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Abstract

Nonwoven webs can be used as interleaves to improve the delamination resistance of fiber-reinforced composites. This paper
addresses the flexural and interlaminar fracture behavior of glass fiber/epoxy composites with Spunbond polypropylene
nonwoven interlayers. For this purpose, 7-layer hybrid composites were fabricated in intraply configuration using four layers
of glass fabric and three interlayers of polypropylene spunbond nonwoven fabric. The effect of nonwoven fabric parameters,
including areal weight densities [40, 50, 60, 70, and 90 GSM (g/mz)], and fabric orientation (longitudinal and cross direction)
was investigated. The results of the three-point bending test showed that the nonwoven interlayer had a positive effect on
the maximum flexural load and work of fracture. It caused an increase of approximately 163% in the maximum load of the
sample, which had a nonwoven interlayer weight of 70 GSM compared with the non-hybrid glass sample. The glass fiber/
epoxy composite was delaminated at lower strains than composites with polypropylene interlayer. The results showed that
in hybrid samples, the presence of nonwoven interlayer led to increased Mode-1I fracture toughness of composite (Gy) by
44% and 56% in the samples which has the nonwoven interlayer weight of 90 and 50 GSM, respectively, compared to the

non-hybrid glass fabric sample.

Keywords Hybrid composite - Flexural properties - Polypropylene - Glass fiber/epoxy composite - Interlaminar fracture

toughness - Nonwoven fabric

1 Introduction

Today, the use of lightweight materials has become the more
prevalent solution to meet current engineering requirements
in various industries, including aerospace, wind energy,
and automotive applications [1, 2]. Fiber-reinforced com-
posites are mostly considered for weight-sensitive applica-
tions because, despite their low density, they are robust and
stiff [3]. The problem with these materials is their limited
toughness. To eliminate limitations and challenges in this
field, as well as produce lightweight materials with high
performance, researchers have been attracted toward the
development and research of “hybridization” in composite
materials. “Hybrid composite” is generally used to describe
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a composite that is fabricated by combining at least two dif-
ferent types of reinforcement [4] and has economic, environ-
mental, and mechanical advantages [5].

Although fiber-reinforced composites have excellent in-
plane properties, they are exposed to delamination due to
out-of-plane loads [6, 7]. Interlaminar fracture toughness
(ILFT) in composites has become a favorite topic. Vari-
ous methods are examined to increase ILFT in composites.
Adding toughening particles to the matrix is an effective
method for increasing ILFT; however, this requires com-
plicated manufacturing techniques, and creating a uniform
dispersion of toughening particles in the matrix is a com-
mon challenge [8]. Extensive research in recent decades has
led to the development of various mechanical and materi-
als-based approaches to solving the interlaminar fracture
problem, including matrix toughening, Z-pining, stitching,
three-dimensional weaving, and interlayer modification.
While most mechanically based processes improve tough-
ness, they often reduce the in-plane mechanical properties
of the layers. Among these methods, inserting an interleave
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is one of the latest developed techniques [9, 10]. Interleav-
ing has been effectively utilized within diverse applications
without significantly increasing costs [11].

In the literature, interleaf materials involve a variety of
materials and the selection of fibrous interleaf materials for
interlaminar toughening has also attracted much attention
[12, 13]. Conventional nonwoven webs can be used as inter-
leaves. Needle-punched nonwoven fabrics offer enhanced
interlaminar properties in composite materials [14]. Non-
woven textiles introduce through-thickness reinforcement
which reduces delamination problems without causing sig-
nificant in-plane fiber damage [15].

Epstein and Shishoo [16] studied the effect of fiber type,
fiber surface properties, and matrix type on the strength
properties of the nonwoven-reinforced composite. Accord-
ing to their results, fiber volume fraction and surface
improvement have a significant effect on the performance
of composite materials. Kobayashi et al. [17] examined the
mechanical properties and fracture behavior of nonwoven
fabric-reinforced composites. In this study, polypropylene
nonwoven felt was laminated with one, two, four, and eight
layers, and polyester and banana fiber-reinforced composites
were produced for comparison. The results showed that for
an eight-layer polypropylene composite, a drop in flexural
strength occurred at lower strains.

