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Abstract

Quest to reduce high structural weight and cost of metallic components, leading to their replacement
with carbon and Kevlar fibers reinforced polymer (FRP) composites are increasing. These problems
can be solved through hybridization of carbon/glass (CG) and Kevlar/glass (KG) fibers to reduce
the manufacturing cost and materials usage, not at detriment of their properties. Therefore,
investigation into their tensile properties, diffusivity and service life is germane. The present study
focuses on influence of hybridization of carbon/glass and Kevlar/glass fibers on seawater
diffusivity, service life and tensile strengths of their composite systems, through hydrothermal
aging. The hybrid composites were aged in seawater for 50, 150 and 300 days at temperatures of
20, 40 and 60 °C. From the results obtained, it was evident that the maximum moisture absorption
of both FRP hybrid composites occurred at 60 °C in 300 days of hydrothermal aging. The maximum
tensile strengths were obtained in unaged composite counterparts. Also, the aged FRP hybrid
composites exhibited the lowest tensile strengths at 150 days. The retention of maximum tensile
strengths of CG and KG FRP hybrid composites showed 75 and 70% for 100 years at hydrothermal
aging temperature of 40 °C. Therefore, both FRP hybrid composite samples exhibited promising

behaviours for various marine applications.
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1. Introduction

The use of synthetic fiber reinforced polymer (FRP) composites made of carbon, Kevlar and
glass fibers are widely encouraged by researchers, academicians and industrialists, due to their
lightweight, higher strength-to-weight, higher stiffness-to-weight, higher specific strength, relative
less cost for making composites and higher durability. The high cost of carbon fiber reinforced
polymer composites (CFRP) can be reduced by hybridization of carbon, glass and Kevlar fibers to
achieve competitive structural properties [1,2]. From economical perspective, some glass fiber and
Kevlar fiber reinforced polymer composite (GFRP and KFRP) components cannot be completely
replaced by CFRP in automobile, aviation, earth moving, industrial machineries and marine
applications. Alternatively, the secondary reinforcement of inorganic nanofillers, such as SiO> and
CoFe204 [3], SiO2 [4,5], Al203[4-6], ATH [4,5], MgO [4,5], CaCOs[4,5], MgO [4,5], g-C3N4 [5],
TiO2 and Al;O3 [7], multi-walled carbon nanotubes [6,8,9] graphene oxide nanoplatelets [8,9],
BaTiOz3 [10], SiC [6] and graphene-carbon nanotube [9] were added in GFRP and KFRP composites

to increase their mechanical properties.



Also, the retention of mechanical properties under hydrothermal condition can be improved by
addition of nano fillers [11-14] in GFRP composites. Then, the addition of nano fillers into GFRP
and KFRP composites can marginally improve their mechanical properties [3,13]. Before using the
aforementioned synthetic FRP composites in structural applications, scientists, industrialists and
researchers are required to investigate their durability and retention of strengths through
hydrothermal aging. It is therefore germane to obtain retention of mechanical, dynamics and thermal
properties of these composites at different environmental conditions, such as normal, distilled,
artificial salt, sea water and chemical solutions.

Carbon fiber/vinyl ester composite rods were shocked with NaCl solution and distilled water at
95 and 65 °C. The percentage of moisture absorption of composite in distilled water was obtained
to be less than 0.6% when the composites were immersed in 3% NaCl solution at 65 °C. The flexural
and interlaminar shear (mechanical) strengths were greater than 60% up to 1200 hours of
hydrothermal aging at 3% NaCl solution, when compared with distilled water aged counterparts
[15]. The damping factor (tan &) peck was obtained to be less for unaged carbon fiber/vinyl ester
composite rods. But, an increase in their aging times caused an increase in tan o to higher values,
and the maximum peak occurred at 1680 hours of aging in distilled water. This reduced the retention
of dynamic properties [16]. The E-glass epoxy composite was hydrothermal aged at 75 °C from 0
to 1200 hours in water. The tensile strength, Poisson ratio and modulus of elasticity along
longitudinal and transverse directions were gradually reduced by increasing the aging time. The
maximum impact energy was obtained at 700 hours of aging and afterwards, the energy gradually
declined [17].

Moreover, aging of CFRP composites in water at 80 °C for 8 hours with ultraviolet (UV)
environment showed less interlaminar shear strength (ILSS) when compared with unaged
composites [18]. The retention of ILSS of CFRP composites showed 74.5 and 50.0% at 500 and
1200 hours of hydrothermal aging at 70 °C, due to loss of bonding between their layers, which
allowed rapid absorption of water by the composites. The percentage of ILSS retention was
maintained as 40% constant after 1500 hours aging [19]. More also, GFRP composites were exposed
to kerosene, biofuel and mixture of both at 24 °C for 1600 hours. The maximum tensile and
compressive strengths were found in kerosene and biofuel aging [20]. Both increasing moisture
absorption and decreasing mechanical properties were studied under various hydrothermal aging
conditions [21]. The percentage of retention of various properties of CFRP and GFRP composites
were predicted by varying temperature and time, using different solutions [22—29].

