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Abstract

In this study, glass/epoxy (GFRP), carbon/epoxy (CFRP) and glass-carbon/epoxy hybrid (GCFRP)
composites were aged in seawater, engine oil and diesel fuel degradation environments for 30, 60 and
90 days. The effect of aging environment and time on the structural strength of the composite was
examined by applying tensile, three-point bending and low-velocity impact tests to aged composites.
SEM analyzes were compared to detect fracture damage occurring in the internal structure of the
composites. It was concluded that the degradation environment that most affects the mechanical
strength of composites is seawater. Degradation resistance is improved due to the glass/carbon
hybridization effect. It has been determined that the glass-carbon hybridization effect in GCFRP
composites significantly changes their mechanical strength compared to GFRP and CFRP composites
stacked alone. By comparing the glass-carbon hybridization effect in CFRP composites with GFRP and
CFRP composites stacked alone, their advantages under different tests are clearly emphasized.

1. Introduction

Fiber Reinforced Plastics (FRPs) are widely used in constantly developing fields such as aerospace,
defense and medical industries due to their high specific strength, stiffness and lightness. Fiber-
reinforced plastics such as carbon fiber-reinforced plastics (CFRPs) and glass fiber-reinforced plastics
(GFRPs) are considered ideal materials, especially in the aerospace industries where high strength-to-
weight ratios are more suitable. Exposure of polymer composites to harsh weather conditions often
results in structural deterioration, also known as degradation. This can be caused by humidity, seawater
or distilled water, hot steam, ultraviolet radiation, and exposure to low or high temperatures [1]. A number
of researchers investigated the effects on the mechanical properties of fiber-reinforced polymer matrix
composites exposed to different environmental conditions [2—8]. When the flexural behavior of flax and
hemp-based hybrid composites exposed to cryogenic environment was examined, it was determined
that the flexural stress values of the composites left in the cryogenic environment for 45 minutes
decreased by 3.78% [9]. Many studies have been conducted under various environmental conditions to
examine the mechanical durability of polymer matrix composites formed through hybridization of carbon
and glass fiber with other fiber types. For example, the effect of nanoparticle reinforcement on carbon
fiber-reinforced composites was investigated [10-11], and nanoparticle reinforcement was used on
glass fiber-reinforced composites to strengthen laminates under environmental aging [12].

Determining the durability of marine vessels designed with reinforced polymer matrix composites in
seawater, salt water and similar liquid environments is an important field of study. Composites have
been developed and optimized for use in offshore industries [13-18]. When the carbon/flax fiber hybrid
composites were aged by applying the high temperature water immersion process, it was determined
that the composites with carbon fiber layers on the surface had higher flexural stress and modulus than
the composites with flax fiber on the surface [19]. By looking at the behavior of water diffusion in
carbon/epoxy composites under static tensile stress, it became clear how the coupling effects between
water and mechanical loading of the composites affect the damage development [20]. The fracture
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behavior of fiber-reinforced hybrid composites subjected to hydrothermal aging[21] and the changes in
their mechanical properties under thermal environmental conditions were investigated comparatively
[22-27]. When the effect of moisture absorption of CFRP composites formed with different arrays on
damping and dynamic stiffness was examined, it was determined that unidirectional fiber-reinforced
composite layers absorbed more water than cross-ply laminates [28]. C-glass braided fiber composites
were tested by soaking in a 10 wt.% aqueous H2S04 (1.89 mol/L) concentration environment at different
temperatures and for different durations. As a result, it was concluded that C-glass fibers had more
durability in acidic environments than E-glass and carbon fibers [29]. Hybrid rods manufactured with
unidirectional carbon/glass (core/shell) pultrusion technology with a diameter of 19 mm were
manufactured and immersed in water at different temperatures [30], and in oil wells [31-32], and the
relations between shear strength and interface shear strength and degradation times of the rods were
examined. When the 3-point bending stress behaviors of glass/carbon/epoxy and 7-layer ply layered
composites were studied under different thermal bending loads, it was found that the magnitude of the
CTE mismatch between carbon and epoxy was higher than that of glass and epoxy, and the rate of
strength and modulus deterioration of composites with more CE layers increased as the test
temperature increased [33]. GFRP and CFRP epoxy composites were aged in artificial seawater for 45
days, and it was concluded that the flexural strength of glass/epoxy laminates decreased by about 3.1%,
while the flexural strength of carbon/epoxy laminates decreased by 7.7% [34]. In testing the flexural
performance of carbon/glass hybrid FRP composite laminates was investigated, G,C,G, was placed
symmetrically on the stress and compression sides. It was concluded that composites with G,C,G,
array with such two glass layers had approximately 18.3% higher flexural stress than composites with
G,C,G, array [35]. A study examining the low-velocity impact (LVI) response of bolted fiber-reinforced

polymer joints showed that seawater aging degrades almost 30% of the impact resistance of composite
joints, where HNTSs reinforced multiscale composite joints exhibited 13% higher impact load
performance [36]. In the studies on the impact behavior of the glass-carbon hybridization effect, it has
been found that in glass-carbon hybrid layer composites (GCFRP) the impact absorption energy
increases by arranging the glass fibers in the upper and lower layers [37], increasing the orientation angle
in glass-carbon hybrid pipe composites reduces the impact resistance properties of the material [38] and
the effect of impact velocity change applied in glass-carbon hybrid composites on perforated energy
were more than different fiber combination changes [39]. When the literature is reviewed on the subject,
it is seen that the examination of the damages on and the mechanical properties of glass and carbon
fiber reinforced polymer matrix composites after aging them in environments such as freezing-thawing
[40], low temperature [41], hydrothermal [42-43], seawater [44-46], alkaline solution [47], and motor oil
[48] comes to the fore as recent studies [49]. In this study, after aging of carbon/epoxy, glass/epoxy and
glass-carbon epoxy composite laminates in artificial seawater, engine oil and diesel fuel environment for
30, 60 and 90 days, tensile and flexural strength behavior of composite laminates were compared.

