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Abstract

Adhesive joining of fiber reinforced polymer (CFRP) composite components is demanded in various industrial applications.
However, the joining locations frequently suffer from adhesive bond failure between adhesive and adherent. The aim of the
present study is improving bonding behavior of adhesive joints by electrospun nanofiber coatings on the prepreg surfaces
that have been used for composite manufacturing. Secondary bonding of woven and unidirectional CFRP parts was selected
since this configuration is preferred commonly in aerospace practices. The optimum nanofiber coating with a low average
fiber diameter and areal weight density is succeed by studying various solution concentrations and spinning durations of the
polyamide-6.6 (PA 66) electrospinning. We obtained homogeneous and beadles nanofiber productions. As a result, an
average diameter of 36.50 + 12 nm electrospun nanofibers were obtained and coated onto the prepreg surfaces. Prepreg
systems with/without PA 66 nanofibers were hot pressed to fabricate the CFRP composite laminates. The single-lap shear
test coupons were prepared from the fabricated laminates to examine the effects of PA 66 nanofibers on the mechanical
properties of the joint region of the composites. The single-lap shear test results showed that the bonding strength is
improved by about 40% with minimal adhesive use due to the presence of the electrospun nanofibers within the joint
region. The optical and SEM images of fractured surfaces showed that nanofiber-coated joints exhibited a coherent failure
while the bare surfaces underwent adhesive failure. The PA66 nanofibers created better coupling between the adhesive and
the composite surface by increasing the surface area and roughness. As a result, electrospun nanofibers turned adhesive
failure into cohesive and enhanced the adhesion performance composite joints substantially.
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bonding methodologies became a critical engineering
challenge.

There are three basic methods of adhesive joining of
composite parts for manufacturing composite structures.’
First, joining can be done simultaneously with curing both
parts, called co-curing. Since both parts are in wet condition,
co-curing can be performed with or without the inclusion of
an adhesive. The second method is co-bonding, where one
material was cured before joining the process to an uncured
or partially cured part with an adhesive at the interface. The
third option is secondary bonding, where two cured parts are
joined using some adhesives. Commonly, co-curing and co-
bonding are preferred to reduce the curing cycles. However,
this might not be technically feasible depending on the size
of the parts and/or manufacturing orders. For example,
connecting small composite spars into large composite
wings requires secondary bonding techniques.”® Specifi-
cally, small parts are often produced using woven (twill)
prepreg fabrics, while large ones are produced preferably
with unidirectional (UD) prepregs. Therefore, secondary
bonding of woven and UD composite parts is common in
many aerospace applications.

The success of joining processes is frequently assessed
by the lap shear test in literature. Multiple researchers report
that the highest joint strength performance is obtained using
co-curing or secondary bonding.” Especially joining com-
plex structures, secondary bonding outperforms the other
two methods’!" Researchers further looked into failure
mechanisms at the joint interfaces. The most common
problem was an adhesive failure which developed due to
interfacial bond failure between the adhesive and the
adherent'""'? Researchers observed that increasing the ad-
hesive thickness enhanced the adhering of adhesive to the
surface.”'* However, this results in undesired weight gain.
Secondary bonding appeared as the best option to join small
parts onto large ones. However, alternative methodologies
for enhanced interfacial coupling between adhesive and
composite surface are still under investigation.

In recent years, the incorporation of nanofibers produced
by electrospinning into the matrix phase has been utilized to
enhance material properties'*'® It is an active research topic
to incorporate nanofibers as an interface agent in the
composite material production from prepregs to increase
material strength. Electrospinning proved an effective
method for producing continuous nanofibers with easy
control of fiber diameter and functionality by adjusting
polymer solution composition and voltage.'”*® Recent
studies presented the use of thermoplastic nanofibers for
improving composite strength without sacrificing in-plane
mechanical properties. The interspersed low-weight ther-
moplastic nanofiber covers were found to increase the in-
terlayer Mode I, Mode II, and interlayer fracture toughness
of carbon fiber/epoxy laminates.?'** Most of the studies in
the literature have focused on electrospinning of the

