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The concept of electrospun polymer nanofiber fabric interleaving to enhance dynamic properties, impact damage

resistance, fracture toughness and resistance, and delamination onset life was evaluated. Polymer nanofabric

interleaving increased the laminate thickness and weight by an order of 1%, and its impact on in-plane mechanical

properties of the composite laminate would be statistically zero. On the other hand, its influence on interlaminar

fracture toughness and resistance, impact damage resistance, and damping is substantial. Results of this study

showed that interleaving AS4/3501-6 composite laminate increased the damping by 13%, reduced the impact

damage size to one-third, increased fracture toughness and resistance by 1.5 times and one-third, respectively,

significantly increased delamination onset life, and increased the fatigue threshold energy release rate by two-thirds.

These improvements are comparable to that of the commercial T800H/3900-2 composite but with no thickness

increase penalty, loss of in-plane properties, or multiple glass transition temperatures.

Nomenclature

A = cross-sectional area of cantilever beam, m2

aIC = initial delamination length for the fracture test
a�t� = acceleration at any time t
a0 = initial delamination length
da = delamination extension
E0 = material storage modulus, Pa
E00 = material loss modulus, Pa
E�t� = instantaneous energy at any time t
GI = mode I energy release rate
GIC = initiation mode I fracture toughness
GImax = maximum cyclic mode I energy release rate
GIR = plateaued mode I fracture resistance
GR = fracture resistance
g = acceleration due to gravity, 9:81 m=s2

L = length of the cantilever beam
M = effective mass of the impactor system
Ma = mass of the impactor and the accelerometer system
N1% = number of cycles for 1% compliance increase
P�t� = instantaneous impact force, N

R = ratio of minimum and maximum cyclic displacement
�Imin=�Imax

Tg = glass transition temperature
t = time, s
tan � = damping factor
V0 = initial velocity of the impactor at the time of impact
� = delamination length correction parameter
�IC = critical load-point displacement when the delamination

starts to grow in the fracture test
�Imax = maximum value of cyclic displacement
�Imin = minimum value of cyclic displacement
� = mass density of the cantilever beam

I. Introduction

T HE primary limitation of composite laminates is the poor
interlaminar strength and toughness, which causes delamina-

tion [1] and ultimately the structural failure. Interlaminar stresses due
to mismatch of anisotropic mechanical and thermal properties occur
at the free edges, joints, matrix cracks, and under out-of-plane
loading. Analysis of edge stress [2] and delamination models [3]
showed a concentration of interlaminar shear and transverse stresses
near the edges and cracks. Such high stresses combined with weak
interlaminar properties cause delamination in composite laminates.
A number of methods to prevent delamination have been developed
over the years [4–12]. These include matrix toughening [7],
optimization of stacking sequence [8], laminate stitching [9,10], use
of braided fabric [10], edge-cap reinforcement [11], critical ply
termination [12], and replacement of a stiff ply by a softer ply.
Designs to reduce delamination resulted in significant increase in
cost, weight, or loss of in-plane properties. An approach that is
attractive to reduce the preceding problems is by ductile interleaving
[13]. Interleaving is an old concept that was used in the aircraft
industry to enhance acoustic damping and interrupt fatigue crack
propagation in metallic structures. Recently, Toray Corporation
developed a thermoplastic particle interleaved prepreg, T800H/
3900-2, which has become a choice composite in the Boeing 777
because of its superior impact damage resistance and threefold
increase in initiation fracture toughness GIC [14]. The primary
drawbacks of particle interleaved composites are increased laminate
thickness (�20%), decreased in-plane stiffness (15–20%) and
strength, and potentially lowering of Tg. The preceding problems
could be potentially eliminated/reduced and, furthermore, the
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composite can be multifunctionalized (example, electrical proper-
ties) by the use of electrospun nonwoven nanofiber fabric inter-
leaving. By proper choice of nanofiber size and material, large
surface areas of adhesion and torturous fracture modes could be
created to increase the toughness.

