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In this work, an experimental investigation of the notch effect on clay-modiﬁed
epoxy resins is carried out, discussing the results from Single Edge Notch Bending
tests and Double Edge Notch Tension tests on notched components. It is found that
when the notch root radius is greater than a limit value, which depends on the clay
content, the brittle failure of notched nanomodiﬁed specimens is controlled by the
material strength. Under this circumstance nanomodiﬁcation, while enhancing the
polymer fracture toughness, might have a detrimental effect on the strength of
notched components. This study brings to light a new feature of nanomodiﬁcation
according to which particular care should be used when using nanomodiﬁed resins
for structural applications in the presence of notches or holes.
Keywords: nanocomposites; nanoclay; notch effect; mixed mode

1. Introduction
Nanocomposites are new multifunctional materials endowed with exceptionally improved
mechanical and physical properties at very low ﬁller concentrations.[1–3] This behaviour,
often regarded as the ‘nano-effect’, is acknowledged to be due to the molecular structure
of the material. Indeed, in the presence of nanoﬁller-reinforced polymers, the speciﬁc surface is extremely large, and this makes surface properties the dominant factor, 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’ with properties
potentially different from those of the constituents. In the recent literature, it has been
demonstrated that the properties of the interphase might signiﬁcantly affect the overall
mechanical properties of the nanocomposite depending also on the ﬁller size and geometry.[4–7]
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.
Experimental results from the literature reveal that nanoclays are suitable to improve
the tensile elastic modulus, the fracture toughness of polymeric systems [8–10] and the
*Corresponding author. Email: marino.quaresimin@unipd.it
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fatigue threshold,[11,12] while conﬂicting results have been reported with reference to
the strength of nanoclay reinforced resins, which has been proven either to increase
[13,14] or to decrease,[12,14–16] depending on the investigated system.
In the perspective to use nanomodiﬁed polymers as toughened matrixes in ternary,
ﬁbre reinforced, nanocomposites, the fracture toughness is acknowledged to be the most
important mechanical property to be improved.[11,12,17–21] This explains the great
efforts dedicated by several researchers to study the fracture toughness of binary nanocomposites (polymer matrix plus nanoﬁllers).[13,22–25] All the above-mentioned works
are referred to the pure mode I fracture toughness of nanoﬁlled polymers. Only very
recently, inspired by the argument that in practice the stress state ahead of a crack is
often of the mixed type, the attention has been moved also onto the mixed mode fracture behaviour of cracked nanoclay/epoxy specimens [26] and nanotubes/epoxy specimens.[27] In particular, Zappalorto et al. [26] found that nanomodiﬁed specimens
exhibit a higher fracture toughness, independently of the loading mode, but ranging
from pure mode I to pure mode II improvements are less pronounced.
Despite the fact that geometrical variations unavoidably exist in engineering components, in the best of the authors’ knowledge, the effects of notches on the mechanical
behaviour of clay-modiﬁed epoxy resins have been completely ignored in the previous
literature. With the aim to ﬁll this gap, in this study the brittle notch fracture behaviour
of an epoxy resin ﬁlled with montmorillonite nanoclays is analysed. To this end, different kind of specimens have been manufactured and tested:

•
•

Double Edge Notch Tension (DENT) specimens with 4 mm radius semicircular
notches;
Single Edge Notch Bending (SENB) specimens with U-notches characterised by
three different values for the notch root radius (0.5, 1 and 2 mm).

The effect of nanoclay content on the strength of notched component is discussed in
detail. In particular, for the material systems and geometries investigated in this work,
nanomodiﬁcation is found to have a detrimental effect on the strength of notched components. This behaviour is due to the fact that for notch root radii greater than a limit
value, which depends on the clay content, the brittle failure of notched nanomodiﬁed
specimens is a strength-controlled phenomenon. In all these cases, the disadvantageous
role played by nanoclay addition on the strength of polymeric resins [12,14–16] is
transferred to the notch effect on nanomodiﬁed specimens.
This important result makes it evident a new feature of nanocomposites: even if the
fracture toughness of nanoﬁlled polymers is generally higher with respect to that of the
neat resin, particular care should be taken when using binary nanomodiﬁed resins for
structural applications in the presence of notches or holes.
A summary of all the experimental results is eventually presented in terms of both
the maximum principal stress at the notch edge and the generalised stress intensity
factors (GSIFs).

