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or bending strength (D 790-2003) of two-phase compos-
ites, and the hand molding or hand layup method are com-
pared to the VARTM process. Two-phase nanocomposites 
containing nylon 6,6 nanofibers into the polymer matrix 
(Epolam 5015) are fabricated by glass molding process. 
The advanced composites are manufactured with primary 
reinforcement of eight-shaft satin weave pattern glass fiber 
7781, with Epolam 5015 matrix and secondary reinforce-
ment of nylon 6, 6 nanofibers with different diameters, i.e., 
81, 455, and 1200 nm (multiscale). To achieve the differ-
ent diameter fibers, statistical tools of design of experiment 
(DOE), full factorial and Taguchi are employed. Further they 
are characterized with (1) short beam shear strength (SBS) 
using ASTM 2344 standard for interlaminar shear strength 
and (2) double cantilever beam (DCB) using ASTM 5288 
standard for Mode I fracture toughness for of three-phase 
nanocomposites. For better understanding the behavior of 
nanocomposites, the shear strength between laminate planes, 
or interlaminar shear strength (ILSS), of nylon 6,6 nanofiber 
interleaved composites is modeled using the finite element 
technique.

Keywords Electrospinning · E-glass fibers · Nylon 6,6 
nanofibers · Epoxy · Nanocomposites

Introduction

Electrospinning is a versatile process for generating ultrathin 
nanofibers of different materials, and these nanofibers are 
having potential use in various engineering fields includ-
ing defense, aerospace, and sports applications [1–4]. Elec-
trospinning is the most preferred process among available 
processes and considered as a favorable option to prepare 
ultrathin nanofibers of uniform diameters ranging from 10 

Abstract The research work aims to investigate high-
performance nylon 6,6 nanofiber interleaved E-glass fiber 
reinforced epoxy laminates (prepared using the electrospin-
ning method) which exhibit unique design features in terms 
of improved mechanical strength. The influences of electro-
spinning control variables such as the nozzle of spinneret to 
grounded collector distance, rate of flow, high-voltage power 
supply, and concentration of polymeric solution to create 
high-quality nanofibers of specific length and diameter in 
nanometers are examined. The objectives of the current 
investigations are to develop delamination-resistant nylon 
6,6 nanofibers interleaved E-glass fiber reinforced epoxy 
structural nanocomposites. The research efforts are thus 
focused to use electrospinning, vacuum assisted resin trans-
fer molding (VARTM), and glass molding processes to fabri-
cate nanocomposites with electrospun nylon 6,6 nanofibers. 
The specimens are described and evaluated in accordance 
with ASTM standards for tensile strength (D 638), flexural 
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to 100 nm, commonly using polymer solutions. Electrospin-
ning has gained much attention in recent research work as it 
is relatively easy, cost-effective, and applicable in synthesiz-
ing ultrathin nanofibers with its simple step-up.

Nylon 6,6 is an engineering thermoplastic and due to its 
hydrophilic nature, it has been used as water wetting porous 
membranes in air filtration applications. In addition, nylon 
6,6 nanofibers comprising cyclodextrins (CD) are capable 
to filter organic vapor waste from the surroundings [5-8]. 
Previous research work suggests that using small quantities 
(less than 5 wt%) of nylon 6,6 nanofibers (diameter less than 
200 nm) as a reinforcing material in composites can provide 
an uniform dispersion of fibers and a solid interface, result-
ing in substantial improvements in mechanical behavior due 
to H-bonding interactions between the reinforcing fibers and 
the thermoplastic polyurethane (TPU) matrix [7]. Research-
ers have also studied the effects of electrospinning control 
variables on the diameter of nanofibers using various tools 
such as design of experiments (full factorial) and Taguchi 
[6–10]. According to previous research, an ideal thin film 
composite (TFC) membrane for engineered osmosis (EO) 
should feature an ultrathin selective layer with outstanding 
permselectivity, which is supported by a hydrophilic, highly 
porous, non-tortuous, and thin support structure. Electro-
spun nanofibers, a newly developed TFC supporting mate-
rial, were utilized to create a TFC-EO membrane in which 
the support structure and selective layer characteristics were 
independently tuned [11]. Because of its inherent hydro-
philicity and superior strength compared to other nanofib-
ers, nylon 6,6 nanofibers produced through electrospinning 
were employed for the first time to construct the support 
structure [11]. They recommended covering a hydrophilic 
nylon 6,6 nanofiber membrane with hydrophilic nylon 6,6 
nanofibers to improve deicing [12]. The nylon 6,6 nanofiber 
membrane’s much improved deicing performance shows its 
potential for practical uses [12]. The polyamide 46 (PA46) 
PA46’s higher hydrophilicity and lower crystal stability 
compared to PA69; absorbed water droplets produced the 
plasticizing effect by lowering the percentage of stable crys-
tals, resulting in more stretching of the PA46 polymer jet 
than the PA69 polymer jet. Depending on the nature of the 
components in a solution, humidity can impact the surface 
as well as the inner regions of nanofibers through a variety 
of events [13]. Due to the flow of charges from polymer 
solution to ambient humidity in both the Taylor cone and 
the jet areas, it can cause phase separation, precipitation, and 
surface charge imbalance. Due to the intrinsic hydrophobic-
ity of the pure drug, the addition of PHMB to the PA6 NFs 
enhanced the hydrophobicity of the generated scaffolds, as 
predicted [14]. Hydrophilic surfaces have been shown to 
provide more appropriate binding sites for cellular adhe-
sion, resulting in more effective scaffold colonization and 
therefore enhancing the material’s cell compatibility [15].

A nanocomposite is considered as a multiphase solid 
material which incorporates nanosized components into a 
matrix or at the interface in the form of fibers, particles, or 
nanotubes. Nanomaterials have high surface-to-volume ratio 
due to their size effects. In addition to 0.5–3% nanomate-
rials, the properties of the composites are improved. The 
choice of the fabrication methods is done on the basis of 
adjustability of properties and geometry, as well as dimen-
sions, ability and production, tooling expenditure, employee 
expertise, and further standards. Three-phase composite hav-
ing one primary reinforcement phase, one matrix phase, and 
one secondary reinforcement/matrix is called three-phase 
composite, i.e., primary reinforcement such as E-glass fibers 
and matrix such as epoxy as well as secondary reinforce-
ment such as nylon 6,6 nanofibers are made with manual 
layup and VARTM. On the other hand, two-phase composite 
having one reinforcement and one matrix phase is called 
two-phase composite, i.e., reinforcement such as nylon 6,6 
nanofibers and matrix such as epoxy are typically made by 
glass molding [15, 16]. The matrix and fibers constitute the 
two different phases of a two-phase composite. In three-
phase composite, one more nanomaterial phase is added in 
matrix or at interface of two-phase composite. The present 
investigation aims to fabricate the E-glass fiber reinforced 
epoxy laminates with interleaved electrospun nylon 6, 6 
nanofibers with different diameters.