In another study, Guangchao et al. [10] investigated the
fracture toughness of glass fiber/epoxy hybrid composites
via thermoplastic polyurethane nonwoven fabric. Finally, the
most important result obtained from the double cantilever
beam (DCB) and end notch flexure (ENF) tests showed a
78% increase in Mode-I fracture toughness value and a 115%
increase in Mode-II fracture toughness value compared to
the reference sample. Wang et al. [9] studied the interlaminar
fracture toughness and conductivity of carbon fiber/epoxy
resin composites modified by carbon black-polypropylene
nonwoven fabrics interlayer. In general, using polypropylene
interlayer has led to an increase of 91.3% and 136% for ini-
tial interlaminar fracture toughness and final crack propaga-
tion toughness of the composite, respectively.

Reis et al. [5] investigated the flexural behavior of hybrid
laminated composites with hemp natural fiber/polypropylene
as the core and two glass fiber/polypropylene surface layers
at each side of the sample. The final strength and stiffness
of the non-hybrid laminated composites were about 4% and
3.8% higher than that of the hybrid composite, respectively.
Nevertheless, the specific fatigue strength of the hybrid
composite was higher than non-hybrid samples. Gheryani
et al. [11] studied the effect of polyester nonwoven inter-
leaves on Mode-I and Mode-II fracture toughness of carbon/
epoxy composites. They found significant improvement in
Mode-I compared to more minor improvements in Mode-II
compared to the control sample. Beylergil et al. [18] found
an increase of 72% in GIC (Mode-I fracture toughness) for
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carbon/ epoxy composites containing aramid nonwoven
interleaves. However, the tensile properties of the carbon
sample were higher than those of hybrid carbon/aramid
interleave composites. Saz-Orozco et al. [19] reported that
polyethylene terephthalate veils have no significant effect
on the fracture toughness of glass fiber/vinyl ester (GF/
VE) composites; in contrast, polyamide veils increased the
Mode-I fracture toughness at crack initiation and propaga-
tion levels improved by 59 and 90%, respectively. Kuwata
and Hogg [20] showed that polyester nonwoven interleaves
had the potential to improve the interlaminar fracture tough-
ness of carbon/epoxy composites by 83%.

Patnaik et al. [21] produced composites using polyester
nonwoven mat with different areal densities (100, 200, 300,
400 GSM) as a reinforcement. It was observed from the
experimental results that the mechanical and physical prop-
erties of composites improved significantly with the increase
in area density of the fabric and the 400 GSM nonwoven
fabric showed the highest mechanical property values. In
another study, Patnaik et al. [22] prepared blast furnace slag
(BFS) in needle-punched nonwoven polyester fabric/epoxy
composites with the variation of BFS content (0, 5, 10, and
15 wt%) and observed that the mechanical performance of
the composites is improved significantly.

Sharma et al. [23] investigated the effect of waste marble
powder (MP) particulates filler on the erosion wear behav-
ior of needle-punched nonwoven jute felt/epoxy composite
produced using vacuum-assisted-resin-transfer-molding
(VARTM) technique. In another study, Sharma et al. [24]
focused on the investigation of the wear behavior of waste
marble dust on the mechanical properties of needle-punched
nonwoven jute fiber/epoxy composites. They conclude that
the addition of marble dust up to 30 wt% increases the flex-
ural strength, ILSS, and thermal conductivity, but decreases
the tensile strength. Quan et al. [25] prepared hybrid non-
woven fabrics based on recycled carbon fibers and poly-
phenylene-sulfide (PPS) fibers as interlayers for toughening
of carbon fiber/epoxy composites. The experimental results
proved significant enhancements in the mode-I and mode-II
interlaminar fracture toughness.

As far as authors know, the available research studies in
the literature have focused on the use of needle-punched
nonwoven fabrics for improving the interlaminar fracture
toughness (ILFT) of laminated composites. However, there
are few reports to investigating spunbonded nonwoven
fabrics. Spunbonded nonwoven is one of the most popular
nonwoven webs which are directly produced by filaments
from the extrusion process. Since the intermediate process is
eliminated, melt-spinning process is cost effective. Also, the
strength-to-weight ratio of spunbonded web is higher than
other nonwoven fabrics, and nearly random fibrous structure
can be produced through a proper selection of polymers and
the processing conditions [26]. So, in this study, spunbonded
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polypropylene nonwoven with different areal weight densi-
ties (40, 50, 60, 70, and 90 GSM) were used as interleaf
materials for improving flexural behavior and Mode-II frac-
ture toughness (GIIC) values of glass fiber/epoxy composite
manufactured by vacuum infusion technique.