polyamide-6.6 (PA 66) nanofibers due to their superior
properties such as high mechanical strength, high proc-
essability, exceptional fiber-forming ability, high melting
temperature, high compatibility with uncured resin, low
heat deflection temperature, and low moisture absorption
capacity.'***%> In addition, nanofibers produced by elec-
trospinning can be produced by adding various filler ma-
terials such as CNT, graphene, nano-diamond. A number of
study reported in the literature indicated that the structures
can be strengthened by adding filler materials®®*° However,
it is one of the difficulties to ensure the homogeneous
distribution of these fillers in the resin. The inclusion of
micro or nanofillers in the resin liquid adversely affects the
homogeneity and viscosity of the resin. The influence of
nanofiber coating on the surface wetting behavior was also
considered in literature. The PA66 nanofibers are found
highly absorbent.*® Studies reported enhanced wetting by
PA66 nanofiber coating observed as substantial decrease in
contact angle.’'** However, the literature search conducted
on the use of electrospun nanofibers for secondary bonding
joints is very limited.

In this study, electrospun PA 66 nanofibers on the joining
interface of carbon fiber-reinforced polymer (CFRP)
composite parts for a secondary bonding process are studied
for the first time in literature. Since it is common in many
aerospace applications, joining UD and woven prepreg
composite parts is studied herein. An optimization process
on application parameters is run by checking different
solution ratios of PA 66 with varying thicknesses on the
joining interfaces. The morphology (homogeneity and
bead-free structure) of the created nanofiber layer is ex-
amined by Scanning Electron Microscope (SEM). At the
same time, the thermal properties are tested by Differential
Scanning Calorimetry (DSC) analysis. The mechanical
performance of the joints was assessed by lap-shear tests,
and the joint locations after failure had been examined. The
effect of electrospinning of PA66 nanofibers on the joint
performance is quantified by the change in shear strength
capacity of the joint.

Experimental

Materials

Unidirectional (UD) carbon fiber prepreg fabrics with the
unit weight of 350 g/m? and woven carbon fiber prepreg
fabrics with the unit weight of 475 g/m?are used. Film
adhesive (FM300K™) was used as an adhesive.
PAG66 pellets (Sigma Aldrich-429171) were utilized in the
electrospinning process. Formic acid (Sigma Aldrich-
27001) and chloroform (Sigma Aldrich-24216) were used
as solvents for PA66 pellets, similar to the literature.>
Table 1.
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Table I. Pre- and post-cure thicknesses of UD and Woven
prepregs, FM300 K (I layer) film adhesive and PA66 nanofibers
(10 %wt-3 min and 10 min).

Average thickness (mm)

Pre-curing Post-curing
UD Prepreg 0.156 0.142
Woven Prepreg 0310 0.290
FM300 K (I layer) 0.200 0.160
PA66 nanofibers (10%wt-3min) 0.006 0.006
PA66 nanofibers (10%wt-10min) 0.021 0.020

The ply thickness of the UD and woven prepregs after
curing are 0.142 mm and 0.290 respectively, and the av-
erage thickness of the adhesive FM300 K is 0.16 mm.
Negligible change in the thickness of the PA66 nanofibers
after curing validates the unharmed nanofiber system.

Preparation of PA 66 solutions for electrospinning

The solution parameters were studied to determine optimum
parameters for a homogeneous nanofiber formation. Before
solution preparations, PA66 pellets were heated and kept at
80° for 24 h to remove moisture. Different solution ratios
were prepared by dissolving 10%, 12%, 14%, and 18%
weight ratio of PA 66 pellets in 100 mL of formic acid/
chloroform (75:25 v/v) at room temperature. The presence
of chloroform in the PA66/formic-acid solution increased
the viscosity of the solution, which supported to produce of
more homogeneous nanofibers. This concentration was
chosen based on the findings reported in our previous
study, 433

Deposition of PA 66 nanofibers on carbon prepregs

PA 66 nanofibers were produced with the electrospinning
setup shown in Figure 1. The Innovenso PE 300™ electro-
spinning device, which is very suitable for automation, was
used. The system was tested for homogeneity (z-axis
movement) and different coating properties, and also for
scaling the production parameters such as changing the
horizontal movement between 10-80 mm and 5-50 mm/sec
and the nozzle number between 1 and 18 with the collector
spinning at a distance between 30-230 mm automatically.
The setup has a nanofibr membrane production capacity
adjustable between 0.01 and 5 gr/m? so that the weight gain
was controlled precisely.