In orthopedics, a periodontal deficiency is a serious prob-
lem. The guided bone regeneration (GBR) membrane is one 
of the most effective techniques for reconstructing alveolar 
bone and then repairing or regenerating periodontal defects. 
By combining a solvent casting and an electrospinning 
method, a new polyamide-6/chitosan@nano-hydroxyapa-
tite/polyamide-6 (PA6/CS@n-HA/PA6) bilayered tissue 
guided membrane was prepared. A number of experi-
ments were performed on the produced PA6/CS@n-HA/
PA6 composites. The findings demonstrate that molecular 
interaction and chemical bonding strongly bind the n-HA/
PA6 and electrospun PA6/CS layers, enhancing the bonding 
strength between two different layers. The PA6/CS@n-HA/
PA6 membranes have a porosity of 36.90% and an adsorp-
tion average pore diameter of 22.61 nm, respectively [17]. 
Nanofibers have a lot of promise when it comes to enhancing 
the mechanical performance of optically transparent com-
posites without sacrificing transparency. The reinforcing 
nanofibers must be thinner than the visible light spectrum’s 
low end (400 nm) to achieve this. A self-mixing co-electro-
spinning approach was used to prepare electrospun meshes 
of well-blended nylon 6,6 (PA-6) nanofibers and poly(methyl 
methacrylate) (PMMA) fibers, from which hot-press molded 
composite films containing PA-6 nanofibers with various 
diameters (approximately 100–800 nm) and mass fractions 
(1–7% wt%) were fabricated [18]. They looked at the proper-
ties of nylon 6,6 nanofibers that were produced utilizing an 



J. Inst. Eng. India Ser. C 

1 3

electrospinning process. The study employed an experimen-
tal technique with a quantitative approach. The electrospin-
ning process was used to create nylon 6,6 nanofibers. The 
SEM results demonstrate that all nylon 6,6 nanofibers have 
the same shape and produce flawless fibers without bead 
fiber [19]. The nylon 6,6 nanofibers have uses in medicine, 
air filters, and capacitor electrodes [20]. Using the Taguchi 
statistical approach, the research attempts to improve the 
electrospinning process to generate the smallest nylon 6,6 
nanofibers possible. In a combination of formic acid (FA) 
and dichloromethane, nylon 6,6 solutions were produced 
(DCM). The FA/DCM ratio and the optimal nylon 6,6 con-
centration (NY percent) were found [21]. The FA/DCM sol-
vent ratio, as well as the concentration of nylon 6,6, has a 
substantial impact on the shape of electrospun nanofibers. 
For a 10 wt% nylon 6,6 solution in 80 wt% FA and 20 wt% 
DCM, the lowest diameter and narrowest diameter distribu-
tion of nylon 6,6 nanofibers (166 ± 33 nm) were produced. 
Tensile strength, modulus of elasticity, and elongation at 
break increased by 118, 280, and 26%, respectively, above 
as-cast. Using a differential scanning calorimeter, the glass 
transition temperature of nylon 6,6 nanofibers was meas-
ured (DSC). The most influential parameter, according 
to the analysis of variance ANOVA, is NY percent [21]. 
The article emphasizes the effect of nylon 6,6 electrospun 
nanofibers interleaved in carbon fiber/epoxy laminates [22]. 
Nylon 6,6 nanofibers are spun directly onto the surface of the 
carbon fabric, which is then utilized to make the laminates. 
SEM, TGA, and DSC analyses were used to characterize 
the nylon 6,6 fibers. The findings revealed a uniform fiber 
size distribution and high heat stability [22]. Epoxy resin is 
now a thermoset polymer that is commonly used in industry. 
Because its nature as a thermoset resin causes brittleness 
in the material structure, which results in low toughness, 
it is of primary importance to modify it with thermoplas-
tic polymers. The aim of the research is to investigate the 
tensile characteristics and morphological characterization 
of a PA66 nanofiber yarn reinforced epoxy nanocomposite. 
Increased nanofiber yarn content resulted in a decrease in 
elastic modulus and an increase in tensile toughness. Scan-
ning electron microscopic pictures verified river pattern, 
crack branching, and nanofiber yarn pull-out as toughening 
mechanisms [23].

It is observed that with the decrease in the diameter of 
nanofibers, the mechanical properties of such nanocompos-
ites are improved to some extent. The effects of the process 
parameters are studied [10, 24–26]. Researchers have sug-
gested about the characterization and testing of electrospun 
nanofiber reinforced composites as that should be accom-
plished as per the ASTM standards for tensile strength (D 
638), flexural strength (D 790-2003), short beam shear 
(SBS) strength (D 2344), and double cantilever beam 
(DCB) ASTM 5288 [24–26]. In the present investigation, 

electrospun nylon 6,6 nanofibers are prepared following the 
optimized setting of a polymeric solution to fabricate nylon 
6,6 nanofibers interleaved E-glass/epoxy structural com-
posites. The investigation was conducted using glass fiber 
7781 from INTERGLAS Technologies AG, Benzstrabe 14, 
D-89155 Erbach, with an eight-shaft satin weave pattern. 
The finite element analysis is applied to study the shear 
strength between laminate planes (ILSS) of composite.

Electrospinning of Ultrathin Nylon 6,6 Nanofibers

The electrospinning process is used in the present research 
work to prepare the nylon 6,6 nanofibers, which are further 
characterized using SEM. The influences of quality input 
parameters (such as the nozzle of spinneret to grounded 
collector distance, applied voltage, flow rate, and further 
concentration) on the diameters of these nanofibers are 
investigated for ultrathin nanofibers of nylon 6, 6. The elec-
trospinning setup is shown in Fig. 1. The subparts of the 
electrospinning setup are mainly the spinneret or needle 
of dispenser, voltage regulator, rotating drum, and syringe 
pump which are operated as per the optimized setting to 
prepare the ultrathin nylon 6,6 nanofibers required for the 
fabrication of nanocomposites.

After suspending any polymeric solution (via 2–20-mL 
syringe) in a syringe pump, nanofibers are extracted out of 
that polymeric solution using electrospinning and electro-
spun over revolving drum collector (covered with aluminum 
foil) usually needs to be grounded. In previous researches, 
drum collector is set to rotate in the range between 900 and 
1300 rpm [8]. Therefore, ultrathin nanofibers are electrospun 
on the rotating drum at around 1000 rpm. The effects of con-
trol parameters such as the nozzle of spinneret to grounded 
collector distance, rate of flow, high-voltage power supply, 
and further concentration of the polymeric solution are stud-
ied in detail to find their effects on the diameter of nanofib-
ers. The effects of control parameters are studied during the 
optimization of electrospun polymer nanofibers.

Fig. 1  The electrospinning setup
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Results and Discussion

Preparation of Nylon 6,6 Nanofibers

The solutions for electrospun nanofibers are prepared by 
mixing 18 and 20% nylon 6,6 in 10 mL of 98% methanoic 
acid (HCOOH, a reagent). The analysis tool such as design 
of experiment (DOE), namely full factorial, and Taguchi, is 
utilized to explore the influences of control parameters on 
the diameter of nanofibers.

Few sample images of nylon 6,6 nanofibers examined 
under SEM and diameters are assessed in ImageJ software as 
shown in Figs. 2, 3, 4 and 5. The nanofibers produced are in 
different diameter range, and distribution is uniform in some 
cases and apparently fine for other. Moreover, for calculation 
part average diameter of nanofibers need to be finalized that 
is the reason for assessment of average diameters of nylon 
6,6 nanofibers using their SEM images in ImageJ software.

The 2k factorial design initially with three parameters, the 
nozzle of spinneret to grounded collector distance, applied 
voltage and flow rate, is used to optimize the above input 
process parameters at two levels such as low and high as 
listed in Table 1 and 2. With the increase in voltage of 15 kV 
(at 15 cm distance and 0.2 mL/h flow rate) and using a solu-
tion having 18% nylon 6,6 in 10 mL of 98% HCCOH, the 
diameter of the nanofibers is measured around 360 nm. Two 
iterations were taken at different intervals and average diam-
eter is considered for further calculation. For each iteration 
diameter is measured by using average values diameter pro-
duced with respective parameter. For example, consider the 
reading no. 03 where diameter synthesized is 353 nm for first 
iteration and 367 nm for second iteration. The SEM image 
for these two readings was studied.

The regression equation for diameter of nylon 6,6 
nanofibers is shown using Eq. (1).

After using three parameter at two levels, the target of diam-
eter below 100 nm is not achieved.

So further,  L9 orthogonal array (Taguchi) is selected for 
parametric study to optimize the diameter (Table 3). Here, 

(1)Diameter (nm) = 222 − 61.8A − 29.3B + 13.2C

Fig. 2  Sample 5 (1200 nm): 10 cm, 0.2 mL/h, and 20 kV

Fig. 3  Sample 6 (1400 nm): 10 cm, 0.3 mL/h, and 20 kV

Fig. 4  Sample 3 (360 nm): 15 cm, 0.2 mL/h, and 15 kV

Table 1  Specifications of electrospinning set up

Specifications Model–VI

Power supply 0–40 kV
Voltage (kV) 1 Ma
Syringe size needle Syringe pumps 

of capacity 
2–20 mL

Flow rate (mL/h) 0.05–100 mL/h
Rotating drum (l × dia.) 125 × 40 (mm)
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four parameters and three levels are used. The electrospun 
nanofibers are prepared following the optimized setting of 
the solution of nylon 6,6 in methanoic acid such as the noz-
zle to spinneret to grounded collector distance (10, 15 and 

20 cm), rate of flow (0.2, 0.5 and 1 mL/h), high-voltage 
power supply (15, 20 and 25 kV), and concentration (18, 20 
and 25% nylon 6,6 nanofibers in 10 mL of 98% HCCOH) 
(Fig. 5).

