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found that nanomodification significantly enhances the fracture toughness of the epoxy
resin on the entire range of mixed mode loadings (from pure mode I to pure mode II),
improvements depend however on the mode mixity.

Experimental results are compared to theoretical predictions based on different criteria

I]fg; V:z;‘z;: osites for mixed mode fracture in brittle homogeneous materials. As expected, it is found that,
Nanoclayp while the data from pure epoxy are satisfactorily predicted almost independently of the

Fracture toughness adopted approach, the agreement is much worse in the case of nanomodified materials.
Mixed mode fracture Explanations of this behaviour can be found in the emergence of additional microscale
and nanoscale toughening mechanisms due to nanomodification not properly described

by conventional models.
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Nanotechnology is a rapidly emerging technology with great potential to create new multifunctional materials,
characterised by enhanced physical and mechanical properties and new improved products for numerous fields of applica-
tion [1-3].

The most interesting aspect related to nanomodified polymers is that, different from traditional fibre reinforced compos-
ites, they are endowed with exceptionally improved properties at very low filler concentrations. The explanation of this pe-
culiar phenomenon, often regarded as “nano-effect”, can be sought in the interactions at the atomic scale. Indeed as the filler
size is decreased to the nanoscale, the specific surface area rapidly increases, making surface properties the dominant factor
and providing unique properties with widespread applications in many industrial sectors. Moreover, as the reinforcement
size is comparable with that of polymeric chains, molecular interactions with the matrix produce an interphase “layer”,
whose properties can differ substantially from those of the constituents. The properties of this interphase zone play a very
important role in the amount of energy dissipated by the different damaging mechanisms taking place at the nano-scale and,
in turn, on the overall mechanical properties of the nanocomposite, depending also on the filler size and geometry [4-7].

Also nanofiller morphology can play an important role. Dealing with the filler morphology, main differences are essen-
tially due to the nanofiller typology, which might be distinguished in nanoclays, nanoparticles and nanotubes. In particular
clay based nanocomposites have revealed to be a very promising technology in the perspective of achieving high
performances at a relative low cost.
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Nomenclature

a crack length

B specimen thickness

E tensile elastic modulus

F applied force

Ki, Ky mode I and mode II stress intensity factors
Kie, Kiie fracture toughness under pure mode I and pure mode II
Ly, Ly, L3, Ly distances between loads and crack plane
M bending moment at the crack plane

P, critical load at fracture

Q shear force at the crack plane

7% specimen ligament

wt% weight percent (%) of nanofiller

o, and o non-dimensional shape factor

& strain to failure (%)

¢ mode mixity, Ky/K;

v Poisson’s ratio

0o fracture angle

OR tensile strength

Too tangential stress

Nanoclays are layered silicates of which the platelets are micro-sized in area, about 1 nm thick and disposed in stacks
called tactoids. Once dispersed in the polymeric matrix three typical nanoclay morphologies are possible, namely, exfoliated,
intercalated and phase separated clays. In more details:

- The separated morphology is obtained when the polymer is unable to intercalate between the silicate sheets.

- The intercalated morphology is obtained when one or more extended polymer chain is intercalated between the silicate
layers resulting in a well ordered multilayer morphology built up with alternating polymeric and inorganic layers.

- The fully exfoliated morphology is obtained when the silicate layers lose their parallelism and they are completely and
uniformly dispersed in a continuous polymer matrix.

With the aim to maximize the “nano-effect”, complete exfoliation is highly desirable but it is far from easy to be obtained since
it requires the separation of the tactoids from the primary particle, followed by the destruction of the order of the clay platelets
within the tactoids. However a balance between an exfoliated and intercalated structure is often sufficient to obtained the desired
property enhancements [8-15]. Polymer-nanoclay nanocomposites offer exceptional performances, when compared to those of
the neat polymer, in terms of flammability, barrier and mechanical properties. In particular, due to their very high aspect ratio,
nanoclay platelets are suitable to improve the tensile elastic modulus of polymeric systems (see [8-10]). On the contrary, conflict-
ing results have been reported with reference to the strength of nanoclay reinforced resins, which has been proven either to in-
crease [11,12] or decrease [12-15], depending on the studied system. The fracture toughness of nanomodified polymers is
acknowledged to be the most important mechanical property to be studied, mainly in the perspective they are used as toughened
matrixes in ternary, fibre reinforced, nanocomposites [15,16]. This does explain the large attention recently paid by several
researchers to the study of the fracture toughness of binary nanocomposites (polymer matrix plus nanofillers) [15,17-22].