In addition, the seawater absorption of both CFRP and GFRP epoxy and vinyl ester composites

were studied at 30 °C hydrothermal process. CFRP composites showed less water absorption than



GFRP counterparts. The percentage of change in mass was obtained to be less after 2 years of
continuous aging [30]. The flexural strengths of CFRP vinyl ester composites were recorded to be
high up to 200 days of aging and subsequently, the CFRP epoxy composites recorded high flexural
strengths up to 450 days of aging. An opposite trend was exhibited by GFRP epoxy and vinyl ester
composites [31]. The higher glass fiber volume fraction showed more water absorption and also
recorded higher reduction of tensile and flexural strengths. Aging composites at 14, 28 and 42 days
showed tensile strengths of 460, 442 and 429 MPa, respectively and flexural strengths of 389, 300
and 278 MPa, respectively [32]. GFRP composites were immersed in seawater at 40, 60 and 80 °C.
An increase in temperature led to an increase in coefficient of diffusivity by absorbing more water.
The moisture absorption was higher for artificial seawater than normal water [33]. The graphene
oxide mixed GFRP epoxy composites showed less water absorption, because graphene resisted
water uptake [34]. By comparing CFRP and GFRP composites under low velocity impact test, the
impact load absorption against time and deflection were obtained to be higher for CFRP composites.
Also, the similar trend was recorded in their tensile strengths [35].

To further improve the properties of FRP composites, hybrid composites were developed and
their properties retention through hydrothermal aging process were studied. The E-glass and carbon
FRP hybrid composites with three layering patterns showed that CGsC pattern hybrid composites
exhibited less water absorption. The mechanical properties were obtained to be less in aged
composites, and the retention of tensile and flexural properties was higher in CFRP than GFPR
composites [36]. Besides, GFRP pultruded composite was hydrothermally aged at 20, 40 and 60 °C
for 12 months. The maximum flexural strength retention was obtained for isophthalic polyester
GFRP composites and compared with orthophthalic and vinyl ester GFRP composites. The
Arrhenius plots was used to predict the service life of the composites [37]. By increasing the use of
hybrid composites in various engineering sectors, the long-term service life prediction is very
important for structural requirement at user end.

Continuous characterization of different patterns of hybrid composites is necessary to obtain
better properties of various FRP composites. The mechanical properties retention and service life
predication are important recommended characteristics for newly developed FRP composites.
Therefore, this present study aims at predicating tensile strength retention under seawater
hydrothermal aging and service life of carbon/glass (CG) fibers and Kevlar/glass (KG) FRP hybrid
composites at different environmental conditions, such as 20, 40 and 60 °C, aging periods of 50,
150 and 300 days. The Arrhenius methodology was used to predict the long-term service life
characteristic of the FRP hybrid composites.



2. Materials and methods
Fig. 1 shows the methods and processes of preparing and characterizing the synthetic fibers

reinforced epoxy hybrid composite samples used.
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Fig. 1. llustration of preparation and characterization processes of the hybrid composite samples.

2.1. Materials

Fiberglass, carbon and Kevlar fiber fabrics were purchased from Covai Senu industry,
Coimbatore, Tamilnadu, India. Figs 2(a), (b) and (c) respectively show the glass, carbon and Kevlar
fiber fabrics for the preparation of the hybrid composites. Table 1 represents the properties of the
carbon, Kevlar and glass fibers used. The epoxy resin (LY556) and hardener (HY951) were
purchased from the same fibers’ supplier. The physico-mechanical properties of epoxy are presented
in Table 2. It has good mechanical properties, adhesion with synthetic fibers and very less shrinkage

when compared with other thermoset resins.



(a) Glass fiber fabric

(b) Carbon fiber fabric.

(c) Kevlar fiber fabric.

Fig. 2. Various synthetic fiber fabrics used.

Table 1

Properties of carbon, Kevlar and glass fibers used.

Values
E-glass fiber Carbon fiber Kevlar fiber

Properties mat mat (E-75) mat (K-29)
Density (g/cmd) 2.54 1.65 1.44
Tensile strength (MPa) 2200 + 47 3190 + 56 3620 + 68
Young’s modulus (GPa) 73+3 228 £ 5 131+38
Table 2
Physico-mechanical properties of epoxy used.

Properties Values

Specific gravity at 25 °C 1.16 £ 0.02

Density (g/cm?) 1.16

Viscosity at 25 °C (cps) 1150

Tensile strength (MPa) 24

Tensile modulus (GPa) 0.5

Elongation (%) 2.5

Flexural strength (MPa) 45

Flexural modulus (MPa) 1.25

Equivalent weight of epoxy resin (EEW) g/eq. 178

Compression strength (MPa) 63




2.2. Preparation of laminated FRP hybrid composites

CG and KG fibers reinforced laminated epoxy hybrid composites were prepared by hand lay-
up process coupled with compression molding method. Fig. 3 shows the order of laminating the
balanced orthotropic laminas of CG and KG fibers into the composite systems. The layering patterns
of C/G/CI/G/CIGICIGIC (CsGa) and K/G/K/G/KIG/K/G/K (KsGa), where C, K and G represent
carbon, Kevlar and glass (Fig. 3) respectively, were used to prepare the laminated FRP hybrid
composites according to the theory of composite systems. Fig. 4 additionally shows the stacking
sequences of both CG and KG fiber fabrics for preparing the hybrid composites. The laminas of
required size were cut from the long-fabric mat with dimension of 240 x 200 mm (Fig. 4). A steel
plate mold was used to prepare the hybrid composites. Initially, the resin and hardener were mixed
by using mechanical stirrer in ratio of 10:2 for 10 minutes and the releasing agent of liquid
polyvinylchloride (PVC) was coated on the inside surface of the mold, which helped to easily
remove the solidified composites. Before laminating, the laminas were completely dipped in resin
solution for 1 minute and laid one-by-one on female die. A steel roller was used to roll over every
lay-up to remove the air bubbles developed between the laminas and ensure an even distribution of
resin over the layers. Totally, nine layers were used for the lamination; five layers of carbon and
Kevlar fiber fabrics, each and four layers of glass fiber fabrics. Afterwards, the closed steel mold
was kept in a hydraulic press with applied pressure of 25 bar for 6 hours at room temperature.
Finally, the solidified composite plate was removed from the mold and preheated for 1 hour in a hot

air oven at 45 °C to ensure complete curing or solidification.