2 Materials and Methods
2.1 Characteristics of Raw Materials

In the current study, E-glass plain weave fabric was used.
The glass fabric was obtained from Syna Fiber Delijan
Company. Measuring the fabric properties in the laboratory
showed that the warp and weft density was 3.3/cm, the areal
weight was 385 g/mz, the thickness was 0.4 mm, and the rov-
ing yarn count was 1400 Tex. The mechanical properties of
glass fabric are listed in Table 1.

The polymers useable for the spunbond process are poly-
propylene, polyester and polyamide with a wide range of
molecular weight. In recent years, the use of polyolefin, in
particular isostatic polypropylene, prevailed for the pro-
duction of this type of nonwoven [26]. In this study, the
spunbond nonwoven from isostatic polypropylene fabric
was used as an interlayer to investigate the properties of
the hybrid composite. It was produced by Baftine Malayer
Company in 5 different areal weights of 40, 50, 60, 70, and
90 GSM, as described in Table 2. Figure 1 shows a view of
the glass fabric and the nonwoven polypropylene layer used

Table 1 Mechanical properties of E-glass fabric

Mechanical properties Warp direction Weft direction
Maximum strength (N) 4086 4315
Elongation to break (mm) 6.96 7.18
Maximum stress (MPa) 817.2 863

Strain at breaking point (%) 4.6 4.7

in this study. It should be noted that in nonwoven fabrics, the
Machine Direction (MD) indicates the longitudinal direction
of the sample, and the Cross Direction (CD) indicates the
transverse direction of the sample or perpendicular to the
machine direction (MD).

Small samples were prepared and observed under the
scanning electron microscope (SEM) to study the struc-
ture of nonwoven layers and the effect of structure on the
mechanical properties of the final composites, as shown in
Fig. 2. It can be obtained from these images that the domi-
nant orientations of fibers in different samples are in the
MD direction, which affects the mechanical properties of
the fabric and causes fabric anisotropic behavior (see the
results of the tensile test in Table 2). Also, space between
the fibers in the fabric structure can be seen. The amount of
space leads to different resin absorption in different samples,
which has a straight effect on the mechanical properties of
the composite.

The resin used in this research was a thermoset epoxy
with the trade name KER 828, supplied by Afsoon Chemistry
Company. Epoxy resin requires a hardener to cure, so the
Hardener H615 at a weight ratio of 12% was used. Before
using the resin, the resin and curing agent were thoroughly
mixed to create a completely transparent and uniform mix-
ture, as the curing agent leaves no trace. The mixture should
be used before it takes to gel. The gel time for this resin was
30 min and it was the best time to use the resin. Table 3 sum-
marizes the physical properties of the resin.

2.2 Composite Manufacturing Process

To investigate the bending behavior of hybrid glass/poly-
propylene composites and study the effect of nonwoven
interlayers, in the first step of this study, 7-layer hybrid
composites were fabricated in intraply configuration using
four layers of glass fabric and three interlayers of polypro-
pylene spunbond nonwoven fabric as shown in Fig. 3a.
Also, a 4-layer non-hybrid glass/epoxy sample was made

Table 2 Specification of

. Areal weight Thickness (mm) Fabric orienta- Tensile strain (%) Tensile strength (N)
nonwoven fabrics (GSM) tion
Mean CV% Mean CV%
40 0.3 CD 62.50 5.84 323 1
MD 54.50 3.64 36.36 2.75
50 0.38 CD 52.67 5.30 59.5 3.05
MD 44.17 3.77 107.54 2
60 0.42 CD 54.67 3.19 64.44 3.2
MD 42.61 4.31 94.96 2.2
70 0.47 CD 49.33 3.65 80.32 4.75
MD 41.28 2.28 124.7 5
90 0.54 CD 47.33 2.79 88.34 3.2
MD 34.7 2.70 124.4 4.4
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Fig. 1 a Glass fabric, b Spunbond nonwoven fabric, ¢ Nonwoven fabric orientation

