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1. Introduction

Adhesively bonded joints have attracted considerable
attention in various industries, such as aerospace,

nanotubes (MWCNTSs) on the fracture behavior of epoxy adhesives was investigated
experimentally and numerically,. MWCNTs with three different outer diameters of less
than 8, 20-30, and 50-80 nm were used to toughen the epoxy adhesive. Double Cantilever
Beam specimens were tested to determine the fracture energy. The results indicated that
improvement in the adhesive fracture resistance by introducing MWCN'T's was considerably
dependent on the outer diameter of MWCNTs. Toughening the epoxy adhesive by
incorporating MWCNTs with 8 nm diameter improved the adhesive fracture energy three
times higher compared to the MWCNTs with larger diameters. The SEM fractography of
the fracture surfaces was also utilized to assess the governing fracture mechanisms occurred
in the toughened epoxy adhesives. Moreover, a cohesive zone model was used for numerical
investigation of the effect of the MWCNT diameter on the damage behavior of epoxy
adhesives.

(© 2017 Sharif University of Technology. All rights reserved.

nano-platelet [6], which can be used for improving
the mechanical properties of adhesive and composite
materials. Nano-fillers with different materials and
geometrical characteristics have different effects on the

construction, and automotive, due to their superior
advantages over traditional joints such as low struc-
ture weight, low fabrication cost, high strength, and
low stress concentration. Incorporating nano-sized
fillers into adhesive structures is an efficient way of
enhancing the mechanical properties [1]. There are
several nanoparticles of different shapes and different
materials, such as nano-silica [2], nano-rubber [3],
nano-clay [4], carbon nano-tube [5], and graphene
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material properties. The nano-fillers made of carbon
material are of high importance due to their exclusive
characteristics. In recent years, many researchers
investigated the polymers reinforced by nano-fillers.
Several different materials, such as thermoplastic film,
thermoplastic particles, chopped fibres, glass/epoxy
prepreg, thermoset adhesive film, thermoset adhesive
particles, and short aramid fibers, have been used for
increasing the critical energy release rate [7]. Yasaee
et al. [7] added several kinds of second-phase additives,
such as thermoplastic and thermoset films, to improve
the strain energy release rate (Gyc). The results
showed that the thermoset and thermoplastic films
increased the strain energy release rate by 43 and 79
percentages, respectively. Sun et al. [8] used short
aramid fibers with different lengths to improve the
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interfacial toughness of sandwich beam. They reported
higher improvement in interfacial toughness due to
adding shorter aramid fibers compared to the longer
ones.

Dittanet and Pearson [9] studied the effect of silica
nanoparticles of 23, 74, and 170 nm sizes on the fracture
energy and fracture toughness of the epoxy resin.
They showed that increasing the weight percentage
of the nanoparticles increased the fracture toughness
and reported the highest improvement for the size of
74 nm. Zamanian et al. [10] investigated the size effect
of the silica nanoparticles on the fracture toughness of
an epoxy resin by considering nanoparticles with three
different sizes of 12, 20, and 40 nm. They achieved the
maximum fracture toughness and fracture energy for
the size of 12 nm.

The employment of MWCNTSs as the improver
of polymer matrixes and epoxy adhesives has at-
tracted great attention over the last decade due to
the outstanding thermal and mechanical properties of
MWCNTSs. Gojny et al. [11] studied the effect of single-
wall carbon nanotubes, double-wall carbon nanotubes,
and multi-walled carbon nanotubes (MWCNTSs) on
the mechanical properties of the epoxy resin. They
observed the highest fracture toughness improvement
for the amino-functionalised double-walled carbon nan-
otubes at 0.5 wt%. Meguid and Sun [12] added
MWCNTSs into the epoxy resins and studied their effect
on tensile and shear properties. The results showed
that adding MWCNTSs beyond a limit weakened the
interface strength.