Carbon fiber mat Kevlar fiber mat

N

Glass fiber mat
(a) (b)
Fig. 3. Layeirng sequences of balanced orthotropic laminas of (a) carbon/glass (CsG4) and (b)
Kevlar/glass (KsG4) FRP hybrid composites.
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Fig. 4. CG (CsGas) and KG (KsGs) fiber fabrics for preparing FRP hybrid composites.

2.3. Aging of FRP hybrid composites

Hydrothermal aging process was performed to analyze the water absorption behaviors and
calculate the weight gain of both composites, as a function of time. After aging, prediction of service
life of the FRP hybrid composites was carried out based on the Arrhenius principle [23,37,38] and
it helped to study the long-term behaviors of both CG and KG FRP hybrid composites. The tensile
test samples of CG and KG composite samples were immersed in seawater at three different
temperatures of 20, 40 and 60 °C to analyze their diffusivity, long-term tensile strength retention
and service life. The cold-seawater aging at 20 °C was done by keeping a bowl of seawater with
tensile test samples in refrigerator and maintained the temperature at 20 °C for entire immersion
period. The hot-seawater aging at 40 and 60 °C was done by keeping all the samples in a water
heater with aid of 60 watts U-type heating coil and thermostat. The aging periods were 50, 150 and
300 days for all environmental conditions. In hot-seawater aging, the apparatus was completely
closed to avoid the excessive evaporation of seawater.

The temperature of seawater was maintained within a tolerance of +2 °C with help of
thermostat. Before aging, the weights of both composite samples were measured and recorded, using
digital weighing machine with accuracy of 0.001 gram. The weights of aged samples were measured
and recorded at regular intervals of 10 days for the testing periods of 50, 150 and 300 days. The
percentage of weight variation (Am) between the unaged and aged composites was calculated, using
Eq. (1) [15,39].

A= (%) x 100 (1)

Where, m, and m,, represent the masses of the samples at time t and initial state (gram), respectively.



2.4. Tensile test

Tensile test was conducted in accordance with ASTM D 638 standard with Type-1 sample size
[40]. The dog-bone shaped tensile test samples were cut by using zig-zag machine. Figs 5(a) and (c)
show the dog-bone shaped CG and KG FRP hybrid composite samples.
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Fig. 5. Dog-bone shaped tensile test samples (a, ¢) before and (b, d) after test.

The dimension of each sample was 165 x 19 x 3 mm. The gauge length and width of each of
the samples were 50.0 and 12.7 mm, respectively. The tensile test was conducted by using UTM
with load cell of 30 kN and testing speed of 2 mm/min. Five identical samples were tested to obtain
average values of properties. The tensile fracture appeared expectedly between the gauge length of

the composite samples for all environmental conditions at various aging periods, as depicted in Figs



5(b) and (d). These were further elucidated later, under results and discussion section. Average
values of tensile strengths obtained were calculated and taken for discussion. However, seven to
eight samples were tested in a very few cases. The tensile stress versus tensile strain curves were

recorded and the percentage of reduction and retention of tensile properties were determined.

2.5. Scanning electron microscope

Scanning electron microscope (SEM) was used to analyze the micro structural failures of
fractured surfaces of CG and KG FRP hybrid composite samples through cross-section analysis
method. This was carried out at Alagappa University, Karaikudi, Tamil Nadu, India. Before
scanning, the fractured samples were cut into a length of 5 mm from the fractured point and coated
with gold to capture clear image. The following specifications were used for scanning the image:
resolution of 3.0 nm with AC V of 15 kV and WD of 8 to 9 mm, magnification from 50 to 500x and
electron gun accelerating voltage of 0.5 to 30.0 kV.

2.6. Long-term performance prediction

Long-term tensile behaviors of the FRP hybrid composites were determined by using the
Arrhenius principle. It is defined that the occurrence of material degradation depends on various
environmental conditions, different temperatures and aging time periods [23,37,38]. Therefore, the
service life of the composite samples was predicted by estimating the rate of degradation of tensile
strength under various environmental conditions. The rate of degradation (k) was calculated, using
Eqg. (2) [23,37,38].

k = e(w) 2

Where A = pre-exponential factor, T = temperature (Kelvin), Ea = activation energy (kJ/mol), R =
Boltzman constant (1.38065 x1023 J/K). If k is known, the activation energy (Ea) can be calculated.
The Ea shows the energy barrier of the composite materials. It was calculated from the diffusion
coefficient, as subsequently represented in Eq. (7), which took place in the composite materials or
samples during hydrothermal aging. The following relations (Arrhenius relationship) was used to
calculate the Ea [23,37,38].

D = D,exp (_%T“) 3)

Where, D = diffusion coefficient (mm?/s), (D = k),
D, = constant coefficient, (Do = A),
R = universal gas constant equivalent (8.3144 J/mol K),



T = temperature of seawater aging (Kelvin).

