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Abstract:

Electrospun polyacrylonitrile (PAN) nanofibers were incorporated in an epoxy-based
adhesive layer to improve the adhesive joint’s mechanical performance. The morpho-
logical study of the electrospun PAN nanofibers revealed that the fabricated nano-
fibers were smooth, continuous, and without beads. The average diameter of the nan-
ofibers was determined to be 362 £ 87 nm. The Double Cantilever Beam (DCB) spec-
imens were tested and the fracture energies were determined for the unreinforced and
reinforced adhesives. The outstanding reinforcing capability of PAN nanofibers was
demonstrated by significant improvements in fracture energy of the adhesive contain-
ing PAN nanofibers. A maximum improvement of 127% in the mode | fracture ener-
gy of adhesive was achieved by incorporating 2 g/m? of PAN nanofibers into the ad-
hesive layer. Moreover, the morphology of the fracture surfaces was examined using
the Scanning Electron Microscopy (SEM) technique to evaluate the toughening

mechanisms resulting from this improvement.
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1. Introduction

Adhesively bonding techniques provide substantial advantages over the traditional
joining methods such as bolting, riveting and welding. Excellent resistance to me-
chanical loading beside lower weight has made the adhesive bonding an ideal joining
technique in different industries. The epoxy-based adhesives have been considered as
the most commonly used adhesives due to their favorite mechanical properties such
as high modulus and strength. However, these types of adhesives usually suffer from
low fracture toughness. In order to improve the mechanical behavior of adhesive
joints, researchers have proposed several methods such as modifying the adhesive
joint geometry [1,3] and adhesive layer reinforcement by adding nano, micro and
macro additives [4-19]. Considering the nano-scale modification, several nono-
additives of various shapes and materials including single-walled carbon nano-tube
[4], multi-walled carbon nano-tube [5,6], graphene and graphene oxide nano-platelet
[7,8], nano-silica [9,10], silicon carbide whisker [11,12], nano-rubber [13,14] and
nano-clay [15] have been widely investigated in order to improve mechanical proper-
ties of the adhesives.

Incorporating electrospun polymeric nanofibers as an interlaminar reinforcement in
fiber reinforced polymers was studied in some recently published papers [20-23]. Ad-
vantages of incorporating the electrospun polymeric nanofibers as an interlaminar re-
inforcement in fiber reinforced polymeric composites have been reported in several

previous researches [20-23]. Molnar et al., used PAN nanofibers, fabricated from



needleless electrospinning method, in order to reinforce mechanical properties of a
conventional carbon/epoxy composite. They reported that PAN nanofibers were cho-
sen due to their ductility and good adhesion to epoxy resin as matrix [20,21].
Neisiany et al., showed neither the epoxy resin nor its curing agent lead to any effects
on PAN nanofibers or dissolve them [24]. They also showed that incorporation of
both neat [22] and core-shell [23] PAN electrospun nanofibers between carbon layers
leads to improvement in in-plane properties of carbon epoxy composite as well as its
out-of-plane properties. The nano-fiber breakage and nanofiber pull out were reported
as mechanisms for enhancing in-plane properties of the hybrid composites [20,21].
On the other hand, nanofibers act as means of stress transfer from the resin-rich area
to the reinforcing phase (carbon fibers), and hence more uniform stress distribution of
applied load in the resin-rich area occurs which leads to the enhancement in the com-
posite out-of-plane properties [20,21].

The polymeric nanofibers, fabricated from facile and economical electrospinning
method, can be also incorporated in the adhesive layer with various diameters and
thicknesses of the reinforcing layer. In the present research, different amounts of the
PAN nanofibers were added in an epoxy-based adhesive. DCB specimens, fabricated
with the unreinforced and reinforced adhesives, were tested to evaluate the effect of

nanofibers on the fracture behavior of the adhesive.