The aluminum-bonded joints have found exten-
sive applications in aerospace and automotive indus-
tries due to the lightness, high strength, and specific
modulus. Meng et al. [13] performed a research study
on the effect of elastomer particles of approximately
55 nm size on the toughness of epoxy adhesive. They
used two different hardeners, namely J400 and J230,
to cure the adhesives. Hardener J230 resulted in
short molecular chain in the polymer, whereas hardener
J400 produced a polymer with longer molecular chain.
With increasing the molecular chain, the polymer
became more ductile. They found that the effect
of nanoparticles on the more ductile adhesive was
much higher, compared to the other adhesive. They
also examined the effect of the adhesive thickness,
and found that thicker adhesive experiences higher
improvement in fracture toughness due to the addition
of nanoparticles. Wernik and Meguid [5] investigated

the effect of carbon nanotubes (CNTs) with 13-18 nm
diameter and 1-12 pgm length on the toughness of an
epoxy adhesive by testing the Double Cantilever Beam
(DCB) specimen. They obtained 36% improvement in
the fracture energy when 1 wt% CNTs was added to
the adhesive. However, the fracture energy decreased
by increasing the weight percentage of nanoparticles
further. Gude et al. [14] studied the effect of the
carbon nano-fibers and CNTs on an epoxy adhesive.
They reported the improving effects of the carbon
nano-fibers and CNTs on the adhesive fracture tough-
ness, whereas addition of the nano-fillers did not
impose considerable effect on the adhesive lap shear
strength.

Damage modeling is of crucial importance in
studying damage behavior of the adhesive and com-
posite structures. The Cohesive Zone Model (CZM)
has gained remarkable attention in damage modeling
of different materials and problems. This model
was successfully employed to study damage behavior
of adhesive and composite structures under various
loadings, such as quasi-static [15], fatigue [16], and
creep [17] loading.

The purpose of this paper is to experimentally
and numerically investigate the effect of the outer
diameter of MWCNTs on the fracture energy and
fracture behaviour of the epoxy adhesive under Mode I
loading. The values of the adhesive fracture energies
were obtained using BS 7991 standard. The SEM
micrographs of the fracture surfaces of the neat and
reinforced adhesive joints were used to determine the
micro-mechanisms that caused the variation of fracture
behaviors due to addition of MWCNTs with different
sizes. Moreover, the cohesive zone model calibrated
based on the experimental results was used to numeri-
cally study the effect of MWCNTS’ size on the damage
behavior of the adhesive.

2. Materials

2.1. The two-component epoxy adhesive

In this research, a two-component epoxy adhesive,
named UHU Plus endfest 300, was used for manufac-
turing the adhesive joints. The binder and hardener
were epoxy and aliphatic amines-based materials, re-
spectively. The material properties of the adhesive are
presented in Table 1. The mixture ratio of resin to
hardener was 2 to 1 by weight according to the adhesive
manufacturer catalogue.

Table 1. The material properties of the adhesive UHU plus endfest 300 [18].

Adhesive

basis technique

Chemical

Temperature

range for use

Density
(g/cm®)

Viscosity

(mPas.sec)

Epoxy resin  Wet adhesion

—40 to + 80°C

Binder: 40000
Hardener: 30000

Binder: approx. 1.2

Hardener: approx. 0.96
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2.2. The substrates

To manufacture the adhesive joints, the substrates
with the dimensions of 200 x 25 mm were cut from
a 4 mm thick sheet of Aluminum 6061-T6 and bonded
using the unreinforced and reinforced adhesives. To
achieve a proper adhesion between the substrates and
adhesive, the bond surfaces of the substrates were
prepared through several steps. First, the substrates
were washed with water and soap, followed by cleaning
with acetone and cotton clothes. Then, the substrates
were acid etches for 30 min at 60°C. Finally, the
substrates were washed with distilled water.

2.3. The multi-walled carbon nanotubes

In this research, the carboxyl functionalized MWCNTs
with three different outer diameters of less than 8 nm,
20-30 nm, and 50-80 nm and purity of more than
95%, manufactured by Neutrino Co., Iran, were utilized
for reinforcing the adhesive joints. The properties of
MWCNTs are listed in Table 2.