2.

Materials and specimens used in the experimental analysis

In this study, a DGEBA-based epoxy resin (EC157 with W152LR hardener) from
ELANTAS-Camattini (Italy) is chosen as polymer matrix. The mechanical properties of
the epoxy system, as speciﬁed by the supplier, are summarised in Table 1.
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Table 1. Elastic modulus (E), ultimate strength (σR) and fracture strain (ɛR) of EC157/W131
epoxy system as provided by the supplier.
E
σR
ɛR

3.2 3.5 GPa
68–76 MPa
6–8%

W=20 mm

=4 mm

a=12 mm

150 mm
B=9 mm

(b)
=0.5, 1, 2 mm

W=20 mm
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(a)

a=10 mm

88 mm
B=10 mm

Figure 1. (a) Double Edge Notch Tension (DENT) specimens and (b) Single Edge Notch
Bending (SENB) used in the tests.

In addition, a montmorillonite clay, Cloisite 30B® from Southern Clay Products, is
used as nanosized reinforcement, considering different weight fractions. 30B nanoclays
are characterised by 1 nm thick lamellae, lateral dimensions from 70 to 150 nm and
average d-spacing of about 18.5 Å.
Different kind of specimens have been manufactured and tested:
(1) DENT specimens with 4 mm radius semicircular notches (Figure 1(a));
(2) SENB specimens with U-notches. In this case, the notch depth is equal to
10 mm and three different values for the notch root radius have been used: 0.5,
1 and 2 mm (Figure 1(b)).
In the best of authors’ knowledge, there is no standard available for fracture tests
on notched components. Accordingly, as far as tests on SENB specimens are concerned,
the same specimen size and geometry suggested for mode I fracture tests [28] have
been used.
The specimens were manufactured according to the following steps:
(1) Dispersion of the ﬁller within the resin: Nanoclays were dispersed within the
polymer resin through shear mixing followed by sonication. The shear mixing
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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.
(2) Degassing and moulding of the obtained blend: As a major drawback of the
shear mixing process, a large amount of air is trapped into the matrix. Thus, in
order to prevent bubbles in the specimens, a careful degassing process was carried out. To this end, a low-vacuum pump was used to induce a very low pressure in the resin pot, promoting 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. The different stages of the
degassing process are shown in Figure 2.
(3) Milling and surface polishing: Once demoulded, the specimens were milled to
cut out the upper surface, where some inclusions and voids due to the pouring
process could have been present, and polished up to the ﬁnal thickness.
The morphology of the systems analysed in this work has been investigated using
scanning electron microscopy (SEM), in order to identify the presence of nanoﬁller
agglomerates. As an example, Figure 3 shows some SEM images for 3 wt% loaded resins. The ﬁller presents a satisfactory distribution within the matrix but some traces of

Figure 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.

Figure 3. Morphology of 3%wt clay-loaded resins. Scanning electron micrographs at different
magniﬁcations.
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clay agglomeration are evident, the size of the largest agglomerates among those
detected being about 15 μm. A similar morphology was found in Ref. [12]; in that case,
an increase of about 35% of the mode fracture toughness was found.
3.

Experimental equipment and tests
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All tests described in the following have been carried out by using a MTS 858 servohydraulic machine, equipped with a 2.5/25 kN load cell.
3.1.

DENT tests

Tensile tests on DENT specimens made of neat epoxy and nanomodiﬁed resins were
carried out, by using a cross-head speed equal to 2 mm/min. For each material conﬁguration, ﬁve specimens were tested.
It is worth mentioning here that the theoretical stress concentration factor referred to
the net area for the DENT specimens used in the present analysis is equal to 1.866.[29]
3.2.