2. Materials and Methods
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2.1. Materials — reinforcement, resin and composite
laminate manufacture

In order to manufacture the composites, 300 gr/m? woven type E-glass (twill) fiber and 200 gr/m? woven
type carbon (plain) fibers were used as reinforcement element as shown in Fig. 1. EPIKOTE epoxy
system was used as matrix in composite production (German Lloyd); RIM 135 was used as resin, and
RIMH 137 was used as hardener. The mixing ratio of epoxy and hardener was 100:30. Three types of
homogeneous layered composites were manufactured by reinforcing epoxy matrix composites with
carbon, glass and glass-carbon fibers. For the manufactured composites, fiber fabrics were prepared in 8
layers of 300 x 300 mm sized pieces. The mechanical proper-ties of the glass and carbon fibers used in
the study are shown in Table 1. As shown in Fig. 1, GFRP composites consisting of 8 layers of glass fiber,
CFRP consisting of 8 layers of carbon fiber, and glass-carbon fiber reinforced hybrid composites
(GCFRP) comprised of 2 layers of glass fiber in the top and bottom layers, and 4 layers of carbon in the
middle, 8 layers in total, were used. Composite specimens were manufactured using the vacuum
assisted resin transfer molding method (VARTM) as shown in Fig. 2. All of the composites left in the
vacuum environment were manufactured by being kept at room temperature at 25°C for one day. The
fiber volume ratio of glass/epoxy composites (GFRP) was 50.91%, the fiber volume ratio of carbon epoxy
composites (CFRP) was 56.06%, and the fiber volume ratio of glass-carbon epoxy hybrid (GCFRP)
composites was 54.2%. The thickness of the manufactured glass/epoxy composite sheets (GFRP) was
1.90 + 0.1 mm, the thickness of the carbon/epoxy composite sheets (CFRP) was 1.85 + 0.1mm, and the
thickness of the glass-carbon epoxy (GCFRP) hybrid epoxy composites was 1.87 £ 0.1 mm.

Table 1
Mechanical and physical properties of materials used as components in composite structures.
Material type Density  Modulus of elasticity Tensile Tensilestrain
(GPa) strength *)
: %
(g/em) (MPa)

Carbon fiber 1.79 240 3800 1.6
Glass fiber 2.58 81.50 2306 2.97
Epoxy (RIM 135, RIM 1.19 105 70 12
H137)

2.2. Testing methods
2.2.1. Absorption tests

For absorptions tests GFRP, CFRP and GCFRP composite specimens were aged for 30, 60 and 90 days in
artificial seawater, engine oil and diesel fuel environments shown in Fig. 3. Artificial seawater
environment; In the laboratory, 35 g of salt was added to a beaker and then tap water was added until the
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total mass was 1000 g, by mixing until the salt was completely dissolved in the water, an artificial
seawater environment was prepared. Shell Helix HX7 10W-40 engine oil was used for the engine oil
environment, and Shell V Power diesel fuel was used for the diesel fuel environment. Prior to starting the
absorption tests, specimens were conditioned at 23 -C and 50% relative humidity for at least seven days
before taking the initial dry weight measurement. The liquid absorption of specimens exposed to aging
environments was determined by the weight difference between the dry and aged specimens in
accordance with ASTM D570-98 [50]. Each specimen was wiped with a clean cloth after the aging period
and weighed with a Necklife FA precision balance with 0.1 mg sensitivity. The liquid absorption
percentages of the specimens left in different environments were determined by weighing the dry and
wet weights of five bending specimens in each sample group. Absorption weight percentile M, (%) was
calculated according to the following equation:

My — My

.

Here, m, is the weight of the specimen at ttime and m, was the initial weight of the specimen.

2.2.2. Tensile Test

GFRP and CFRP composites are preferred in structural applications of many different industries. Since
the structural strength of these applications is very important; Evaluation of tensile strength, strain and
modulus is required. The tensile tests were performed using Shimadzu AGS-X tensile device with a load
capacity of 100 kN. The tensile strength and modulus of the composite samples was evaluated
according to ASTM D3039-76 standard [51]. The composite samples of dimensions 250 mm (length) X
25 mm (width) were tested. The gauge length of 150 mm and a crosshead speed of T mm/min were
maintained throughout the test. Epsilon 3542-050M-050-ST axial extensometer with a maximum
measurement limit of 50 mm was used to measure the longitudinal elongation precisely. For all aging
experimental conditions, flve samples of each composite type were tested and the average value was
reported. The tensile strength (o7), young modulus (£) and strain (€) are determined by the following
expressions:

o L
=4

2
E= 2T
€

3
A=w.t
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4

Here; while A represents the surface area of the composite tensile specimen, wis the composite sample
width and tis the composite sample thickness.