Clearly, investigation of the effect of outer diam-
eter should be carried out when other factors remain
the same. Apparently, by reducing the outer diameter
of MWCNTs, to keep the volume or weight unchanged,
more number of MWCNTs should be used leading to
a wider total surface area. Therefore, higher -COOH
content needs to be used for surface treatment. The
important parameter that should be taken into consid-
eration is the surface density of -COOH group to make
sure that the surface conditions of the nanoparticles
remain the same for different cases. Due to the tubular
shape of MWCNTSs, the ratio of the surface areas
corresponding to MWCNTs with two different outer
diameters is proportional to the inverse of the ratio of
outer diameters. To keep the surface density of -COOH
constant, the -COOH contents used for MWCNTs with
different outer diameters should be different based on
the inverse of the ratio of MWCNTS’ outer diameters.
For instance, if MWCNTs with outer diameters of 50-
80 nm are taken as the base line in which the -COOH
content is 0.49 wt% (see Table 2), then the -COOH
content for MWCNTs with outer diameters of 20-30 nm
should be about 65/25 x 0.49 (i.e., 1.27 wt%) in which
25 is the mean of 20 and 30, or the —-COOH content
for MWCNTs with outer diameters of less than 8 nm
should be about 65/8x0.49 (i.e., 3.98 wt%). Therefore,
the -COOH contents listed in Table 2 are reasonable
in order to have constant surface density of —-COOH.

H. Khoramishad et al./Scientia Iranica, Transactions B: Mechanical Engineering 24 (2017) 2952-2962

3. Experimental

3.1. Specimen fabrication

The effect of the MWCNT’s outer diameter on the
fracture energy of adhesive was studied by testing the
Double Cantilever Beam (DCB) specimens. Therefore,
the adhesive was reinforced by MWCNTs with different
sizes. The MWCNTs were dispersed in the adhesive
through several steps. Due to the high viscosity of
the resin (40000 mPas.sec), the viscosity of the resin
was reduced by increasing the resin temperature to
50°C. Afterwards, MWCNTs were added to the resin
and the mixture was stirred mechanically for 30 min
at the rate of 180 rpm. After mixing, the sonication
process was performed using the Bandelin sonopuls
sonicator for 1 hour time operating at 70 watt and
1 sec on/off cycle in order to reduce the generated heat
from the sonication process. Moreover, the mixture
was placed in a water and ice mixture during the
sonication to reduce the mixture temperature. After
sonication, the mixture was then placed in a vacuum
chamber for 15 min to remove the trapped air bubbles.
Finally, the curing agent was added to the mixture
along with the mixture ratio of resin to hardener of
2 to 1 by weight, followed by mechanically mixing
for 15 min at the rate of 180 rpm. Afterwards, the
reinforced adhesive was spread out on the aluminum
substrates and the adhesive joints were manufactured
using a manufacturing fixture to guarantee the sub-
strates alignment and the applied pressure during the
curing process. The specimen thickness was controlled
using wires having the thickness of 0.3 £ 0.05 mm.
The specimens were cured in an oven for 40 min at
the temperature of 110°C. The adhesive joints were
reinforced by MWCNTSs with three outer diameters of
less than 8 nm, 20-30 nm, and 50-80 nm and with
different weight percentages of 0.1, 0.3, and 0.5.

The DCB specimens with the dimensions shown
in Figure 1 were used to obtain the fracture energy
under Mode I loading. Furthermore, a 12 um thick,
non-stick polyethylene film was inserted as pre-crack.

3.2. Determanation of the fracture energy

BS 7991 standard was used for determining the fracture
energy of adhesive under Mode I loading using the
Double Cantilever Beam specimens. According to this
standard, three methods, including the simple beam,
the corrected beam, and the experimental compliance

Table 2. The MWCNT properties.

