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Abstract

In the marine industry, glass fibers are commonly used to reinforce polyesters for ship hulls, submarine components, and other
marine structures. Isophthalic polyesters are a feasible alternative due to their superior mechanical qualities and added end-of-life
scenarios compared to orthophthalic polyesters. However, like other fiber composite systems, glass fiber reinforced polymer (GFRP)
composites are also water sensitive. Here, GFRP composites of three different thicknesses are aged under three different immersion
periods in seawater (20, 40 and 60 days). All samples are evaluated for hardness following aging. Significant emphasis is placed on
the presence of calcium carbonate, over which increases in moisture content irrevocably reduce the composite’s hardness. Compared
to untreated material, the hardness of 6, 8 and 10 mm composites decreased by 25.64, 10.92 and 4.63% after the 60-day aging period.
This drop is mostly the result of microstructure evolution manifesting as an increase in porosity. Consequently, fiber deterioration,
fiber cracks, and degradation of polymer-fiber bonding emerge in the composite, decreasing hardness.
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1 Introduction

Components and structures functioning in the marine environment are subjected to high stresses caused by wind, waves, and tides.
In addition, they must contend with hostile and harsh environmental circumstances throughout their existence, as they are placed
in the splash zone if not submerged in saltwater. The application of polymer composites in maritime systems has been the subject
of significant research over the past few decades, showing the potential benefits of replacing numerous components, including ship
hulls, domes and non-pressure hull decking for submarines, propeller blades, wind turbine blades, and tidal turbine blades, to name
a few [1–3]. To be precise, it is since the mid-1980s that the usage of composite materials in marine constructions has expanded
dramatically, and the global industry anticipates an annual growth rate of 5.8% as an alternative to galvanic corrosion-prone classical
materials [4, 5]. However, fiber reinforced polymer (FRP) composite materials are sensitive to moisture and temperature, and
prolonged exposure to such a harsh environment degrades the material’s mechanical characteristics. The seawater environment
tends to chemically alter the composition of FRP composites [6–8]. Therefore, to anticipate the service life of structures and
the functional stability of the composites, it is vital to understand the robustness and life cycle of composites in terms of their
mechanical, chemical, and thermal properties [9]. In other words, it is crucial to assess the degradation of mechanical properties
caused by exposure to seawater for marine composites [9]. Hardness, a mechanical attribute of the material, is its ability to resist
deformation and is determined by a standard test that measures the surface resistance to indentation [10–12].
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Hardness not only affects the tribological performance of a material [13] but also is an important factor to be considered while
machining, in particular drilling, as the drill tool life is found to be a strong function of it [14, 15]. A mechanical connection is
required between FRP composites and other metal or composite structures. As a crucial final manufacturing stage for composite
laminates, drilling is widely employed to facilitate riveted and bolted joints for attaching the composite structure to other components
[16]. The most prominent concerns in FRP composite drilling are delamination and hole surface roughness. It has been discovered
that tool wears greatly contributes to both problems [17–20]. From the literature reviewed, hardness is determined to be an important
mechanical property to be investigated as it holds significance in machining materials, particularly the drilling of composites. It is
also learned that seawater exposure has adverse effects on the FRP composites, leading to an alteration in the material chemistry
resulting in material degradation. Though several researchers have been focusing on investigating the various mechanical properties
of the marine FRP composites, there is no document that exclusively discusses the investigation of seawater immersion effect on the
FRP composite hardness. Thus, filling the literature gap and emphasizing the non-addressed but important mechanical property, this
study aims to investigate seawater’s effect on the hardness of marine FRP composites of varying thicknesses. The present study not
only experimentally indicates the effect but also discusses the root cause concerning the chemistry behind it at the microstructural
level using SEM and EDX analysis.

2 Materials and Methods

2.1 Composite composition and fabrication

The glass fiber reinforced polymer (GFRP) composite material used in this investigation consisted of chopped stranded mats con-
taining discontinuous E-glass fibers with a density of 1.56 gcm-2. The matrix phase is composed of thermoset polymer resins with a
density of 2.56 g/cm2, which are unsaturated (isophthalic) polyesters. Methyl-ethyl-ketone peroxide (MEKPO) is used as a hardener,
also known as a curing agent or catalyst, to enhance the crosslinking of unsaturated polyesters (curing) [21, 22]. The composites
produced contained 33.4 wt.% of fibers. When creating composites, a hardener-to-resin ratio of 0.0012:1 and a matrix-to-fiber ratio
of 2:0 was considered. For manufacturing GFRP composites, the manual open-mold hand-layup approach [23] was adopted. Before
applying the mold release agent, the plywood mold was thoroughly cleaned. As a release agent for the mold, wax and polyvinyl
acetate was utilized [24, 25]. The liquid polyester was used to create the gel coating, followed by applying the first layer of the
fiber mat. The matrix consisting of the polyester-hardener mixture was then brushed over it, and the second layer of glass fiber was
deposited on top. The matrix was distributed evenly throughout the composite using a hand roller. Thus, the described layer-by-layer
hand-layup technique was employed to manufacture 6, 8, and 10 mm thick GFRP composites.

2.2 Seawater treatment and mass gain determination

Seawater was produced in the laboratory following ASTM D1141-98 Standard practice for the preparation of substitute ocean
water [26, 27]. Seawater is slightly alkaline, with pH values between 8.0 and 8.5 [28]; hence the pH of the prepared seawater was
maintained between 8.3 to 8.5. The chemicals used and their proportion for making 10 liters of seawater is as shown in Table 1.