2. Experiments

2.1. Materials
The solvent-free two-component epoxy-based adhesive (UHU® plus endfest 300 ad-

hesive) [25] was employed for experiments. Table 1 summarizes the specification of



UHU® plus endfest 300 adhesive. In order to prevent plastic deformation of the sub-
strates, 7075-T651 aluminum was employed for fabricating the substrates due to high
yield strength reported for this type of aluminum alloy (500 MPa). Standard uniaxial
tensile tests [26,27] were conducted on substrates and adhesive to obtain their me-
chanical behavior as summarized in Table 2. In order to fabricate PAN nanofibers,
PAN (Mw = 150 kDa) was purchased from Sigma-Aldrich, whereas N,N-
Dimethylformamide (DMF, 99.8%) was supplied from Daejung chemical & metal

Co.,Ltd and used as solvent of PAN.

2.2. Specimens Preparation

The geometry of DCB specimens is shown in Fig. 1. The 10 mm thick aluminum
plates were used for fabrication of the substrates. The surface of aluminum plates was
polished using 200-grit sandpaper to increase the roughness of surface and eventually
improve the mechanical locking between the adhesive and aluminum. Afterward, the
substrates were pre-treated using an acid etch according to DIN 53281 in order to en-
hance the adhesion between the adhesive and the substrates [28]. Table 3 presents the
composition of the etching solution.

Prior to adding the PAN nanofibers in the adhesive layer, a thin layer of adhesive was
supplied on both substrates. After that, the electrospinning method was used to incor-
porate the PAN nanofibers on bonding surface of one of the substrates. To avoid any
damage to the PAN nanofibers, during the nanofiber fabrication and incorporation in
the adhesive layer, the electrospun PAN nanofibers were directly deposited on the
applied adhesive on the surfaces of aluminum substrate. The 10 wt% solution of PAN

powder was combined with a proper amount of DMF solvent in a scintillation vial,



and stirred by a magnetic stirrer for 24 h at room temperature. The 10 wt% PAN solu-
tion was supplied to a syringe with needle gage 23. In order to have a stable electro-
spinning process for deposition of the PAN nanofibers on the bonding surface, the
electrospinning parameters were adjusted as follows: The constant flow rate of 1
ml.h! was used for the PAN solution, while the distance between the needle tip and
the collector (i.e. bond surface) was fixed at 15 cm, and a 16 kV direct current voltage
was applied to induce the formation of nanofibres from the PAN solution. Fig. 2 illus-
trates diameter distribution curve for the electrospun PAN nanofiber.

As the key parameter in the experiments, average values of 1, 2 and 3 gr/m? PAN
nanofibers were added to the adhesive layer. Then, 12 um thick non-stick polyeth-
ylene film was placed in adhesive layer as the pre-crack. A pre-crack length of 20 mm
was considered for all the test samples. The bond-line thickness was controlled using
0.15 mm thick spacers between the substrates. The test samples were placed inside
the fabrication fixture to ensure the alignment of the substrates. The exploded view of
adhesive joints made by nano-reinforced and reinforced adhesives is shown in Fig. 3.
The test specimens were cured for one week at room temperature. For each specimen

configuration, at least four samples were manufactured and tested.

2.3. Testing procedure

The DCB adhesive joints were tested under quasi-static loading with a constant dis-
placement rate of 0.25 mm/min using an Instron ElectroPuls™ E10000 (Massachu-
setts-United States) universal testing machine with a 10 kN load cell to obtain the
load-displacement (P - 0) curves of the joints. All the fracture tests were conducted at

temperature of approximately 20 "C and at 70% relative humidity. The crack propaga-



tion was tracked at 5 s intervals during testing using a digital camera (Canon EOS
600D with an EF 100 mm /2.8 Macro Lens, Tokyo-Japan). Matte white color was
sprayed on one side of DCB specimens to assist the crack tip observation. In addition,

paper rulers were glued under the adhesive layer to enable the crack length (a) read-

ing.

2.4. Fracture energy determination

The simple beam theory was used in this research to calculate the critical energy re-
lease rate (fracture energy) under pure mode | (Gic) loadings. According to the simple
beam theory, the fracture energy can be obtained by use of the applied load and crack
length at each stage during testing. Considering the simple beam theory, the mode |

fracture energy was calculated using Eq. (1) according to BS 7991 standard [29].

4P%(3a% 1
GIC = EbZ(F-'-FJ (1)

in which Gic is the mode | fracture energy of the adhesive, P is the applied load, b is
the width of substrates, h is the substrates thickness, a is the crack length, E is the

elastic modulus of substrates.