Electrospinning of solvated or melt polymers [15] was developed
in the 1940s and has been used in the medical industry for several
decades. This technology is becoming very attractive for a number of
applications, including drug delivery, cosmetics, and tissue engi-
neering [16]. Shivakumar and Lingaiah [17] and Lingaiah et al. [18]
had an opportunity to develop electrospinning for fabricating high
tear strength and ultralightweight membranes for artificial dragonfly
wings [17,18]. Membranes were made of nonwoven Nylon-66
nanofibers of diameters ranging from 50–200 nm and several inches
long. These fibers have extremely high specific surface area and
excellent adhesion to epoxy matrix. The idea that is explored here is
that, by addition of a small amount of high elongation polymer
nanofibers, the epoxy matrix can be toughened without loss of in-
plane properties.

The objective of this paper is to explore the concept of electrospun
polymer nanofabric interleaving and its impact on damping factor,
interlaminar fracture toughness, and impact damage tolerance of
laminated composites. Plain and nanofabric interleaved AS4/3501-6
as well as T800H/3900-2 composite laminates were fabricated and
tested for improved material damping, resistance to low velocity
impact damage, mode I fracture toughness, and delamination onset
life. The results of plain AS4/3501-6 and nanofabric interleaved
AS4/3501-6 (AS4/3501-6_IN) composites are compared with each
other to assess the effect of interleaving and with the commercial
thermoplastic particles interleaved T800H/3900-2 composite.

II. Approach

A. Materials

AS4/3501-6 prepreg supplied by Hexcel Composites was chosen
as the base material to improve its dynamic, damage tolerance, and
toughness properties by interleaving. Nylon-66 supplied by DuPont
Company (Zytel 101, MW� 20; 000 g=mol) was selected to pre-
pare the nonwoven nanofabric by electrospinning. Nylon-66 has
extremely high elongation to fracture, readily bonded with epoxy,
and high melting/softening temperature (250�C) compared to the
AS4/3501-6 cure temperature (177�C). Thus, the Nylon-66 fibers

would be unaffected during the cure conditions of the composite.
T800H/3900-2 prepregwas supplied byTorayComposites, Inc. This
prepreg was made by sprinkling fine thermoplastic (polyamide)
particles on the T800H/3631 prepreg. The thickness of the thermo-
plastic particles interlayer was about 30 �m and the bare prepreg
thickness was about 160 �m [19]. This amount is about a 20%
increase in thickness. Based on the mechanics of composite
materials, this thickness increase amounts to nearly the same amount
loss of in-plane stiffness and strength.

B. Electrospinning of Nylon-66

Electrospinning uses an electrostatic force to spin fibers from a
polymeric solution. The Nylon-66 was dissolved in a mixture of
formic acid and chloroform with a weight ratio of 75=25 [17,18] by
vigorously stirring at room temperature until the mixture became a
homogeneous solution. The solution was transferred to a syringe
with afine needle. The tip of the needle and collector are at a potential
of tens of kilovolts. An electric field induces a charge on the liquid
surface at the tip of the needle. Mutual repulsion of charge causes a
force directly opposite to the surface tension. As the intensity of the
electric field is increased, the hemispherical fluid at the tip of the
needle elongates to form a conical shape known as the Taylor cone.
With increasing electric field between the needle and the target, at a
critical value, a charged jet of fluid is ejected from the tip of the
Taylor cone. The discharged jet undergoes a whipping action that
further elongates the polymer and the repulsive electrostatic field in
the fluid splits the jet into fine submicron fibers that are collected on a
grounded metal collector or drum. The polymer fiber diameter and
their alignment depends on the type and concentration of polymer in
the solution, voltage, flow rate, needle diameter, distance between
needle and collector drum, and the type of collector. Rotating drum
electrospinning is illustrated in Figs. 1a and 1b and the scanning
electron microscope (SEM) image of the electrospun fabric is shown
in Fig. 1c. The fibers’ diameter ranged from 75 to 250 nm. The
electrospinning parameters used were as follows: 12% Nylon-66
concentration, 35 kV voltage, 20.3 cm distance between needle and
collector, 0.25mm needle diameter, 1 ml=h flow rate, 3:0 m=s drum
linear speed, and 120 min spinning duration. The areal density of the
fabric ranged from 1.6 to 2:0 g=m2, a ply of AS4/3501-6 is
150 g=m2, which results in the nanofabric weight percentage
between 1 and 1.4%.