Although in practice the stress state ahead of a crack is often of the mixed type, in the best of authors’ knowledge all the
previous studies dealing with the toughness of nanoclay nanocomposites are limited to pure mode I fracture, whilst extend-
ing the analysis to other nanofillers, the only exception seems to be a recent contribution by Ayatollahi et al. for carbon nano-
tube nanocomposite [23].

With the aim to fill this gap, in this study the mixed mode fracture behaviour of an epoxy resin filled with montmoril-
lonite nanoclays is analysed. After a preliminary investigation on tensile properties, the fracture behaviour of the nanocom-
posite system is studied and discussed in detail by taking advantage of the results from Single Edge Notch Bending (SENB)
tests, considering four loading conditions, ranging from pure mode I to pure mode II. The effect of the mode mixity on the
crack paths, fracture toughness improvements and fracture surface morphology are discussed in details as well.

Experimental results are eventually compared to the predictions based on some classical mixed mode fracture criteria
(MTS criterion, S criterion, Richard’s crietrion), discussing their degree of accuracy.

2. Materials and specimens used in the experimental analysis

In this study, a DGEBA-based epoxy resin (EC157 with W152LR hardener) from Elantas-Camattini was chosen as polymer
matrix. The main mechanical properties of the adopted epoxy system, as specified by the supplier, are summarised in Table 1.
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Table 1
Properties of EC157/W131 epoxy system
as provided by Elantas-Camattini.

E 3.2-3.5GPa
o, 68-76 MPa
& 6-8%

In addition, a montmorillonite clay, Cloisite 30B® from Southern Clay Products, was used as nanosized reinforcement. 30B

nanoclays are characterised by 1 nm thick lamellae, lateral dimensions from 70 to 150 nm and average d-spacing of about
185 A.

Dog bone (DB) specimens as well as Single Edge Notch Bending (SENB) specimens (Fig. 1) have been produced. SENB spec-

imen dimensions strictly conform to the guidelines of Ref. [24].

The specimens were manufactured according to the following steps:

. Dispersion of the filler within the resin. Initially, in order to get an as good as possible dispersion and distribution of the

filler, nanoclays were dispersed within the polymer resin through shear mixing followed by sonication. The shear mixing
process was carried out with a DISPERMAT TU shear blender from VMA-Getzmann, at an average rate of 2000 rpm for
about 1 h. The sonication process, instead, was performed using a HIELSCHER UP 200s Sonicator, set on 140 W (70% of
the maximum power) and a duty cycle of 50%, for 10 min. After sonication, the hardener was added and the obtained
blend was mixed at low rate (1000 rpm) for further 5 min.

. Degassing and moulding of the obtained blend. As a major drawback of the shear mixing process, a large amount of air is

trapped in the matrix. Thus, in order to prevent void traps and bubbles in the specimens, a degassing process was carried
out at room temperature. To this end, a low-vacuum pump was used to induce a very low pressure in the resin pot, pro-
moting bubbles explosion. One hour of degassing process was enough to obtain a clear and translucent nanomodified
resin which was later slowly poured into silicone rubber moulds, allowing us to obtain specimens without voids. The dif-
ferent stages of the degassing process are shown in Fig. 2.

. Milling and surface polishing. Samples were then cured at room temperature for about 72 h. Once de-moulded, the spec-

imens were surface milled and polished up to the final thickness.

As far as the SENB specimens are concerned, a further manufacturing step was carried out:

. Manual tapping and fatigue propagation up to a 10 mm long crack. Using a razor blade, the samples were pre-cracked by

manual tapping. Finally, 10 mm long cracks (half the specimen width, according to [24]) were obtained from the artificial
short cracks after some zero-to-tension fatigue cycles.