The prepared PA66 polymer liquid was filled into two
50 mL syringes connected to the propellant pump. The
optimum parameters to produce uniform and bead-free PA
66 nanofibers were determined based on our experience and
following the literature recommendations.”* The flow rate

Figure I. The electro-spinning and continuous substrate winding
collector system with 0.01-5 gr/m? production capacity and
ease of automation.

of the PA 66 solution was determined to be 18 mL/hr
(1.0 mL/hr for each nozzle). The applied voltage and nozzle/
fiber distance were optimized as 30 kV and 12 cm, re-
spectively. Using these parameters, nanofibers were suc-
cessfully applied onto the prepreg surface continuously. To
examine the effects of Area Weight Density (AWD) of
nanofibers coated over the prepregs, the spinning duration
(3, 7, and 10 min) was varied. Figure 2(a) presents the
winding prepreg during operation. Closer views of the
prepreg surface at two different spinning durations of 3 min
and 10 min are given in Figure 2(b). Nanofiber deposition
can be seen with the naked eye as a color change after
electrospinning (Figure 2(b)). Figure 2(c) presents the SEM
image of 10 min electrospun surfaced as an example with
the size of the nanofibers. First, the morphology of the
produced nanofibers shows a continuous and uniform
nanofiber network without bead formation. The nanofiber
diameter distribution was between 35.99 nm and 54.63 nm,
while the average diameter was 36.52 + 12 nm. Most of
the previous studies report an average PA66 nanofiber di-
ameter in the range of 80-300 nm. To keep the weight gain
minimum, average fiber diameters and AWD values lower
than the reported in the literature'*****~* When the SEM
images and test results in this study are examined, it is clear
that an increase in the mechanical performance is achieved
at a minimal weight increase by reducing the nanofiber
diameter.

Contact angle measurements were carried out in our
laboratory using the KSV AttensionTM Theta device.
Wetting angles were measured on each surface at three
different locations. Variation of contact angle on bare and
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Figure 2. a) The image of the nanofiber-coated prepregs in the collector, b) The image of the 3 and 10 min coated samples, and c) SEM

images of 10 wt% PA 66 nanofibers at 100,000X magnification.

PA66 nanofiber coated surfaces are given in Figure 3. Water
droplet remains in a spherical bead form on bare prepreg
surface after a slight contact angle decrease due to the
limited water absorption of composite system. A contact
angle close to hydrophobic behavior is observed on un-
coated prepreg surface (~80°). On the other hand, very
strong water absorption developed when the surface is
coated by PA66 nanofibers. Similar to literature,
PA66 showed high water absorption.*° In order to resolve
the behavior better, we measured wetting angles through a
very short time interval. In a few seconds, contact angle
converged to zero value on PA66 nanofiber coated surfaces.
We observed that increasing the coating thickness decreased
the time required for complete water absorption.

Differential scanning calorimetry (DSC) was used to
determine the thermal properties of the electrospun PA
66 veils. The spin sample taken from the surface of four
different carbon prepreg fabrics were heated from room
temperature to 350°C at a heating rate of 10°C/min under a
nitrogen atmosphere. Figure 4 shows the DSC curve of the
PA 66 nanofibers. The melting temperature (T,,) and the
glass transition temperature (T,) of PA66 nanofibers were
262.25°C and 48.83°C, respectively.

Manufacturing of composite laminates

Twelve-layer unidirectional prepreg CFRP fabrics at [45/0/
45/90/-45/0]s order and eight-layer woven prepreg CFRP
fabrics at [45/0/45/0]s with and without -electrospun
PA66 nanofiber coating were produced using the hot press
method as shown in Figure 5.

Prepregs were prepared based on the fabrication pro-
cedure described in Figure 6. Prepregs were left to cure for
2 h under 5 bar pressure in a hot press device set at 180°C
beforehand and laminated. The surfaces of the laminates
bonded were prepared by cleaning with acetone prior to
bonding procedure. The joint samples prepared by placing
two and three layers of film adhesive (FM300 K) between

two composite prepreg parts and they were left to cure for
2 h under 3 bar pressure in a hot press device adjusted to
180°C.