Fig.2 SEM images of nonwo-
ven fabrics: a 40, b 50, ¢ 60, d
70 and e 90 GSM

Table 3 The properties of the resin

Properties Amount
Density (g/cm®) 1.16
Gel time (min) 30
Hardener weight ratio (%) 12
Viscosity at room temperature (pa s) 12-14
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to compare with hybrid samples. To make the samples
required for the end-notch flexure (ENF) test, a layer of
polypropylene nonwoven was used in the middle of 6-lay-
ers of glass fabric. Also, an aluminum foil impregnated
with wax with a thickness of 25 pm was used between the
glass fabric and polypropylene nonwoven interlayer as a
pre-crack, according to Fig. 3b, to investigate the effect of
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the nonwoven interlayer on the fracture toughness of the
composite and crack growth. In addition, a 6-layer pure
glass/epoxy sample was made to check fracture toughness
and compare it with hybrid samples.
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The composite samples were produced by vacuum infu-
sion method, according to process stages shown in Fig. 4.
For laying-up of the preform, initially a glass mold was
carefully cleaned and the entire surface of the mold was
covered with the release agent. Then, dry glass fabric and

Aluminum foil

Nonwoven layer

e

Fig.3 a Schematic of the sample prepared for the three-point bending test, b schematic of the sample prepared for the end-notch flexure (ENF)

test

Fig.4 Composite Manufactur-
ing process by vacuum infusion
method: a lay-up, b pre-injec-
tion, ¢ resin injection, d end of
process

()
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polypropylene nonwoven layers are laid on the mold. A
layer of peel ply as a removable barrier is applied to com-
pletely cover all areas of the preform. A single-layer flow
media (distribution media or infusion mesh) is used to
accelerate the resin flow. In the next step, the resin feed spi-
ral and resin feed connector are positioned and the mold
is closed and the whole preform is covered by a flexible
vacuum bag with sealant tape (Fig. 4a). In the pre-injection
stage, the inlet is closed and the vacuum pump is turned on
to ensure the sealing process (Fig. 4b). The next stage is
resin injection while resin penetrates the preform as a result
of the pressure gradient (Fig. 4c). After the filling, the inlet
is closed. At the end of the process (about 90 min), the out-
let is also blocked (Fig. 4d). In this process, the differential
between the inlet and exit is 70 kPa (a vacuum pressure of
0.7 bar has been provided). The epoxy resin cures at room
temperature and the specimen stays at room temperature for
24 h for post-curing.

2.3 Test Methods

A three-point bending test was conducted on composite sam-
ples according to ASTM D790 using the universal testing
machine SANTAM model STM 150 with a load cell capac-
ity of 200 kg. For this purpose, the average result of measur-
ing four samples of each composite was reported. The test
specimens were cut to dimensions of 100X 20 mm using a
water jet cutting machine. As shown in Fig. 5, the distance
between the two supporting points was set to 70 mm, and the
movable support speed was 2 mm/min. The output informa-
tion, including the load—deflection curve and the maximum
load at the end of the test, was recorded. The flexural stress,
the flexural strain, and flexural modulus of the laminated
composite are obtained from Egs. (1), (2) and (3) [27, 28]:

P
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where P is the maximum flexural load (N), b is the sample
width (mm), d is the sample thickness (mm), L is the sup-
port span length (mm), and D is the deflection of the sample
(mm), € is a strain in the outer surface (mm/mm), E is the
modulus of elasticity in bending (MPa), and m is the load-
deformation plot’s straight line’s slop.

to investigate the effect of nonwoven interlayers on the
Mode-II fracture toughness, the end-notch flexure (ENF) test
was performed according to the standard test method ASTM
D7905 using 140 X 25 mm samples on the universal testing
machine SANTAM model STM 150 with a loadcell capacity
of 200 kg at a speed of 1 mm/min. Five coupons were taken
from each sample.

Equation 4 calculates the interlaminar fracture toughness
[10, 29]:

Gyc = —9P5a2 ’ “)
2b(2L3 + 3a3)

where P is the maximum bending load, b is the sample

width, a is the beginning crack length (25 mm), L is the half

of the span length (50 mm), and ¢ is the deflection at the

peak load point.