The morphology of the materials used in the present analyses has been investigated using Scanning Electron Microscopy,

in order to identify the presence of nanofiller agglomerates. Fig. 3 reports some SEM images for 1, 3 and 5 wt% loaded resins.
At 1 wt% some traces of clay agglomeration are present (size about 20 um). For higher contents the dimensions of the
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Fig. 1. Dog Bone (DB) specimens (a) and Single Edge Notch Bending (SENB) specimens (b) used in the tests.
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Fig. 2. Degassing process of the nanomodified resin (5 wt% of nanoclay). (a) Nanomodified resin at low pressure as just poured into the pot; (b) after
10 min; (c) after 25 min and (d) after 35 min. At the end of the process, the mixture is devoid of any bubble.

1000x ¢

Fig. 3. Morphology of 1 wt% (a and b) 3 wt% (c and d) and 5 wt% (e and f) clay-loaded resins. Scanning electron micrographs at different magnifications.

agglomerates is almost comparable to the ones reported for 1 wt% even if their content is more elevated. However, as a gen-
eral trend for all the clay contents under investigation, the nanofiller seems to be well distributed within the matrix. Similar
morphologies have been found in previous experimental investigations by the present authors [15].
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3. Experimental equipment and tests

All tests have been carried out by using a MTS 858 servo-hydraulic machine, equipped with a 2.5/25 kN load cell.

3.1. Tensile tests

Tensile tests on dog-bone specimens with the geometry shown in Fig. 1a, were carried out with the aim to determine the
failure stress, o, the elastic modulus, E, the Poisson ratio, v, and the strain to failure, & of the neat epoxy and nanomodified
resins, by using a crosshead speed equal to 2 mm/min. A MTS 632.29F-30 extensometer was used for accurate strain mea-
surements. For each material configuration, at least three specimens were tested. In all the performed tests failure took place
in the gauge length of the specimen.

3.2. Single Edge Notch Bending tests

As far as SENB tests are concerned, different loading conditions have been applied, resulting in different mixed mode
loadings, which ranged from pure mode I to pure mode II.

The fracture tests have been carried out using a crosshead speed equal to 10 mm/min, as suggested in [24]. At least three
specimens for every loading condition and every filler weight fraction were tested.

SENB specimen dimensions and geometry strictly conform to the suggestions reported in Ref. [24], namely B =10 mm,
W =20 mm, specimen’s length equal to 88 mm (see Fig. 1b).

The testing device consisted of two steel plates, 18 mm thick, one fixed on the load cell, the other attached to a vertical
moving ram. One or two pin supports could be mounted on each plate. Some pictures of the loading system are shown in
Fig. 4.

3.2.1. Mode I loading tests
The mode I fracture toughness was evaluated using three-point bending tests according to the ASTM-D5045-99 standard
[24] (see Fig. 4a). Mode I fracture toughness can be computed from the following expression [24]:

K= st (o) M

where P, is the critical load while B, a and W are defined in Fig. 1b. The suggested expression for fla/W) is [24]:

Fig. 4. Loading configurations for pure mode I tests (a), non-Symmetric three Point Bending (NS3PB) tests with ¢ = 0.3 (b), non-Symmetric four Point
Bending (NS4PB) tests with ¢ = 1.35 (c), non-Symmetric four Point Bending (NS4PB) for pure mode II tests (d).
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3.2.2. Mixed mode and pure mode II loadings tests

In the best of authors’ knowledge no standardized procedures are available for mixed mode or pure mode II fracture test-
ing. Accordingly, the same specimen size and geometry suggested for mode I loading tests [24] have been used, while vari-
ations of mode mixity have been obtained changing the loading conditions, using non-symmetric three- and four-point
bending configurations. This allowed to broaden out the range of possible loading conditions.