3. Results and discussion

Fig. 4 illustrates typical experimental load-displacement curves related to the DCB
specimens bonded by the non-reinforced and PAN reinforced adhesives. According to

Fig. 4, incorporation of PAN nanofibers in the adhesive layer increased the load bear-



ing capacity of the DCB joints and consequently led to an enhancement of the frac-
ture energy of the epoxy adhesive. Fig. 5 illustrates the representative R-curves (frac-
ture energy versus crack length) of the tested adhesive joints, which were obtained
using the simple beam theory.

Considering the variation of fracture energy by crack length, in order to compare the
mode | fracture energies of the specimens with different reinforcements, fracture en-
ergy values were averaged over from crack length 30 mm up to 60 mm. In this case,
the effect of pre-crack blunting and plasticity will be eliminated in the results. Table 4
presents the averaged fracture energies of the non-reinforced and PAN reinforced ad-
hesives. According to Table 4, fracture energies of all reinforced adhesives were
higher than that of the non-reinforced adhesive. The fracture energies of adhesives
with PAN nanofibers continuously increased by increasing the amount of nano fibers
from 1 g/m? to 2 g/m?, however the fracture energy improvement for the adhesive re-
inforced by 3 g/m? PAN nanofiber showed a decrease compared with the reinforced
adhesive containing 2 g/m2. The experimental results revealed that for the reinforced
adhesives with 1, 2 and 3 g/m? PAN nanofibers, the mode | fracture energies were
improved about 45%, 127% and 55% compared to the non-reinforced adhesive. The
PAN nanofibers act as bridge for transferring applied load from adhesive layer to
aluminum substrate as well as stress distribution and reducing propagation of created
crack in the adhesive layer [22,23]. It should be noted that, the observed reduction in
the mode I fracture energy improvement of 3 g/m? PAN incorporation can be attribut-
ed to the enhancement in the nanofiber layer thickness. Increasing the nanofiber layer
thickness leads to poor penetration of epoxy-based adhesive between nanofibers layer

and subsequently decreasing the interaction between adhesive and the nanofibers.



Due to imperfect interaction between the epoxy adhesive (as matrix) and the nano-
fibers, the stress transferor from the adhesive to aluminum substrate could not com-
pletely occur and consequently the mechanical properties decreased [30,31].

In order to investigate the effect of PAN nanofibers on the failure mechanisms of the
reinforced adhesive (with higher fracture energies), SEM with an acceleration voltage
of 30.00 kV was used to examine the morphology of the fracture surfaces. The SEM
micrographs of the fracture surfaces of the unreinforced and reinforced adhesives
with different amounts of electrospun PAN nanofibers are shown in Fig. 6.

According to Figs. 6(b-d), the fracture surfaces of reinforced adhesives were quite
rougher than that of the neat adhesive (Fig. 6a). This can be accounted as an im-
portant reason of the improvement in the fracture energy due to adding PAN nano-
fibers, as rougher fracture surfaces need higher energy to develop. When the adhesive
joints are loaded, extension of micro-cracks may encounter PAN nanofibers; since,
due to striking characteristics of PAN nanofibers, the micro-cracks are forced to ei-
ther round the fibers or be pinned. In this situation, the micro-cracks require more ex-
ternally applied load to propagate.

The PAN nanofibers were cold worked during the electrospinning process, resulting
in its high strength and leading to a better stress distribution in the adhesive layer.
Since the PAN nanofibers are stiffer than the matrix, when the matrix is subjected to
elastic deformation, the PAN nanofibers delay the matrix deformation. This results in
plastic deformation of matrix around the PAN nanofibers (because of stress concen-
tration) and consumption of considerable amounts of energy.

As mentioned before, various nano/micro additives have been used by researchers to

improve the mechanical behavior of the adhesive. Wernik et al. [32] incorporated
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mutli-walled carbon nano-tubes in an epoxy based adhesive and achieved 36% im-
provement in the mode | fracture energy. Khoramishad and Khakzad [33] improved
an epoxy adhesive with mutli-walled carbon nano-tubes. They reported a maximum
improvement of 58.4% in the adhesive fracture energy when 0.3 wt% of multi-walled
carbon nano-tubes were incorporated into the adhesive.

