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Abstract
The main emphasis of this work is to fabricate a new composite system having high impact performance, light weight, cost-
effective and reduced water absorption. Glass (G)–polypropylene (P) fibers reinforced epoxy composite laminates were 
fabricated using the hand lay-up technique. The impact response and water absorption capabilities of G–P fibers reinforced 
epoxy composites were investigated to know their suitability and adaptability for different industrial applications. Mor-
phological studies of the fractured surfaces were performed using scanning electron microscopy (SEM). Two-parameter 
Weibull distribution function was used to obtain the scatter in the results and to construct the reliability graphs. These reli-
ability graphs are important tools for helping the designers to understand and choose the suitable material for the required 
application. The proposed G–P/epoxy hybrid composites showed an improvement in the impact performance and reduction 
in water absorption capability compared to the host composites. The hybrid composite with G-fiber at the periphery and 
P-fiber at the core has lower void content and lower water uptake. The plies stacking sequence has almost no effect on edge-
wise impact strength values, whilst it has a noticeable effect on flat-wise impact strength values. When P-layers are at the 
impacted face, the composite exhibits higher impact strength. Both edge-wise and flat-wise impact strengths increase when 
P/G fiber ratio increases.
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Introduction

Composites have found numerous applications in aerospace, 
automotive, and construction industries owing to their light 
weight, high specific strength, high specific stiffness, and 
other performance benefits [1]. Composite structures are 
prone to impact loadings during service life, which signifi-
cantly can cause inner damages, such as matrix cracking, 
interfacial debonding and delamination [2]. Impact behavior 
of composite materials is controlled by many factors such 
as the nature of the matrix, the nature, content, length and 
orientation of the reinforcement, the fiber–matrix interface 
and hybrid design [3, 4]. To improve the impact energy-
absorbing ability of composites, high strain-to-failure fibers 
can be added to the host composite, realizing hybrid com-
posites [5].

Hybrid composites are materials fabricated by incorpo-
rating two or more different reinforcements in a common 
matrix to obtain a synergistic improvement in the mechani-
cal and physical properties. The hybrid reinforcements 
achieve a performance that cannot be obtained using a sin-
gle reinforcement type. Hybrid composite approach aims to 
reduce the production cost by the proper selection of rein-
forcing materials. A compromise between the performance 
and cost could be achieved [6]. Hybridization process has 
proved to be an effective method to design materials suited 
for various requirements [7].

Various studies have been reported on the impact perfor-
mance of hybrid composites. Pothan et al. [8, 9] studied the 
impact properties of banana-glass/polyester hybrid compos-
ites with different layering patterns. It was concluded that 
the composite with five layers, where glass forms both the 
core and the skin is giving the highest impact properties. 
Pincheira et al. [10] evaluated the influence of the reinforc-
ing aramid fibers in carbon/epoxy composites. The presence 
of aramid phase in the hybrid carbon/aramid composite 
induced a significant enhancement in the impact (37.9% in 
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energy absorption) and fracture resistance (12.7% for frac-
ture initiation and 43% for steady state regime). Davoodi 
et al. [11] noticed that the impact strength of kenaf–glass/
epoxy hybrid composites is lower than that of common glass/
epoxy one. Boopalan et al. [12] found that the addition of 
banana fiber to jute/epoxy composites gives 35.5% increase 
in the impact strength. Dehkordi et al. [13] examined the 
impact behavior of hybrid composites based on basalt and 
nylon woven fabrics. The results indicated that impact per-
formance of these composites is significantly affected by the 
nylon/basalt fiber content. Wang [14] evaluated the impact 
performances of interply and intraply basalt–kevlar/epoxy 
hybrid composites. The results showed that the interply 
hybrid composite has higher ductile indices, lower peak 
load, and higher specific energy absorption in both warp and 
weft directions compared to intraply hybrid. Panthapulakkal 
et al. [15] enhanced the impact properties of hemp/poly-
propylene composite by hybridizing it with small amounts 
of glass fiber. Venkateshwaran et al. [16] showed that the 
addition of sisal fiber to banana/epoxy composites by 50% 
by weight results in 35% increase in the impact strength.

Polymer composites are often used in applications where 
exposed to water such as marine applications, fishing trawl-
ers, canoes, patrol boats and submarine domes [17]. All 
polymer composites absorb moisture under humid atmos-
phere and by immersion in water. The effect of absorption 
of moisture leads to the degradation in fiber–matrix interface 
region creating poor stress transfer efficiency resulting in a 
reduction in mechanical and dimensional properties [18]. 
To achieve the full potential of polymer composites, they 
must have good environmental stability. The major factors 
that control the interaction between fibers and water are dif-
fusion, permeability, and sorption. The swelling behavior 
of the fibers is greatly affected by its physical and chemi-
cal structures [19]. Various studies have been reported on 
the phenomenon of moisture absorption in polymer hybrid 
composites.