Table 2  Experimental results 
for full factorial DOE

Sr. no. Distance(cm) A Voltage 
(kV) B

Flow rate 
(mL/h) C

Iteration no. 01 
diameter (nm)

Iteration no. 02 
diameter (nm)

Average 
diameter 
(nm)

1 15 20 0.2 505 515 510 ± 35
2 15 20 0.3 610 588 600 ± 42
3 15 15 0.2 353 367 360 ± 75
4 15 15 0.3 423 438 430 ± 45
5 10 20 0.2 1197 1207 1200 ± 14
6 10 20 0.3 1413 1396 1400 ± 70
7 10 15 0.2 883 915 900 ± 07
8 10 15 0.3 1024 982 1000 ± 51

Table 3  Experimental reading 
for  L9 orthogonal array

Sr. no Dis-
tance 
(cm) A

Flow rate 
(mL/h) B

Voltage 
(kV) C

Concen-
tration 
(%) D

Iteration no. 
01 diameter 
nm

Iteration no. 
02 diameter 
nm

Average diameter nm

1 10 0.2 15 18 982 1016 999 ± 53
2 10 0.5 20 20 689 718 703 ± 41
3 10 1 25 25 1185 1217 1201 ± 29
4 15 0.2 20 25 574 0612 593 ± 32
5 15 0.5 25 18 444 447 445 ± 36
6 15 1 15 20 610 641 625 ± 48
7 20 0.2 25 20 79 84 81 ± 80
8 20 0.5 15 25 110 125 117 ± 52
9 20 1 20 18 90 94 92 ± 21
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Fig. 5  Diameter distribution for samples 3 and 6
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The F-value (F-ratio based on F-distribution values) at 
the 95% level of confidence is around 7.71, and thus, conclu-
sions are drawn about the diameters that they would depend 
significantly on the factors such as the nozzle to spinneret to 
grounded collector distance (cm), rate of flow (mL/h), and 
high-voltage power supply (kV). The analysis of variance 
(ANOVA) is used to explore the importance of distance (A) 
(around 82.47%) on the diameter of nylon 6,6 nanofibers 
(as shown in Figs. 6, 7, 8, and 9), where the variables such 
as A, B, C, and D are used to express the nozzle of the spin-
neret to grounded collector distance (cm), the rate of flow 
(mL/h), the voltage supply (kV), and concentration (%). The 
experimental diameters of nylon 6,6 nanofibers are plotted 
against the theoretical diameters (Fig. 10) and found to be 
in close agreement with each other.

Taguchi analysis (while considering  L9 orthogonal 
array of four levels and three parameters) confirmed that 
the distance had a significant influence around 88.65%, and 
the influences of the remaining factors such as B, C, and 
D are not so significant, i.e., they are around 5.62, 2.07, 
and 2.5%, respectively. With the increase in distance, the 
diameter is reduced as the span available for elongation is 
more (Fig. 11). With the increase in flow rate from 0.2 to 
0.5 mL/h, the diameter is reduced to some extent because 
of other process parameters at the corresponding level of 
interaction. With further increase in the flow rate, the time 
required for elongation is reduced and that had resulted in 
an increase in diameter (Fig. 11). The resultant variation is 
not so significant, and thus, the effect of flow rate is con-
sidered less. With the increase in voltage from 15 to 20 kV, 
the diameter is reduced. Furthermore, with an increase in 
the voltage from 20 to 25 kV, the diameters of electrospun 
nanofibers are increased to some extent as demonstrated in 
Fig. 11. The possible combination is not so significant, and 
thus, the effect of voltage is considered less. It is observed 
that with the increase in concentration from 18 to 20%, the 
diameters of electrospun nanofibers are increased.

However, with a further increase in the concentration 
from 20 to 25%, the diameters of electrospun nanofibers 
are reduced as illustrated in Fig. 11. The possible combina-
tion is not so significant and thus the effect of concentration 
is considered less. In Fig. 12, the interactions between the 
rate of flow, voltage, and concentration are shown and the 
effects of the contributions of those interactions are found 
to be negligible.

The regression analysis equation for electrospun nanofib-
ers is shown using Eq. (2).

Regression Eq. (1) is for full factorial DOE based on analy-
sis of variance. Furthermore, three input parameters such 
as the nozzle of spinneret to grounded collector distance, 
applied voltage, and flow rate were examined at two levels 
such as low and high to optimize the settings for minimum 
average diameter of nanofibers. On the other hand, Eq. (2) is 
derived for Taguchi L9 orthogonal array. Four input process 
parameters such as the nozzle of spinneret to grounded col-
lector distance, applied voltage, flow rate, and concentration 
and three levels were examined for the optimized settings. 

(2)
Diameter (nm) = 1209 − 436A + 40.8B − 1.7C + 61.8D

Fig. 6  Distance versus diameter

Fig. 7  Voltage versus diameter

Fig. 8  Flow rate versus diameter
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As concentration was not taken for full factorial DOE, hence 
there is no relation of parameter D of Eq. (2) with Eq. (1). 
These experiments were done to optimize the diameter of 
nylon 6,6 nanofibers. The graphs in Fig. 13 show exactly 
the reverse impacts of process variables on the diameters of 
electrospun nanofibers in comparison with the main effects 
that is correct for the condition “the less we have, the better.” 
The experimental diameter values are found to be in agree-
ment with the theoretical diameter values (Fig. 14).

The experiments were conducted using a  2k factorial 
design, with independent variables (distance between the 
spinneret and collector, flow rate, voltage for full factorial 
DOE, and low, medium, and high for  L9 orthogonal array—
Taguchi, respectively) being the distance between the spin-
neret and collector, flow rate, voltage for full factorial DOE, 

Fig. 9  Interaction plot of DOE-full factorial for nylon 6,6 nanofibers

Fig. 10  DOE-Experimental diameters versus theoretical diameters of 
electrospun nylon 6,6 nanofibers

Fig. 11  Taguchi-Effects of process parameters on diameters of 
nanofibers

Fig. 12  Taguchi-Interaction plot for electrospun nylon 6,6 nanofibers
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and additionally concentration was considered in case of  L9 
Orthogonal Array—Taguchi. As a result, full factorial DOE 
had eight observations, whereas L9 orthogonal array—Tagu-
chi—had nine. The diameters of all samples were measured 
using scanning electron microscopy (SEM). A few pictures 
of nylon 6,6 nanofibers studied under a scanning electron 
microscope. All procedure parameters were used to make 
the ultrathin nanofibers.

It was done to determine the importance of the con-
tributions of the different parameters in obtaining the 
nanofibers’ lowest diameter. The correction factor, CF, 
was calculated (to compute the sum of squares of input 
variables). Following that, the sum of squares values for 
various interactions were evaluated. The error ratio was 
calculated when the errors were pooled together. Further-
more, using the F-distribution table to calculate the F ratio, 
the authors discovered that the F value for 95% level of 
confidence is 7.71, and it was concluded that the diameters 
of nanofibers are dependent on several parameters. Because 
each input variable has two levels in full factorial DOE 
and three levels in Taguchi and has one degree of freedom, 
the minimum diameter of nanofibers was calculated using 
an ordinary regression model after substituting acceptable 
values for the interaction effects. Equations (1) and (2) 

demonstrate the general form of the regression analysis 
Eq. (2). Only the border regions are covered by the models. 
MINITAB 17 software was used to plot the major effects 
and interactions plots for the means of the average diam-
eters (nm) with regard to the important process parameters.