2.2.3. Flexural test

The composite plates manufactured with the above-mentioned VARTM technology were cut
mechanically with a high-speed computer numerical control (CNC) milling machine, and rectangular
bending test specimens of 150 mm (length) x25 mm (width) dimensions were prepared. Following the
aging process, the test specimens were taken from the environment, cleaned, wiped and made ready for
experimentation. As shown in Fig. 4, five specimens for each composite were tested on the 10 kN
capacity Shimadzu AGS- X brand test device for the experiments, and their mean values were reported.
The bending test with a span-to-thickness ratio of 32:1 was performed at a constant seater of T mm/min
at room temperature according to ASTM D7264 [52]. The flexural strength (o), modulus (Ep) and strain

to rupture (g7) are determined by the following expressions:

3P0z L
op = ————
2wit?
6
I3
Ep— =
4wt?
7
B 6dt
T
8

Here, L is the length of the distance between the spans, wis the width of the test specimen and tis the
thickness of the test specimen. P, is the maximum load before fracture, mis the slope of the first
segment of the load/displacement curve, and drepresents the maximum bending before fracture.

2.2.4 Low velocity Impact Test

Composite test samples were cut into 100 x 100 mm? dimensions according to the ASTM
D7136/D7136M-15 [53] standard and made ready for low-velocity impact tests.

Low-velocity impact testing was performed using the INSTRON 9350 drop tower as shown. A
hemispherical impactor with a diameter of 20 mm and mass of m = 1.2 kg was selected for the tests.
The weight of the carrier holding the impactor was 4.3 kg. Thus, the total combined load value of the
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mass hitting the samples was 5.5 kg. This device allows for different impact energies to be achieved by
changing the initial height of the impactor. The diameter of the lower supporting part, to which the
samples were fixed, was 76 mm. The samples were placed on this support point and tightened with the
clamp to perform the impact tests. The data on the device, the contact force/velocity, and time
relationships were recorded by the load cell and then the relationships between time and deflection were
obtained by the data collection system (Fig. 5). Impact energy values of 10 J, 20 J, 30 J, and 40 J were
applied to each sample type. The results were obtained by repeating the experiment five times for the
test applied at each impact energy value.

The impact velocities were 1.907 m/s, 2.697 m/s, 3.303 m/s, and 3.814 m/s and the drop heights were
185 mm, 371 mm, 556 mm, and 742 mm.

3. Results and Discussion
3.1. Environmental Absorption Effect

CFRP, GFRP and GCFRP composite specimens left in an artificial seawater, engine oil and diesel fuel
environment were aged for 30, 60 and 90 days. At the end of each aging period, they were cleaned and
the absorption weight percentages were calculated. The absorption weight percentages of the
composites placed into the artificial seawater environment are shown in Fig. 6 (a), the composites
placed in the engine oil are shown in Fig. 6 (b), and the composites placed in the diesel fuel environment
are shown in Fig. 6 (c). The mean mass absorption percentage changes with aging of the composites for
90 days are shown in Fig. 7. Average mass absorption of CFRP, GFRP and GCFRP composite specimens
in different aging environments for 90 days. In Fig. 6(a), the absorption percentages of composite
specimens aged in artificial seawater for 30 days (720 hours) were calculated as 0.201% for GFRP
composites, 0.270% for CFRP composites, and 0.244% for GCFRP hybrid composites. Mass absorption
percentages of composite specimens aged in artificial seawater for 60 days (1440 hours) were
calculated as 0.387% for GFRP composites, 0.551% for CFRP composites and 0.487% for GCFRP hybrid
composites. As shown in Fig. 6 (b), the absorption percentages of composite specimens aged in engine
oil for 720 hours were calculated as 0.136% for GFRP composites, 0.232% for CFRP composites, and
0.204% for GCFRP hybrid composites. Absorption percentages of composite specimens aged in engine
oil for 1440 hours were calculated as 0.470% for GFRP composites, 0.603% for CFRP composites and
0.522% for GCFRP hybrid composites. As shown in Fig. 6(c), the absorption percentages of composite
specimens aged in diesel fuel for 720 hours were calculated as 0.106% for GFRP composites, 0.206% for
CFRP composites, and 0.155% for GCFRP hybrid composites. Absorption percentages of composite
specimens aged in diesel fuel for 1440 hours were calculated as 0.354% for GFRP composites, 0.446%
for CFRP composites and 0.386% for GCFRP hybrid composites.

In Fig. 7, the mean mass absorption percentages of the composite specimens that were aged in artificial
seawater, engine oil and diesel fuel for 90 days (2160 hours) were calculated. It was observed that the
mean absorption percentage of GCFRP composites was higher than the mean absorption percentage of
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GFRP composites, and lower than the mean absorption percentage of CFRP composites in all aging
environments. The difference between the percentage of mass absorption values in all of the composite
specimens was calculated between 720 hours and 1440 hours. When the effects of the environments on
the absorption values were examined, it was determined that the highest values were in the machine oil
environment, and the lowest absorption values were in the diesel fuel environment.

3.2. Tensile Strength

The mechanical properties obtained as a result of the tensile test of composite samples aged for 30, 60
and 90 days in seawater (RO), engine oil (EO) and diesel fuel (FO) aging conditions are presented in
Table 2. The elasticity modulus of GFRP composites at room conditions was calculated as 27.10 GPa
and the maximum tensile stress was 503.208 MPa, the elasticity modulus of the CFRP composite was
calculated as 61.62 GPa and the maximum tensile stress was 804.306, the maximum tensile stress of
the GCFRP hybrid composite was calculated as 603.814 MPa and the elasticity modulus was 40.28 GPa.
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Table 2

Tensile strength of composites aged in seawater, engine oil and diesel fuel.