Koradiya et al. [20] noticed an improvement in water 
absorption behavior of jute–glass/epoxy composites com-
pared to pure jute composite. Water uptake of silk–glass 
hybrid composites was found to be less than that of un-
hybridized silk reinforced composite [21]. Panthapulakkal 
et al. [15] deduced that the incorporation of glass fiber into 
hemp/polypropylene composites improves their water resist-
ance. Jarukumjorn et al. [22] enhanced water resistance of 
sisal/polypropylene composites by adding glass fiber. Joseph 
et al. [23] found that water uptake of banana reinforced com-
posite decreases with the incorporation of glass fiber. The 
composites with glass fiber at the periphery and banana fiber 
at the core have maximum resistance to water absorption.

Mechanical properties of polymer composite exhibit wide 
variability even with specimens prepared and tested under 
identical conditions. This is due to several factors such as the 

specimen manufacturing, preparation, handling, storage, test 
rig design, and experimental technique. However, the most 
important source of variability associated with the material 
nature has received little attention [24]. Weibull distribution 
function has proved to be a useful and versatile method for 
describing the properties of composite structures. This is 
because the probability density function (PDF) of Weibull 
distribution has a wide variety of shapes. Weibull cumula-
tive distribution function (CDF) is equivalent to the normal 
distribution with the shape parameter of α = 3.2. Rayleigh 
distribution is Weibull distribution with α = 2.0 [25]. The 
scatter in the mechanical properties for composites is usually 
described by, two or three-parameter Weibull distribution 
[26]. Two-parameter Weibull distribution was previously 
used by Mottram [27] to examine the compressive strength 
data of flat pultruded panels. Also, Selmy et al. [28] used it 
to analyze the tensile, flexural, in-plane, and interlaminar 
shear properties of unidirectional glass fiber-random glass 
fiber/epoxy hybrid composites. The most popular techniques 
used to calculate the shape and scale parameters (α) and 
(β) of Weibull function are the graphical method and the 
maximum-likelihood method [29].

Lightweight materials are becoming important in many 
industries, such as automotive, aviation, marine, wind 
energy, portable electronics, and so on. P-fiber is character-
ized by its low density, low cost and high ductility, whereas 
G-fiber is commercially used for its high strength, high stiff-
ness, low water absorption and availability. The lack of data 
on G–P hybrid composites is the rationale behind this exper-
imental work, whose aim is to provide a comprehensive 
investigation on the impact behavior and water absorption 
of G–P-fibers reinforced hybrid composites. To approach 
this aim, unidirectional G–P/epoxy hybrid composites were 
fabricated in intraply and inter-intraply hybrid structures 
using the hand lay-up technique. The fabricated composites 
were subjected to impact loading in edge-wise and flat-wise 
directions. Specimens with different lay-ups and different 
P/G fiber ratios were tested. The water absorption of the 
fabricated composites was evaluated by gravimetric analy-
sis, i.e. by the measurement of the relative weight uptake of 
the aged specimens in accordance with the exposure time. 
The results were used to understand the role played by the 
hybridization process between G-fiber and P-fiber on the 
impact behavior and water absorption characteristics.

Experimental work

Materials

The materials which were used to make the proposed hybrid 
composites included unidirectional G-fiber (2400 g/km) and 
unidirectional P-fiber (550 g/km) supplied by El-Kariem 
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(Egypt) and El-Nassagoun El-Sharqiuon (Egypt), respec-
tively. Kemapoxy 150 RGL, chosen as a matrix material, was 
supplied by Chemicals for Modern Building Group (Egypt).

Preparation of the composites

A total of nine G–P fibers reinforced epoxy composite lami-
nates were fabricated using the hand lay-up technique [30, 
31]. The overall fiber volume fraction, i.e.Vf = VfP + VfG , 
and thickness of all the fabricated composites are approxi-
mately 32.5% and 7.25 mm, respectively. First, G and P-fiber 
bundles were fixed on wooden frames using small pins as 
shown in Fig. 1a. The distance between each adjacent two 
pins in the wooden frame was assigned as the pitch. The 
densities of G and P fibers were 2560 and 910 kg/m3, respec-
tively. The G and P-fiber volume fractions in the fabricated 
composites were controlled by changing the pitch value as 

shown in Table 1. Arranging the fiber bundles with this 
method ensured regular distribution of the fibers and kept 
them in place. The details of the fabricated composite lami-
nates, their configuration, plies stacking sequence and fibers’ 
relative volume fractions are listed in Table 1. The fabrica-
tion process of G–P fibers/epoxy composite laminates can 
be summarized as follows:

The lay-up mold was treated by a release agent and was 
left to dry. A layer of epoxy resin was spread on the mold. 
The first template with fiber bundles was placed on the resin. 
Next, they were rolled to distribute the matrix and displace 
the air outwards as shown in Fig. 1b. When the fibers were 
fully impregnated with epoxy, they were loosened from the 
template, and more epoxy was added and distributed. The 
procedure was repeated with alternate layers of matrix and 
fibers until the whole laminate was primarily constructed. 
When the last fiber layer was impregnated, a steel plate with 