The objective of the present investigation is fulfilled after 
synthesis of 81 nm diameter of nylon 6,6 nanofibers follow-
ing the optimized setting of a polymeric solution having 20% 
nylon 6,6 in 10 mL of 98% HCCOH while maintaining volt-
age at 25 kV, distance at 20 cm, rate of flow at 0.2 mL/h and 
speed of drum collector around 1000 rpm. These ultrathin 
bead-free nanofibers are having a large surface area and thus 
are suitable for the fabrication of nylon 6,6 nanofibers inter-
leaved E-glass fiber reinforced epoxy laminates to fulfill the 
objective of the present research. In Fig. 15, a recent devel-
opment is shown for the preparation of ultrathin electrospun 
nylon 6,6 nanofibers, and 81 nm diameters are found to be 
the lowest in their range so far [27–32].

Manufacturing of Nylon 6,6 Nanofibers Interleaved 
E‑glass Fiber Reinforced Epoxy Laminates

The investigation was conducted using glass fiber 7781 
with an eight-shaft satin weave pattern from INTERGLAS 
Technologies AG, Benzstrabe 14, D-89155 Erbach. Hand 
layup is a popular and cost-effective manufacturing method 
for fabricating two-phase and three-phase nanocompos-
ites. This technique is used to create large-scale composite 
constructions. To cover the mold, a layer of LOCTITE® 
FREKOTE FrewaX (a semi-permanent releasing agent) is 
applied first (Fig. 16). Alternatively, the plastic bag may 
be used for the same purpose. Using rollers, excess res-
ins are removed from the setup; however, unevenness in 
the thickness became the limitation of the method. Also, 
the authors  observed large amounts of voids which is 
entrapped into the composites using the method, thereby 
the quality and mechanical performance is deteriorated. 
VARTM, on the other hand, is used to fabricate compos-
ites (uniform thickness and less porosity) with improved 
mechanical properties.

The vacuum-assisted resin transfer molding (VARTM) 
process is preferred in the present investigations due to due 
to good fiber weight fraction as compared to hand mold-
ing process and less tooling cost and further the method is 
environmental friendly as compared to resin transfer mold-
ing process. The vacuum bag had replaced the metal mold 
in the VARTM technique (Figs. 17 and 18). The flat-faced 
square panels are commonly employed in research pro-
jects, and their sizes are determined by the specimens to be 
manufactured. The flat-faced square panel’s most common 
size is 30 by 30 cm. Several lamina (glass fiber 7781) are 
piled up to create the whole laminated structure based on 
the thickness requirements of the specimens. High-density 

Fig. 13  Process parameters versus diameters of nanofibers

Fig. 14  Taguchi-Experimental diameters versus theoretical diameters 
of nylon 6,6 nanofibers
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polyethylene tubes make up the supply and suction chan-
nels (HDPE). Spiral-cut tubing is used as a supply and 
suction route for resin impregnation. The tube is generally 
placed on the top or bottom of the perforated Teflon fabric 

or resin flow media, near to the fabric layup at the resin 
supply end.

To collect resin from the top and bottom of the per-
forated Teflon cloth, a tube is constructed near the setup 
(resin flow media). The tube is built about 2 inches away 
from the laminate manufacturing setup near the suction 
point, which is directly opposite to the supply point. The 
resin circular tubing is connected to the storage (delivery 
side) by tubing connectors made of polytetrafluoroethylene 
(PTFE), and the vacuum pump is connected to the suction 
end by tubing connectors made of polytetrafluoroethylene 
(PTFE). In the configuration, the two ends, such as the 
supply and suction ends, are assembled diagonally opposite 
one other. The polysulfide sealant tape is used to secure 
the edges of the stacked plies. The vacuum bag is com-
posed of temperature-resistant Teflon sheet with a thick-
ness of 25 microns. The vacuumed container (under 1 bar 
vacuum pressure) is fixed over the sealant and the setup is 

Fig. 15  Diameters (nm) of 
nylon 6, 6 nanofibers

0

100

200

300

400

500

600
550

150
125 95 90 87 81D

ia
m

et
er

s o
f N

an
of

ib
er

s (
nm

)

Synthesis of Nylon 6, 6 Nanofibers

Zussman et al., 2006 [27]

Palazzetti, 2014 [28]

Alghoraibi, 2014-2015 [29]

Kayaci et al., 2015 [30]

Anand et al., 2016 [31]

Beylergil et al., 2017 [32]

Present Research

Fig. 16  Hand molding process

Fig. 17  Actual VARTM setup
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monitored for any leakage in the next few minutes (about 
1 h). The clamps, quite adjustable, are utilized in the suc-
tion line (at PTFE tubing) and monitored for any possible 
leakage. Once it is confirmed that there is no leakage, then 
the vacuum pump is turned off. In the present research, 
the matrix solution is developed using Epolam 5015 and 
curing agent, mixed in the ratio of 100:30. The resin solu-
tion is allowed to wet the E-glass fibers by adjusting the 
clamps while the suction line is closed during the overnight 
impregnation activity and then left for curing at normal 
temperature. Once the vacuum bag is free of leaks and the 
resin is ready, resin impregnation of the fabric layup is 
accomplished by pouring resin into the resin reservoir and 
slightly opening the adjustable clamp to allow the resin to 
flow through. During resin impregnation, the adjustable 
clamp on the suction end is kept closed at all times. The 
curing cycle for the Epolam 5015 is 24 h at room tempera-
ture, according to supplier Axon India’s suggestion. The 
glass fabric 7781 laminates were mixed with resin initially 
to guide them (resin) through gaps between the strands.

Glass Molding: as shown in Fig. 19, the glass molding 
method is the easiest way to make a two-phase polymer 
nanocomposite with nanocomponent. Two borosilicate flat 
square glass plates are included. As a releasing agent, Hen-
kel’s “Frekote 55-NC” is applied to the borosilicate glass. 
The size and form of plagues are determined by the rubber 
chord’s dimensions. The sizes and forms of the specimens 
(plagues) in the example are inspired by the shapes of rubber 

strands. A 2-mm elastic wire is often used to construct a 
2-mm sample. Umeco sealant has been chosen for the work 
because the mold is mainly sealed with polysulfide sealer. 
The resin solution (Epolam 5015) is poured into a Tef-
lon gate through opening. The glass mold is held in place 
with four hand clamps to guarantee equal thickness of the 
specimens and then permitted to cure at room temperature 
overnight.

Testing on Two‑Phase and Three‑Phase 
Nanocomposites

The E-glass (fiber 7781)/epoxy (Epolam 5015) structural 
nanocomposites with interleaved nylon 6,6 nanofibers are 
fabricated for the present investigation to overcome delami-
nation problems. The concept of electrospun nylon 6,6 
nanofibers at interfacial regions between E-glass fibers and 
matrix is developed to improve the fracture toughness. A 
few efficient manufacturing processes is evaluated in the 
present investigation based on their easiness to produce 
cost-effective and outstanding composite structures. The 
two-phase nanocomposites manufactured by glass mold-
ing (different diameters of nylon 6,6 nanofibers and Epolam 
5015 as matrix) is tested for their mechanical properties. 
Various samples of two-phase and three-phase nanocompos-
ites are fabricated and then tested for their tensile, flexural, 
and short beam shear (SBS) strength and double cantilever 
beam (DSB) as per ASTM standards to study their shear 
strength between laminate planes (ILSS).