Aging

Environment

Room Conditions
Room Conditions
Room Conditions
SW-30 Day Aging
SW-30 Day Aging
SW-30 Day Aging
SW-60 Day Aging
SW-60 Day Aging
SW-60 Day Aging
SW-90 Day Aging
SW-90 Day Aging
SW-90 Day Aging
EO-30 Day Aging
EO-30 Day Aging
EO-30 Day Aging
EO-60 Day Aging
EO-60 Day Aging
EO-60 Day Aging
EO-90 Day Aging
EO-90 Day Aging
EO-90 Day Aging
DO-30 Day Aging
DO-30 Day Aging
DO-30 Day Aging
DO-60 Day Aging

Composite

Type

GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP

Young's Modulus

(GPa)

27.10
61,62
40,28
25.04
57.30
38.14
23.52
51.68
36.57
22.49
51.53
36.08
23.58
55.04
38.84
23.07
53.35
38.66
22.77
52.82
37.92
23.95
57.66
39.19
23.47
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Tensile Strength
(MPa)

503.208
804.306
603.814
475.157
743.867
550.870
422.659
683.867
498.363
359.985
654.267
488.154
474.074
715.143
583.903
468.852
675.742
564.425
458.444
664.545
520.667
497.339
728.377
589.667
472.470

Elongation
at Break
(%)
0.052
0.044
0.042
0.055
0.043
0.042
0.053
0.043
0.045
0.050
0.043
0.045
0.053
0.044
0.043
0.050
0.044
0.044
0.050
0.045
0.042
0.053
0.042
0.042
0.053




Aging Composite  Young's Modulus  Tensile Strength  Elongation
Environment Type (GPa) (MPa) at Break
(%)

DO-60 Day Aging  CFRP 54.05 690.497 0.045
DO-60 Day Aging  GCFRP 38.90 580.173 0.042
DO-90 Day Aging  GFRP 22.49 435.306 0.050
DO-90 Day Aging  CFRP 53.03 628.855 0.045
DO-90 Day Aging  GCFRP 38.33 550.296 0.045

Stress-strain graphs of GFRP, CFRP and GCFRP composites aged for 90 days in seawater environment
(Fig. 8), engine oil (Fig. 9) and diesel oil environment (Fig. 10) are shown. It was concluded that the
modulus of elasticity values of GFRP, CFRP and GCFRP composites at room temperature conditions
decreased by 17.01% in GFRP composites, 16.37% in CFRP composites, and 10.42% in GCFRP
composites after aging in artificial seawater for 90 days. It was concluded that the modulus of elasticity
values of GFRP, CFRP and GCFRP composites at room temperature conditions decreased by 15.97% in
GFRP composites, 14.28% in CFRP composites and 5.85% in GCFRP composites after aging in engine oil
environment for 90 days. It was concluded that the modulus of elasticity values of GFRP, CFRP and
GCFRP composites at room temperature conditions decreased by 17.1% in GFRP composites, 13.94% in
CFRP composites and 4.84% in GCFRP composites after aging in diesel fuel environment for 90 days

(Fig. 11)

3.3 Flexural Strength

The mechanical properties obtained as a result of the three-point bending test of composite samples
aged for 30, 60 and 90 days in seawater (RO), engine oil (EO) and diesel fuel (FO) aging conditions are
presented in Table 3.
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Table 3

Flexural strength of composites aged in seawater, engine oil and diesel fuel.

Aging

environment

Room Conditions
Room Conditions
Room Conditions
SW-30 Day Aging
SW-30 Day Aging
SW-30 Day Aging
SW-60 Day Aging
SW-60 Day Aging
SW-60 Day Aging
SW-90 Day Aging
SW-90 Day Aging
SW-90 Day Aging
EO-30 Day Aging
EO-30 Day Aging
EO-30 Day Aging
EO-60 Day Aging
EO-60 Day Aging
EO-60 Day Aging
EO-90 Day Aging
EO-90 Day Aging
EO-90 Day Aging
DO-30 Day Aging
DO-30 Day Aging
DO-30 Day Aging
DO-60 Day Aging

Composite

type

GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP

Flexural
Modulus

(GPa)

22.919
43.157
23.776
21.077
42.450
23.084
19.884
40.482
21.772
19.682
39.092
21.512
20.796
42.630
22.992
20.140
40.598
21.979
19.790
38.439
21.494
21.389
42.524
22.105
19.996
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Flexural
Strength

(MPa)

547.964
721.410
544.388
483.167
620.343
504.309
457.734
579.908
490.076
447.538
532.504
449.312
537.366
626.090
518.076
525.832
593.779
499.299
502.135
579.526
483.620
544.587
668.366
536.638
535.425

Flexural Strain (mm/mm)

0.03512
0.01667
0.03007
0.03146
0.01505
0.02643
0.02952
0.01389
0.02579
0.02785
0.01375
0.02476
0.03388
0.01610
0.02852
0.03240
0.01552
0.02795
0.03209
0,01552
0.02642
0.03497
0.01645
0.02848
0.03430




Aging Composite  Flexural Flexural Flexural Strain (mm/mm)