Fig. 1   a Wooden templates with 
G-fiber bundles and P-fiber 
bundles, b rolling process, c 
a 25-kg steel plate placed on 
top of the laminate, and d final 
composite laminate

Table 1   The details of the fabricated G–P fibers reinforced epoxy hybrid composites

Composite 
laminate code

Composite laminate type Stacking sequence Overall fiber  
volume fraction, Vf (%)

Fibers relative volume  
fraction (%)

Pitch value on the 
wooden template 
(mm)

VfG VfP G-fiber P-fiber

PFRP Non-hybrid [P]6 32.5 0.0 32.5 – 3
H1 Inter-intraply hybrid [P2/GP2/G2] 16.25 16.25 10 6
H2 [G2/GP2/P2] 10 6
H3 [P/GP/G]S 10 6
H4 [G/GP/P]S 10 6
H5 Intraply hybrid [GP]6 10.83 21.67 15 4.5
H6 [GP]6 16.25 16.25 10 6
H7 [GP]6 21.67 10.83 7.5 9
GFRP Non-hybrid [G]6 32.5 0.0 5 –
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25 kg mass was placed on top of the laminate to obtain a 
uniform pressure and consequently a constant thickness for 
the fabricated composite as shown in Fig. 1c. Finally, the 
constructed laminate was left at room temperature until it 
was completely cured (Fig. 1d). The test specimens were 
prepared according to the corresponding standards.

Density measurements

One important criterion for composite design is the weight 
which can be alternatively characterized by the density. The 
samples weights in air (Pd) were measured by an electronic 
balance, with sensibility of ± 0.0001 g. The experimental 
density, �exp, was calculated as follows:

 where �0 , the water density and Pim as the sample weight 
in water.

Water absorption test

Water absorption capability of the fabricated composites has 
been studied at room temperature by the measurement of the 
relative weight uptake of the aged specimens in accordance 
with the exposure time as per ASTM D 570 [32]. Specimens 
were cut into 50 × 50 mm2. They were weighed and then 
immersed in distilled and sea water up to the saturation point 
[33]. The percentage weight change was determined until the 
equilibrium values were reached. Specimens were removed 
from water at different times, wiped with tissue paper to 
remove surface water and weighed with electronic balance, 
with sensibility of ± 0.0001 g [34, 35]. In this study, no 
water gain was observed after 11 months. The water absorp-
tion study has given valuable information on the nature of 
the interface between G and P fibers and the matrix. The 
water absorption characteristics of G–P/epoxy specimens 
were evaluated by the relative uptake of weight defined by 
Mt according to the following equation [36]:

 where Pw and Pd are the wet and dry weights of the sample, 
respectively.

Izod impact tests

Impact behavior is a measure of the energy required to initi-
ate the damage and progress the failure within the composite 
[37]. Impact strengths for the fabricated composites were 
measured using Izod impact testing machine (type Avery 
Denison) as per the ISO 180 [38]. The test specimens were 

(1)�exp = �0

(

Pd

Pd − Pim

)

,

(2)Water absorption
(

Mt

)

=
Pw − Pd

Pd

,

cut into 64 × 12.7 mm2. Five identical specimens were tested 
in each case and the average value was reported. Two types 
of tests were performed; on one hand, un-notched coupons 
were impacted in the flat-wise direction, perpendicular to the 
layers; on the other hand, notched coupons were impacted in 
the edge-wise direction, parallel to the layers. For notched 
specimens, a 45° V-notch was inserted through the speci-
men thickness by milling process to a depth of 2.5 mm. The 
impact strength, Sn for notched edge-wise specimens and 
Su for un-notched flat-wise specimens were calculated as 
follows:

 where b, bn and h are respectively the specimen’s width, 
residual width after inserting the notch and thickness.

Izod impact test procedure can be summarized as follows:
At first, the specimen was positioned in the vice with a 

centering device adapted as a vertical cantilever beam. It 
was secured by turning a hand wheel clockwise. A screw 
was made available just in the middle of the hand wheel to 
control the clamping torque applied by means of a dynamo-
metric key with a resolution of 0.5 N m and a working torque 
range from 1 to 25 N m. Then, the hummer was set in the 
raised position. The pointer was set on upper limit of the 
scale as zero point. Finally, the hummer was released with a 
velocity of 3.65 m/s. The absorbed energy was recorded on 
the machine scale [39].