The two-phase composite prepared by hand mold had 
some voids in the fabricated structures and that became the 
limitation of manufacturing processes as these air bubbles 
are responsible for micro cracks at the initial stages of failure 
of structures. To avoid the voids and increase the strength of 
composite VARTM is used for which fiber weight fraction 
plays crucial role to the same. The details about fiber weight 
fractions of E-glass fibers for a few manufacturing processes 
such as hand molding and VARTM are illustrated in Table 4. 
In general, with the increase in fiber weight fraction, the 
strength of the composites is improved. The expression of 
the volume of fiber is shown using Eq. (3). There are several 
causes for void formation such as mechanical air entrapment 

Fig. 18  Specimen cut as per ASTM Standard

Fig. 19  Glass mold setup
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during resin flow (main cause), gas created due to chemi-
cal reactions during cure, and nucleation of dissolved gases 
in the resin. In two phases, voids are created due to pro-
cess constraint of rubber chord, leakage, and chemical 
reaction during curing. Due to this limitation more voids 
generated in the two-phase (reinforcement material: nylon 
6,6 nanofibers; matrix: epoxy) composites. In three phases 
(reinforcement material: nylon 6,6 nanofibers and glass fib-
ers; matrix: epoxy), as mentioned air entrapment during 
resin flow or processing method, i.e., hand mold where the 
void are formed due to in proper rolling, entrapped gases 
and excesses resin, whereas VARTM used vacuum pump 
to vacuumed the mold which avoid the formation of void. 
Nanofibers reacted at interphase and acquired the space in 
between fiber and matrix and further, reduced voids in nano-
composites. Volume fraction of fibers is kept as per ASTM 
D2584 and as per Muffle furnace burn-out. The fiber vol-
ume fraction calculated in manuscript is done for the sample 
without nanofibers. For instance, the weight of neat compos-
ite panel prepared using VARTM for size around 200 mm 
by 157 mm is 132 g, and thus, 1.32 g nylon 6,6 nanofibers 
(around 1%) are reinforced in the respective nanocomposite 
panel [sheets of nylon 6,6 nanofibrous mats placed at the 
interfaces—20 GSM (g/m2)]. In polymer composites, the 
fiber is the principal load-bearing element. When a result, 
as the fiber volume fraction (i.e. percentage) increases, so 
does the strength. Because of the good fiber volume fraction 
in the Hand Molding process, the same effect was found in 
the VARTM process. Further vacuum is utilized to infuse 
the resin, which originally vacuumed the performance and 
resulted in less air bubble traps or voids. As the number of 
voids decreases, the likelihood of failure decreases, improv-
ing the material’s properties.

where ρc = density of composite, ρm = density of  matrix, 
ρf = density of fiber, a = sample weight in the air, b = the 
apparent weight of a sample fully submerged in water, 

(3)Vf =
�c − �m

�f − �m

w = the weight of a partly submerged wire in water, 
0.9995 = water’s density.

The density of composite,

The characterization results and evaluation of VARTM with 
hand layup for tensile (ASTM D 638) and flexural strength 
(D 790) four different material systems are studied which are 
listed in Tables 5, 6, 7, 8, 9, 10, 11, 12, and 13. The evalu-
ation is done as per ASTM standards as shown in Figs. 20 
and 21.

�
c
=

a

(a + w − b)

Table 4  Fiber weight fraction estimation for VARTM and hand 
molding process samples

VARTM Hand molding

a = One hundred and seventy a = Two hundred
b = Sixty b = Seventy
w = One hundred and twenty w = One hundred and twenty
ρm = 1.150 ρm = 1.150
ρf = 1.80 ρf = 1.80
Vf = 63% Vf = 54%

Table 5  Tensile Strength of Glass fiber Epoxy Epon 862 composite

Tensile strength (ASTM D638) (MPa)

Iterations VARTM HAND MOLD

1 364.40 301.44
2 421.42 316.00
3 366.14 305.71
4 400.12 310.34
5 367.85 305.09
Mean 383.99 307.71

Table 6  Flexural strength glass fiber epoxy Epon 862 composite

Flexural strength ASTM D 790-2003 (MPa)

Iterations VARTM HAND MOLD

1 76.45 40.58
2 68.83 55.56
3 74.84 43.63
4 78.98 50.87
5 67.79 42.31
Mean 73.38 46.59

Table 7  Tensile strength: triaxial glass fiber unsaturated polyester 
resin (roof lite) composite

Tensile strength (ASTM D638) (MPa)

Iterations VARTM HAND MOLD

1 435.37 358.34
2 429.76 341.46
3 437.87 363.15
4 421.34 351.54
5 447.00 377.51
Average 434.27 MPa 358.4 MPa
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Glass fiber and epoxy are the first two materials in the 
material system I (Epon 862 and Epicure as hardener) 

Material system II: Triaxial Glass fiber with Unsatu‑
rated Polyester Resin (Roof lite) 

Material system III: Reinforcement = Biaxial Glass 
fiber and Matrix‑Vinlyester Resin 

Material system IV: Glass Fiber 7781/Epolam 5015 
The universal testing machine (UTM) is used to conduct 

the three point bend tests on the specimens which is manu-
factured using glass molding as per ASTM D 790 standard 
to test the bending strength of the laminates. A rectangu-
lar specimen, supported on two roller supports, is loaded 
through a loading nose at the center of the laminate. A sup-
port of span-to-depth ratio is 16:1. The specimen is deflected 
until rupture took place at the upper surface of the specimen 
or until a maximum strain of 5% is reached. Theplagues are 
prepared as per ASTM D 790-2003. The evaluation results 
of the standard specimen are shown in Fig. 22.

Three-phase nylon 6,6 nanofibers interleaved E-glass/
epoxy (Epolam 5015) structural composite (5% weight of 
nylon 6,6 nanofibers having diameter 1200 nm) is evalu-
ated. The authors have observed deterioration in flexural 
properties (as shown in Table 13) because of the voids in 
the glass molding process. At first, the glass mold is heated 
to overcome the limitation as much as possible, but later 
on the mold is replaced with an aluminum plate to restrict 
the formation of voids. But the substantial strength is not 
increased. So further FEM model is done to study effect of 
nanofibers in two-phase composite.

Short beam shear (SBS) strength (ASTM D 2344) char-
acteristics is the objective of the present investigation 
(Tables 14, 15, 16, 17, and 18). At first, the evaluation details 
of short beam shear (SBS) strength tests are discussed along 
with geometry of the specimen (Fig. 23) and mechanical 
properties of the three-phase nanocomposites as per ASTM 
D 2344. A flat-faced laminate (ten layers of E-glass fibers) 
of three-phase nanocomposites [length of the specimen, l 
(six times the thickness); breadth of the specimen, b (two 
times the thickness); and span of the specimen, s (four times 
the thickness)], is studied for its short beam shear (SBS) 
strength using universal testing machine (UTM) (Fig. 23).

Table 8  Flexural strength: triaxial glass fiber unsaturated polyester 
resin (roof lite) composite

Flexural strength ASTM D 790-2003 (MPa)

Iterations VARTM HAND MOLD

1 153.76 120.82
2 150.86 117.98
3 160.76 128.65
4 148.98 120
5 155.64 117.55
Average 154 MPa 121 MPa

Table 9  Tensile strength: biaxial glass fiber vinlyester resin compos-
ite

Tensile strength (ASTM D638) (MPa)

Iterations VARTM HAND MOLD

1 270.14 220.57
2 275.51 222.38
3 269.76 225.79
4 279.90 226.33
5 272.20 219.46
Average 273.50 MPa 222.90 MPa

Table 10  Flexural strength: biaxial glass fiber vinlyester resin com-
posite

Due to less thickness the sample does not break, and hence maximum 
value is reported

Flexural strength ASTM D 790-2003 (MPa)

Iterations VARTM HAND MOLD

1 40.12 128.34
2 43.24 125.81
3 38.71 131.27
4 39.92 124.56
5 48.00 135.00
Average 42 MPa 129 MPa

Table 11  Tensile strength: Glass Fiber 7781 Epoxy Epolam 5015 
composite

Tensile strength (ASTM D638) (MPa)

Iterations VARTM HAND MOLD

1 520 410
2 515 405
3 529 412
4 520 420
5 515 387
Average 520 MPa 407 MPa

Table 12  Flexural Strength: Glass Fiber 7781 Epoxy Epolam 5015 
composite

Flexural strength ASTM D 790-2003 (MPa)

Iterations VARTM HAND MOLD

1 214.14 123.56
2 220.16 130.51
3 217.91 129.04
4 215.45 127.82
5 222.06 124.07
Average 218 MPa 127MPA
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The frequency of evaluating the results (rate of testing in 
terms of crosshead progress of 1 mm/min as per ASTM D 
2344 standard) is one of the critical aspects to realize con-
sidering the time needed (a) to process the output using the 
setup and (b) to observe the reaction of specimens against 
applied loads. The limiting cross-head movement is evalu-
ated against the failure assumption. The specimens are failed 
when there is a load drop of 50%, or when divided into two 

different halves, otherwise the crosshead travel is supposed 
to exceed the normal thickness of specimens. The three-
phase composites had a 50% load drop criterion for failure 
or for terminating the test. The plots are created between 
(a) load and crosshead displacement, and (b) maximum 
load and load until failure. The short beam shear strength is 
shown using Eq. (4).