Besides mode I, the following fracture tests have been carried out:

1. Fracture tests under prevalent mode I loading conditions, ¢ = Kj;/K; = 0.3. These tests have been carried out using the non-
Symmetric three Point Bending (NS3PB) configuration sketched in Fig. 5a and depicted in Fig. 4b;

2. Fracture tests under prevalent mode II loading conditions, ¢ = Kj;/K; = 1.35 and under pure mode II loading conditions.
These tests have been carried out using the non-symmetric four point bending (NS4PB) configuration sketched in
Fig. 5b and depicted in Fig. 4c and d.

Details of loading conditions for mixed mode tests are given in Table 2.
In all cases the crack tip stress intensity factors have been evaluated as:

Ki = opgoq(a/W)vVma Ky = Tag0(a/W)vTa (3)
where op,g and 7, are the maximum nominal stresses on the gross section, evaluated according to the following expressions:
6M 3 Q

Gng = W ‘Cng = i W (4a—b)

In Eq. (4a) and (4b) M and Q are the bending moment and the shear force evaluated on the crack plane resulting from static
equilibrium equations. Accordingly:

Ly — L4 Ly — L4
M=F L =F 5
L+L* Q Ly + L4 ()
F
l L,
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Fig. 5. Schematic of the non-Symmetric three Point Bending (NS3PB) (a) and of the non-Symmetric four Point Bending (NS4PB) (b) loading configurations.
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Table 2
Details of loading conditions for mixed mode tests.
Mode mixity Ky/K; Loading condition L; (mm) L, (mm) L3 (mm) Ly (mm)
03 NS3PB 30 / 40 10
1.35 NS4PB 10 20 30 10
o NS4PB 30 40 40 30

for non-symmetric three point bending (Fig. 5a) and:

L1L2 L3L4 L] L3
M=F — =F(— — 6
(L] +L, L3+ L4> Q <L] +L, L3+ L4> (6)
for non-symmetric four point bending (Fig. 5b) where F is the total applied load.

Shape functions o; and o, to be used have been evaluated by means of some finite element analyses and were found to be
for, a/W = 0.5 (which was used for all specimens in the fracture tests):

443 97
% =295 %106 @
for NS3PB (Fig. 5a) and:
543 188
=33 2T g0 ®)

for NS4PB (Fig. 5b). FE analyses have been carried out with Ansys® version 13 software package. Parabolic isoparametric ele-
ments (PLANE183 in ANSYS) have been used with a very fine mesh pattern close to the crack tip, in order to get results with
high degree of accuracy.

4. Experimental results
4.1. Tensile tests

The effects of the weight content of Cloisite 30B® nano-additives upon the nanocomposite elastic modulus, strength and
strain to failure are reported in Table 3 and summarised in Fig. 6.

The elastic modulus is only slightly affected by nano-additives with improvement up to 8.5% for a 5 wt% of nanoclay
content.

Table 3
Tensile properties of neat epoxy and nanomodified polymers.
Nanoclay content (wt%) E (MPa) or (MPa) & (%) v
Neat epoxy 3392 +16 68.8 +4.5 2.72+£0.32 0.347 £ 0.003
1 3382+79 68.0+0.9 2.96£0.13 0.377 £ 0.002
3 3599 £ 38 57.5+7.6 2.19+0.32 0.373 £0.005
5 3679+116 51.5+4.2 1.66+0.14 0.370 + 0.006
80 3900
[es]
0 3400
)
R
60
< 2900
a
2 50
& 2400
40 %0y £
E
wf ®E 1900 £
© & %
20 - - - - 1400
0 1 2 3 4 5

Nanoclay weight content, wt [%]

Fig. 6. Results of tensile tests on neat and nanomodified epoxy resins.
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Conversely, nanomodification has a detrimental effect in terms of strength and strain to failure.

Indeed the nanocomposite strength is decreased from 68.8 MPa (neat resin) to 51.5 MPa (5 wt% nanoclay) with a reduc-
tion of about 25.1%, while the addition of nanoclays leads to an initial improvement of the strain to failure (+10% for 1 wt%)
followed by a monotonic reduction (—39% for 5 wt%). These results agree with previous findings in the literature [12-15].