Fig. 1 Electrospinning and morphology of electrospun Nylon-66 fibers.
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C. Fabrication of Panels and Test Specimens

Three different tests required three different types of panels and
stacking sequences. Accordingly, unidirectional (0� deg) laminates
were fabricated for dynamic mechanical analysis (DMA), and
fracture and delamination onset life tests, and a quasi-isotropic
laminate of ��45=90=45=0�2S stacking sequence was fabricated for
impact testing. Interleaved panels for DMA and impact tests were
6-ply and 16-ply thick, respectively, and were made by placing one
layer of nanofiber fabric over each of the prepreg plies except for the
last layer. Midplane delaminated 20-ply unidirectional panels were
made for mode I fracture and fatigue delamination onset life tests.
Here, the interleaved panels were made by placing two layers of
nanofiber fabrics between the top and bottom 10 layers of prepreg. In
amanufacturing setup, one could directly electrospin nanofibers on a
prepreg or on the reinforcing fabric (Fig. 1d). In addition to
interleaved panels, plain AS4/3501-6 panels were alsomade of same
stacking sequences to generate the baseline data. A 16-ply quasi-
isotropic T800H/3900-2 composite laminate was also fabricated for
impact testing and its thickness was 2.95 mm. These panels were
made in an autoclave as per the guidance provided by the prepreg
supplier. The average areal density of a single layer of nanofabric
used for DMA, impact, and fracture test panels was 1.6, 1.7, and
1:5 g=m2, respectively. The corresponding calculated thickness
(based on the assumed density of 1:14 g=cc for Nylon-66) of the
fabricswas 1.4, 1.5, and 1:3 �m, respectively. The average thickness
of DMA, impact, and fracture test panels was 0.713, 2.18, and
2.7mm for interleaved panels, whereas it was 0.70, 2.13, and 2.7mm
for plain panels. The areal weight difference between the interleaved
and noninterleaved is about 1.4%.

III. Test

A. Dynamic Mechanical Analysis Test

Dynamicmechanical analysis tests were conducted tomeasure the
glass transition temperature Tg and the material damping factor.
Tests were conducted using PerkinElmer DMA 7 equipment in a
three-point bending mode. The test specimen’s nominal dimensions
were as follows: length 24 mm, span 20 mm, thickness 0.7 mm, and
width 2 mm. Specimen preparation and DMA tests were conducted
as per the guidance suggested bySwaminathan andShivakumar [20].
The specimen was supported on two roller supports separated by
20 mm with a midspan load of 1 N exciting at 1 Hz. The test was
conducted for a temperature range of 25–275�C, heated at 5�C=min.
The load and displacement response was recorded continuously as a
function of temperature. From that data, thematerial storagemodulus
E0 and loss modulus E00 were determined. Then, the damping factor
tan � was calculated by taking the ratio of E00 and E0 at any tem-
perature. Tests were repeated for all specimens. Ambient (room)
temperature data were used to calculate the damping factor.

B. Impact Test

Impact tests were conducted on quasi-isotropic laminates with a
50.8-mm-diam circular test section that was clamped to a rigid base.
The test setup was fabricated by placing the square test specimen
measuring 76:2 � 76:2 mm in between an upper steel plate of 142 �
132 � 10 mm and a bottom channel-section steel beam of nearly the
sameweb thickness. Both the plate and the beamhad a circular cutout
section of 50.8 mm diameter. Centers of the plate and the holes were

aligned and clamped together by six bolts tightened to a preset torque
of 2.2 Nm. The impactor was a steel spherical ball having a diameter
of 12.7 mm attached to a steel cantilever beam. The impactor is
instrumented to measure acceleration. Figure 2 shows the schematic
and photograph of the tester. Although this setup has the potential to
cause repeated rebound impacts, its effect is ignored in this study.