KL 4

g (T e

Wty

100 mm

(a)

Fig.5 a Sample of three-point bending test, b schematic of three-point bending test
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3 Results and Discussion

As was mentioned, the present study deals with the effects
of polypropylene nonwoven interlayers on the flexural and
interlaminar fracture behavior of glass fiber/epoxy compos-
ites. For this purpose, the spunbond nonwoven interlayers
with five different areal weights were used. The weight of all
fabrics has been recorded before the production of the com-
posite and the weight of all composites has been measured
after production. From the weights of the fiber [glass fiber
(M,) and polypropylene nonwoven (M,)] and matrix (M,)
and their densities (pg, Pps and p,,), the volume fraction of
fibers in the composites is determined. The characteristics of
the samples produced in this study are presented in Table 4.
In this Table, the letter “H” represents the word “Hybrid”
and the numbers written in the code of the samples represent
the areal weight of the nonwoven layer. Also, a non-hybrid
glass sample is shown with code G4. It should be noted that
in a nonwoven fabric, MD and CD indicate the longitudinal
direction (machine direction) and the transverse direction
(perpendicular to the machine direction or cross direction) of
the sample, respectively. So, to make it easier to express the
results, the samples are coded in such a way that the letters
CD and MD, according to Fig. 1, indicate the direction of
the nonwoven layer, and the adjacent numbers show the areal
weight of the nonwoven layer. For example, the CD-40 code
means a composite containing a 40 GSM nonwoven layer,
oriented perpendicular to the machine.

3.1 Flexural Test Results
3.1.1 Load-Deflection Curves

Figure 6 shows the load—deflection curves obtained from the
three-point bending test of the samples in MD and CD direc-
tions. As it is clear from the trend of the graphs, the behavior
of samples with interlayer is different from the no-hybrid
glass sample. In the samples with intermediate layers, the
curve increases with the force increase up to the maximum
load with a constant slope. After reaching the maximum
point, they experience a sudden failure and drop in load. The
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Fig.6 Comparison of load—deflection curves of samples in: a MD
and b CD directions

deflection rate to the failure point in the samples with inter-
layer is lower than in the glass sample. One of the reasons
for this issue is the higher percentage of resin in the samples
with an interlayer compared to the non-hybrid glass sample.
Epoxy resin does not show much elongation; therefore, due
to applying bending force, hybrid samples will fail faster
than glass fabric composite.

3.1.2 The Effect of Nonwoven Interlayer Weight on Flexural
Behavior

The results of the three-point bending test are presented in
Table 5. As shown in Table 5, using nonwoven layers in all
samples has generally increased the flexural load compared

Table 4 Details of physical

Fiber volume
fraction (%)

Glass fiber volume Nonwoven volume Resin volume

fraction (%)

fraction (%)

fraction (%)

. Sample code Sample
propert{es of produced weight (2)
composite samples

H-40 174
H-50 189
H-60 213
H-70 192
H-90 204
G4 138

50.83 41.81 9.02 49.17
47.21 36.88 10.33 52.79
41.59 31.13 10.46 58.41
49.63 35.76 13.87 50.37
48.76 32.63 16.13 51.24
62.09 62.09 0.00 37.91
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Table 5 The results of the

. . Sample code Layer direction Maximum Maximum Flexural Flexural ~ Work of
three-point bending test flexural load  flexural stress modulus strain (%) fracture
MN) (MPa) (GPa) kD)
H-40 MD 107.20 151.85 14.57 1.13 1.40
CD 78.56 115.00 12.11 1.05 1.20
H-50 MD 112.96 119.32 11.68 1.14 1.40
CD 107.78 113.44 11.64 2.79 1.69
H-60 MD 145.80 122.22 9.82 3.20 1.8
CD 130.20 107.24 9.68 4.80 1.62
H-70 MD 179.28 133.70 5.04 3.09 1.86
CD 167.20 132.60 5.36 3.4 1.82
H-90 MD 138.20 96.58 8.84 1.49 2.33
CD 133.80 88.24 8.23 1.17 2.28
G4 - 68.20 329.00 15.15 2.21 0.84
to the non-hybrid glass sample. Also, the breaking load in 180
hybrid samples increased with the weight of the nonwoven 10 - ‘| @
interlayer from 40 GSM sample to 70 GSM sample. This N
behavior has also been observed in similar studies [21, 22]. g '
Among the hybrid samples, the bending force is the highest g
value for the MD-70 sample (163% higher than the non- 8