It is finally worth mentioning that the limited reduction of the tensile strength due to nanomodification is commonly re-
garded as non-significant, the improvement of the polymer fracture toughness, shown later, being much more important and
interesting [15,16].

4.2. Fracture tests

The force displacement curves of the tests, typified in Fig. 7 for mode I loadings, allow us to conclude that during the tests
the material exhibited a pure linear elastic behaviour, the force-displacement plots being linear up to the fracture load.

A summary of all experimental data, expressed in terms of SIFs according to Eq. (3), is shown in Fig. 8.

It is evident that nanomodified specimens exhibit a higher fracture toughness, independently of the loading mode.

The highest improvement was obtained under pure mode I loading conditions, with a maximum increment of 48.7% in
terms of Kjc for 1 wt% content of nanofiller.

Ranging from pure mode I to pure mode II less pronounced improvements can be noted. Under pure mode Il loading con-
ditions the higher fracture toughness is exhibited by specimens loaded with 1 wt% content of nanofiller (+24.1%).

4.3. Crack paths
Some pictures of fractured specimens with 1 wt% of nanoclay are shown in Fig. 9. Mode I loaded specimens fractured

along the initial crack plane (6 = 0). Differently, the presence of mode II loadings gives rise to a crack tilting. For specimens
under mixed mode loadings with ¢ = 0.3 (Fig. 9b), the fracture took place at a measured angle 0 = 36-38° with respect to the

400
350 —Neat epoxy
—1% wt
300 —3% wt
—5% wt
— 250
&
:{3 200
9]
o150 f
100 |
50 F
0 . A . "
0.00 0.10 0.20 0.30 0.40 0.50

Displacement [mm]

Fig. 7. Force-displacement diagrams for neat epoxy and nanomodified specimens under mode I loading.

’ ONeatresin
, @ 1% wt nanoclay
A3% wt nanoclay
5% wt nanoclay

0.5
KIIC [MPa m”~]

Fig. 8. Fracture toughness of neat and nanomodified specimens under various loading conditions.
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(b)

Fig. 9. Fracture angles for (a) mode I, (b) mixed mode K;/K; = 0.30, (c¢) mixed mode Ky/K; = 1.35 and (d) mode II loading conditions. Specimens with 1 wt% of
nanoclay.

(d)

crack line. For ¢ = 1.35 (Fig. 9¢), 0 = 44-45° while for mode Il loaded specimens (Fig. 9d) the crack tilted at about 63-65°. No
clear effect of nanomodification was noted on the crack initiation angle.

4.4. Morphological analysis of the fracture surfaces

In order to better understand the mechanical behaviour of the nanocomposite systems at different loading conditions, a
morphological analysis of the fracture surfaces was carried out by means of a Quanta400 scanning electron microscope pro-
duced by FEL

The fracture surfaces of the neat epoxy, taken from a region close to the initial crack front, are shown in Fig. 10, where the
arrows indicate the direction of crack propagation. It is evident that, except for some river line markings near the crack
initiation site, the fracture surfaces appeared to be very smooth, independently of the investigated loading condition. Such
a morphology is typical of brittle polymers.

On the other hand, for all the analysed loading conditions, the fracture surfaces of nanomodified specimens were
found very rough. An example from 5 wt% nanomodified specimens is shown in Fig. 11. All pictures have been taken from
aregion close to the initial crack front and the arrows indicate the direction of crack propagation. Under pure mode I loading
(Fig. 11a), the emergence of many steps throughout the whole surface can be noted. This morphology is commonly

rack edge

=

Crack edge

2400x

20um

——100.0pm——

rack edge

Crack edge

Fig. 10. SEM micrographs of fracture surfaces for neat epoxy. Pure mode I (a), ¢ = 0.30 (b), ¢ = 1.35 (c), pure mode II (d).
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SEM micrographs of fractue surfaces for 5 wt% nanocomposite. Pure mode I (a), ¢ = 0.30 (b), ¢ = 1.35 (c), Pure mode II (d).
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acknowledged to be due to secondary crack fronts divided by aggregates and it denotes that microcracking and subsequent
microcrack coalescence in different planes have taken place.