Fig. 20  Tensile test setup. a Overall view. b Specimen view

Fig. 21  Three point flexural test setup. a Top view. b Front view
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In Eq. (4), Fsbs, Pm b, and h are short beam shear (SBS) 
strength (MPa), width, and thickness of specimen in mm, 
respectively.

HSBSNeat: Neat Hand mold coupons without nylon 6,6 
nanofibers

(4)Fsbs = 0.75

(

Pm

bh

)

Table 13  Flexural strength comparisons for neat and nylon 6, 6 
nanofibers with diameter 1.2 µm manufactured with the help of glass 
molding process

Flexural strength ASTM D 790-2003 (MPa)

Iterations Neat With nylon 
6, 6 nanofib-
ers

1 93.56 87.98
2 100.67 89.23
3 97.56 85.36
4 88.45 89.98
5 84.11 89.10

92.87 88.33

Fig. 22  Test setup for flexural strength and specimen

Table 14  SBS: results for hand molding

Sr. no Iterations SBS (MPa) Avg. SBS (MPa) SD

1 HSBSNeat 1 21.25 21.08 0.2529
2 HSBSNeat 2 21.13
3 HSBSNeat 3 20.64
4 HSBSNeat 4 21.38
5 HSBSNeat 5 21.01
6 HSBSNano 1 (1%) 25.97 26.06 0.0928
7 HSBSNano 2 (1%) 26.18
8 HSBSNano 3 (1%) 26.04
9 HSBSNano 4 (1%) 25.95
10 HSBSNano 5 (1%) 26.15

Table 15  SBS: results for VARTM with interleaved 1200-nm-diame-
ter nylon 6,6 nanofiber

Sr. no Iterations SBS (MPa) Avg. SBS (MPa) SD

1 VSBSNeat 1 24.43 24.64 0.01
2 VSBSNeat 2 24.53
3 VSBSNeat 3 24.59
4 VSBSNeat 4 24.65
5 VSBSNeat 5 24.97
6 VSBSNano 1 (1%) 20.71 19.04 0.005
7 VSBSNano 2 (1%) 19.32
8 VSBSNano 3 (1%) 19.33
9 VSBSNano 4 (1%) 18.98
10 VSBSNano 5 (1%) 16.84
11 VModifySBS Nano 

1 (1%)
30.28 30.77 0.015

12 VModifySBSNano 
2(1%)

30.95

13 VModifySBSNano 
3 (1%)

30.81

14 VModifySBSNano 
4 (1%)

30.96

15 VModifySBSNano 
5 (1%)

30.89

Table 16  SBS: results for VARTM with interleaved 455 nm diameter 
nylon 6,6 nanofibers

Sr. no Iterations SBS (MPa) Avg. SBS (MPa) SD

1 VModifySBSNano 1 
(1%)

32.12 32.19 0.06

2 VModifySBSNano 2 
(1%)

32.49

3 VModifySBSNano 3 
(1%)

31.56

4 VModifySBSNano 4 
(1%)

32.44

5 VModifySBSNano 5 
(1%)

32.35
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HSBSNano: Hand mold coupons with nylon 6,6 nanofib-
ers
VSBSNeat: VARTM coupons without nylon 6,6 nanofib-
ers

VSBSNano: VARTM coupons with nylon 6,6 nanofibers
VModifySBSNano: Modified VARTM coupons with 
nylon 6,6 nanofibers (ModifySBSNano represents a 
nanocomposite with nylon 6,6 nanofibers and resins at 
the interface incorporated prior to VARTM).

The parameters such as Fsbs, Pm, b, and h are used to 
express the short beam shear strength (MPa), maximum load 
(N), breadth of the panel (mm), and thickness of the panel 
(mm), respectively. The tensile and bending strengths are 
compared for VARTM against hand molding. However, the 
mechanical characteristics of three-phase composites with 
interleaved nylon 6,6 nanofibers (1% by weight of neat com-
posite) and a diameter of 1200 nm. In terms of short beam 
shear (SBS) strength, nanocomposites containing interleaved 
nylon 6,6 nanofibers with a diameter of 81 nm had the high-
est shear strength between laminate planes (ILSS). To assure 
uniqueness in the situation, the findings of the current stud-
ies are compared to those of a few study articles [33, 34] 
(Table 19). Delamination is the most frequent failure mode 
in laminated composite materials and it may cause cata-
strophic failure in critical engineering structures. The ways 
to prevent this failure is to toughen the crack against initia-
tion and propagation. Matrix is weakest part in composite. It 
is brittle in nature which gets crack very easily. To toughen 
this crack the nanofibers are interleaved, which will try to 
due to high surface to volume ration it will try to toughen 
the matrix, which will result to transfer the load in between 
glass fibers.

Mode I: Fracture Toughness ASTM D 5528

The enhancement in mode I fracture toughness (Tables 20 
and 21) attained by utilizing interleaved nylon 6,6 nanofibers 
in E-glass 7781 eight-shaft satin weave fabric is the most 
significant contribution of the research endeavor. Figure 24 
depicts the specifics of an ASTM 5528 specimen, while 
Fig. 25 depicts the actual setup at Praj Laboratory. For the 
preparation of DCB coupons, ten laminas are chosen. Tef-
lon film, with a thickness of no more than 13 microns, is 
applied after five laminas measuring 101.6 mm in length and 
25.4 mm in width are laid. 25.4 mm is used for trimming, 
25.4 mm is the length of the piano hinge tab, and 50.8 mm 
is the length of the actual crack opening. The ASTM-recom-
mended dimensions are as follows:

Specimen length = 177.8 mm
Sample width = 25.4 mm
Specimen length of piano hinge = 25.4 mm
Crack length to be opened = 50.8 mm, specimen thick-
ness = 2 to 3 mm.

Table 17  SBS: results for VARTM with interleaved 81 nm diameter 
nylon 6,6 nanofibers

Sr. no Iterations SBS (MPa) Avg. SBS (MPa) SD

1 VModifySBSNano 1 
(1%)

36.28 36.39 0.06

2 VModifySBSNano 2 
(1%)

36.51

3 VModifySBSNano 3 
(1%)

36.88

4 VModifySBSNano 4 
(1%)

36.30

5 VModifySBSNano 5 
(1%)

36.02

Table 18  Comparison of Values of SBS for Neat and secondary rein-
forcement of nylon 6,6 nanofiber diameter 81, 455 and 1200 nm

Sr. no Iterations (MPa) Percentage 
enhancement 
(%)

1 Neat-SBS 24.64 Baseline
2 Nano-SBS 1200 nm 30.77 19
3 Nano-SBS 455 nm 32.19 23
4 Nano-SBS 81 nm 36.39 32

Fig. 23  SBS Setup and specimen configuration for short beams shear 
strength (ASTM D 2344)
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Table 19  Comparison of results

1.

Kumar et al. (2017) [33]
Flexural strength of electrospun nylon 6 fiber/E-glass fiber reinforced composites

Hand lay-up method with nanofibers volume ratio (2% v/v)

Flexural strength
83.33 MPa

(with the increase in nanofiber ratio, flexural strength is increased)

Present flexural strength using 
glass molding (Table 4)

88.33 MPa
(Epolam 5015 with 5% weight of 

nylon 6,6 nanofibers having diameter 

1200 nm)

2.

