3 EE
C4a 112 40 275 0357 &
C4b 112 40 1.80 0357 &1 €
Cic 112 40 200 0357 &3 EE
Csa 112 50 285 0446 & e g
Csb 112 50 295 0446 &y v

Csc 112 50 3.05 0.446 £)3
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intermediate (b, e, h) and final configuration at

Fig. 1. Images of the specimens with the initial crack eq}jlal 1to 50 mm in the initial (a, final
s~ (2™ row), £,3=1.603-107"s"" (3" row).

d, g),
incipient failure (c, f, i). The strain rate is &, =5.769-10" (1" row), £y :9.615'10_45‘_1

Fig. 2. Images of some specimens after the test: strain rate ) =5.769-107357! (a, d), strain rate ) =9.615-1074s7! (b, e), strain rate
é’y3 =1.603-107*57! (c, ). Specimens with 50 mm crack (a, b, ¢); specimens with 20 mm crack (d, e, f).

-

Fig. 3. Eyy strain maps for the tests at éyl =5769-1073s7" Fig. 4. Eyy strain maps for the tests at €3 =1.603-1074s571: specimens

specimens with 20 mm crack at intermediate and final state (a, b), with 20 mm crack at intermediate and final state (a, b), specimens with
specimens with 50 mm crack at initial and final state (c, d). 50 mm crack at initial and final state (c, d).
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4. Fracture energy estimation

The fracture toughness of the material is related to the energy per unit area necessary to produce failure, i.e.

Y= =¥/ (Ly 1) (6)
where ¥ is the total energy stored in the specimen at incipient failure and ¥, is the elastic energy restored after the
final fracture collapse, while L, is the length of the whole developed crack. In Fig. 5a, the fracture energy
evaluated according to (6) is shown for all the tested specimens in the simplest case ¥,; =0, i.e. no elastic energy is

assumed to be recovered in the material upon unloading, while ¥ is evaluated by integrating the experimental force-
displacement curve.

The fracture energy appears to be significantly lower for high strain rates (see dashed line in the figure that refers
to the highest strain rate) . The fracture energy can be computed from the stress intensity factor (SIF) in Mode I, K,
for a straight crack of initial length 2a and final length W :

2
av_srfe,=2t-Wf/2(C(a).%f ) da @)

a
c(a) being a reduction factor accounting for the decrease of the remote applied stress during the crack propagation

(Nobile et al. 2002).
For an infinite strip of width /¥ containing a transversal crack with initial length 2a and subjected to a remote
opening stress o, , the dimensionless SIF is given by (Murakami 1986):

K} =(1-0.0254 +0.06a* |cos " (%a] ®)

where a =2a/W is the dimensionless crack length. By replacing the above SIF expression in (7), and assuming
Opu=F,/ (t : W), F, being the ultimate tensile force at incipient failure, the fracture energy becomes:

"TTLd 2L, (;r j
a COS 56‘(

By adopting for c(a) a polynomial decreasing function of the crack length a, the fracture energy y can be

2
vy, zolwt (1200250 +0.06a")
— = 2 J‘a.c a)- da (9)

evaluated once the experimentally measured ultimate stresses o, , is known; the resulting values are reported in

Su

Fig. 5b.
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Fig. 5.Fracture energy calculated using Eq. (6) vs initial crack length for the different strain rates (a). Fracture energy calculated using Eq. (7)
vs initial crack length for the different strain rates (b).
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By comparing the calculated fracture energy according to (9) (Fig. 5b) with those in Fig. 5a, it can be noticed that
the elastic contribution ¥, is relevant and cannot be neglected; in fact from the observation of Fig. 2 the specimens

after failure do not show any damage but in the narrow fracture lines developed from the initial crack. The fracture
energy has been found to be equal to about y =1kN/m for the highest strain rates.

Finally, by assuming the existence of a uniform stress distribution in the ligaments of the specimen because of the
strong crack blunting occurring in the cracked sheet, i.e. o) =0, = F, / (t-(W—Za)), (07, =033 =0); by using
Eq. (5) the average radius 7 of the voids initially present in the material can be estimated. In Fig. 6 the obtained
values of 77 are reported vs the initial crack length for the different strain rates. Neglecting some dispersed results, it
can be observed that the size of the intrinsic initial micro voids is equal to about 7 = 0.2-0.4 mm.
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Fig. 6. Average radius of the voids vs. initial crack length for the different strain rates.

Conclusions

In the present paper, the damage tolerance estimated in term of the fracture toughness in highly-deformable
polymeric materials has been examined. The results of experimental tests conducted on pre-cracked tensile
elastomeric silicone specimens have been presented in relation to the applied strain rate and the initial crack length.
The fracture energy has been finally determined and by using a cavitation-based failure criterion suitable for
polymers, the size of the microdefects present in the material has been estimated.

On the basis of the high fracture energy values determined in the present study, a strong defect tolerance can be
recognized for the highly deformable silicone polymer.
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