These phenomena, which are reasonably due to the presence of nanoclays in the epoxy resin, are the main detected
toughening mechanism, which can be regarded as responsible of fracture toughness improvements exhibited by nanoclay
loaded specimens. It is worth mentioning that a similar morphology was observed also by Wang et al. [ 14] for a Epoxy/Cloi-
site 93A system.

Fig. 11b-d document that the step area density depend on the loading mode. Indeed, higher magnification images show
that, even if the toughening mechanism is the same, its extent within the process zone reduces while moving from pure
mode | to pure mode II. This is compliant with experimental results discussed in Section 4.2, according to which the fracture
toughness improvement due to nanomodification is dependent on the loading mode, being higher under pure mode I
loadings.

It is worth finally mentioning that similar morphologies were observed also in nanomodified specimens with different
clay contents.

5. Prediction of mixed mode fracture behaviour of nanocomposites

In the past and recent literature several theoretical or empirical criteria for mixed mode fracture for brittle homogeneous
materials have been proposed and validated (see, amongst the others, [25-31]). Depending on the nature of the criterion, in
addition to the critical conditions required for the fracture onset, predictions for the angle of fracture initiation can be also
obtained.

However it is recognised that nanocomposite fracture toughness strictly depends on the amount of energy dissipated by
the damaging mechanisms taking place at the nanoscale, which are responsible for material toughening [32-36]. Moreover
the toughness improvements associated with nanomodification are strongly influenced by many factors, such as the filler
morphology (size, geometry and distribution) and, in particular, the applied loading conditions. Accordingly additional
inherent difficulties are expected while modelling the mixed mode fracture behaviour of this kind of new materials.

In the following sections a brief overview of three mixed mode fracture criteria widely used in the literature, i.e. the MTS
criterion [25], the S criterion [26] and Richard’s criterion [30,31] is provided. Then, with the main aim to identify a mixed
mode criterion providing reliable predictions for nanomodified polymers, a comparison is carried out with the experimental
results obtained in the present work.

5.1. Maximum Tangential Stress Criterion (MTS criterion)

The Maximum Tangential Stress criterion (MTS) [25] assumes that the crack propagation is controlled by the maximum
value of the hoop stress at the crack tip, oy max- In particular, the fracture initiation angle equates the direction of ¢y max

[25]:
2 2
0p = —arccos (3,¢+— ”1+8¢> 9

1+ 9¢°

The general condition for the crack onset can instead be written as [25]:

0, 0, 3 .
K, {cosj0 <cos2 jo ~5¢sin ()Oﬂ = Kic (10)

5.2. Minimum strain energy density criterion (S criterion)

The S criterion [26] states that brittle fracture is controlled by the strain energy density factor S, which, under mixed
mode (I +II) assumes the following quadratic form:

S= Cl]]K]2 +2 (1121(11(11 + azzKlzl (11)

where

a1 = [(1+cos 6)(k —cos 0)]

L
167u
a :mmnO[Zcos 0— (k—1)] (12a,b,¢)

4y :ﬁ[(lﬁﬂ)(] —cos 0)+ (1+cos0)(3cos 0—1)]

being u the shear modulus and, for plane strain conditions, k¥ = 3 — 4v.
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The initial crack growth is assumed to take place in the direction along which the S factor has a stationary (minimum)
value [26]:

oS
— =0 (13)
90]y_g,
or, in more explicit form:
4¢ cos200 + | (K + 1) + (K — 1)$*| sinf — 2 cos O | (i — 1) + (1 +3¢?) sinbp| = 0 (14)

It is also supposed that crack initiation occurs when the S factor reaches a critical value, i.e. S = S... This last condition gives
the following fracture locus:

8 1 1 . 1
K = ch{m {E(l + €0s bp) (K¢ — cos bp) +gsin 0o(2cos 0y — (K —1))¢ +E((K +1)(1 — cos by)

-0.5
+(1 + cos 0p)(3 cos Oy — 1))¢2H (15)

5.3. Richard’s criterion

According to Richard’s criterion [30,31], the mixed mode fracture locus is described by the following equation:

K

Kie K2,

where Kj. and K. are the pure mode I and pure mode II fracture toughness, respectively.
Eq. (16) can be equivalently rewritten as follows:

Ki\?
m—mb-&ﬁ} (17)

As a major experimental drawback with respect to the previous ones, Richard’s criterion requires fracture toughness under
pure mode I, K., and pure mode II, Kj,., to be known. On the other hand it can probably capture the difference in the material
response due to the mode of loading.