Eq. 3 may be in another form, as shown in Eq. 4.

D = — (=2 (3) + InD, @)
Eqg. (4) is a form of a straight-line equation; Eq. (5).
Y=mx+c (5)

1 . . . .
Where, X:?’ Y = InD. Plot of natural log of (InD) versus %glves straight-line equation.

Therefore, the slope of linear fitting of line was used to calculate the Ea (kJ/mol), using Eq. (6). This

equation is defined as —R into the ratio of slope of InD versus %

a(InD)
E,= —R|—= 6
.= -r ] ®
The diffusion coefficient (D) was calculated, using the Fick’s law and considering the weight and

time taken for moisture absorption and dimension of both composite samples. The Fick’s law
[11,16,19,28,31,32,36] relationship is given by Eq. (7).

R \2 [ My—M; \? R R\ "2
p=n(p-) (=) (1+7+7) 0
Where, h = thickness of the composite sample (mm),
| = length of the composite sample (mm),
n = width of the composite sample (mm),
Mm = maximum moisture absorption of the composite (gram),

M1 and M2 = moisture absorption of the composite sample (gram) at time t; and t (sec).

3. Results and discussion
3.1. Aging behaviors

The percentages of weight gains by both CG and KG FRP hybrid composite samples under
three different aging temperatures are shown in Fig. 6. Carbon/glass and Kevlar/glass fiber
reinforced epoxy hybrid composites are respectively designated as CG and KG FRLEHC in all the
subsequent relevant Figures. The five identical samples were taken out periodically to measure their
percentages of weight gains and average values were calculated and discussed. The theoretical water

absorption was predicted by using Eq. (7) and the results are presented as solid curves in Fig. 6. The



solid curves followed the Fickian behaviors, because the initial mass gain was rapidly increased
[15], which later slowed down after prolonged seawater immersion.

From Fig. 6(a), the percentages of weight gains at 20 °C were 7.17+0.45 and 8.37+0.63% for
CG and KG FRP hybrid composites at 50 days of aging, respectively. At 150 days, the percentage
of weight gains were 9.96+£0.53 and 12.35+0.65% for CG and KG FRP hybrid composites,
respectively. At 300 days, the percentages of weight gains were 11.16+0.31 and 13.18+0.35% for
CG and KG FRP hybrid composites, respectively. Evidently, the weight of both FRP hybrid
composite samples increased rapidly at initial stage up to 75 days, obeying the Fickian behaviors
and then it increased very slowly until it reached a saturation level. The CG FRP hybrid composite
almost reached saturated level at 150 days of aging. By increasing the aging period up to 300 days,
the rate of weight gain was very minimal when compared with before 150 days. It increased from
9.67 to 11.16%; improvement was 1.49%. Also, the KG FRP hybrid composites almost reached
saturated level at 180 days of aging, and then an increase in the aging period gradually increased
their percentages of weight gains. After 300 days of aging, the rate of weight gain was very
minimum when compared with before 150 days; that is from 12.35 to 13.15%, the improvement
was 0.8%. The CG FRP hybrid composites recorded less water absorption than KG counterparts at
20 °C. After 150 days, the rate of water absorption was decreased, hence the fiber-matrix debonding

began and consequently degradation of composite materials occurred.
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Fig. 6. Weight variation versus square root of time of CG and KG FRP hybrid composite samples
immersed in water at (a) 20, (b) 40 and (c) 60 °C.

From Fig. 6(b), the percentages of weight gains at 40 °C were 5.58+0.32 and 7.45+0.37% for
CG and KG FRP hybrid composites at 50 days of aging, respectively. At 150 days, the percentages
of weight gains were 9.16£0.39 and 11.37+0.42% for CG and KG FRP hybrid composites,
respectively. At 300 days, the percentages of weight gains were 10.36+0.38 and 12.94+0.40% for
CG and KG FRP hybrid composites, respectively. The weight of both composite samples increased
rapidly at the initial stage up to 100 days and then increased very slowly until it reached a saturation
level. The CG FRP hybrid composites almost reached saturated level at 250 days of aging. After
increasing the aging period up to 300 days, the rate of weight gain was very minimal when compared
with 150 days. It increased from 11.37 to 12.65%; improvement was 1.28%. Also, KG composites
reached saturated water gain at 270 days of aging, and then an increase in aging period gradually
increased the percentage of weight gain. After 270 days of aging, the rate of weight gain was less
when compared with 150 days that was from 11.37 to 12.94%, the improvement was 1.57%. The
CG composites recorded less water absorption than KG composites, because carbon, Kevlar and
glass fibers did not absorbed seawater, instead matrix only absorbed water [16]. After 150 days, the
rate of water absorption by matrix was decreased, due to matrix degradation in both composite
samples and consequently led to loss of fiber-matrix interfacial bonding.