SENB tests

As far as SENB tests are concerned, different loading conditions have been applied,
resulting in different stress states ahead of the notch tip, from pure mode I (completely
symmetric stress state) to pure mode II (completely skew-symmetric stress state).

Figure 4. Pictures of the loading conﬁgurations for DENT tests (a), Symmetric Three Point
Bending (S3 PB) tests (b), Non-Symmetric Three Point Bending (NS3 PB) tests (c) and NonSymmetric Four Point Bending (NS4 PB) tests (d).
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The experimental tests have been carried out using a cross-head speed equal to
10 mm/min, as suggested in [28,30] for cracked components. For every loading condition and every ﬁller weight fraction, three specimens were tested.
The testing device consisted of two steel plates, 18 mm thick, one ﬁxed on the load
cell and the other attached to a vertical moving ram. One or two pin support could be
mounted on each plate.
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(a)

F

L3=40 mm

(b)

F

L1=30 mm

L3=40 mm

(c)
F

L4=40 mm

L2
L1 + L 2

L4=10 mm

F
L1=10 mm

L3=40 mm

L2=40 mm

L1
L1 + L 2

L4=10 mm

Figure 5. Schematic of the Symmetric Three Point Bending (S3 PB): (a) Non-Symmetric Three
Point Bending (NS3 PB) (b) and of the Non-Symmetric Four Point Bending (NS4 PB) (c) loading
conﬁgurations used in the experimental analyses.
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Values of stress concentration coefﬁcient K for SENB specimens.
K

ρ [mm]

S3 PB

NS3 PB

NS4 PB

0.5
1
2

3.436
2.518
1.903

4.265
3.165
2.433

6.062
4.626
3.696
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Three different kind of loading conditions have been analysed;
(1) Symmetric Three-Point Bending tests (S3 PB) which result in a purely symmetric
stress state close to the notch tip (pure mode I loading conditions);
(2) Non-Symmetric Three-Point Bending tests (NS3 PB) which result in a mixed
(symmetric plus skew-symmetric) stress state close to the notch tip;
(3) Non-Symmetric Four-Point Bending tests (NS4 PB) which result in a purely
skew-symmetric stress state close to the notch tip (pure mode II loading
conditions).
Some pictures of the loading system are shown in Figure 4, while schematics of the
loading conditions are reported in Figure 5.
The maximum principal stress at the notch edge of SENB specimens can be
evaluated as:
rp;max ¼ K rn;n

ð1aÞ

for S3PB and NS3PB

rp;max ¼ K sn;n

ð1bÞ

for NS4PB

where σn,n and τn,n are the maximum nominal stresses on the net section, evaluated
according to the beam theory:
rn;n ¼

6M
BðW  aÞ

2

sn;n ¼

3
Q
2 BðW  aÞ

ð2abÞ

In Equations (2(a)) and (2(b)), M and Q are the bending moment and the shear
force evaluated on the notch bisector resulting from static equilibrium equations:
M ¼F

L3  L1
L4
L3 þ L4


Q¼F

L1
L3

L1 þ L2 L3 þ L4


ð3Þ

Stress concentration coefﬁcients K to be used in Equations (1(a)) and ((b)) have
been evaluated by means of ﬁnite element analyses and are listed in Table 2.
4. Experimental results
Brittle failure assessments of cracked and blunt notched components are usually based
on fracture toughness or strength criteria, respectively. In the former case, according to
the fracture mechanics approach, the stress intensity factors (SIFs) at the crack tip are
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q ¼