Modulus Strength
environment type

(GPa) (MPa)
DO-60 Day Aging  CFRP 40.660 626.056 0.01504
D0-60 Day Aging  GCFRP 21.978 514.342 0.02747
DO-90 Day Aging  GFRP 19.759 522.575 0.03388
DO-90 Day Aging  CFRP 39.016 605.960 0.01481
DO-90 Day Aging  GCFRP 21.621 491.250 0.02723

The flexural stress- flexural strain performances of GFRP, CFRP and GCFRP composites aged in artificial
seawater environment, engine oil environment, and diesel fuel environment are shown in Fig. 12, Fig. 13,
and Fig. 14, respectively. The flexural modulus of GFRP composites at room conditions was calculated
as 22.919 GPa and the maximum flexural stress was 547.964 MPa, the flexural modulus of the CFRP
composite was calculated as 43.157 GPa and the maximum flexural stress was 721.410, the maximum
flexural stress of the GCFRP hybrid composite was calculated as 544.388 MPa and the flexural modulus
was 23.776 GPa.

When the effect of aging of GFRP composites for different time periods and in different environmental
conditions on the flexural behavior was examined, it was seen that as the aging time increased in
artificial seawater environment as shown in Fig. 12 (a), and the gap between the stress-strain curves
decreased significantly compared to the engine oil environment (Fig. 12 (b)) and diesel fuel environment
(Fig. 12 (c)) flexural stress-strain curves. When the effect of aging of CFRP composites for different time
periods and in different environmental conditions on the flexural behavior was examined, it was clearly
seen in Fig. 13 (b) that the gap between the stress-strain curves with the increase of the aging time in the
oil environment was higher compared to the aging in the artificial seawater environment (Fig. 13 (a)) and
diesel fuel environment (Fig. 13 (c)). When the effect of aging of GCFRP hybrid composites for different
time periods and in different environ-mental conditions on the flexural behavior was examined, it was
determined that the gap between the curves of the flexural stress-strain curve in the artificial seawater
environment shown in Fig. 14 (a) was more pronounced than the engine oil aging (Fig. 14 (b)) and diesel
fuel environment (Fig. 14 (c)).

The mean flexural strengths and flexural modulus of the data obtained from the stress-strain curves of
the composites aged for 90 days in different environments are shown in Fig. 15.

It was calculated that the flexural stress strengths of GFRP composites at room conditions decreased by
16.58% with aging in artificial seawater environment, by 5.95% in engine oil, and by 5.83% in diesel fuel
environment. And the flexural stress strengths of CFRP composites at room conditions decreased by
14.01% with aging in artificial seawater environment, by 16.86% in engine oil, and by 12.20% in diesel fuel
environment. The flexural stress strengths of GCFRP hybrid composites at room conditions decreased
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by 12.59% with aging in artificial seawater environment, by 9.12% in engine oil, and by 6.62% in diesel
fuel environment (Fig. 15). Figure 16 shows the damages that occurred on the compo-sites after the
three-point bending test. The specimens started to fracture after bending along the loading pin. Fiber
fracture and delamination occurred depending of the region where bending damage occurred.

3.4. Impact strength

Low- velocity impact tests in normal environment (room temperature) were carried out by weight drop
tests at four different impact energies, and 10 J, 20 J, 30 J and 40 J impact tests were applied to
estimate the penetration and perforation energy values of GFRP, CFRP and GCFRP composites [AS].
Contact force, deflection (displacement) and absorbed energy values of the composites subjected to low
velocity impact tests at four different energy levels are shown in Table 4.

Table 4

Low-velocity impact behavior of GFRP, CFRP and GCFRP composites according to
changing impact energy.

Composite Impactenergy Impact Contact Deflection Absorbed
type ) velocity force (displacement)  energy
(m/s)  (N) (mm) )
GFRP 10 1.907 4795.705 3.995 4.726
20 2.967 5847.293 6.219 16.973
30 3.303 7210,891 8.829 27.479
40 3.814 7361.118 13.210 37.386
CFRP 10 1.907 3674.781 4.344 6.901
20 2.967 4137.018 8.893 19.233
30 3.303 4888.152 12.328 25.737
40 3.814 4737.925 12.244 25.496
GCFRP 10 1.907 4402.804 3.954 5.834
20 2.967 5292.609 7.735 17.672
30 3.303 5939.741  11.772 29.794
40 3.814 6332.642 14.811 35.814

As shown in Fig. 20, 4 different energy values were applied to estimate the penetration and perforation
energy values of these composites.

Figure 17 (a) shows the absorbed energy-time curves of the GFRP composite laminates, Fig. 17 (b)
shows the absorbed energy-time curves of the CFRP composite laminates, and Fig. 17 (c) shows the
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absorbed energy-time curves of the GCFRP composite laminates. Figure 18 respectively shows the equal
energy profile diagrams of the GFRP, CFRP, and GCFRP composites.

The damages occurring on the back surfaces of CFRP, GFRP and GCFRP composites tested at low-
velocity impact energies of 10 joules, 20 joules, 30 joules and 40 joules after the impact test are shown
in Fig. 19.