Morphological analysis

Impact behavior damage in polymer composites depends on 
many parameters such as the fiber type, orientation and vol-
ume fraction, matrix type, lay-up sequence and fiber–matrix 
bond. Furthermore, polymer composites have various dam-
age modes such as micro-cracking, matrix deformation, 
fiber–matrix debonding, fiber breakage, fiber pull-out and 
delamination. These various damage modes may appear 
singly or together. Morphological analysis was carried out 
using SEM to examine the failure of the impacted speci-
mens. Fractured specimens were coated with gold and kept 
in an ionizer. The images of the fractured specimens were 
taken by subjecting them to a voltage of 20 kV.

Hybrid effect

The hybrid effect is defined as the fractional deviation of the 
experimental property, i.e. Pexp compared to that estimated 
from the rule of mixtures (RoM), i.e. PRoM and Pexp can be 
thus given by Eq. 4 [40]:

(3a,b)
Sn =

Absorbed energy

bn h
and Su =

Absorbed energy

b h
,

(4)eh =
Pexp

PRoM

− 1



449Iranian Polymer Journal (2018) 27:445–459	

1 3

Specific impact strength

Specific impact strength can be calculated as the experi-
mental value divided by the composite density. The use of 
specific properties is an essential concept when compar-
ing the capabilities of composites fabricated from different 
materials. This approach is reasonable in all engineering 
applications, aiming for weight reduction [40].

Strength‑to‑cost ratio

Cost is an important criterion in the design of composite 
structures. It is influenced by a combination of design and 
fabricating parameters. The key cost drivers for design are 
material selection, configuration and complexity. While 
those for manufacturing are related to labor and equipment 
costs and production volume. Approximately, 40% of the 
composite cost is due to material cost [41]. The material 
cost may be used as a reasonable proxy for the cost index. 
The material cost for a composite is the summation of its 
constituent costs. In this study, the costs of G-fiber, P-fiber 
and epoxy matrix are 2.5, 1.0 and 8 $/kg.

Theoretical work

Fiber volume fraction (Vf)

The overall fiber volume fraction (Vf) of the fabricated com-
posites was obtained theoretically as follows:

First, a specimen from the composite was considered and 
its volume was determined (VC) . Then, the length of the 
fiber bundles in the specimen (L) was calculated. Finally, 
the weight of the fiber in the piece (Mf) and the fiber volume 
(vf) were estimated using Eqs. 5 and 6. The estimated fiber 
volume fraction (Vf) was calculated using Eq. 7:

 where �l and �f are the linear density and volumetric density 
of the fiber.

Density and void content

Following the RoM, the theoretical densities 
(

�th
)

 of the fab-
ricated composites can be expressed as follows [42]:

(5)Mf = �lL

(6)vf =
Mf

�f

(7)Vf =
vf

VC

,

(8)�th = �fPVfP + �fGVfG + �m
(

1 −
[

VfG + VfP

])

,

 where V is the volume fraction, the subscripts “fG” and “fP” 
refer to G and P fibers, respectively.

The void content is one of the most important problems 
that may be encountered in fiber-reinforced composites. The 
voids are produced inadvertently in composites either in 
manufacturing stage or while in service. The most common 
cause of voids is the incapability of the matrix to displace 
all the air entrapped within the fibers as it passes through the 
matrix. The existence of voids in the composite significantly 
reduces its mechanical and physical properties. During the 
impregnation of the fibers with the matrix, i.e. during the 
fabrication process, the trapped air or other volatiles may 
exist in the composites [43]. The void content of the fab-
ricated composites were calculated according to ASTM 
D2734 [44] using Eq. 9:

Statistical analysis of impact test data

As composites are inhomogeneous some wide differ-
ences may be seen in static strength test results under the 
same conditions. Statistical evaluations are very important 
because of wide distributions of the test results in composite 
samples. When a great safety coefficient was used in the 
past, this distribution in the results was relatively unimpor-
tant. With the development of high-performance aircraft, the 
changeability of mechanical properties of composites has 
gained great importance [45, 46]. Analyzing the reliability 
of composite materials is an inevitable need because of brit-
tle fracture in structures and the wide scatter of experimental 
data. Thus, for the safe application of composite materials 
in industry, their data as statistically must be understood 
well. The statistical properties used, generally depend on 
usual distribution in mean strength. But especially, Weibull 
distribution has more reliable values than other distributions 
in mechanical data evaluations from the point of variables 
strength parameters [47, 48]. Therefore, it has been con-
firmed in the literature that Weibull distribution is useful in 
the evaluation of mechanical data reliability in composite 
structures [49, 50].

Two-parameter Weibull distribution is being used to 
model extreme values such as the failure strength. The 
advantages of two-parameter Weibull distribution are as 
follows:

•	 It can be explained with a simple function and applied 
easily.

•	 It is used frequently in the evaluation of mechanical prop-
erties of composites.

•	 Its usage is easy having present graphics and simple cal-
culation methods.

(9)Void content =
(�th − �exp)

�th
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•	 It gives some physical rules concerning failure when the 
slope of Weibull probability plots taken into account. The 
PDF of two-parameter Weibull distribution has been indi-
cated in Eq. 10, [51, 52].

 where n is the random variable value, � and � are the shape 
and scale parameters. In this study, the random variable is 
the impact strength.