From Fig. 6(c), the percentages of weight gains at 60 °C were 8.16+0.32 and 9.58+0.45% for
CG and KG FRP hybrid composites after 50 days of aging, respectively. At 150 days, the percentage
of weight gain were 11.186+£0.41 and 11.85+0.47% for CG and KG FRP hybrid composites,
respectively. A 300 days, the percentages of weight gains were 102.65+0.38 and 12.82+0.40% for
CG and KG FRP hybrid composites, respectively. At 60 °C, the weights of both composite samples
increased rapidly at the initial stage up to 150 days and then increased gradually until it reached a



saturation level. The CG composites almost reached saturated level at 270 days of aging. After
increasing the aging period up to 300 days, the rate of weight gain was very minimal when compared
with 150 days of 11.18 to 12.63%, improvement was 1.45%. Also, the KG composites reached
saturated level at 280 days of aging. After 380 days of aging, the rate of weight gain was very
minimal when compared with 150 days. It increased from 11.85 to 12.82%; improvement was
0.97%. The CG composites recorded less water absorption than KG counterparts at 60°C, because
of the physical barrier between the carbon fiber and matrix. After 200 days, the rate of water
absorption was decreased, due to degradation of matrix in both composite samples. Higher
temperature of 60 °C degraded both composite samples at faster rate than the lower temperatures of
20 and 40 °C. The rate of absorption was higher at elevated temperature, which reduced the fiber-
matrix bonding.

During hydrothermal aging, both CG and KG FRP hybrid composite samples were
continuously absorbing heat. The presence of 4,4-methylenedianiline (CH3z) group in epoxy
chemical structure was weakening their bonding from ethylene oxide (O) groups at elevated
temperature, because of the solubility of CHz in water at 20 °C to a room temperature. This deformed
the cross link of chemical and shrunk the matrix at higher temperature and created small air gaps
between the fiber and matrix surfaces. Also, due to heat, the Brownian motion of epoxy molecular
chain of one oxygen and two carbon atoms was accelerated [28,32]. This resulted to an increase in
the diffusivity and advanced the weakness of physical bonding between the fiber and matrix.
Therefore, seawater penetrated into the micro cracks of the both composites and resulting in wicking
on the fiber surface [31], which consequently reduced the mechanical properties of both composite
samples. The GFRP composites absorbed seawater by almost 1.9 [34] and 3.0% [35], but
hybridization of carbon and Kevlar fibers in GFRP composites showed lower seawater uptakes of
1.26 and 1.28%. It has been reported that seawater absorption/uptake by CG FRP hybrid composites
was less than 1.15%, when compared with GFRP and CFRP composites at maximum aging period
of 90 days [36].

3.2. Tensile properties

Fig. 7 shows tensile stress-strain curves of CG and KG FRP hybrid composite samples with
and without aging, at different temperature of 20, 40 and 60 °C and time periods of 50, 150 and 300
days. The tensile stresses of all the samples were calculated, including their average values of loads,
cross sectional areas, widths, gauge lengths and thicknesses. The width of the sample over the gauge
length was 13 mm. The percentage of tensile strain was calculated as the ratio of elongation of the

composite and sample gauge length of 50. The curve of the dry composite was compared with all



the curves of the wet composite samples. Figs 7(a), (c) and (e) show that the bilinear stress-strain
curves were obtained for CG composites at dry and 50 days aged conditions, the slope increased
linearly. At 150 days, the slope of the curves was non-uniformly increased up to final break. The
progressive change in slope occurred at two stages of strain to the extent that the FRP hybrid
composite samples began to degrade, due to water penetration into the composite samples. At 300
days aging, the slope of CG composite increased linearly for all temperatures, due to faster
degradation of fiber-matrix interfacial bonding, caused by more water absorption. The strain to
failure of aged composites was less when compared with the dry composite samples. The
composites aged at 40 °C recorded the maximum stress-strain curve.

Moving forward, Figs 7(b), (d) and (f) show that the bilinear stress-strain curves were obtained
from KG FRP hybrid composites at dry and aged conditions. For all curves, their slopes were
linearly increased. By increasing the aging period, the strain rate was gradually decreased and the
slopes of all the curves were linearly varied. At 150 and 300 days of aging, the tensile strain was
observed equal for all environmental conditions. But, the composite samples started to degrade at
150 days. At 300 days of aging, the slope of KG FRP hybrid composite showed a perfect linear
curve at 40 and 60 °C, due to more water penetration into the fiber-matrix interfaces of the composite
samples. KG composites aged at 40°C exhibited the maximum stress-strain curve.

Also, Fig. 8 depicts the tensile properties, including tensile stresses, strains and moduli of both
CG and KG FRP composites at three different temperatures and aging periods. Fig. 8(a) shows the
tensile properties of aged composites at 20 °C. The tensile stresses of CG and KG FRP composites
were 340.56 and 317.69 MPa at dry/unaged condition; for 0 day. After 50 days of aging, the tensile
stresses of both CG and KG FRP hybrid composites were 315.69 and 268.00 MPa, respectively.
The rate of reduction of tensile stresses of aged CG and KG FRP hybrid composites were nearly 7.0

and 15.5% (Fig. 9a), when compared with dry composites.