Outer Length —COOH Specific surface Production
diameter content area (m?/g) method

< 8 nm 10-30 um  3.86 wt% 500 CVD
20-30 nm  10-30 pm  1.23 wt% 110 CVD
50-80 nm  10-30 pm  0.49 wt% 40 CVD
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Figure 1. A schematic of DCB specimen (not in scale).

methods, can be used for obtaining the fracture energy
under Mode I loading. According to the simple
beam method, the fracture energy can be obtained
using the crack length and applied load at every
moment. According to the corrected beam method,
the fracture energy can be obtained using the corrected
crack length. The experimental compliance method
evaluates the fracture energy using the logarithmic
diagram of compliance versus crack length. In this
research, the simple beam theory was used to determine
the fracture energy. This was in accordance with BS
7991 standard in which the simple beam method is
suggested in case that the crack propagates in a stick-
slip manner. According to the simple beam method,
Eq. (1) can be used for obtaining the fracture energy
in Mode I:

4p2 3a? 1
GIC—ESBQ(m+h)a (1)

where G ¢ is the adhesive Mode I fracture energy, P is
the load applied by the uniaxial testing machine, F; is
the elastic modulus of the substrates, B is the substrate
width, h is the substrate thickness at the crack tip, and
a is the crack length.

To study the effect of the MWCNT’s outer di-
ameter on the fracture energy of the adhesive, the
adhesive was reinforced with MWCNTs having three
outer diameters of less than 8, 20-30, and 50-80 nm each
of which with three weight percentages of 0.1, 0.3, and
0.5 wt%. Then, DCB specimens were manufactured
and tested using SANTAM universal testing machine
STM-150 under displacement control and at the rate
of 0.5 mm/min.

A high definition camera was employed for cap-
turing the crack growth during the test. The test setup
is shown in Figure 2. To confirm the repeatability of
the experimental measurements, each test was repeated
at least four times.

3.3. The effects of MWCNTs on fracture

energy
The DCB specimens were tested and the load-

displacement curves and crack growth were obtained.

Figure 2. The test setup of DCB.

250

200

Force (N)

100 |-

50 |-

0 1 1 )
0 2 4 6

Extension (mm)

(2)

200

Force (N)

50

0 1 I 1 )
0 2 4 6 8

Extension (mm)
(b)
Figure 3. The typical load-displacement curves obtained
for the DCB specimens: (a) Continues crack growth, and
(b) stick-slip crack growth.

Two different crack growth schemes, including continu-
ous and stick-slip crack growth patterns, were observed
for different adhesive joints. Figure 3 shows two
typical load-displacement curves corresponding to the
continuous (Figure 3(a)) and stick-slip (Figure 3(b))
crack growth patterns. For the case of continuous crack
growth, the crack length was captured by camera and
the corresponding load was obtained from the load-
displacement curve.
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According to BS 7991 standard for the stick-slip
crack growth cases, as it was not possible to record
the crack growth accurately in the course of testing
due to the sudden crack growth, the crack length was
obtained from the arrest lines on the fracture surfaces
of the joints.

The peak and valley points of the load-
displacement curves (see Figure 3(b)) obtained for
the adhesive joints with stick-slip crack growth cor-
responded to the crack sudden growth and arrest,
respectively.  According to BS 7991 standard, the
values of fracture energy were obtained based on the
peak points.

Examining the fracture surfaces of the adhesive
joints revealed that the failure mode was cohesive in
the joints reinforced with 0.1 and 0.3 wt% MWCNTs
and different outer diameters. It was found that incor-
porating MWCNTs with higher wt% into the adhesive
layer for reinforcement imposed detrimental effect on
the adhesion between the adhesive and substrates and
drove the failure to the interface. This was influenced
by the MWCNT outer diameter, as the failure mode
of the joints reinforced with 0.5 wt% MWCNTSs was
interfacial in the case of 20-30 and 50-80 nm outer
diameters, whereas it remained cohesive in the case of
less than 8 nm outer diameters. Figure 4 illustrates
the typical failure modes of interfacial (Figure 4(a))
and cohesive (Figure 4(b)) corresponding to 0.5 wt%
MWCNTSs with 50-80 nm outer diameters and 0.1 wt%
MWCNTSs with 20-30 nm outer diameters, respectively.
Moreover, as shown in Figure 4, the adhesive joints had
interfacial failure experienced continuous crack growth,
while the adhesive joints had cohesive failure followed
the stick-slip crack growth pattern.