Kumar et al. (2017) [33]
Flexural strength of electrospun nylon 6 
fiber/E-glass fiber reinforced composites

Hand lay-up method with nanofibers volume 

ratio (2% v/v)

Tensile strength
152.9 MPa

(with the increase in nanofiber 
ratio, tensile strength is increased)

Present tensile strength using 
VARTM (Table 3)

520 MPa
(E-glass fiber 7781 and Epolam 

5015; Material System IV-without 

nanofibers)
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Table 19  (continued)

3.

Akkapeddi et al. (2000) [34]
Flexural strength of polyamide-6 (prepared via melt compounding technique) 

reinforced nanocomposites 

Polyamide-6 (PA-6)/NC having 4% nanoclay

Flexural strength 
152 MPa

Present flexural strength using 
glass molding (Table 4)

88.33 MPa
(Epolam 5015 with 5% weight of 

nylon 6,6 nanofibers having diameter 
1200 nm)

4.

Akkapeddi et al. (2000) [34]
Flexural strength of polyamide-6 (prepared 

via melt compounding technique) reinforced 

nanocomposites
Polyamide-6 (PA-6)/NC having 4% nanoclay

Tensile strength 
98 MPa

Present tensile strength using 
VARTM (Table 3)

520 MPa
(E-glass fiber 7781 and Epolam 

5015; Material System IV-without 

nanofibers)
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With 1.02 mm five divisions and 5.08 mm extra five divi-
sions, the white out is shown. The force is applied at one end of 
the hinge. At the indicated divide, the loads are reported. It is 
important to understand the rate of fracture propagation at the 
interlaminar contact, which is affected by cross-head movement 
speed. In order to examine the interaction of nanofibers, the 
cross-head movement speed of 12.7 mm/min is used. The test 
is completed after the load value has been decreased to 30% of 
the maximum load or the 50.8 mm fracture opening displace-
ment has been achieved.

The application of load must be discontinued when the crack 
opening displacement (COD) reaches 50.8 mm or the load 
value reduces to 30% of the maximum load. Finally, the  GIC, or 
Mode I interlaminar fracture toughness is computed using the 
modified beam theory (MBT) technique as shown in Eq. (5).

where P = applied force (N), δ = displacement of the load point 
(m), b = sample width (m), a = crack (delamination) length (m), 
GIC = Mode I interlaminar fracture toughness (kJ/m2), sample 
calculation of GIC for a specimen is given in Tables 20 and 21.

(5)GIC =
3 × P × �

2 × b × a

Finite Element Analyses

Ansys 15 version is used to model (coupons for three-phase 
composites as per ASTM D 2344 using the unit cell method and 
two-phase composites-flexural strength, plagues as per ASTM 
D 790) and analyze the short beam shear (SBS) strengths in 
terms of shear stresses. The glass fabric 7781 with eight-shaft 
satin weave patterns with epoxy (Epolam 5015) is modeled 
using warp and weft properties for three-phase composites. 
Nanocomposites with interleaved nylon 6,6 nanofibers (hav-
ing diameters such as 81, 455, and 1200 nm) as secondary 
reinforcement is modeled and analyzed for normal stresses 
and shear stresses. The material properties of the E-glass fib-
ers and epoxy resins are considered from specification sheets 
provided by the manufacturers of E-glass fibers and epoxy res-
ins (Table 22).

The model of basic elements is created according to the 
dimensions taken from the reference of ASTM D 2344, such as 
X1 = 0;X2 = 2; Y1 = 0; Y2 = 0.3; Z1 = 0;Z2 = 2. The proper-
ties of the materials, which are entered previously in the Ansys, 
are allotted to the elements. The element numbers 1, 4, 6, and 7 
are wraps, so the properties of material 1 are allotted to them. 
The element numbers 2, 3, 5, and 8 are wefts, so the properties 
of material 2 are allotted to them. The merging of the nodes is 
required as the beam is created by copying the unit cell several 
times. Furthermore, nodes in the unit cell are still independ-
ent, so merging of the nodes with the close tolerance of 0.001 
is done. To model the nanocomposite, an additional lamina 
of nylon 6,6 is layered at the interface and the same steps are 
followed until the tolerance 0.001 is achieved. The nanocom-
posite model is shown in Fig. 26. The boundary conditions are 
defined as displacements such as U

X
= U

Y
= U

Z
= 0, and load-

ing conditions are specified with a load such as F
Y
= −800N . 

After applying the load of 800 N, 30.51 MPa (shear stress) is 
developed in the neat composite beam. Similarly, the analyses 
of nanocomposite beams of SBS with nylon 6,6 with diameters 
of 1200, 455, and 81 nm (Fig. 27) and corresponding shear 
stresses are listed in Table 22. FEM analysis is done to study 
the significance of the nanofibers in two-phase composite with 
different diameter length scale and for different loads. The 
neat Epolam 5015 and Epolam 5015 with nylon 6,6 electro-
spun nanofibers specimens are prepared as per ASTM D 790-
2003 for the analysis of flexural strength. The FEM models 
are analyzed under loads such as 90, 120, and 150 N loads 
acting on thicknesses such as 0.1, 0.2, and 0.3 mm, respectively 
(Table 22) as shown in Figs. 28 and 29.

In the case of two-phase composite (manufactured using 
glass molding), the nanofibers having diameters 81 nm diam-
eter) are showing comparatively good strength as compared 
to the nanofibers with 455 and 1200 nm diameters. Here, the 
authors also observed that with the thickness in percentage 
of nanofibers, the strength is increased. In the case of three-
phase composite, the shear stress in SBS coupon with nylon 

Table 20  Sample computations of GIC for a specimen of 0.5 Gms

Sr. no a (m) P (N) COD (m) GIC (J/m2)

1 0.001 17.93 0.053 20.29
2 0.002 22.14 0.054 49.2
3 0.003 26.26 0.055 85.94
4 0.004 29.98 0.056 128.48
5 0.005 33.32 0.057 175.36
6 0.010 47.62 0.062 460.95
7 0.015 50.56 0.067 679.15
8 0.020 41.94 0.072 699.06
9 0.025 35.50 0.077 691.55
10 0.030 27.34 0.082 600.40

Width ‘b’ = 0.025
Mean 359
Standard deviation 123.33

Table 21  Comparison of average GIC values

Specimens Neat (J/m2) Espun 
1200 nm (J/
m2)

Espun 
455 nm (J/
m2)

Espun 
81 nm (J/
m2)

1 359 470.78 505.45 610
2 345 476.78 512 590
3 357.89 480 509 598
4 360.54 469.90 514.5 595
5 367.89 471 509.05 587
Avg. GIC 358 473.69 510 596
Enhancement (%) 24% 29.80% 39.93%
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6,6 nanofibers (having 81 nm diameter) is less. Finally, it is 
concluded that the finite element method (FEM) is a promis-
ing concept to understand the behavior of the nanocomposite 
materials. The woven composite unit cell model was estab-
lished to investigate the interactions between the warp and 
weft. The shear stress in the neat composite is 30.50 MPa using 
1000 N load. The shear stresses in SBS coupons with nylon 
6,6 nanofibers [35–39] having diameters such as 1200, 455, 
and 81 nm are 40.134, 43.281, and 47.724 MPa, respectively. 
The enhancements in resisting shear stresses (as compared to 
neat composites) of around 24, 30, and 36% are observed in the 
nanocomposites, after the addition of nanofibers of diameters 
1200 nm (1% of this diameter), 455, and 81 nm, respectively. 
For each panel, five samples were tested. Various alternatives 
were tried so as to remove the voids, by heating glass mold, 

changing the glass mold with aluminum plate, which showed 
some enhancement but without maintaining the consistency. 
Due to the manufacturing limitations, the finite element method 
has been used for the validation of the multiscale effect of the 
nylon 6,6 nanofibers reinforced in three-phase nanocomposite 
as discussed in manuscript.