The data acquisition system consists of an instrumented cantilever
with a Kistler 8704B5000 accelerometer, which was in turn
connected to a coupler, DL750 Scopecorder, and a PC. The DL750
Scopecorder is an advanced software-driven oscilloscope and was
programmed to output acceleration data both in raw and smoothened
(using the forward-moving average algorithm) formats. Data from
the Scopecorder was transferred to a PC and then analyzed using
Xviewer software.

After connecting the accelerometer to the digital oscilloscope and
clamping the specimen, an impact test was conducted by pulling the
impactor to a preset height and allowing it to strike the center of the
test section. Tests were conducted at impact heights of 38.1 and
50.8 mm. Raw acceleration data, moving average smoothened
acceleration data, and time were acquired continuously by the
oscilloscope. By performing first and second numerical integration
[21] of the raw acceleration data, respectively, velocity and dis-
placement of the impactor were computed. Instantaneous impact
force P�t�was calculated by multiplying the effective massM of the
impactor system by the instantaneous acceleration a�t�. By inte-
grating the force-displacement curve, impact energy E�t� was
calculated. The expressions for the impact force P�t� at any time t is
given by

P�t� �Ma�t� (1)

where

M� 0:243�AL�Ma (2)

and� ismass density,A is the cross-sectional area, andL is the length
of the cantilever beam.

The first term in Eq. (2) is the effective mass of the cantilever
beam, calculated by matching the first natural frequency of an
equivalent spring-mass system to that of the cantilever beam [22].
The second term (Ma) in Eq. (2) is the mass of the impactor and the
accelerometer system.

The expression for the impact energy E�t� is given by

E�t� �
Z
t

0

�
P�t�

Z
t

0

�
V0 �

Z
t

0

a�t� dt
�
dt

�
dt (3)

Tests were repeated for all three materials: AS4/3501-6, AS4/
3501-6_IN, and T800H/3900-2 composites. Impacted test speci-
mens were c-scanned using Structrual Diagnostic, Inc. c-scan
instruments to measure the gross damage area. Then the specimens
were sectioned along the maximum damage length to measure
through-the-thickness damage distribution.

C. Mode I Fracture and Delamination Onset Life Tests

The mode I fracture test was conducted using a double cantilever
beam (DCB) specimen of 230-mm long, 20-mm wide, and 2.5-mm
thick. The initial delamination length was about 50 mm. Figure 3
shows the specimen configuration and the loading. The fracture test

Fig. 2 Schematic and photograph of cantilever beam impact tester.
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was conducted according to American Society for Testing and
Materials (ASTM) Standard D5528 [23]. The test was carried out in
anMTS Systems test machine using a 880 N (200 lb) load cell under
displacement control at a constant crosshead rate of 1:3 mm=min.
Load, crosshead displacement, and the crack length awere recorded
continuously during the test.

The energy release rateGI was calculated from the modified beam
theory [24]:

GI �
3P�

2b�a� j�j� (4)

where P is the load, � is the load-point displacement, b is the
specimen width, a is the delamination length, and � is the
delamination length correction parameter for the not perfectly built-
in condition of the DCB. The value of� is established after the test.
Maximum load and the associated deflection � at the initial
delamination length a0 was used to calculate the initiation fracture
toughness GIC of the material. For a > a0, the GI becomes GR,
fracture resistance. The GR, once it becomes nearly constant, is
called GIR.

The mode I fatigue delamination growth onset life test was
conducted according to ASTM D6115 [25] to obtain the fatigue
delamination onset life N1%, number of cycles for 1% compliance
increase. The test specimens had the same configuration as the
fracture test. The test was conducted under displacement control with
a loading ratio R� �Imin=�Imax � 0:3. Tests were conducted for
different values of GImax. An equivalent maximum displacement
�Imax equation was derived using the beam theory and the specimen
similarity approach and is given by

�Imax �
������������
GImax

GIC

s �
a0 ��

aIC ��

�
2

�IC (5)

where a0 is the initial delamination length for the fatigue onset life
test, aIC is the initial delamination length of the fracture test used in
this calculation, � is the delamination length correction parameter
obtained from the fracture test, and �IC is the critical load-point
displacement when the delamination starts to grow in the fracture
test. The test specimen was cycled until the compliance increased by
1%. The fatigue delamination onset life N1% was determined for
different values of GImax and from that data GIthreshold was deter-
mined. The GIthreshold is the GImax required to increase 1%
compliance in 1 million load cycles.