hybrid glass sample) and the lowest value for the CD-40
sample (15% higher than the non-hybrid glass sample). In
sample 90 GSM, despite the increase in the weight of the
nonwoven layer, the breaking load has decreased. It seems
that with the increase in the weight and thickness of the
nonwoven layer and as a result of the increase in the density
of fibers in the layer, the pores of the nonwoven layer for the
penetration of resin and, therefore, the adhesion between
the nonwoven layer and the glass layers on both sides are
reduced. Subsequently, the bending force decreases. Accord-
ing to the results of the bending test and ANOVA statisti-
cal analysis, it can be said that the weight of the nonwoven
layer had a significant effect on the maximum force at the
95% confidence level. There is also a significant difference
among the hybrid composite samples, indicating the effect
of nonwoven layers’ areal weight and structural properties
on the flexural load. The highest bending load is related to
the MD-70 sample.

Due to the existence of the interlayer in the hybrid com-
posite, the final thickness increases (see Table 2). Therefore,
the stress values of different samples were also calculated.
By observing the values of bending stress in Table 5 and the
stress—strain diagrams shown in Fig. 7, in general, it can be
said that with the increase in the weight of the nonwoven
layers, the value of the maximum bending stress decreases,
which can be due to the increase in the thickness of the
composite samples. The results of the ANOVA statistical
analysis also show the significance of the effect of the weight
of nonwoven interlayers on the bending stress at the 95%
confidence level. Among the hybrid composite samples,

@ Springer
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Fig.7 Bending stress—strain curves of samples in: a MD and b CD
direction

the MD-40, which contains a nonwoven interlayer of 40
GSM, has the highest stress value and the lowest thickness
value. After that, the MD-70 sample has the highest bend-
ing strength. Also, the lowest stress value is related to the
CD-90 sample.

According to Table 5, the non-hybrid glass sample has the
highest bending stress value. This is because the glass fabric
has a much higher modulus compared to the polypropylene
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nonwoven layer; therefore, it is the reason that the hybrid
sample has lower bending strength than the non-hybrid glass
sample.

According to Fig. 8, the flexural stress of the pure glass
fiber sample has a sudden drop at a strain of approximately
2.5%, meaning that the composite practically loses its flex-
ural strength and reaches the failure point. However, in
hybrid samples, due to the use of polypropylene layers, there
is still some flexural resistance at higher strains. In other
words, the glass fiber/epoxy composite fractures at lower
strains than composites containing interlayer, indicating that
it is more brittle. Using nonwoven layers in hybrid samples
prevents the complete propagation of initial cracks and total
failure. This behavior has also been observed in similar stud-
ies [17, 30].

3.1.3 The Effect of Nonwoven Layer Orientation on Flexural
Behavior

The load—deflection curves of the hybrid samples in CD and
MD directions (Fig. 9), as well as the results of the ANOVA
statistical analysis, determined that the orientation of the
nonwoven interlayers has a significant effect on the maxi-
mum fracture load. Among all hybrid samples, the sample
containing nonwoven fabric in the machine direction (MD)
has a higher fracture load, which is attributed to the orien-
tation distribution. Because most fibers in the structure of
the nonwoven layer are oriented in the machine direction,
strength, and overall mechanical properties are better in this
direction. In fact, due to the orthotropy in the structure of
the nonwoven fabric, the mechanical properties of nonwo-
ven depend on the direction of the fibers in the structure. To
understand this issue, we can see the microscopic images of
the nonwoven structure and fiber orientation in Fig. 2.
According to the results of flexural stress in Fig. 10,
among all hybrid samples, more flexural stress is observed
in the sample containing nonwoven fabric with the MD
orientation. The results of the ANOVA statistical analysis
at the confidence level of 95% also indicate that nonwoven
fabric orientation has a significant effect on flexural stress.