Table 4
Comparison between the fracture angles measured from experiments and the predicted values using the MTS and the S
criterions (v = 0.37).

13 0o, Experiments (°) 0o, MTS criterion (°) 0o, S criterion (°)
0 0 0 0
0.3 -38 -29 -33
1.35 —45 -57 -57
00 -65 -70 -85
1.2
® Experimental data
1 ; -+ MTS [25]
A E-.... —S [26]
S 0.8 F=r
g ] = -Richard [30]
< [
E 0.6 F
M 04 b °
0 T SR R S S S S S SR R R N S S Lobo——1 1
0 0.25 0.5 0.75 1 1.25

K, [MPa m®]

Fig. 12. Comparison between predicted fracture toughness values and experimental results. Cracked specimens made of neat epoxy.
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5.4. Discussion

A satisfactory agreement was found between the fracture angles measured from experiments and the predicted values

M. Zappalorto et al./Engineering Fracture Mechanics 111 (2013) 50-64

using the MTS and the S criterions (see Table 4).

Moreover, the predictions based on the mixed mode fracture toughness criteria discussed in the previous sections have
been compared with the experimental data obtained in the present work. The comparison is shown in Figs. 12-15 for dif-

ferent nanoclay contents.

Fig. 12 shows that the results from specimens made of pure epoxy are well predicted by almost all the fracture criteria

before mentioned.

0.5
K"C [MPa m"~]

Fig. 13. Comparison between predicted fracture toughness values and experimental results. Cracked specimens made of epoxy resin filled with 1 wt% of

nanoclays.

e [Mpa m().S]

Fig. 14. Comparison between predicted fracture toughness values and experimental results. Cracked specimens made of epoxy resin filled with 3 wt% of
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Fig. 15. Comparison between predicted fracture toughness values and experimental results. Cracked specimens made of epoxy resin filled with 5 wt% of
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Differently, in the case of nanomodified specimens, the accuracy of the fracture criteria based only on K. is poorer and the
best prediction of mixed mode fracture toughness is provided by Richard’s criterion (see Figs. 13-15).

The inaccuracy of classical mixed mode fracture criteria, MTS and S, for results from nanomodified polymers can be due to
the emergence of different damaging mechanisms taking place at the microscale and nanoscale which can be influenced by
the loading mode, as discussed in Section 4.4.

Richard’s criterion, instead, is capable of better predictions since it is based either on Kjc or on Kjc, thus accounting, in
some way, for the change of material damaging moving from pure mode I to pure mode II.

6. Conclusion

In the present work the effects of nanoclay addition on the fracture behaviour of an epoxy resin under mixed mode (I + II)
loadings have been studied by analysing the results from Single Edge Notch Bending (SENB) tests. The results allow to con-
clude that, for weight contents up to 5 wt%, nanomodification significantly enhances the fracture toughness of the epoxy re-
sin upon the entire range of mixed mode loadings, the improvements being dependent on the mode mixity ratio.

Experimental results have been compared to the theoretical predictions based on three mixed mode fracture criteria for
brittle homogeneous solids. The results from specimens made of pure epoxy are well predicted, almost independently of the
approach used for the synthesis. Conversely, as far as the results from specimens made of nanomodified polymer are con-
cerned, the agreement with theoretical predictions by one-parametrical approaches is worse. This can be thought of as
linked to the emergence, due to nanomodification, of different damaging mechanisms depending on the mode mixity.

Better predictions were obtained using Richard’s criterion.
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