If PDF equation is integrated, the CDF in Eq. 11 will be 
obtained. Equation 12 is derived from Eq. 11. Equation 13 
represents the probability of survival or reliability ( Rn ) and 
the probability of failure ( Pn).

 where Rn is the probability of survival or reliability and Pn is 
the probability of failure.

If the natural logarithm of both sides of Eq. 12 is taken, the 
following equation will be obtained:

Equation  14 is rearranged to be Y = ln

[

ln

(

1

1− F(n)

)]

,

X = ln (n), m = � and c = − � ln (�) . Hence, a linear 
regression model in the form of Eq. 15 will be obtained as 
follows:

In Eq. 11, when n = �,

According to Eq. 16, (β) is the impact strength at which 
63.2% of the population is expected to fail. In this study, reli-
ability plots have been constructed to guide the designers. 
Mean value (M), standard deviation (SD) and coefficient of 
variation (CV) of impact strength values were calculated from 
Eqs. 17–19 as follows:

(10)f (n) =

(

�

�

)(

n

�

)

exp

[

−

(

n

�

)�]

� ≥ 0, � ≥ 0,

(11)F(n) = 1 − exp

[

−

(

n

�

)�]

(12)exp

[

−

(

n

�

)�]

= 1 − F(n)

(13)Rn = 1 − Pn,

(14)ln

[

ln

(

1

1 − F(n)

)]

= � ln (n) − � ln (�).

(15)Y = m X + c

(16)� = e(−c∕�).

F(n) = 1 − exp
[

−(1)�
]

F(n) = 1 − 0.368 = 0.632 = 63.2%.

(17)M = �Γ
(

1 +
1

�

)

 where Γ is gamma function.

Application of Weibull distribution

Weibull distribution parameters and the reliability analysis 
processes were carried out by Microsoft Excel. Steps to draw 
Weibull lines and obtain � and � are shown as follows [48]:

1.	 The impact strength values are located and arranged in 
ascending order and a serial number was given for each 
value ( i = 1, 2, 3,… , n).

2.	 Each impact strength value is used in Bernard’s Median 
Rank formula given in Eq. 20:

where i is the failure serial number and n is total test 
number of samples.

3.	 ln(ln (1∕(1 −MR)) and ln (impact strength) the values 
are calculated for each impact strength.

4.	 The graphics of ln ( impact strength) and 
ln(ln (1∕(1 −MR)) values are drawn.

5.	 Equation 15 is obtained in the most reasonable form 
from these graphics and � and � values are calculated.

6.	 The mean impact strength and the coefficient of varia-
tion corresponding to each composite type are calculated 
using Eqs. 17 and 19.

Results and discussion

Fiber volume fraction

The overall fiber volume fraction and the relative fibers con-
tents were calculated theoretically and listed in Table 1.

Density and void content

As depicted in Table 2, there is a good agreement between 
the experimental and theoretical densities for all fabri-
cated composites. The composite density decreases with 

(18)SD = b

√

[

Γ
(

1 +
2

�

)

− Γ2

(

1 +
1

�

)]

(19)CV =
SD

MTTF
=

√

[

Γ
(

1 +
2

�

)

− Γ2

(

1 +
1

�

)]

Γ
(

1 +
1

�

) ,

(20)MR =
i − 0.3

n + 0.4
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increasing P-fiber content due to the lower density of P-fiber 
compared to G-fiber. The void content of the fabricated com-
posites with different layering patterns is presented in Fig. 2. 
Pure P-fiber reinforced epoxy composite, PFRP, exhibits the 
highest void content (1.04%) compared to other compos-
ites. This may be due to the incompatibility between the 
epoxy resin and P-fiber. According to Abd El-baky et al. 
[50], incomplete wetting out of the fibers by the matrix leads 
to the formation of voids. On the other hand, the lowest void 
content (0.19%), is associated with pure G-fiber reinforced 
epoxy composite, GFRP. As expected, hybrid composites 
have intermediate void content between PFRP and GFRP 
composites.

For intraply hybrid composites, as P/G ratio increases, 
the void content increases, i.e. hybrid composite containing 
higher P-fiber amount, i.e. H5 has higher void content. For 
the studied inter-intraply hybrid composites, it was noticed 
that the plies stacking sequence has a significant effect on 
the void content. The composite with G-fiber at the skin and 
P-fiber at the core, i.e. H4 has lower void content (0.31%) 
compared with the hybrid with the opposite arrangement, 

i.e. H3 (0.46%). That is because P-fiber in the specimen core 
is tightly packed by G-fiber. However, it is clear from Fig. 2 
that the hand lay-up technique leads to a satisfactory fiber 
impregnation level and results in composites with low void 
contents. Void content less than 1% is required for aerospace 
applications and 5% is acceptable for other applications such 
as automotive and marine [50].