The fracture energy values of the reinforced and
unreinforced adhesives were determined using Eq. (1).
The results indicated that the fracture energy value

Arrest lines

(b)

Figure 4. Typical fracture surfaces of the adhesive joints
with (a) adhesive failure and (b) cohesive failure.

changed as the crack grew. Figure 5 shows the fracture
energy versus the crack length (R-curve) for different
MWCNT sizes and weight percentages.

As can be seen in Figure 5, the R-curves obtained
for 0.3 wt% MWCNTs with different outer diameters
were above the curves of other weight percentages.
This was in contrast to the R-curves of 0.5 wt%,
representing lower G ;¢ values even with respect to the
neat adhesive.

It should be mentioned that as G ;¢ values varied
by the crack length, in order to compare the fracture
energy values of the adhesives with different reinforce-
ments, the fracture energy values of all adhesives were
averaged over the initial 80 mm crack length.

Figure 6 compares G values of the adhesives
with different reinforcements. As can be seen in
Figure 6, irrespective of the MWCNT outer diameter,
by increasing the weight percentage up to 0.3 wt%,
the fracture energy increased and decreased afterwards.
Therefore, for all MWCNT outer diameters, the tough-
ening effect of 0.3 wt% MWCNT was the best, whereas
the toughening effect of 0.5 wt% MWCNT was the
worst.

The percentage differences between the fracture
energies of the reinforced and neat adhesives are pre-
sented in Table 3. As can be seen from Table 3, the
fracture energy increased by reducing the MWCNT
outer diameter and keeping the wt% unchanged.

Moreover, the fracture energy values of the ad-
hesives reinforced with MWCNTs of 20-30 and 50-
80 nm outer diameters were rather close to each other.
The highest fracture energy increase was obtained for
the adhesives reinforced with MWCNTSs of less than
8 nm outer diameters and 0.3 wt% based on the
fact that the nanotubes of smaller sizes have higher
specific surface area and can provide more loci of energy
absorption for a fixed weight percentage. Moreover, the
results showed that increasing the weight percentage of
MWCNTSs above the optimum value not only degraded
the cohesion due to the MWCNTs agglomeration, but
also degraded the interface as well. This can be
concluded by comparing the fracture surfaces and the
fact that failure occurred at the interface in 0.5 wt%
reinforcements of bigger MWCNTs.

The results showed that the maximum improve-
ments of the fracture energy for different MWCNT sizes
of less than 8, 20-30, and 50-80 nm were 58.4%, 20.4%,

Table 3. Percentage difference between the fracture
energy values of the neat and reinforced adhesives.

Outer %Difference
diameter 0.1 wt% 0.3 wt% 0.5 wt%
< 8 nm 22.8% 58.4% 4.3%
20-30 nm 7.4% 20.4% -2.0%
50-80 nm 7.1% 20.1% -16.2%




H. Khoramishad et al./Scientia Iranica, Transactions B: Mechanical Engineering 24 (2017) 2952-2962 2957

0.4,

0.3} / .