450 CG FRLEHC 350 1 KG FRLEHC
400 300 |
350 | *DryTest- Unaged - Dry Test - Unaged
300 | *50Days-20°C 250 1 50 days - 20 °C
150 Days - 20 °C - 150 Days - 20 °C
£ 250 - s 7 200 - Y i
% 200 - -+-300 Days - 20 °C E -+-300 Days - 20 °C
3 ; 150 1 ‘
£ 150 - =
7 150 % 100 |
< —
:E 100 E “ !
& 50 - g 7 f
0 . ‘ 0 ; - ulp
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Tensile Strain (%) Tensile Strain (%)
(@) (b)
400 CG FRLEHC 350 KG FRLEHC
350 300 -
300 1 -*Dry Test - Unaged 250 -+ Dry Test - Unaged
259 | *50Days-d0°C § 50 Days - 40 °C
EZG 150 Days - 40 °C < 200 A -+-150 Days - 40 °C
0 7 _40°
§ 300 Days - 40°C | g “ -+-300 Days - 40 °C
2150 | \ 2
£ Z
=
Z 100 | £ 10
S 50 * 50 {
\
0 ‘ ‘ ; 0 . ;
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Tensile Strain (%) Tensile Strain (%)
(©) (d)
400 - CG FRLEHC 350 1 KG FRLEHC
350 1 300 - /
300 - +Dl’y Test - Unaged 250 _'"Dl'y Test - Unaged ’b'.
5 - o,
250 | -#50 Days - 60 °C 0 Days - 60°C
0 = 4+-150 Days - 60 °
§ - 150 Days - 60 °C g 200 7*150 Days - 60 °C
1 z 1+-300 Days - 60 °C
g -+300 Days - 60 °C 2 150 I we
£ 150 - £
& ] |
210 | A 100
2 50 '[ g S04
0 T T ‘L T - 0 o
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Tensile Strain (%) Tensile Strain (%)
(e) ()

Fig. 7. Tensile stress versus tensile strain of dry/unaged and wet/aged CG and KG FRP hybrid

composite samples immersed at different temperatures of (a, b) 20, (c, d) 40 and (e, f) 60 °C as

well as aging periods of 50, 150 and 300 days.

Fig. 9 evidently shows that the tensile stresses of both composites constantly reduced, due to

increase in time of exposure for all environments. After 150 days, the tensile stresses of both CG




and KG FRP hybrid composites were 301.25 and 246.79 MPa, respectively. Then, the rate of
reduction of tensile stresses of aged CG and KG FRP hybrid composites were almost 11.50 and
22.30% (Fig. 9a), respectively. The percentage differences between 50 to 150 days were 4.6 and
8.0% for CG and KG FRP composite samples, respectively. After 300 days, the tensile stresses of
both CG and KG FRP hybrid composites were 258.26 and 228.67 MPa, respectively. Furthermore,
the rate of reduction of tensile stresses of aged CG and KG FRP hybrid composites were
approximately 24.08 and 28.01% respectively (Fig. 9a), when compared with dry composites. The
percentage reduction of tensile stresses from 50 to 300 days were 18.06 and 14.67%, and from 150
to 300 days were 14.17 and 7.30% for CG and KG FRP hybrid composite samples, respectively.
The reduction in tensile stresses was gradually caused by continuous aging of both composites, due
to weak fiber-matrix interfacial bonding. Fig. 10 further establishes that fiber pull-out, fiber-matrix
debonding and fiber break were the main damage mechanisms responsible for the reduction of their
mechanical properties at elevated temperature and long period of immersion. Consequently, they
caused the degradation and failure of the hybrid composite samples. When compared with KG FRP
composite samples, the aforementioned damage responses were lower in CG FRP composites,
which depicted the reason behind their higher mechanical properties.

In addition, Fig. 8(b) shows the tensile properties of both composites at 40 °C. After 50 days of
aging, the tensile stresses of both CG and KG FRP hybrid composites were 332.83 and 253.72 MPa,
respectively. The rate of reduction in tensile stresses of aged CG and KG FRP hybrid composites
were nearly 2.27 and 20.12%, respectively (Fig. 9b). The graphs significantly show that the tensile
stresses of KG composites suddenly reduced, due to an increase in their times of exposure. After
150 days, the tensile stresses of both CG and KG FRP hybrid composites were 297.54 and 232.35
MPa, respectively. The rate of reduction in tensile stresses of aged CG and KG FRP hybrid
composites were approximately 12.60 and 26.85% respectively (Fig. 9b), when compared with the
dry composites. The percentage differences between 50 and 150 days were 10.6 and 8.4% for CG
and KG FRP hybrid composites, respectively. After 300 days, the tensile stresses of aged CG and
KG FRP hybrid composites were 254.82 and 214.89 MPa, respectively. The rate of reduction of
tensile stresses of aged CG and KG FRP hybrid composites were almost 25.18 and 32.34%,
respectively (Fig. 9b) when compared with the dry composites. The percentage reduction of tensile
stresses from 50 to 300 days were 10.6 and 8.4%, and from 150 to 300 days were 14.35 and 7.5%
for CG and KG FRP hybrid composites, respectively. The rate of reduction of tensile stress of KG
FRP hybrid composite was less than that of CG FRP hybrid counterparts. The smaller tensile stress

reduction recorded by CG composites was caused by lower water uptakes (Fig. 10).
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Fig. 8. Tensile properties of CG and KG FRP composite samples immersed in water at
(@) 20, (b) 40 and (c) 60 °C.