IV. Results and Discussion

A. Dynamic Mechanical Analysis Test

Figure 4 shows the plots of storage modulus E0 and the damping
factor tan � versus temperature for plain and interleaved AS4/3501-6
composites and the T800H/3900-2 composite. The E0 of plain and
interleaved AS4/3501-6 and T800H/3900-2 composites was 128.1,
115.1, and 116.1 GPa, respectively. The 9% difference in modulus is
typical of DMA tests, as observed in the literature [20]. The Tg
determined as per the ASTM standard E1640-04 [26] was 195 and
191�C, for the plain and interleaved AS4/3501-6 composites,
respectively. The difference between the two is within the expected

margin of error in the test data. The room temperature damping
factors for the twomaterials were 0.030 and 0.034, respectively, with
an increase of about 13% by adding about 1.4% thick nanofabric
interleave.

The DMA test on the T800H/3900-2 material showed two values
of Tg, one at 140

�C and another at 198�C. The lower Tg is attributed
to the softening of thermoplastic particles and the higher Tg is that of
the base matrix. The damping factor of T800H/3900-2 is 0.037,
which is about 23% larger than the AS4/3501-6 composite. Multiple
Tg, particularly the lower value of the T800H/3900-2 composite,
could be a concern to structural designers.

B. Impact Test

Figures 5 and 6 represent, respectively, impact force and energy
versus time for plain and interleaved panels for impact heights of
38.1 and 50.8 mm. ForH� 38:1 mm,P�t� versus t is a nice smooth
sinusoidal response, which is a characteristic of an undamaged
specimen. However, forH � 50:8 mm, the plainAS4/3501-6 shows

Fig. 5 Impact force versus time for plain and interleaved AS4/3501-6

for two different impact heights.

Fig. 3 Fracture and fatigue onset tests specimen configuration.

Fig. 4 Comparison of DMA profiles of AS4/3501-6 composites and

T800H/3900-2 composite.
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a flat peak, an indication of damage during the impact event. Table 1
summarizes panel thickness, maximum impact force and energy,
impact duration (which is the elapsed time between the impact
incident and when the impact force just turns zero or negative), and
damage area of plain and interleaved AS4/3501-6 composites and
T800H/3900-2 composite. Note that the impact force depends on the
target stiffness (thickness), thus both AS4/3501-6_IN and T800/
3900-2 composite laminates experienced greater impact force; one
reason is the larger thickness of the interleaved specimens (2.18 and
2.95 versus 2.13 mm).

The c-scanned imagery for plain and interleaved AS4/3501-6 is
shown in Fig. 7 for bothH � 38:1 and 50.8 mm. ForH� 38:1 mm,

there was no damage in either specimen. However, both specimens
showed different amounts of damage atH � 50:8 mm. Areas of the
damage were measured using image analysis and were listed in
Table 1. The damage area of the interleaved laminate is about one-
third of the damage area of the plain laminate. The plain AS4/3501-6
showed a significant delamination and matrix cracks, whereas the
interleaved laminate showed no delamination, as shown in Fig. 8. In
summary, electrospun Nylon-66 nanofiber interleaving reduced the
impact damage to one-third or increased the impact damage resis-
tance by 3 times compared to noninterleaved AS4/3501-6 composite
with about 1.4% increase in thickness or added weight of nanofibers.
Therefore, nanofabric interleaving has the potential to decrease
impact damage or increase damage resistance with minimal increase
in the thickness or weight.

C. Mode I Fracture and Delamination Onset Life

The energy release rate GI versus delamination extension da for
plain and interleaved AS4/3501-6 composites was plotted in Fig. 9.
Hollow symbols represent plain specimens, whereas solid symbols
represent interleaved specimens. Different symbol types represent

Fig. 6 Impact energy versus time for plain and interleaved AS4/3501-6
for two different impact heights.