0.2}

Gre (N/mm)

0.1}

0.0 . . . )

30 50 70 90 110
a (mm)

(a)

0.6~
0.5¢
0.4
0.3+

0.2 —— 0.1 wt%
0.1 -®-0.3 wt%

S e 0.5 Wt %
0.0

30 50 70 90 110
a (mm)

©

Gre (N/mm)

Gre (N/mm)

0.2L —— 0.1 wt%
01 -e-0.3 wt%h
F e 0.5 wt%

30 50 70 90 110
a (mm)

(b)

Gre (N/mm)
o
=

) —— 0.1 wt%
0.2+ -e-03wt%
| e 0.5 wt%
0.0 - : ' '
30 50 70 90 110

Figure 5. Fracture energy versus crack length: (a) Neat adhesive and the reinforced adhesive with MWCNTs of different

diameters, (b) < 8 nm, (c) 20-30 nm, and (d) 50-80 nm.
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Figure 6. Comparison between G;¢ values of the
adhesives with different reinforcements.

and 20.1%, respectively. Moreover, the fracture energy
for the specimens, containing MWCNTSs of sizes 20-
30 and 50-80 nm and weight percentage of 0.5 wt%,
decreased compared to the neat adhesive.

3.4. The SEM maicrographs

In order to understand the micro- and nano-
mechanisms and such resulting differences in the frac-
ture energies of the adhesive joints, the fracture sur-
faces were examined by scanning electron microscopy.
SEM observations were carried out with VEGAII TES-
CAN operating at 30 kV voltage. It was found that the
roughness of the fracture surfaces can be considered as
an important factor in increasing the fracture energy
values. The SEM images of the fracture surfaces of
the neat and reinforced adhesive joints are depicted in
Figure 7.

As seen in Figure 7, as the roughness of the frac-
ture surfaces of the adhesive joints increased because of
the addition of MWCNTSs to the adhesive, the fracture
energy of the specimens increased. This was due to the

fact that as the surface roughness increased, the crack
grew through a longer path. For all cases, the fracture
surfaces of the adhesives, reinforced by MWCNTs, are
rougher compared to the neat adhesives. Moreover, as
can be seen in Figure 7(b), the fracture surface of the
adhesive reinforced with 0.3 wt% of MWCNTs having
outer diameter of less than 8 nm was the roughest
compared to the other cases. This can be accounted for
as one of the main reasons of why this adhesive (i.e.,
the adhesive reinforced with 0.3 wt% of MWCNTSs with
outer diameter of less than 8 nm) showed the highest
fracture energy compared to the other adhesives (see
Figure 6). However, for the adhesives reinforced with
0.5 wt% MWCNTs, the MWCNTs agglomerations
were observed. These MWCNTs agglomerations gave
rise to high stress concentration in the epoxy adhesive,
which was the main reason for the fracture energy
decrease in the 0.5 wt%. Figure 8 illustrates the MWC-
NTs agglomerations in the adhesive joints reinforced
with 0.5 wt% and different outer diameters.

By adding the MWCNTs to the adhesive layer,
several mechanisms were observed in the fracture sur-
faces that caused the increase of the fracture energy.
The MWCNT debonding, pullout and crack bridging
mechanisms were observed on the fracture surfaces of
the adhesive reinforced with MWCNTs. Each of these
mechanisms can lead to higher energy absorption and
an increase in the fracture energy.

The nanotubes in the reinforced adhesive,
through their interfacial bonding with the matrix,
can contribute to the load bearing of the adhesive
joints. The interfacial shear stresses may result in
MWCNTs pullout from the adhesive. This mechanism
has the capability of absorbing considerable energy, and
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< 8 nm, 0.1 wt%

(a)

Figure 7. SEM micrographs of fracture surfaces: (a) Neat adhesive, and (b) reinforced adhesives.