Fig. 8(c) shows the tensile properties of both composites at 60 °C. After 50 days of aging, the
tensile stresses of both CG and KG FRP hybrid composites were 283.40 and 276.51 MPa,
respectively. The rate of reduction from aged CG and KG FRP hybrid composites were nearly 16.79
and 12.94%, respectively (Fig. 9c). The graphs unambiguously show that the tensile stresses of CG
composites gradually reduced, due to an increase in their time of exposure. After 150 days, the
tensile stresses of aged CG and KG FRP hybrid composites were 268.28 and 237.33 MPa,
respectively. The rate of reduction of tensile stresses of aged CG and KG FRP hybrid composites
were almost 21.22 and 25.28% (Fig. 9c) respectively, when compared with the dry composites. The
percentage differences between 50 and 150 days were 5.33 and 14.17% for CG and KG FRP hybrid
composites, respectively. After 300 days, the tensile stresses of aged CG and KG FRP hybrid
composites were 255.97 and 230.09 MPa, respectively. The rate of reduction of tensile stresses were
almost 24.84 and 27.56% for CG and KG FRP hybrid composites (Fig. 9c) respectively, when
compared with the dry composites. The percentage reduction of tensile stresses from 50 to 300 days
were 9.67 and 16.78%, and from 150 to 300 days were 4.59 and 3.05% for CG and KG FRP hybrid

composites, respectively. The reduction of tensile stresses of KG FRP hybrid composites were faster



than that of CG counterparts. The graphs clearly show that the tensile stresses of aged composites
constantly reduced, due to an increase in their time of exposure for all environments. The main cause
of reduction in mechanical properties of the aged composites can be aatributed to the combined
effects of moisture content or water absorption and exposure of the composites at elevated
temperatures [37,38], such as 60 °C (Fig. 10).
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Fig. 9. Variable tensile strengths versus aging periods of CG and KG FRP hybrid composite
samples immersed in water at (a) 20, (b) 40 and (c) 60 °C.
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Fig. 10. Tensile fractured images of samples at 60 °C with 150 days aged (a, e, g) CG and (b, c, f)
KG hybrid composites.

At 20 and 40 °C, Fig. 8 shows that the tensile moduli of the aged CG composites for all the
aging periods were obtained higher when compared with the dry composites; with 0 day, but the
moduli of aged CG composites at 60 °C were observed lower, due to weak fiber-matrix bonding
and collapse of chemical bonding of matrix at higher temperature. The tensile strain also showed
similar trend. In all environmental conditions, Fig. 8 shows that the tensile moduli of the aged KG
composites for all aging periods were less, when compared with the dry composites. Also, the tensile
strain gradually reduced by increasing the aging temperature and period. The tensile moduli of CG
composites were observed higher for all aging periods and temperatures, due to the stronger carbon-
epoxy-glass interfacial adhesion when compared with that of Kevlar-epoxy-glass FRP hybrid

composites.

3.3. Prediction of apparent diffusion coefficient and activation energy
Table 3 presents the diffusion coefficients of CG and KG FRP hybrid composites at different
temperatures. Eq. 7 was used to calculate the diffusion coefficients, with varied aging temperature

and period. Both FRP hybrid composites recorded lowest values of diffusion coefficients at aging



temperature of 40 °C. Hence, the rates of reduction of tensile stresses and degradation of both
composite samples were less when compared with other cases. From CG FRP hybrid composites,
the percentage differences of diffusion coefficients between temperatures were 3.8% (20 — 40 °C),
28.57% (40 — 60 °C) and 25.71% (20 — 60 °C). Also, the percentage differences of diffusion
coefficients between temperatures of KG FRP hybrid composites were 22.5% (20 — 40 °C), 37.5%
(40 — 60 °C) and 23.43% (20 — 60 °C), respectively. By comparing diffusion coefficients of both
composite samples, CG composites recorded lower values, while KG composites exhibited higher
values at all aging temperatures. This is the main reason behind faster reduction of tensile strengths
of KG composites than CG composites, hence accelerating the degradation process of the composite

samples as quick as possible.

Table 3
Diffusion coefficients for CG and KG FRP hybrid composites at different aging temperatures.

Diffusion coefficient x 10-7 (mm2/sec)

FRP hybrid composites

20°C 40 °C 60 °C
CG 0.26 0.25 0.35
KG 0.49 0.40 0.64

Fig. 11 shows the plot of In(D) versus inverse of temperature (%) in Kelvin. It was used to

calculate Ea of CG and KG FRP hybrid composite samples, in addition to Egs (5), 6 and 7. From
Fig. 11, the coefficients of correlation, R? of CG and KG composites were greater than 0.98 (R?>
0.98), which showed higher reliability. The slope of the line was measured from straight-line
equation of both composites and it was multiplied with R value to obtain the Ea. Therefore, the
predicted Ea was highly suitable for analyzing the behaviors of the composites. Table 4 presents the
Ea of CG and KG FRP hybrid composite samples. It was evident that Es of CG composite was higher
than KG composite. The obtained lower Ea of KG composite indicated higher moisture absorption
and higher matrix degradation of KG composite. This was similarly observed from the reduction of
tensile stress of KG composite sample in Fig. 9. Hence, it provided a slightly lower long-term
mechanical performance. On the contrary, CG composite exhibited better long-term mechanical

performance, which can be attributed to lower moisture absorption and lower matrix degradation.
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Fig. 11. Activation energies of both CG and KG FRP hybrid composites.
Table 4

Activation energy of FRP hybrid composites

FRP hybrid composites Activation energy, Ea (kJ/mol)
CG 577.324
KG 432.993

3.4. Arrhenius plots

The Arrhenius principle [33] states that the occurrence of chemical degradation is dependent
on the temperatures. This principle was effectively used to predict the long-term mechanical
performance of the hybrid composites [1,29]. Fig. 12 shows the experimental tensile strength
retention curves of CG and KG FRP hybrid composites. R? of CG FRP hybrid composite were
higher values; greater than 0.98. This indicated slower material degradation and it can be used for a
longer service life (Fig. 12a). R? values of KG composite were slightly lower than that of CG FRP
hybrid composites, as depicted in Fig. 12(b). Therefore, KG FRP hybrid composites recorded a
lower long-term performance when compared with CG composites. Overall, the R? values were

observed to be highest for aged composites at 40 °C.
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Fig. 12. Tensile strength retention versus aging period of (a) CG and (b) KG FRP hybrid

composites at different aging temperatures.