350
300
250
200
150
100

50

Stress (MPa)

0 0.5 1 1.5 2 2.5 3

Strain (%)

Fig. 8 Stress—strain curve of non-hybrid glass fiber/epoxy composite

In the samples manufactured with a nonwoven layer in the
MD direction, since a more significant number of fibers are
oriented at a zero-degree angle (the angle between the fiber
axis and machine direction), better properties are obtained
in this direction.

3.2 Work of Fracture

Work of fracture or absorbed energy can be obtained from
the area under the load—deflection curve. It should be noted
that for a better comparison of results, the test duration was
considered the same for all samples. As shown in Fig. 11, the
area under the curve for all hybrid composites is more than
pure glass fiber composite. This indicates that samples with
nonwoven interlayers absorb more energy. In other words,
the required energy to fracture hybrid composites is higher
than in glass sample. The work of fracture depends on two
factors: load and displacement. As mentioned in previous
sections, hybrid composites have a higher bending load and
strain. On the other hand, in pure glass fiber samples, fail-
ure occurs at lower strains. The reason is that the breaking
strain of polypropylene fiber is much higher than glass fibers
and epoxy, which causes delamination or complete failure at
higher strains. The maximum work of fracture is observed
in the H-90-MD sample, and the minimum is related to the
H-40-CD sample, which is 178% and 44% higher than the
pure glass fiber sample, respectively. The ANOVA statisti-
cal analysis with a confidence level of 95% indicates a sig-
nificant effect of nonwoven layers on the amount of work of
fracture. Also, the orientation of the nonwoven layer does
not have a significant effect on the work of fracture.

3.3 Interlaminar Fracture Toughness

Interlaminar fracture toughness plays an essential role in
the flexural strength of composite materials. Therefore, in
this study, the end-notch flexure (ENF) test was conducted
to investigate the Mode-II interlaminar fracture toughness
in the pure glass fiber/epoxy and hybrid glass fiber/epoxy
composites containing a nonwoven fabric as an interlayer.
The effect of polypropylene nonwoven layers’ areal weight
on Gy was examined in this experiment.

Fracture toughness is an important parameter represent-
ing the ability to absorb energy and the structural capability
to withstand damage [30]. The results of the end-notch flex-
ure (ENF) test were used to calculate the Gy and reported
in Table 6. In all samples, only the load and deflection are
variables, while other parameters remain constant. Based on
Eq. 2, for Gy, the fracture toughness is directly related to
the flexure load and deflection. Therefore, a sample with a
higher fracture load or a sample that reaches failure at higher
strains has a higher fracture toughness.
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The load—deflection curves obtained from the ENF test
are shown in Fig. 12, and the interlaminar fracture tough-
ness of composite samples is shown in Fig. 13. As shown
in these figures, the maximum fracture load in all hybrid
samples is higher than in non-hybrid samples, indicat-
ing the significant effect of the nonwoven layers on the
interlaminar behavior. Increasing the interlaminar fracture
toughness can prevent delamination or make it occur at
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higher loads, resulting in an increase in the final shear
stress of the sample.

The results of the fracture toughness test in Table 6
show that using polypropylene nonwoven interlayer has a
significant effect on fracture toughness. Therefore, com-
pared to a non-hybrid reference sample, Mode-II fracture
toughness (Gyyc) has increased in the H-90 sample by at
least 44% and in the H-60 sample by up to 56%. Therefore,
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Table 6 The results of the end-notch flexure (ENF) test

Composite sample ~ Maximum fracture load Interlaminar fracture

MN) toughness (kJ/m?)

66 41 0.18
H-40 45 0.26
H-50 133 0.61
H-60 202 1.18
H-70 262 11
H-90 186 0.61
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Fig. 12 Load-deflection curves obtained from the ENF test
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spunbond nonwoven polypropylene can be used as a suit-
able interlayer to increase the fracture energy and tough-
ness of the final composite. This behavior has also been
observed in similar studies [5, 9-11].