In the absorbed energy-impact energy graph of GFRP, CFRP and GCFRP composites in Fig. 17, it was
determined that the absorbed energy value of GFRP and GCFRP composites increased up to 40 J, while
the absorbed energy value of CFRP composite decreased after 30 J. At the threshold of these data, it
was decided to apply low-velocity impact tests at 30 J impact energy to all composites taken from aging
environments, as it was predicted that the impact durability would decrease when the three composite
types were placed in aging environments. Contact force, collapse and absorbed energy values at 30 J
impact energy of GFRP, CFRP and GFRP composites aged in seawater, engine oil and diesel fuel
environment are shown in Table 5.
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Table 5

Low-velocity impact strength of GFRP, CFRP and GCFRP aged composites at 30 J

impact energy.

Aging
environment
Room Conditions
Room Conditions
Room Conditions
SW-30 Day Aging
SW-30 Day Aging
SW-30 Day Aging
SW-60 Day Aging
SW-60 Day Aging
SW-60 Day Aging
SW-90 Day Aging
SW-90 Day Aging
SW-90 Day Aging
EO-30 Day Aging
EO-30 Day Aging
EO-30 Day Aging
EO-60 Day Aging
EO-60 Day Aging
EO-60 Day Aging
EO-90 Day Aging
EO-90 Day Aging
EO-90 Day Aging
DO-30 Day Aging
DO-30 Day Aging
DO-30 Day Aging
DO-60 Day Aging

Composite
type
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP
CFRP
GCFRP
GFRP

Contact Force

(N)

7210.891
4888.152
5939.741
6864.651
3189.432
5465.948
4807.261
3131.653
3975.235
4680.146
2634.748
3813.452
6829.549
3351.215
5789.514
5119.270
3154.765
5026.823
4807.261
3027.650
4495.251
6933.549
3674.781
5708.622
5639.287
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Deflection
(mm)
8.829
12.328
11.772
9.1239
12.300
11.858
10.498
10.659
15.390
12.317
9.713
16.608
9.272
12.304
11.805
12.441
12.038
12.417
10.506
11.506
13.223
9.642
12.866
10.607
9.592

Absorbed Energy
)
27.479
25.737
29.794
27.238
14.219
26.804
28.137
13.794
24.432
29.595
12.279
24.239
26.078
23.025
28.630
26.309
22.145
28.062
26.998
17.290
27.720
27.772
23.459
29.510
27.594




Aging Composite  Contact Force Deflection Absorbed Energy
environment type (N) (mm) )

DO-60 Day Aging  CFRP 3143.209 12.723 23.203

DO-60 Day Aging  GCFRP 4957.488 11.814 29.823

DO-90 Day Aging  GFRP 5142.382 9.606 27.510

DO-90 Day Aging  CFRP 3085.429 12.674 22.602

DO-90 Day Aging  GCFRP 3963.679 13.389 26.736

GFRP, CFRP and GCFRP composites, which were impact tested at 30 J impact energy and aged in
seawater, engine oil and diesel fuel environment for 90 days, respectively; contact force-deflection
graphs are shown in Fig. 20. The maximum contact forces obtained from the impact behavior of GFRP,
CFRP and GCFRP composites aged for 30, 60 and 90 days are shown in Fig. 21 and the maximum
deflection(displacement) values are shown in Fig. 22.

In aged composites; With the increase of aging time, GFRP composites transitioned from penetration to
perforation and the energy values absorbed became close to the full penetration energy. In CFRP
composites, due to the aging effect, complete perforation occurred more clearly and the absorbed
energy values decreased. GCFRP composites, like GFRP composites, started to perforate as the aging
times increased, and their absorbed energy decreased (Table 2).It was concluded that the environment
that most reduced the maximum contact force values of glass/epoxy (GFRP), carbon/epoxy and glass-
carbon/epoxy (GCFRP) hybrid composites tested with 30 J impact energy was the seawater degradation
environment (Fig. 21). It was calculated that the maximum contact force value of the composites at
room temperature decreased by 35.096% in GFRP composites, 46.099% in CFRP composites and
35.797% in GCFRP composites after 90 days of aging in seawater.

When looking at the effects of aging environment; at 30 Joule impact energy, the impact strength of
GFRP and GCFRP composites decreased and the transition from penetration to perforation began, and it
was determined that penetration to full perforation was more evident in CFRP composites (Fig. 22). In
GFRP and GCFRP composites, the maximum deflection increased as they approached perforation, that
is, full perforation, due to the effect of the seawater aging environment. Maximum deflection values of
GFRP and GCFRP composites at room temperature; it was calculated that GFRP composites increased
by 39.506% and GCFRP composites increased by 41.08% by aging in a seawater environment for 90
days. CFRP composites, which achieved full perforation at 30 Joule impact energy under room
temperature conditions, showed perforations at lower contact forces due to aging, thus their collapse
values decreased. It was calculated that it decreased by 21.211% compared to the deflection values in
the normal environment due to 90 days of seawater aging (Fig. 22). It has been concluded that the
environments that have the most reducing effect on the impact strength of composites subjected to low-
velocity impact testing under aging environmental conditions and durations are seawater environment
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and machine oil environment. It has been determined that the impact resistance of the diesel fuel aging
medium is higher than the other two aging environments. Damage images of composites subjected to
low-velocity impact testing at 30 joules impact energy are shown in Fig. 23. It is understood the level of
puncture damage on the front and back surfaces of the composites that have been impacted.