Water absorption

Figure 3 shows water uptake of G–P fibers/epoxy composite 
specimens immersed in distilled and sea water. It is clear 
from Fig. 3 that the rate of diffusion of water into G–P fib-
ers reinforced composites is time dependent. Composites 
absorb water very rapidly at the initial stage and later a satu-
ration level could be attained without any further increase. 
Water uptake of PFRP composite is the highest whilst that 
of GFRP composite is the lowest. This is due to the hydro-
philic nature of P-fiber and due to the capillary action when 
fiber ends are exposed to water [36]. Hybrid composites have 
intermediate water absorption capability between those of 
PFRP and GFRP composites. Water absorption of hybrid 
composites decreases by the incorporation of G-fiber due to 
the negligible water absorption capacity of water imperme-
able G-fiber, as compared with P-fiber. Hybrid composite 
with G-fiber at the periphery and P-fiber at the core, i.e. H4 
may display maximum resistance toward water absorption 
because G-fiber acts as a barrier to P-fiber, thus prevent-
ing the direct contact between P-fiber and water. Whilst the 
hybrid with the opposite arrangement, i.e. H3, may display 
minimum resistance toward water absorption. As P-fiber 
amount increases, water absorption increases due to the 
presence of a high amount of P-fiber and a large number of 
porous tubular structures or voids. The presence of G-fiber 
makes the composite more hydrophobic in nature. The better 
adhesion between matrix and fibers decreases the velocity 
of the diffusing molecules. Another factor is that stronger 
adhesion results in tighter packing within the epoxy–fiber 

Table 2   Specific impact 
strength and cost ratio for G–P 
fibers reinforced epoxy hybrid 
composites

Laminate code Density (kg/m3) Specific impact strength 
(J m/kg)

Cost ratio (104 J/m2$)

Theoretical, �th Experimental, �exp Edge-wise Flat-wise Edge-wise Flat-wise

GFRP 1575 1571.58 105.33 83.43 1.08 0.86
H1 1306 1299.93 245.02 195.71 3.66 2.92
H2 1306 1299.93 245.02 166.46 3.66 2.48
H3 1306 1302.05 263.40 183.15 3.53 2.73
H4 1306 1301.34 234.69 167.08 3.50 2.49
H5 1199 1190.59 331.53 241.20 6.06 4.41
H6 1306 1303.04 236.75 171.59 3.93 2.56
H7 1414 1411.18 191.65 128.57 2.48 1.66
PFRP 1038 1026.98 466.57 348.55 22.23 16.61

Fig. 2   Void content for the fabricated G–P fibers reinforced epoxy 
composites
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network due to which, the distance traveled by the diffusing 
water molecules between two consecutive collisions would 
drop (mean free path) and consequently results in lower 
water uptake [34].

Uptake of distilled water is slightly higher than that of 
sea water for all studied composites. Salt-water sorption is 
slightly different from that of distilled water. This is due to 
the presence of ions in salt water [19]. This result agrees 
with Davies et al. [53] who pointed out that distilled water 
aging differs significantly from sea water aging, particularly 
in terms of weight gain.

Impact strength

The impact strength of fiber-reinforced composites is 
affected by many factors such as the fiber and matrix 
types, interface properties, layering pattern, specimens’ 
geometry and test conditions [6, 54]. The impact strength 

measurement is also very sensitive toward imperfections 
of the samples, such as voids, bubbles, or any impurities 
or inclusions [55]. The impact failure of a composite takes 
many forms like matrix fracture; fiber/matrix debonding and 
fiber pull out. Even though, fiber pull out is found to be an 
important energy dissipation mechanism in fiber-reinforced 
composites [39].

Figure  4 shows that edge-wise and flat-wise impact 
strengths for PFRP composite are about 2.92 and 2.75 times 
those of GFRP one. The lowest impact strength values were 
observed for GFRP composite having high tensile strength 
and modulus (as obtained by Attia et al. [30]). The fiber/
matrix adhesion to a great extent determines the strength 
of composites. An improved interaction can lead to perfect 
bonding and thus the failure of the composites can occur at 
relatively low impact [34]. Ray et al. [56] observed that in 
composites having weak interfacial bonding the crack prop-
agates along the fiber/matrix interface causing debonding 

Fig. 3   Water uptake of G–P fibers reinforced epoxy composites: a distilled water and b sea water

Fig. 4   Impact strength of G–P fibers reinforced epoxy composites: a edge-wise and b flat-wise
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which leads to a significant increase in energy absorbing 
capacity of the composites. As a result, large new surfaces 
will be produced and the frictional work resulting from dif-
ferential displacement between the matrix and fibers will 
increase the impact resistance of the composites.