Adhesive joining of the UD and woven CFRP parts

UD and woven parts were bonded together using the
FM300 K as our adhesive material. The film adhesive
(FM300 K) used in our work is in a form of high viscosity
film. Since it is not in a liquid form as paste adhesives, air
bubble formation wasn’t observed. Moreover, the film
adhesive used is an aerospace grade material which is
commonly used in commercial applications that does not
tolerates defect formations such as bubbles. Figure 7 il-
lustrates the process where both interfaces at the joining area
was coated by electrospun PA66 nanofibers. In order to
investigate the effect of adhesive thickness, different
specimens were produced with two and three layers of
adhesives creating 0.4 mm and 0.6 mm of adhesive
thicknesses, respectively.

Next, specimens were produced for the lap shear test
according to the ASTM D5868 standards, as shown in
Figure 8 (b). UD and woven parts were joined with and
without PA66 nanofiber coating at their interface. The
manufactured composite samples were cut in desired di-
mensions with a water-cooled diamond saw. The cut edges
of the samples were lightly sanded by hand with 280 grit
sandpaper.

Single-lap shear test

Mechanical testing of adhesively joint UD and woven
CFRPs using single-lap shear test were performed. The
setup of the lap joint is given in Figure 8(a). MTS Land-
mark™ Servo-hydraulic Test System was used. The load
was applied at a constant crosshead speed of 13 mm/min
until the fracture, according to ASTM standard D5868-01.
At least five samples were tested for each type of the
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Figure 3. The wetting angle variation and droplet images of uncoated prepreg surface (reference) and 10 min 10% wt-PA66 coated

surface by time.

0.0 -
-0.54
e 259.42°C
oh 68,78 J/g
=
E-I.O B 270.59 5C
B -
2 48.83 °C
=15
o
o
o
=
-2.04
Std. Dev. (Ty,) : £0.93
=25 Std. Dev. (Tg) : £0.96 262.25°C
T T

T T T T T T
0 S0 100 150 200 250 300 350 400
Temperature (°C)

Figure 4. DSC curve of the PA66 veils.
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PAG66 nanofiber coating
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‘Woven prepreg with

(b) Woven prepreg PA66 nanofiber coating] &%

Figure 5. lllustration of composite laminate fabrication. a)
12 layers of unidirectional prepregs at [45/0/45/90/-45/0]s and
b) 8 layers of woven prepregs at [45/0/45/0]s with and without

electrospun PA66 nanofiber coating. c) The hot press setup used.

experiment and the average values are reported in the
manuscript. In addition to the reference samples, a total of
200 samples were tested for the composite joints prepared
with two different adhesive layers and three different
concentrations of PA66. The dimensions of the test spec-
imens are 180 mm long and 25 mm wide, while the area of
overlap area is 25 x 25 mm?; as described in Figure 8(c).

Results and discussion

The effects of variation in PA66 solution ratio on the
morphology of the resulted nanofiber coatings were studied
first. Figure 9 presents the SEM images of PA66 nanofibers
produced with the solutions with 10%, 12%, 14%, and 18%
of PA66 weight ratios. The nanofiber density increased with
increasing PA66%. However, bead formations and clus-
tering were also observed. SEM images show that the fibers
produced with 10% wt PA66 solution had a more homo-
geneous fiber structure than those made at other ratios.
Hence, optimum nanofiber morphology with a continuous
and uniform network without fiber beads was observed at
10% PA66 solutions. With the corresponding electro-
spinning operating parameters, an average fiber diameter of
~36 nm was obtained.

Next, different deposition periods yielding different
nanofiber coating thicknesses were studied. Specifically, 3,
7, and 10 min electrospinning were performed, and the
resulting fiber coating by measuring their area weight
densities was characterized. The nanofibers were carefully
stripped from the prepreg surface, cut into specific size
small pieces, and weighted with a precision scale. The
average PA66 nanofiber area weight density for 3, 7, and
10 min of deposition were measured approximately as
0.525 g/m?, 1.205 g/m* and 1.782 g/m?, respectively. In the
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Figure 7. The adhesive joining of UD and woven CFRP fabrics
with the electrospun PA66 nanofibers coated at both of the joint
interfaces.
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Figure 8. a) Experimental setup for the single-lap joint shear test.
b) lllustration of the specimen of adhesively joint UD and woven
CFRP parts. c) Dimensions of the lap shear test coupon.

studied deposition time range, the weight gain due to
nanofiber coatings observed as less than 2%, which is
negligible.