Comparing the experimental data presented in the current research with the experi-
mental data available in the literature revealed that considerably higher fracture ener-

gy improvements were obtained for the PAN nano fiber reinforced epoxy adhesive.

4. Conclusions

Effect of PAN electrospun nanofibers on the fracture behavior of an epoxy adhesive
was experimentally studied. Different amounts of PAN nanofibers were incorporated
in the adhesive layer of DCB specimens. The specimens were then tested under pure
mode | loading. A comparison between the neat and reinforced adhesives, indicated
that the addition of PAN nanofibers increased the fracture energy of adhesive base
from initial value of 0.11 N/mm to 0.25 N/mm for reinforced adhesive. The maxi-
mum obtained enhancement was equal to 127%. The PAN nanofibers showed a high
potential in improving the fracture strength of the epoxy adhesives. Increased energy
absorption of adhesive layer during failure of reinforced adhesives was further sup-

ported by observations from the SEM pictures of fracture surfaces of the tested joints.
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Table captions:

Table 1. Specifications of adhesive UHU plus endfest 300 [25].

Table 2. The mechanical properties of the adherends and adhesive.
Table 3. Composition of etching solution for aluminum adherends [28].
Table 4. Fracture energies obtained from experiments.
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Figure captions:

Fig. 1. Schematic geometry of the DCB test specimen (dimensions in mm).

Fig. 2. Diameter distribution curve of PAN nanofibers.

Fig. 3. Exploded view of adhesive joints bonded by (a) non-reinforced adhesive, and
(b) adhesive containing PAN nanofibers.

Fig. 4. Typical load-displacement curves obtained from the DCB tests on PAN nano-
fiber-reinforced adhesives; (a) 1 g/m?, (b) 2 g/m?, (c) 3 g/m?.

Fig. 5. R-curve for the non-reinforced and reinforced adhesives.

Fig. 6. SEM micrographs of (a) unreinforced adhesive and reinforced adhesive with
(b) 1g/m?, (c) 2g/m?, (d) 3g/m? of PAN nanofibers.



Table 1. Specifications of adhesive UHU plus endfest 300 [25].

UHU endfest plus 300

Chemical basis
Density

Viscosity

Pot life (20 C)

Epoxy resin
Binder: approx. 1.2 (g/cm3)

Hardener: approx. 0.96 (g / Cm3)
Binder: 40000 (mPa.sec)

Hardener: 30000 (mPa.sec)
90mins
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Table 2. The mechanical properties of the adherends and adhesive.

Mechanical property

Adhesive
(UHU® plus endfest 300)

Adherends
(aluminum 7075-T651)

Elastic modulus (GPa)
Poisson’s ratio

Tensile yield strength (MPa)
Tensile ultimate strength (MPa)
Elongation at break (%)

2.0
0.35
26.8
34.2
9.1

70
0.33
500
582
12.7




Table 3. Composition of etching solution for aluminum adherends [28].

Sulfuric acid (wt %) 27.5
Sodium dichromate (wt %) 7.5
Deionized water (wt %) 65
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Table 4. Fracture energies obtained from experiments.

Fracture energy, Gic [N/mm] | Improvement”
Non-reinforced 0.11+£0.03 -
1 g/m? 0.16 +0.05 45
2 g/m? 0.25 £ 0.04 127
3 g/m? 0.17 £ 0.09 55

“ Improvement: (Glreinforced = Glnon-reinforced) / G|non-reinforced X 100.
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Fig. 1. Schematic geometry of the DCB test specimen (dimensions in mm).
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Fig. 2. Diameter distribution curve of PAN nanofibers.
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Fig. 3. Exploded view of adhesive joints bonded by (a) non-reinforced adhesive, and (b) adhesive con-

taining PAN nanofibers.
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Fig. 4. Typical load-displacement curves obtained from the DCB tests on PAN nanofiber-reinforced
adhesives; (a) 1 g/m?, (b) 2 g/m?, (c) 3 g/m?.
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Fig. 6. SEM micrographs of (a) unreinforced adhesive and reinforced adhesive with (b) 1g/m?, (c)

2g/m?, (d) 3g/m? of PAN nanofibers.
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