Fig. 13 shows Arrhenius plots of the aged composites. The values obtained from regression line
equations (Fig. 12) and selected service life of the materials were used to plot the curves at different

service temperatures. Maximum of 20 years was selected to plot the curves by increasing one-year



interval (Fig. 13). From the plot, the maximum tensile stress retention was used to predict the service
life of the composites. Furthermore, Fig. 14 shows the tensile stress retention versus service life of
100 years of CG and KG FRP hybrid composites. This helps to identify the strength pattern at any
point of time. The value of tensile stress retention for a specific application can be identified, using
desired period when minimal acceptable value is known for the application. Precisely, the maximum

tensile stress retention was observed from the aged composites at 40 °C.
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Fig. 13. Arrhenius plots of tensile strength retention against different temperatures of (a) CG and
(b) KG FRP hybrid composites for 20 years.
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3.5. Prediction of service life of CG and KG FRP hybrid composites

An appropriate average temperature was selected and used to predict the long-term performance
of CG and KG composites under aged environments and also to calculate the tensile stress retention.
This temperature is called average service temperature of the composites.

From Figs 13(a) and (b), considering first year service life of the aged composites, the average
temperature was predicted from the linear fitting of regression equation. Therefore, the calculated
average temperatures were 26.0 and 27.3 °C for CG and KG FRP hybrid composite, respectively.
From literature survey, the average temperature of 23 °C was proposed for E-glass/vinyl ester
composites by Carra and Carvelli [37,38]. Table 5 presents higher theoretical degradation values
obtained from Arrhenius plots than natural water aging. This was purely based on greater
degradation rate or higher temperature environment than the retention obtained in dry condition
[1,16,30]. The tensile stress retention of CG and KG FRP hybrid composites at different times were
obtained at 26.0 and 27.3 °C. The tensile stress retention after 1 year of normal water aging is shown
in the bracket. The CG FRP hybrid composite exhibited higher retention of approximately 92% than
the KG FRP hybrid composite of nearly 89% at normal water or natural aging.

Also, Table 5 depicts that faster rate of tensile stress degradation was obtained in the first year
of exposure, while the rate of degradation of aged composites was consistently reduced by
increasing their aging years continuously. These observations fully supported Fickian behaviors of
both FRP hybrid composite samples, based on initial moisture observation of both composites and
reaching a saturation stage/period, which reduced their degradation rates [1,31]. Similar
experimental results have been reported on seawater durability and behaviors of epoxy/vinyl ester

reinforced with glass/carbon composites of carbon/epoxy laminated composites [31].



Table 5
Predicted theoretical values of the tensile stress retention of CG and KG FRP hybrid composites at

average temperatures.

Year Tensile stress retention of CG FRP  Tensile stress retention of KG FRP
hybrid composite at 26.0 °C. hybrid composite at 27.3 °C.
1 78.00 +1.87 (=92%) 77.00+2.15 (=89%)
2 73.68+2.01 72.70+£1.87
5 68.34+1.93 67.40+1.15
10 65.05+1.66 64.14+1.06
20 61.76+1.45 60.88+1.29
40 58.35+1.29 57.49+0.97
50 57.17+1.17 56.32+1.05
60 56.18+1.38 55.34+0.87
75 54.95+1.11 54.12+0.69
100 53.30£1.25 52.48+20.72

4. Conclusions

The present work involved fabrication of CG and KG FRP hybrid composite samples, using
both hand layup and compression molding processes. The samples were immersed in water at
different temperatures of 20, 40 and 60 °C. The long-term tensile performances of CG and KG FRP
hybrid composites were analyzed by applying Arrhenius relationships to calculate the degradation
of the composites at short periods of 50, 150 and 300 days.

The tensile stresses of CG FRP hybrid composites showed lower reduction when compared
with KG FRP hybrid composites. The tensile stress retention gradually reduced during the first 50
days of aging in water. A progressive reduction in tensile stress was observed after 150 and 300
days. During these periods, both FRP hybrid composites absorbed higher water, hence they started
exhibiting fiber-matrix debonding. The diffusion coefficients were higher at temperatures of 20 and
60 °C, due to an increase in water absorption coupled with debonding effect.

At 40 °C, the diffusion coefficients were observed to be lower, due to less water infusion. The
activation energies of the aged composites were estimated, which were higher in CG FRP hybrid
composites than KG composite counterparts. The calculated average aging temperatures for both



CG and KG FRP hybrid composites were 26.0 and 27.3 °C. These are the operating temperatures
for both composites for longer durability and better service life. Arrhenius model was estimated
over reduction of tensile stress. By setting 55% of tensile stress retention, the service life of the CG
FRP hybrid composite was more than 70 years, while KG FRP hybrid composite recorded more
than 55 years.

Finally, based on the aforementioned behaviors, both CG and KG FRP hybrid composites have
promising future and potentials to be selected for various suitable structural/engineering
applications, especially in marine, wind/tidal turbine, automobile and aerospace industries, among

others.
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