3.5. Morphological analysis

It was aimed to examine the changes in the morphological structure of the broken composite parts
within the material after the tensile test samples of glass/epoxy (GFRP), carbon/epoxy (CFRP) and glass-
carbon/epoxy (GCFRP) hybrid composites produced with VARTM. Morphological analyzes of composite
samples were performed on a Leo Evo 40 scanning electron microscope (SEM) device with a capacity of
20 kV. Since the aging environment that most affects the strength of composites is the artificial 90-day
aged seawater environment, changes in the internal structure of the material were examined by taking
images from a scanning electron microscope (SEM) in order to determine the morphological analysis.
SEM analyzes of samples damaged as a result of tensile tests of composites at room temperature and
composites kept in seawater for 90 days were compared. The SEM analysis of GFRP composites, where
the morphological analysis of the broken parts after the tensile test at room temperature is performed, is
shown in Fig. 24, the SEM analysis of CFRP composites is shown in Fig. 25, and the SEM analysis of
GCFRP hybrid composites is shown in Fig. 26.

When zoomed in on the glass fiber, the images of the broken fibers are shown in detail. It is clearly
shown that there appears to be very little matrix phase around the broken fibers. This analysis reveals
that damage occurs in areas where fiber-matrix interface adhesion is weak (Fig. 24).

Morphological analyzes of carbon/epoxy (CFRP) composites under normal environmental conditions
were evaluated at different micron sizes. By getting closer to the carbon fiber, the appearance of the
carbon fiber structure and the epoxy matrix element after damage is shown in detail. It has been
determined that interlayer separation and delamination occur in areas where the matrix element is
shallow. When approaching the damage area where the carbon fibers broke, air gaps in the epoxy matrix
were detected (Fig. 25). By getting closer to the GCFRP hybrid composites after damage, the appearance
of reinforcement of glass-carbon fiber layers with epoxy matrix element is shown in detail. It has been
observed that delamination damage, where the glass and carbon layers separate from each other,
occurs in areas where the matrix element is shallow. When approaching the damage area where carbon-
glass fibers are broken, slight agglomerations of epoxy matrices can be seen on the broken fibers

(Fig. 26).

The SEM analysis of GFRP, CFRP and GCFRP composites, where the morphological analysis of the
broken parts after the tensile test of the composites aged for 90 days in seawater is shown in Fig. 27.
Morphological analyzes of GFRP, CFRP and GCFRP composites aged in seawater for 90 days were
evaluated at lower micron sizes compared to composite samples at room temperature conditions.
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Agglomerations of epoxy matrixes accumulated on the broken glass fibers. It has been determined that
the glass layers are separated more clearly due to the aging effect (Fig. 27 (a)). In Fig. 27 (b),
agglomerations of epoxy matrices accumulated on the broken carbon fibers.

It can be interpreted as a weakening of mechanical properties due to the decrease in adhesion between
reinforcement-matrix phases due to the effect of seawater. In this case, it is interpreted that the fibers
are broken and separated from each other by delamination, where the carbon layers are separated more
clearly due to the aging effect. The adhesion strength of the epoxy matrix at the interface of the glass-
carbon hybrid layers shown in Fig. 27 (c) was examined closely. Adhesion force, which is an important
mechanical condition in the strength of the adhesion between epoxy-fiber, decreased with the effect of
seawater aging, making fiber breaks and separations more obvious.

4. Conclusion

In all aging environments; It was concluded that the average absorption percentage value of GCFRP
composites was higher than that of GFRP composites and less than the absorption percentage value of
CFRP composites. It was calculated that the difference between the mass absorption percentage values
in all composite samples occurred between 30 days (720 hours) and 60 days (1440 hours). When the
effect of environments on absorption values is examined; It was concluded that the highest absorption
values were in the machine oil environment and the lowest absorption values were in the diesel fuel
environment.

When looking at the tensile test behaviors of the aging environment effects of GFRP, CFRP and GCFRP
composites, it was concluded that the environment that affects the mechanical strength the most is the
seawater environment, while the environment that affects the least is the diesel fuel environment. It was
concluded that the elasticity modulus of GFRP composites in normal room conditions after aging in
seawater for 90 days decreased by 17.01%, the elasticity modulus of CFRP composites decreased by
16.37% and the elasticity modulus of GCFRP composites decreased by 10.42%.

When the three-point bending test behaviors of GFRP, CFRP and GCFRP composites' aging environment
effects are examined, it is concluded that the environment that affects the mechanical strength the most
is the seawater environment, while the environment that affects the mechanical strength the least is the
diesel fuel environment. The tensile strength of the composites at room temperature with the effect of
90-day seawater aging; It was concluded that it reduced the bending tensile strength by 18.37% in GFRP
composites, 26.18% in CFRP composites, and 17.46% in GCFRP composites.

The glass-carbon hybridization effect has a very low effect on bending strength, causing it to be the
composite type with the least strength under aging effect.

As a result of the low- velocity impact behavior of GFRP, CFRP and GCFRP composites, it was concluded
that the most durable composite type is glass/epoxy (GFRP) composites. The reason why glass/epoxy
composites are more durable than carbon/epoxy (CFRP) composites is that glass fibers are more ductile
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against impact load. Carbon fibers, on the other hand, are more brittle than glass fibers. It was concluded
that the impact resistance of GCFRP hybrid composites formed by aligning the upper and lower layers
with glass fibers, with carbon fibers in the center, increased. It was concluded that the hybridization
effect increases the low- velocity impact strength under all aging environment conditions.