Table 1 Comparison of impact performance of AS4/3501-6 (plain and interleaved) and T800H/3900-2

Impact Parameter AS4/3501-6 AS4/3501-6_IN T800H/3900-2

Plate Thickness, mm 2.13 2.18 2.95

H � 38:1 mm

Max force, N 951 1,060 1,320
Duration, ms 1.16 1.14 0.92
Impact energy, J 0.47 0.47 0.47
Damage area, mm2 0.0 0.0 0.0

H � 50:8 mm

Max force, N 1,020 1,560 1,850
Duration, ms 1.38 1.08 0.90
Impact energy, J 0.80 0.80 0.80
Damage area, mm2 84.4 27.5 0.0

Fig. 7 C-scan data for plain and interleaved composite laminates for
two different impact heights.

Table 2 GIC and GIR of plain and interleaved AS4/3501-6 composites and the
comparison with T800H/3900-2

AS4/3501-6 Toray [14]

Mode I fracture
toughness, J=m2

Plain Interleaved T800H/3631 Base T800H/3900-2
Interleaved

GIC 84 212 180 710
GIR 154 201 250 280

SHIVAKUMAR ET AL. 1727



different test specimens (two for plain and three for interleaved).
Table 2 lists the initiation fracture toughness GIC and the fracture
resistance GIR of plain and interleaved AS4/3501-6 composites and
the commercial T800H/3631 composites [14]. The average initiation
fracture toughnessGIC of plain and interleavedAS4/3501-6 is 84 and
212 J=m2, respectively, about a 150% increase. For plain AS4/3501-
6, the fracture resistance increased with the delamination propa-
gation and reached a constant value of about 154 J=m2 after 25 mm
of delamination propagation. On the other hand, interleaved AS4/
3501-6’s resistance decreased with delamination growth and leveled
off at about 201 J=m2, an increase of about 30% over the plain AS4/
3501-6 laminate. These percentage increases of GIC and GIR are on
the same order as those of T800H/3900-2 when compared with its
noninterleaved T800H/3631 composite [14] (see Table 2) but with
no penalty on thickness increase. Figure 10 shows the SEM image of
the fracture morphology of the nanofabric interleaved AS4/3501-6
specimen. Stretching, separation, and breakage of Nylon-66 nano-
fibers can be seen on the specimen surface, which are the reasons for
toughness enhancement.

Two plain specimens (GImax � 67 and 42 J=m2) and four
nanofabric interleaved specimens (GImax � 170, 106, and 53 J=m2)
were tested for delamination onset lives forR� 0:3. Figure 11 shows
GImax versus delamination onset life N1% for the two materials.
Notice the wide separation between the two curves, which signifies
the impact of nanofabric interleaving on the fatigue onset life. Onset
threshold GI threshold (GImax at N � 106 cycles) values of plain and
nanofabric interleaved AS4/3501-6 are 30 and 50 J=m2,
respectively, which is an increase of 67%.

V. Conclusions

The concept of electrospun polymer nanofiber fabric interleaving
to enhance dynamic properties, impact damage resistance, fracture
toughness and resistance, and delamination onset life was evaluated.
Polymer nanofabric interleaving increased the laminate thickness
and weight by an order of 1%, and its impact on in-plane mechanical
properties of the composite laminate would be statistically zero. On
the other hand, its influence on interlaminar fracture toughness and
resistance, impact damage resistance, and damping is substantial.
Results of this study showed that interleaving AS4/3501-6
composite laminate increased the damping by 13%, reduced the
impact damage size to one-third, increased fracture toughness and
resistance by 1.5 times and one-third, respectively, significantly
increased delamination onset life, and increased GI threshold by two-
thirds. These improvements are comparable to that of the commercial
T800H/3900-2 composites but with no thickness increase penalty,
loss of in-plane properties, or multiple glass transition temperatures.
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Fig. 8 Comparison of through-the-thickness impact damage at the center of the test section for impact height of 50.8 mm.

Fig. 9 Fracture toughness and resistance of plain and interleaved AS4/

3501-6 composites.

Fig. 10 SEM image of the fracture surface of the nanofabric

interleaved AS4/3501-6 specimen.

Fig. 11 GImax versus fatigue onset life for plain and interleaved AS4/

3501-6 composites.
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