The impact strength can be interpreted by the ability of 
two kinds of composites to store the impact energy in the fib-
ers. Such energy matches the area under the tensile test curve 
of the fibers which is affected by elastic modulus and strain-
at-failure point. The higher failure strain of P-fiber compared 
to G-fiber, as deduced by Attia et al. [30], means that P-fiber 
can absorb more energy than G-one and thus increases the 
impact resistance of the composite. The applied load is 
transferred to fibers by shear force and it exceeds the fiber/
matrix interfacial bond strength and debonding occurs. Fric-
tional losses as P-fiber is pulled out of the matrix are a major 
contributor to the observed toughness of PFRP composite. 
This result agrees with that obtained by Joseph et al. [39].

It was also noted that P–G hybrids exhibit better edge-
wise and flat-wise impact strengths than those of GFRP 
composite. The addition of G-fiber to P-fiber restricts the 
deformation of P-fiber and decreases impact energy of the 
hybrid composites, compared to that of PFRP, through the 
reduction of displacement at break [57].

For inter-intraply hybrid composites, the plies stack-
ing sequence has almost no effect on edge-wise impact 
strength values, whilst it has a noticeable effect on flat-wise 
values. Flat-wise impact response of hybrid composites 
appears to be dominated by the front layer [58]. Flat-wise 
impact strength of H1 (where P-fiber is at the impacted 
face) is about 1.18 times that of composite with the oppo-
site arrangement, i.e. H2. This happens by the fact that the 
flexible layer at the impacted surface experiences larger 
deformation in composite laminates [57]. This result agrees 
with Park et al. [59]. Both edge-wise and flat-wise impact 
strengths increase when P/G fiber ratio increases.

Hybrid configuration has a noticeable effect on the impact 
strength values. For hybrid composites having the same P/G 
fiber ratio, edge-wise impact data clearly shows that intraply 
hybrid composite gives higher impact strength value when 
compared to those of inter-intraply hybrids. This is probably 
due to the higher efficiency in hindering crack propagation 
in the case of G and P fibers intimately mixed in the same 
layer with respect to the case in which they are located in 
separated plies [60].

Morphological analysis

The interfacial bonding strength between the fiber and 
matrix has high influence on the impact response of the 
fabricated composites [9]. Failure mechanism such as 
fiber–matrix debonding and fiber pull out are due to the 
impact energy dissipation. When the pendulum strikes 

the specimen, the pendulum first contacts the fiber and 
forces the fiber bundles to bend. Consequently, fiber pull-
out, fiber breakage and fiber–matrix debonding can be 
observed [61]. The fractured flat-wise impact coupons 
exhibit delamination at the layers interface. Delamina-
tion is localized around the impacted region. The frac-
tured notched coupons are not divided into two parts 
at the notches. Generally, edge-wise impact induces an 
opening mode force at the notch, resulting in tension fail-
ure. However, layers around the notch are delaminated 
and expanded and buckling occurs at the specimen back 
surface. Moreover fiber breakage is observed at tension 
side. The failure of the composite is mainly due to G-fiber 
breakage, P-fiber pull-out and matrix cracking [37]. Fiber 
pull-out is found to be the most important energy dissipa-
tion mechanism in fiber reinforced composites [39].

Figure 5 shows SEM for G–P fibers reinforced epoxy 
composite specimens, failed under Izod impact testing. 
Matrix dislocation, fiber–matrix debonding, G-fiber frac-
ture, P-fiber pull-out, delamination and surface cracks are 
evident in Fig. 5a, b. The high impact strength shown by 
PFRP composite can be attributed to the extra energy dis-
sipation mechanism due to plastic deformation and fiber 
pull-out as shown in Fig. 5. For GFRP, the fiber breakage 
is more likely than the plastic deformation as shown in 
Fig. 5b. Figure 5c shows that epoxy matrix is penetrated 
into G-fiber surface. It is clear from Fig. 5c that G-fibers 
adhere well to the matrix and undergo breaking and delam-
ination during fracture, while Fig. 5d shows the poor inter-
action between P-fiber and matrix. So P-fibers are pulled 
out from the matrix during the impact failure. This result 
agrees with that obtained by Joseph et al. [39].

Hybrid effect

The expected impact strength was calculated using the 
RoM which was defined simply for the impact strength as 
a linear relation against VfP . Concretely, the straight line 
between the impact strength of GFRP and that of PFRP 
describes the RoM. A negative hybrid effect governs the 
impact strength of G–P hybrids as declared in Fig. 6. A 
positive hybrid effect was observed for edge-wise impact 
strengths of H5 and H6 as shown in Fig. 6a and for flat-
wise impact strengths of H1 and H5 as shown in Fig. 6b. 
This may be due to the synergistic effect in the absorbed 
energy. This result agrees with that obtained by Marom 
et al. [62]. There are different parameters that might con-
trol the hybrid effect such as the fibers amounts, the types 
of fibers, relative moduli and strengths of the fibers, the 
nature of the fiber–matrix interface, and the arrangement 
of the fibers within the composite as reported by Selmy 
et al. [40].
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Specific impact strength

Specific edge-wise and flat-wise impact strengths for G–P 
fibers/epoxy composites were calculated with respect to 
their densities and listed in Table 2. Specific edge-wise 
and flat-wise impact strengths of PFRP composite are 
about 4.43 and 4.18 times those of GFRP composite. This 
is due to the lower density of P-fiber compared to that 
of G-fiber. Both specific edge-wise and flat-wise impact 
strengths of G–P reinforced composites increase when 
P/G fiber ratio increases. For the studied inter-intraply 
hybrid composites, the highest specific edge-wise and 
flat-wise impact strengths were observed for H3 and H1, 
respectively.