Adhesively joined UD and woven CFRP laminates
fabricated with incorporation of electrospun PA66 nanofiber
coatings at their interfaces were mechanically tested. At

Figure 9. SEM images of electrospun PA66 nanofiber coatings at
PA 66 by weight solution ratios of a) 10%, b) 12%, c) 14%,
d) 18%.

least five samples were tested for each type of the exper-
iment to calculate the average values. In addition to the
reference samples, we tested a total of 200 composite joint
samples prepared with using different number of adhesive
layers and electrospun PA66 application. A representative
set of load versus displacement results for uncoated refer-
ence and 10%wt PA66 coated surfaces joined using three
layers of adhesive are given in Figure 10. Results obtained
from five different sample show high repeatability of the
measurements with a very low standard deviation.

The load versus displacement curves of reference, 10% wt-
PAG66, 12% wt-PA66% and 14% wt-PA66 samples with two
and three layers of FM300 K adhesive obtained during single
lap shear test are shown in Figure 11. Both the reference
samples and the PA66 nanofiber incorporated samples exhibit
a linear elastic behavior at the initial stage. Test specimens
exhibited a non-linear elastic behavior at further stages of the
loadings. It was found that samples prepared with three layers
of film adhesive showed a higher performance, as compared
to those with two layers of film adhesive.



Esenoglu et al.

4455

The average bonding strength values measured based on
single-lap shear tests are given in Figure 11 for specimens
using different PA66 solutions and adhesive thicknesses.
The nanofibers produced with 10, 12, and 14 wt.% of

PA66 solutions were interspersed for a 10 min
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Figure 10. The load versus displacement curves of single lap
shear tests of five different samples of a) uncoated reference,
and b) 10% wt-PA66-3 coated surfaces joined using three
FM300 K plies.

electrospinning time. It was observed that two and three
plies of adhesive application keep the thickness increase
minimum. The result of adhesive joints without electrospun
nanofiber coating as a reference is presented as well
Figure 12.

The shear strengths of the reference composites prepared
with two- and 3-layer adhesive were measured as 8.50 and
8.91 MPa, respectively. Compared to the reference sample,
a substantial increase in shear strength was observed; the
shear strength of the PA66 nanofiber layers incorporated
samples using three layers of film adhesive showed about
38% increase in bond strength. Our measurements showed
that the highest shear strength values are obtained at 10%
PA66 solution with three layers of FM300 K adhesive use.
The nanofibers produced from 10%wt PA66 polymer so-
lution resulted with a greater improvement in mechanical
performance as compared to those prepared with other
solution concentrations. This is due to the uniform fiber
diameter distribution with bead-free nanofiber structures as
we observed from SEM images.

Literature describes that the joint strength as a function of
the adhesive thickness varies depending on the adhesive type,
joining technique and surface modification approach.’~>=*
While the bending moment is expected to increase by the
increasing adhesive thickness, using paste and liquid type
adhesives were observed to yield in joint strength reduction
for increasing adhesive thickness. On the other hand, the
recent film adhesive applications showed improved joint
strength with increased adhesive thickness’>°*’. These
studies investigated comparable behavior and showed that
film adhesives with even thickness distribution creates an
advantage. The FM300 K aerospace-grade film adhesive
yielded to improved joint strength with increased adhesive
thickness, similar to the literature.’

As the final step, fractured surface of adhesive joints of
composites were investigated. The images of the joint re-
gions after the lap shear tests are given in Figure 13.
Specifically, the fracture surfaces of specimens produced
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Figure I 1. The load versus displacement curves of reference, a) | 0% wt-PA66, b) 12% wt-PA66 and c) | 4% wt-PA66 samples with two
and three plies of FM300 K adhesive obtained during single lap shear test.
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Figure 12. The shear strength values of adhesively bonded UD
and woven CFRP parts with/without PA66 electrospun fiber
layers with various electrospinning solutions and amounts.