Conclusions

Manufacturing Method

Manufacturing of E-glass fiber reinforced epoxy nanocom-
posites with interleaved nylon 6,6 nanofibers, it is found that 
hand molding could be the cost-effective method and compar-
atively easy to operate; however, unevenness in the thickness 
became the limitation of the method. Also, it was observed 
large amounts of voids which are entrapped into the com-
posites using the method, thereby the quality and mechanical 
performance are deteriorated. VARTM, on the other hand, 
is used to fabricate composites (uniform thickness and less 
porosity) with improved mechanical properties. Its cost is 
less as compared to the resin transfer molding (RTM) due 
to the replacement of one mold by plastic bagging. VARTM 
also offered a good fiber weight fraction (in the present case 
it is around 63%) as compared to other processes and thus 
resulting in improved mechanical strength. To justify the 
same, four different material systems (I, II, III, and IV) were 

Fig. 24  Double cantilever 
beam test

Fig. 25  Praj Lab’s (India) double cantilever beam test specimens
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characterized for tensile strength and flexural strength. It is 
observed that (a) material systems I are showing an increase 
in tensile and flexural strength by 20% and 36%, respectively; 
(b) material systems II are showing an increase in tensile and 
flexural strength by 17.5% and 18%, respectively; (c) mate-
rial systems III are showing an increase in tensile strength by 
18.6%; (d) material systems IV are showing improvement in 
tensile and flexural strength by 21.7% and 42%, respectively.

Electrospinning

The design of experiment is performed for nylon 6,6 nanofib-
ers by using tools such as full factorial design and Taguchi. The 
influences of control parameters such as the nozzle of spinneret 
to grounded collector distance, rate of flow, high-voltage power 
supply and concentration of the polymeric solution are carefully 
studied. The optimum diameter of 360 nm for nylon 6,6 is synthe-
sized using the optimized methodology—Design of experiment 
with the following parameters: distance 15 cm, voltage 15 kV, 
and flow rate 0.2 mL/h (Full factorial). The optimized diameter 
of 81 nm by the Taguchi method is synthesized following the 
optimized setting of a polymeric solution having 20% nylon 6,6 

Fig. 26  SBS model with nylon 6,6 interface layer
Fig. 27  FEM model of SBS shear stress with nylon 6,6 nanofibers 
having diameter 81 nm in deformed condition

Table 22  Material properties and results of finite element analysis

A. Material properties of E-glass fibers 7781/epoxy (Epolam 5015) com-
posites

B. SBS results for neat and nanocomposite panels using finite ele-
ment analysis under 1000 N Load

Warp (Material 1) Weft (Material 2) Sr. no Diameter �
XY

(MPa)

E
X
= 19 × 109,E

Y
= 4.75 × 109,

E
Z
= 4.75 × 109

E
X
= 4.75 × 109,

E
Y
= 19 × 109,

E
Z
= 19 × 109

1 SBS (Neat panel) 30.50

�
XY

= 0.245,�
YZ

= 0.36,�
XZ

= 0.245 �
XY

= 0.36,

�
YZ

= 0.245,

�
XZ

= 0.36

2 SBS panel (nylon 6,6 nanofibers having diam-
eter 1200 nm)

40.134

G
XY

= 2430,G
YZ

= 1958,G
XZ

= 2430 G
XY

= 2430,G
YZ

= 2430,

G
XZ

= 1958

3 SBS panel (nylon 6,6 nanofibers having diam-
eter 455 nm)

43.281

*The third material is nylon 6,6 nanofibers
(E

X
= 4 × 109, and �

XY
= 0.39)

4 SBS panel (nylon 6,6 nanofibers having diam-
eter 81 nm)

47.724

C. Value of stresses for neat panels and panels with nanofib-
ers (having diameters such as 1200, 455, and 81 nm under 
different loads such as 90, 120, and 160 N, respectively)

D. Value of stresses for neat panels and panels with nanofibers (having diameters 
such as 1200 nm under different loads such as 90, 120, and 160 N, respectively)

Load (N) Stress 
(MPa) Neat 
Panel

Stress 
(MPa) 
1200 nm

Stress 
(MPa) 
455 nm

Stress 
(MPa) 
81 nm

Load (N) Stress 
(MPa) Neat 
Panel

Stress (MPa) 
1200 nm with 
0.1 mm thickness

Stress (MPa) 
1200 nm with 
0.2 mm thickness

Stress (MPa) 
1200 nm with 
0.3 mm thickness

90 42.61 40.59 39.67 36.54 90 42.61 34.59 30.12 26.40
120 56.82 46.12 45.78 42.68 120 56.82 46.12 40.16 34.88
160 75.76 61.49 61.40 60.55 160 75.76 61.49 53.55 45.50
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in 10 mL of 98% HCCOH with the electrospinning unit having 
a high-voltage of 25 kV, the nozzle to the spinneret to grounded 
collector distance of 20 cm, and a flow rate of 0.2 mL/h and speed 
of grounded cylindrical collector around 1000 rpm. Electrospun 
nanofibers with ultrathin 81 nm diameters are investigated to be 
the smallest in their range so far. The nanofibers (prepared via 
Taguchi with diameters of 1200, 455, and 81 nm) are used to 
fabricate nylon 6,6 nanofibers interleaved E-glass fiber reinforced 
epoxy nanocomposites to validate the study goal.

Glass Molding (Two‑Phase Composite)

Two-phase nanocomposites having uniform thickness could 
be fabricated using a glass molding process with less inden-
tation marks. On the other hand, deterioration in the above 
mechanical properties is noted in the case of specimens hav-
ing 1200 nm diameter of electrospun nylon 6,6 nanofibers due 
to the formation of voids during the glass molding process.

Furthermore, two-phase plagues are studied for which 
the experimental results are not found satisfactory under 
different loads and for various thicknesses of composites 

reinforced with nylon 6,6 nanofibers and it has been con-
cluded that it had happened due to manufacturing prob-
lems which are unavoidable in the present conditions, so 
far. So FEA model is developed for two-phase composite 
with nylon 6,6 nanofibers of diameters 81 nm, is found to 
have improved strength as compared to those with nylon 6,6 
nanofibers of diameters 1200 and 455 nm.

Short Beam Shear Strength (ILSS) Three‑Phase 
Composite

To investigate the strengths of E-glass fiber reinforced epoxy 
nanocomposites with interleaved nylon 6,6 nanofibers, ASTM 
D 2344 of shear strength between laminate planes (ILSS) 
of short beam specimens. The present investigations aim to 
improve the shear strength between laminate planes (ILSS) of 
E-glass and Epolam 5015 composite laminates by interleaving 
electrospun nylon 6,6 nanofibers of various diameters at the 
interfaces between fibers and matrix. Improved shear strength 
between laminate planes (ILSS) (such as short beam shear (SBS) 
strength) is observed in nylon 6,6 nanofibers (diameter 81 nm) 
reinforced composites. The short beam shear (SBS) strength of 
nylon 6,6 nanofibers interleaved E-glass fiber reinforced epoxy 
nanocomposites could be improved by 24, 30, and 36% after 
adding 1% nylon 6,6 diameters of 1200, 455, and 81 nm, respec-
tively, according to finite element analysis (as compared to neat 
composites).

The results are conceptualized using the finite element 
method. The unit cells are preferred to analyze the SBS 
specimens as per ASTM standards for simulation studies. 
The shear stresses are found to be around 30.50, 40.134, 
43.281, and 47.724 MPa for neat composite, composite with 
nylon 6,6 nanofibers of 1200 nm diameter, 455 and 81 nm 
diameters, respectively.

Fracture Toughness (Three‑Phase Composite)

Glass Epoxy composite with nylon 6,6 nanofiber (1 gm) as 
interface at critical ply with 1.2 µm, 445 nm, and 81 nm 
nanofiber diameters showed enhancement in fracture tough-
ness by 24, 30, and 40%, respectively. The small nanofiber 
diameters are preferred to increase the energy absorbing 
capability of the laminate.
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Fig. 28  0.1-mm-thick layer of Epolam 5015 with nylon 6,6 nanofib-
ers having diameter 1200 nm under 160 N load

Fig. 29  0.2-mm-thick layer of Epolam 5015 with nylon 6,6 nanofib-
ers having diameter 1200 nm under 160 N load
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Appendix I: Properties of Glass Fiber 7781
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Appendix II: Properties of Epoxy Epolam5015
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Appendix III: EPON‑862 Resin Properties
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