 2
4 KIc
p rt

ð4Þ

For notch root radii greater than the limit value ρ⁄, the notch sensitivity is full and
the strength of the notched components is controlled by the elastic peak stress value at
the notch edge.
A gradual transition between a fracture mechanics-based approach and the peek
stress-based approach can be obtained by using local parameters (see, among the
others.[32–34])
While discussing the inﬂuence of the root radius of crack-like notches on the static
fracture load of brittle components, Kullmer and Richard [35] found a relationship similar to that provided by Atzori and Lazzarin [31] for ρ⁄, where 4.5 substitutes 4.0.
KIc and σt to be used in Equation (4) are the mode I fracture toughness and the critical tensile strength of the material, respectively. While the value of KIc can be unambiguously determined according to the ASTM-D5045-99 standard,[28,30] particular
attention should be paid to the choice of critical material tensile strength. In the literature, indeed, it is suggested to estimate σt on the basis of the strength of notched components.[34,36,37] In particular, Seweryn [36] suggested that σt should be determined
as ‘the maximum normal stress existing at the edge at the moment preceding the cracking’ and, to this end, recommended to use tensile specimens with semicircular notches.
[37] Thus, according to,[34,36,37] in the present work σt has been measured evaluating
the stress at failure occurring at the tip of DENT specimens. A summary of the obtained
σt values for the neat and nanomodiﬁed epoxy resins is shown in Figure 6. It is evident
that even if 30B clay-modiﬁed epoxy resins exhibit an enhanced fracture toughness,
200
P

P

160
t [MPa]
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compared to the fracture toughness of the material. In the latter case, according to
classical Notch Theory, the stresses computed in the stress concentration regions are
compared to the static strength properties of the material.
In the presence of a blunt notch, namely a notch with a ﬁnite value of the root
radius ρ, the singularity of the linear elastic crack stress ﬁelds disappears. Notwithstanding this, the linear elastic fracture mechanics approach continues to be valid up to a
critical value of ρ which varies from material to material according to the following
expression [31]:

120
80
40
0

0%

1%

3%

5%

Nanoclay weight content [%]

Figure 6. Critical tensile stress, σt, of the neat and nanomodiﬁed epoxy resins (results from
DENT tests). Errors bars: ± 2 standard deviations.
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[12,26] nanomodiﬁcation has a detrimental effect on the critical material tensile
strength. In more details, σt is decreased from about 151 MPa (neat resin) to about
105.7 MPa (5%wt nanoclay) with a reduction of about 30%. This decrease approximately equates that detected, for the same material systems, on the tensile strength as
measured from tensile tests on Dog Bone specimens.[12,26]
The limit values for the notch root radius, ρ⁄, for the neat resin and the clay-modiﬁed resin evaluated by Equation (4) are listed in Table 3. In all cases, ρ⁄ is smaller than
0.5 mm, namely the smallest value of the notch root radius used in the present analysis,
thus indicating that all the specimens analysed in the present work are characterised by
a full notch sensitivity.
Accordingly, all experimental data from SENB and DENT specimens with the same
nanoclay weight content have been summarised in terms of the maximum principal
stress evaluated at the notch edge. The summaries are shown in Figures 7–10, where it
is evident that data coming from specimens made of the same material but characterised
by different values of the notch root radius and different loading conditions fall within
the same narrow scatter band. The scatter bands have been drawn by using for each
material conﬁguration the mean values of σt ± 2 standard deviations.
Thus, for all the notched specimens investigated in this work, nanomodiﬁcation has
a detrimental effect on brittle failure, being it a strength-controlled phenomenon ( ρ > ρ⁄
for all cases). Under these conditions, the disadvantageous role played by nanoclay
addition on the strength of polymeric resins [12,14–16] is directly transferred to the
notch effect on nanomodiﬁed specimens. Accordingly, in the engineering practice,
particular care should be taken when using binary nanomodiﬁed resins for structural
applications in the presence of notches or holes.
Table 3. Fracture toughness, tensile properties and limit notch root radius of neat epoxy and
nanomodiﬁed polymers.
Clay content %wt

KIc [MPa m0.5] [26]

σt [MPa]

a0 [mm]

ρ⁄ [mm]

1.001 ± 0.024
1.489 ± 0.036
1.306 ± 0.01
1.188 ± 0.034

151.0 ± 3.9
137.9 ± 2.33
110.8 ± 0.85
106.7 ± 2.62

0.013991
0.037153
0.044274
0.039511

0.0559
0.1486
0.1770
0.1580

0
1
3
5

Maximum principal stress [MPa]
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Mode I loadings
DENT specimens