Figure 13. The fractured surfaces after single lap shear test.
Woven and UD parts joined with a) no-nanofiber coating and 2-
plies of FM300 K, b) no-nanofiber coating and 3-plies of FM300 K,
c) 10wt% PA66 nanofiber coating and 2-plies of FM300 K, and d)
10wt% PA66 nanofiber coating and 3-plies of FM300 K.

with and without electrospun nanofiber coating with two-
and 3-plies of adhesive applications were compared. In
Figure 13, woven specimens are on the left while the UD
parts are given on the right-hand side. The light-colored
(green) material on the joining interfaces is the adhesive
used. It can be seen from Figures 13(a) and (b) that adhesive
material mostly remains on only one of the joining surfaces
after the breakage for the samples without nanofiber
coating. This indicates interfacial debonding at composite/
adhesive surfaces to a premature adhesive failure. On the
other hand, the adhesive material can be observed on both
surfaces when nanofibers are added to the interface. The
cohesive failure of the adhesive is obvious indicating better
interfacial bonding between composite/adhesive surfaces.
In other words, it was revealed that the PA66 nanofibers
incorporated samples adhere to the adhesive better than the
bare surface. As expected from the increased shear strengths
measured by lab-shear tests, the samples joined using three
layers of film adhesive showed better adhesion performance
as compared to the samples combined with two layers.
The fractured surface SEM images of joined composites
are given in Figure 14. Large adhesive flakes are visible on
Figure 14(a) over the CFRP surface without the nanofiber
coating. Instead, adhesive is well penetrated into the
nanofiber network developed as the electrospun
PA66 added onto interface (Figures 14(b) and (c)). A better
cohesion of film adhesive develops with increasing the
number of adhesive layers used. Results showed that
coating PA66 nanofibers on the prepregs enhanced bonding
between adhesive and the composite surfaces for joining.
The adhesive used in the present study is a high perfor-
mance type. So, it is not to expect a cohesive failure with the
adhesive layers. The nano fibers were incorporated to the
composite surfaces to obtain relatively higher interfacial
adhesion between composite surfaces and the adhesive
layers. A relatively higher bonding strength values were
obtained with the joints containing nanolayers at the
composite surfaces as compared to those with reference
samples with no nanofiber coatings. Reference samples
exhibited an adhesive failure on single side of the

Figure 14. SEM surface images of adhesive joints after breakage. a) no-nanofiber coating and 3-plies of FM300 K, b) 10wt%
PA66 nanofiber coating and 2-plies of FM300 K, and c) 10wt% PA66 nanofiber coating and 3-plies of FM300 K.
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interface. However, the failure characteristics are different
as deboning mechanism exist in micro level between
nanofiber coated surface layers and adhesive layers as
compared to surfaces without nanolayers. In summary, the
nano fibers layers on the surface assign the failure mode
and provide an improved joint strength.

Conclusions

Use of composite materials have been increasing in various
industrial applications, from aircraft parts to bottle caps. The
adhesive joining techniques appeared as an excellent al-
ternative to traditional mechanical fastening posing so many
cons. For the first time in literature, the electrospun
nanofibers coating of the adhesive bonding interfaces to
enhance the bonding strength were performed at a low
adhesive thickness and weight gain. The study specifically
focused on the electrospinning of PA66 due to its numerous
advantages, such as being inexpensive, dissolving quickly
in a wide variety of solvents, having negligible post-coating
thickness increase, and having better mechanical properties
compared to other polymers. Furthermore, the study fo-
cused on secondary bonding of UD and woven CFRP parts,
since it is preferred in most aerospace applications.

The secondary bonding of UD and woven parts by ap-
plying nanofiber coating with different PA66 electrospinning
solutions, different electrospinning duration, and differ-
ent adhesive thicknesses were studied. Morphological
characterization using SEM images was performed to
carefully optimize application parameters to obtain ho-
mogeneous and beadles nanofiber production. The single-
lap shear tests were performed to demonstrate the effects
of PA66 on the adhesion properties. As a result, about 40%
increase was observed in the shear strength values by
nanofiber application on both joining surfaces. When the
fractured surfaces through SEM analysis were studied, it
was observed that nanofiber coated joints develop co-
herent failure while the bare surfaces yield adhesive
breakage. The PA66 nanofibers provide better coupling
between the adhesive and the composite surface and hence
higher bonding strength by increasing the surface area and
roughness. As a result, electrospun nanofibers turned
premature adhesive failure into cohesive adhesion failure
and enhanced the adhesion performance composite joints
substantially.
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