EMHV. 3000KY WD b 6454 mm
SEMMAG- 1000k« Det SE
Viewfield: 14.45um  PC: 15

SEMHV; 3000k WD:39178mm
SEMMAC- 2000 ke Det: 8E 2pm
Viewfield: 7.223um  PC: 16

Perormance in nanospace Il

(a)

o

50-80 nm, 0.1 wt%

< 8 nm, 0.3 wt%

20-30 nm, 0.5 wt%

© 50-80 nm, 0.3 wt%
(b)

50-80 nm, 0.5 wt%

VEGAI TESCAN SEMHV:3000KY  WD: 66422 mm
SEM MAG-1500kc  Det: SE

Viewfleld: 9.631 um  PC: 16

VEGAI TESCAN

Portormance innanospace [l Pertormance innanospacs [

Figure 8. The MWCNT agglomerations for the adhesive reinforcement of 5.0 wt% MWCNT: (a) < 8 nm, (b) 20-30 nm,

and (c) 50-80 nm.

consequently increasing the fracture energy. Figure 9
shows debonding, pullout, and crack bridging of the
MWCNTs in different weight percentages and different
outer diameters.

4. Numerical

4.1. Finite-element model

The finite-element analyses were utilized for investigat-
ing the effects of outer diameter and weight percentage
of MWCNTs on the damage behavior of the adhesive
joints. The progressive damage in materials can be sim-

ulated using the cohesive zone model by combining the
concepts of continuum damage and fracture mechanics.
The cohesive zone model uses the traction-separation
law to simulate damage initiation and evolution. In this
research, a bilinear traction-separation law was used to
analyze the damage behavior of the adhesives.

A Dbilinear traction-separation law is shown in
Figure 10. The bilinear traction-separation law can
be defined by three parameters including initial stiff-
ness (k (N/mm?)), cohesive strength (o (MPa)), and
fracture energy (Gyc (N/mm)). The initial stiffness
is the initial slop of the traction-separation curve,
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Figure 9. SEM images of the fracture micro-mechanisms of the reinforced adhesives including debonding, pullout, and

crack bridging of MWCNTs.

(7] S—

t (MPa)

B

0 b0 by
& (mm)

Figure 10. A bi-linear traction-separation law.

the cohesive strength is the maximum traction, and
the fracture energy is the area beneath the traction-
separation curve.

As seen in Figure 10, by increasing separation
(6), traction (t) increases initially, reaching a maximum
followed by a decrease to zero traction. The damage
initiates from point A (see Figure 10), and it evolves to
fully developed damage at point B, representing that
the material cannot sustain any stress at that point
representing crack growth.

The initial stiffness value should be considered
large enough to prevent the cohesive elements affecting
the overall compliance of the specimen before dam-
age initiation [19]. However, it cannot be infinitely
large as it leads to numerical ill-conditioning. The
initial stiffness was considered 10000 N/mm? in this
research. The fracture energy values were obtained ex-
perimentally, as discussed in Section 3.3. The cohesive
strength was determined so that the numerical load-
displacement curve correlated with the experimental
curve.

In finite-element modeling, the substrates were
modeled by the 4-node plain strain elements (CPE4)
and the adhesive layer was modeled using 2D dimen-
sional cohesive elements (COH2D4). Moreover, a mesh

Uy = Substrate Adhesive
1=

Us 75 0

Uy =0

U; =0

Figure 11. Finite-element model .

convergence study was undertaken to determine the
proper element size. Figure 11 illustrates the FE model
of the DCB specimen.

4.2. Numerical results and discussions

The comparisons between the experimental and nu-
merical load-displacement curves of the adhesive joints
experiencing stick-slip and continuous crack growth
schemes are shown in Figure 12. As can be seen from
Figure 12(a), in the case of stick-slip crack growth, the
predicted curve correlated well with the peak points of
the experimental curve. This was basically because,
according to BS 7991 standard, the fracture energies
were obtained based on the peak points.

The CZM parameters, including the initial stiff-
ness, the cohesive strength, and the fracture energy,
obtained for the neat and reinforced adhesives are
presented in Table 4.

The bilinear traction-separation curves obtained
for the adhesives reinforced with MWCNTs of less than
8 nm and various wt% are shown in Figure 13.