Mixed Mode loadings SENB specimens
Mode II loadings

150

Neat Resin

100
0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

Notch root radius [mm]

Figure 7. Experimental data from SENB and DENT specimens calculated in terms of the
maximum principal stress on the notch edge. Neat resin. Scatter band: mean value ± 2 standard
deviations.
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180
Mode I loadings
Mixed mode loadings

160

SENB specimens

DENT specimens

Mode II loadings

140

120
1%wtnanoclay

100
0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

Notch root radius [mm]

Maximum principal stress [MPa]

Figure 8. Experimental data from SENB and DENT specimens calculated in terms of the
maximum principal stress on the notch edge. 1%wt nanoclay. Scatter band: mean value ± 2
standard deviations.

140

Mode I loadings
Mixed mode loadings SENB specimens

DENT specimens

Mode II loadings

120

100
3%wtnanoclay

80
0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

Notch root radius [mm]

Figure 9. Experimental data from SENB and DENT specimens calculated in terms of the
maximum principal stress on the notch edge. 3%wt nanoclay. Scatter band: mean value ± 2
standard deviations.

Maximum principal stress [MPa]
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140
Mode I loadings
Mixed Mode loadings

120

SENB specimens

DENT specimens

Mode II loadings

100
5%wtnanoclay

80
0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

Notch root radius [mm]

Figure 10. Experimental data from SENB and DENT specimens calculated in terms of the
maximum principal stress on the notch edge. 5%wt nanoclay. Scatter band: mean value ± 2
standard deviations.
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5. Experimental data in terms of apparent fracture toughness
In this section, the experimental results from SENB specimens already discussed in the
previous paragraph will be presented in terms the ‘apparent fracture toughness’ by using
the concept of ‘GSIF’.
The SIFs quantify the intensities of the asymptotic linear elastic stress distributions
of cracks and are mathematically deﬁned as [38,39]:
pﬃﬃﬃﬃﬃﬃﬃ
KI ¼ lim 2prrhh

Downloaded by [Universita di Trento], [Alessandro Pegoretti] at 07:54 15 July 2013

r!0

KII ¼ lim
r!0

pﬃﬃﬃﬃﬃﬃﬃ
2prsrh

ð5Þ

When the tip radius is different from zero, the crack becomes a U-notch and the
near-the-tip stress ﬁeld diverges from the singular sharp-crack solution. In this case,
Equation (5) should be modiﬁed to account for the stress redistribution caused by the
presence of a ﬁnite value of the notch root radius [40,41]:
KIq ¼

KIIq ¼

pﬃﬃﬃﬃﬃﬃﬃﬃ
8 2p r rhh
8 þ 5ðqr Þ þ 6ðqr Þ2 þ 5ðqr Þ3
pﬃﬃﬃﬃﬃﬃﬃﬃ
8 2p r srh

8 þ 13ðqr Þ  6ðqr Þ2  15ðqr Þ3

ð6Þ

ð7Þ

KIρ and KIIρ are commonly regarded as GSIFs. In Equations (6) and (7), r is the distance from the centre of the curvature radius (see Figure 11), ρ is the notch root radius
and σhh and τrh are stress components along the notch bisector line to be determined
from ﬁnite element analyses. It is worth noting that the units of measure of KIρ and KIIρ
remain MPa m0.5, as for the crack case. Accordingly, unlike the theoretical stress
concentration factor Kt, the scale effect is fully accounted for by the GSIFs: notched
components simply scaled in geometrical proportion have the same Kt value, but
different GSIF values.
The concept of generalised SIFs, coupled with the cohesive zone model, has been
used by Gómez et al. [42] to build a master curve for estimating fracture loads in deep
rounded notched components. A generalised equivalent stress intensity fracture,
obtained as a generalisation of Glinka’s NSIF [43] for mode I simply replacing σtip by

Figure 11.