As shown in Figs. 12 and 13, a significant difference is
observed among hybrid samples, and the effect of increas-
ing the areal weight of the nonwoven layer on the fracture
energy is clear. According to this curve, increasing the
layer areal weight increases the fracture toughness to a
certain extent and then decreases. This means that there
is an optimal weight, and after that, the weight and thick-
ness cannot be increased to improve fracture toughness.
This fact has also been observed in previous studies. From
this result, it can be concluded that other factors besides
areal weight and thickness, such as fiber orientation, will
also affect the mechanical properties of the final compos-
ite. By comparing the SEM images in Fig. 2, some dif-
ferences in the structure of different nonwoven samples
can be shown. In these images, the H-60 sample has a
more open structure than the H-90 sample, which leads to
more uniform resin absorption and creates a more cohesive
structure. This uniform resin absorption will strengthen
the adhesion between nonwoven layers and the glass fibers
and, therefore, will have more resistance to crack growth
and delamination. The H-40 nonwoven structure has less
fiber per unit area and, therefore, is less resistant to crack
growth.

The highest fracture toughness amount is related to the
H-60 sample, which contains a 60 GSM nonwoven inter-
layer. Although the flexural load of the H-70 sample is
higher, its fracture toughness is lower than the H-60 sam-
ple. The displacement of the H-60 sample is around 16 mm;
while, the displacement of the H-70 sample is less than
10 mm. An ANOVA statistical analysis was performed at
a confidence level of 95%. The results show that the areal
weight of the nonwoven interlayer has a significant effect
on fracture toughness. Also, the H-60 and H-70 samples,
the H-50 and H-90 samples, and the H-40 and G6 samples
are grouped pairwise, and there is no significant difference
between them.
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4 Conclusion

In this study, the flexural behavior and fracture toughness of
glass fiber/epoxy composites interleaved with polypropylene
spunbond nonwoven were investigated. In the first step, to
examine the flexural behavior and the effect of the nonwoven
interlayers, 7-layer composites, including four layers of glass
fabric and three interlayers of polypropylene spunbond were
produced and a three-point bending test was carried out. The
effect of nonwoven parameters, including areal weight and
fiber orientation, on the flexural load, bending stress, and the
work of fracture were studied. To make the samples required
for the end-notch flexure (ENF) test, a nonwoven layer of
polypropylene was used in the middle of 6 layers of glass
fabric. The results are summarized as follows:

e Using nonwoven layers in all samples has generally
increased the fracture load compared to the non-hybrid
glass sample. Also, the breaking load in hybrid samples
increased with the increase in the areal weight of the
nonwoven interlayer from a 40 GSM sample to a 70
GSM sample. Among the hybrid samples, the highest
bending force value was for the MD-70 sample (163%
higher than the non-hybrid glass sample), and the low-
est value was for the CD-40 sample (15% higher than
the non-hybrid glass sample).

e The pure glass fiber sample exhibited a sudden drop in
its flexural strength at approximately 2.5% strain, which
indicates losing flexural strength at low strains and reach-
ing the failure point. However, in hybrid composites, due
to the presence of polypropylene nonwoven layers, there
is still some flexural resistance at higher strains, albeit
low. In other words, the glass fiber/epoxy composite is
more brittle than composites containing nonwoven poly-
propylene fabric and fractures at lower strains.

e The orientation of nonwoven layers has a significant
effect on the maximum breaking load. In all hybrid sam-
ples, the sample containing a nonwoven layer oriented in
the machine direction (MD) has a higher fracture load,
which can be attributed to the orientation distribution.
Since the fibers in nonwoven structures are distributed
more in the machine direction, it provides better strength
and overall mechanical properties in that direction.

e The highest work of fracture amount is related to the
MD-90 sample, which is 178% higher than the pure
glass fiber sample. The lowest work of fracture amount
among hybrid samples belongs to the CD-40 sample,
which is still about 44% higher than the pure glass fiber
sample. Hybrid samples can absorb energy more than
glass samples.

e According to the effect of the nonwoven layer on the
absorbed energy of the composite, the interlaminar
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fracture toughness behavior was investigated. The
results showed that in hybrid samples, the interlaminar
fracture toughness (Gyyc) increased by at least 44% for
the code H-90 sample and up to 56% for the H-60 sam-
ple compared to the non-hybrid glass sample. There-
fore, spunbond nonwoven polypropylene can be used
as a suitable interlayer to increase the fracture energy
and toughness of the final composite.
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