It has been concluded that the aging environment that most affects the low- velocity impact strength of
GFRP, CFRP and GCFRP composites is seawater, engine oil and diesel fuel, in order from highest to
lowest. It was concluded that the maximum contact force value of the composites at room temperature
decreased by 35.096% in GFRP composites, 35.933% in CFRP composites, and 35.797% in GCFRP hybrid
composites due to the 90-day seawater aging effect.

In the morphological analysis of GFRP, CFRP and GCFRP composites after tensile test damage; It was
concluded that delamination and fiber cracks were damaged at the fracture point, where the presence of
the epoxy matrix decreased. It was concluded that the hybridization effect is a solid combination and
increases the strength. It was estimated that the damage started at lower loads because matrix
degradation occurred under the influence of seawater.

Suggestions for the study and general evaluation; Choosing a woven fabric of glass and carbon fibers is
a situation that affects mechanical strength. It is thought that choosing glass and carbon fibers with
different fiber orientations will affect mechanical strength. In this regard; Composites with different
sequences can be produced to increase the glass-carbon hybridization effect. For the seawater
environment that affects the aging effect the most, polymer matrices that are stronger against corrosion
may be preferred. It was concluded that all of the composite types tested in the study had very good
durability regarding their mechanical and tribological behavior in the engine oil environment and
petroleum oil environment. These results are on the brink; lass/epoxy, carbon/epoxy and glass-
carbon/hybrid composites can be considered to be preferred over traditional metal structures in the
durability preference of oil tanks, oil tanks or machine elements where such environments are used.
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Figure 1

Laminate codes and labeling system of stacking order.

Page 25/42



Peel-ply

Vacuum inlet Vacuum bag

Fiber fabric Vacuum outlet

Breather

Sealant tape

(a)

Mold

Figure 2

Preparation of composites: (a) VARTM scheme, (b) stacking of fibers, (c) transferring the resin to the
vacuum environment, (d) vacuum environment.
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Figure 3

The process of placing composites into degradation environments.
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Figure 4

Bending test setup: (a) Shimadzu AGS-X tester, (b) there-point bending test.
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Figure 5

INSTRON CEAST 9350 impact tester; (a) device system, and (b) test chamber.
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Figure 6

Absorption weight percent change of aged GFRP, CFRP and GCFRP composite samples: (a) seawater, (b)
engine oil, (c) diesel fuel.
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Figure 7

The mean percentage change in absorption of CFRP, GFRP and GCFRP composite specimens aged for
90 days in artificial seawater, engine oil and diesel fuel environments.
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Stress-strain of GFRP, CFRP and GCFRP composites aged in seawater environment.
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Figure 9

Stress-strain of GFRP, CFRP and GCFRP composites aged in engine oil environment.
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Figure 10

Stress-strain of GFRP, CFRP and GCFRP composites aged in diesel oil environment.
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Figure 11

Comparison of maximum tensile stress and modulus of elasticity of GFRP, CFRP and GFRP composites
aged; (a) seawater, (b) engine oil, (c) diesel fuel.
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Flexural stress-strain comparison of GFRP composites according to aging environments for 30, 60 and
90 days; (a) seawater, (b) engine oil, (c) diesel fuel.
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Figure 14

Flexural stress-strain comparison of GCFRP composites according to aging environments for 30, 60 and
90 days; (a) seawater, (b) engine oil, (c) diesel fuel.
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Figure 15

Comparison of the mean flexural strengths and flexural modulus of CFRP, GFRP and GCFRP composites
aged for 90 days.

Figure 16

Fracture damage after bending test in CFRP, GFRP and GCFRP composites.
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Figure 17

Absorbed energy-time graphs: a) GFRP composites, b) CFRP composites, c) GCFRP composites.
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Figure 18

Equal energy diagrams of CFRP, GFRP, and GCFRP.
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Figure 19

Damages in composites tested at low-velocity impact energies of 10 joules, 20 joules, 30 joules and 40
joules, (a) CFRP, (b) GFRP, (c) GCFRP.
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Figure 20

Contact force-deflection graph of GFRP, CFRP and G CFRP composites aged for 90 days at 30 J impact
energy; (a) sweater, (b) engine oil, (c) diesel fuel.
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Maximum contact forces of GFRP, CFRP and GCFRP composites to aging environments at 30 J impact

energy.
20 20 20
= Room temperature @ Scawater B Room temperature B Seawater - ROO!“ temperature @ Sgawater
18 CEngine oil @ Dicsel fucl (a) 18 OEngine oil mDiesel fuel (b) 18 O Engine oil m Diesel fuel (C)
z16 g 16 g6
E s E 14 E 4
S =] =]
212 g 12 212
o 153 9
= 10 210 = 10
T s < g T8
£ E E
E ¢ E 6 £
% = =
<
£ 4 < 4 34
2 2 2
0 0 0
Room 30 gay 60 day 90 day Room 30 day 60 day 90 day Room 30 day 60 day 90 day
temperature temperature temperature
Figure 22

Maximum deflection of GFRP, CFRP and GCFRP composites to aging environments at 30 J impact
energy.
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Figure 23

Damages on the front and back surfaces of composites at 30 J impact energy.
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Figure 24

SEM analysis of GFRP composite.
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Figure 25

SEM analysis of GFRP composite.
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Figure 26

SEM analysis of GCFRP composite.
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Figure 27

SEM analysis of composites aged for 90 days in seawater; (a) GFRP composites, (b) CFRP composites,
(c) GCFRP composites.
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