Strength‑to‑cost ratio

The cost ratios for the fabricated composites were calcu-
lated, as the impact strength is divided by the specimen 
cost, and compared as shown in Table 2. It is clear that the 
hybridization of G-fiber reinforced composites with P-fiber 
improves the cost ratio. From the stand point of cost, PFRP 
followed by H5 composites are the best choice for structures 
under impact loadings.

Statistical analysis

The shape (α) and scale (β) parameters of two Weibull distri-
bution function for G–P reinforced epoxy composites were 

Fig. 5   SEM for G–P fibers reinforced epoxy composite specimens failed under impact loading: a P-fiber pullout and delamination, b G-fiber 
fracture and surface crack, c good adhesion between G-fiber and matrix and d poor interaction between P-fiber and matrix
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calculated graphically as shown in Fig. 7. Mean (M), standard 
deviation (SD) and coefficient of variation (CV) of impact test 
results were calculated and listed in Table 3. It is clear from 
Table 3 that CV values range from 2.63 to 7.33%. Figure 8 
shows the reliability curves of impact strength for the fabri-
cated composite types. These graphs can be used by the design 
and development engineers.

Conclusion

The main aim of this study was to create a new compos-
ite system having high-impact performance, light weight, 
reduced water absorption and cost-effective. To attain this 
aim, P–G/epoxy hybrid composites have been developed 

Fig. 6   Hybrid effect on the impact strength of G–P fibers reinforced epoxy composites: a edge-wise and b flat-wise

Fig. 7   Graphical analysis of impact strength data for G–P fibers reinforced epoxy composites: a edge-wise and b flat-wise
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as a function of plies stacking sequence, hybrid config-
uration, P/G fiber ratio and test direction (edge-wise or 
flat-wise). Based on the obtained results, the following 
conclusions are reached:

•	 Hybridizing G-fiber reinforced composite with P-fiber, 
decreases the composite density, due to the low density 
of the P-fiber, but increases the void content, due to the 
incompatibility between the epoxy resin and P-fiber lead-
ing to incomplete wetting of the fibers by the matrix. 
As P/G fibers ratio increases, the water uptake increases 
due to the hydrophilic nature of P-fiber and the capillary 
action when fiber ends are exposed to water.

•	 The hybrid composite, with G-fiber at the periphery and 
P-fiber at the core, has lower void content because P-fiber 
in the specimen core is tightly packed by G-fiber and 
lower water uptake because G-fiber acts as a barrier to 
the P-fiber, thus preventing the direct contact between the 
P-fiber and water compared with the opposite arrange-
ment. Distilled water uptake is slightly higher than sea 
water uptake for all studied composites due to the pres-
ence of ions in salt water. From the stand point of cost, 
PFRP followed by H5 composites are the best for struc-
tures used under impact loadings.

•	 The plies stacking sequence has almost no effect on 
edge-wise impact strength values, whilst it has a notice-
able effect on flat-wise ones. When P-layers are at the 
impacted face, the composite exhibits higher impact 
strength. This happens by the fact that the flexible layer 
at the impacted surface experiences larger deformation 
in composite laminates. Both edge-wise and flat-wise 
impact strengths increase when P/G fiber ratio increases. 

That is because P-fiber is more ductile and can absorb 
more energy.

•	 Edge-wise impact data clearly showed that intraply 
hybrid composite displayed higher impact strength value 
when compared to those of inter-intraply hybrids. This 
is due to the higher efficiency in hindering crack propa-
gation in the case of G and P fibers intimately mixed in 
the same layer with respect to the case in which they are 
located in separated plies.

•	 A negative hybrid effect governs the impact strength of 
G–P hybrids except for H5 and H6 for edge-wise impact 
strength and H1 and H5 for flat-wise impact strength. 
This may be due to the synergistic effect in the absorbed 
energy.

•	 Two-parameter Weibull distribution was used to ana-
lyze the impact results. The reliability curves have been 
extracted to be used by design engineers.

•	 Briefly, PFRP composites have better impact strength 
and low cost whilst the water uptake resistance of GFRP 
is better. Therefore, combining the P-fiber and G-fiber 
through the formation of hybrid composite will make the 
obtained hybrid systems having the privileges of P-fiber 
and G-fiber into a single hybrid system.
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