According to Figure 13, as two parameters of
the fracture energy and the cohesive strength changed,
the base of the triangle varied accordingly. The final
separation (¢; in Figure 10) can be related to the
process zone length. It was seen that as the final
separation increased, the process zone length in the
FE model increased accordingly. As seen in Figure 13
and FE analyses, as the weight percentage increased
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Table 4. The cohesive zone model’s parameters of the neat and reinforced adhesives.
Adhesive wt% to (MPa) K (N/mm®) Gic (N/mm)
Neat — 19 10000 0.2997
0.1 11 10000 0.3683
MWCNT < 8 nm 0.3 11 10000 0.4749
0.5 20 10000 0.3126
0.1 20 10000 0.3220
MWCNT 20-30 nm 0.3 22 10000 0.3610
0.5 20 10000 0.2946
0.1 18 10000 0.3210
MWCNT 50-80 nm 0.3 18 10000 0.3600
0.5 20 10000 0.2513
200 25 -
AN Experimental === 0.1 wt%
160 f 2 I N - Numerical — —03wt%h
S e 0.5 Wt %%
g 120 < ~~~~~ Neat
g R g
s sof f ¥V 1 T T &
40 Ly h
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Experimental Figure 13. The traction-separation curves of the
160 L N Mt Numerical adhesives reinforced with MWCNTs < 8 nm and
) various wt%.
Z 120 —
e A N 251
€ 80r - . Neat
o0 L1y - = =< 8 nm
40 20 - = =20-30 nm
I N 50-80 nm
0 . —
0 1 2 3 4 5 6 &
Extension (mm) E
(b) =
Figure 12. Comparison between the numerical and ~<_
experimental load-displacement curves: (a) Stick-slip Tt~
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0.04 0.06 0.08 0.10

from 0% to 0.1%, the process zone length increased
until it reached its maximum value at 0.3 wt%. By
increasing the weight percentage beyond this value, the
process zone length decreased at 0.5 wt%. At 0.5 wt%,
the agglomeration of MWCNTSs affected the process
zone. The similar trends were also observed for the
other MWCNT outer diameters.

Figure 14 compares the traction-separation curves
of the adhesive reinforced with 0.3 wt% MWOCNTSs
and different outer diameters. As can be seen from
Figure 14, the process zone length was also influenced
by the MWCNT outer diameter. The MWCNTs with

§ (mm)

Figure 14. The traction-separation curves of the
adhesives reinforced with 0.3 wt% MWCNTSs and various

sizes.

a smaller diameter (less than 8 nm) represented longer
process zone compared to that with other sizes.

5. Conclusions

In this paper, the effect of the MWCNT’s outer
diameter was investigated on the fracture behavior of
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the adhesive joints. The adhesive joints were reinforced
with MWCNTSs with three different outer diameters of
less than 8, 20-30, and 50-80 nm. It was found that
the MWCNT size influenced the fracture energy values
and the damage behavior of the adhesive considerably.
The maximum fracture energy improvement of 58.4%
compared to the neat adhesive was obtained for the
adhesive reinforced by MWCNTSs of less than 8 nm
diameter and 0.3 wt%. The experimental results
showed that incorporating higher amount of MWCNTs
imposed a decreasing effect on the fracture energy. This
decreasing effect was found to be higher in the case
of MWCNTs with larger diameters. Moreover, the
SEM micrographs showed several fracture mechanisms
such as the MWCNTs pullout, debonding, and crack
bridging causing fracture energy improvement. In
addition, a direct relationship was found between the
roughness of the fracture surface and the fracture
energy values. Furthermore, the effects of the size and
weight percentage of MWCNTs on damage behavior
of the adhesive were studied numerically using the
cohesive zone model. The maximum fracture process
zone length was found for the adhesive reinforced by
MWCNTs with outer diameters of less than 8 nm and
0.3 wt%.
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Nomenclature

a Crack length

B Substrate width

E, Elastic modulus of the substrates

Gre Mode I fracture energy

h Substrate thickness

k Initial stiffness of traction-separation
law

P Applied load

t Traction

to Cohesive strength

6 Separation

of Final separation
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