U shaped notch and polar coordinate system to be used in Equations (6) and (7).

M. Zappalorto et al.

the maximum elastic stress at the notch edge, was later used by Gomez et al. [44] to
summarise fracture tests from U-notched specimens made of PMMA.
A failure criterion based on the mode I and II GSIFs has also been proposed by
Ayatollahi and Torabi and applied to summarise a large number of experimental data
from Brazilian disc specimens made of PMMA [45] and polycrystalline graphite.[46]
NSIFs have also been recently extended to the elastic-plastic case.[47,48]
The deﬁnition or the use of a brittle fracture criterion based on the GSIFs being out
of scope of the present research work in this section, GSIFs are used with the only aim
to enforce the conclusions drawn in the previous section about the inﬂuence of nanomodiﬁcation on the notch effect on clay-modiﬁed epoxy resins. To this end, KIρ and KIIρ
have been evaluated from FE analyses for all SENB specimens and loading conditions
considered in the present work, and the experimental results, reconverted in terms of
‘apparent fracture toughness’, have been summarised in KIρ–KIIρ diagrams (Figures 12–
14). It is evident that nanomodiﬁed specimens exhibit a lower apparent fracture toughness, independently of the notch root radius. Moreover, differently to what happened
for cracked components, where ranging from pure mode I to pure mode II less pronounced improvements of the fracture toughness has been found,[26] no evident effect
of the loading mode can be noted here.
3
Neat Resin

KII c [MPa m0.5]

SENB specimens
=0.5 mm

1% wt nanoclay
3% wt nanoclay

2

5% wt nanoclay

1

0
0

1

2

3

KI c [MPa m0.5]

Figure 12. Apparent fracture toughness of neat and nanomodiﬁed specimens under various
loading conditions. SENB specimens with ρ = 0.5 mm.
4

KII c [MPa m0.5]
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SENB specimens
=1 mm

3

Neat Resin
1% wt nanoclay
3% wt nanoclay
5% wt nanoclay

2

1

0
0

1

2

3

4

5

KI c [MPa m0.5]
Figure 13. Apparent fracture toughness of neat and nanomodiﬁed specimens under various
loading conditions. SENB specimens with ρ = 1 mm.
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6
SENB specimens
=2 mm

KII c [MPa m0.5]

5

Neat Resin
1% wt nanoclay
3% wt nanoclay

4

5% wt nanoclay

3
2
1
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0

0

1

2

3

4

5

6

KI c [MPa m0.5]
Figure 14. Apparent fracture toughness of neat and nanomodiﬁed specimens under various
loading conditions. SENB specimens with ρ = 2 mm.

6.

Conclusion

In the present work, the effects of nanoclay addition on the brittle notch fracture behaviour of an epoxy resin have been studied. Different kind of notched specimens have
been manufactured and tested:
(1) DENT specimens with 4 mm radius semicircular notches.
(2) SENB specimens with U-notches. In this case, the notch depth is equal to
10 mm and three different values for the notch root radius have been used: 0.5,
1 and 2 mm.
The experimental results clearly indicate that for notch root radii greater than a limit
value, which depends on the clay content, the brittle failure of notched nanomodiﬁed
components is a strength-controlled phenomenon.
All the results from specimens with the same clay content but with different values
of the notch root radius (from 0.5 to 4 mm) were found to be characterised by the same
critical value of the maximum principal stress, σt. Comparing the average critical values
of σt allowed us to conclude that for the material systems and geometries investigated
in this work, nanomodiﬁcation has a detrimental effect on the strength of notched components. A ﬁnal summary of the experimental results in terms of generalised (apparent)
fracture toughness revealed that this behaviour is not inﬂuenced either by the notch root
radius or the loading mode.
As a major conclusion of the present work, it can be stated that, even if nanoclays
are suitable to improve the fracture toughness of polymeric systems, the same amelioration is not necessarily transferred to notched parts. Accordingly, in the engineering practice, particular care should be taken when using binary nanomodiﬁed resins for
structural applications in the presence of notches or holes.
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