Table 1: Chemical composition for preparing 10 liters of seawater as per ASTM D1141-98 standard.

Composition (chemical formula) Fraction (g/10 liters)
Sodium chloride (NaCl) 245.34
Magnesium chloride (MgCl2·6H2O) 111.12
Anhydrous sodium sulfate (Na2SO4) 40.94
Anhydrous calcium chloride (CaCl2) 11.58
Potassium chloride (KCl) 6.95
Sodium bicarbonate (NaHCO3) 2.01
Potassium bromide (KBr) 1.00
Boric acid (H3BO3) 0.27
Strontium chloride (SrCl2·6H2O) 0.42
Sodium fluoride (NaF) 0.03
0.1 N Sodium hydroxide (NaOH) solution Added in quantity sufficient to get the pH level to 8.3 ±0.2

All chemicals utilized during the research were of research grade. Thus prepared, seawater was poured into three separate 10-
liter-capacity containers. In addition, three different colors of buckets were used to distinguish between the specimen contained in
each container, based on the material thicknesses. A precise digital weighing balance with a weight limit of 10 kg and an accuracy
of 1 gram was used to weigh the aged GFRP composite slabs of every thickness at 20-day intervals up to 60 days to determine the
water absorption by the material periodically. Before weighing, tissue paper was used to wipe the surface of the samples.
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Using Eq. [1], the relative mass change m (%) was calculated, where mi and mf represent the initial and final mass of the
material, respectively [29]. The weight variations of GFRP composites with thicknesses of 6, 8, and 10 mm were determined by
weighing five replicates of each thickness.

m(%) =
mf −mi

mi
× 100 (1)

2.3 Hardness measurement

The ASTM D2583-07 standard test method for indentation hardness of rigid plastics [30] is used to perform Barcol hardness tests
with the Barber Colman impresser. The hardness measurement characterizes the indentation strength of components as assessed by
the indenter point’s penetration depth. The test was conducted for untreated and treated composite samples. Five Barcol hardness
measurements were taken for each GFRP slab of every thickness, and the average value was chosen for each specimen’s final Barcol
hardness measurement.

2.4 Material characterization

The material characterization was accomplished using scanning electron microscopy (SEM) and energy dispersive X-ray (EDX)
analysis. The SEM was employed to investigate the microstructural damage caused in all the composite samples of different
thicknesses. The diameters for untreated and treated fibers were measured using the ImageJ software to check for degradation
in terms of diameter reduction. The EDX analysis was used not only to check the probability of the presence of salts like potassium
chloride [KCl], potassium bromide [KBr] and sodium chloride [NaCl] but also to determine the atomic weight percentage reduction
in Silica [SiO2]and other constituents of the E-glass fiber (magnesium and aluminum oxides) due to degradation in the seawater
treated composites. The presence of calcium carbonate [CaCO3] is also investigated using the EDX analysis. Zeiss Evo MA18 with
Oxford EDS(X-act) equipment installed in the Central Instrumentation Facility (CIF), MIT, Manipal, India, was used to conduct
both SEM and EDX analysis.

3 Results and Discussion

Figure 1 represents the hardness reduction (%) of 6, 8 and 10 mm thick GFRP composite at different immersion periods. The
negative sign in Figure represents that reduction in the hardness value. A trendline is obtained for each represented graph considering
a third-order polynomial equation.

Figure 1: Results of hardness reduction for (a) 6mm; (b) 8 mm; (c) 10 mm GFRP composites.
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The developed equation for 6, 8 and 10 mm GFRP composites are given by Eqs. [2], Eq. [3] and Eq. [4], respectively. The
term yi in the equations represents the hardness reduction (%) value for ith thickness, and x represents the immersion period (square
root of hours). All the developed equations possess high prediction accuracy (R2 = 1) within the experimented limits. The average
standard deviations are recorded as 0.531, 0.601 and 0.515 for 6, 8 and 10 mm GFRP composites.

y6 = −0.0017x3 + 0.0595x2 − 0.5334x− 4e−13 (2)

y8 = 0.001x3 − 0.0722x2 + 0.9583x− 4e−13 (3)

y10 = 0.00025x3 − 0.0111x2 − 0.062x− 1e−13 (4)

The average Barcol hardness was recorded as 43.3, 46.7 and 49.7 BHN for 6, 8 and 10 mm thick fabricated untreated GFRP
samples, respectively. A continuous drop was later observed in the hardness value irrespective of the thickness of the GFRP com-
posites, and the decrement continued with the increase in the immersion period. Table 2 details the average hardness value for 6, 8
and 10 mm GFRP considering the three selected immersion times.

Table 2: Hardness test results for 6, 8 and 10 mm seawater treated GFRP composites.

Immersion time
(days)

Composite
thickness (mm)

BHN of
untreated specimen

BHN of
seawater treated specimen Reduction(%)

20 days 6 43.3 43.0 0.69
8 46.7 45.4 2.78

10 49.7 48.6 2.21
40 days 6 43.3 39.4 9.01

8 46.7 42.6 8.78
10 49.7 47.8 3.82

60 days 6 43.3 32.2 25.64
8 46.7 41.6 10.92

10 49.7 47.4 4.63

Figure 2 represents the mass gain rate (%) of 6, 8 and 10 mm thick GFRP composite at different immersion periods. A trendline
is obtained for each represented graph considering a third-order polynomial equation.

Figure 2: Results of mass gain rate for (a) 6mm; (b) 8 mm; (c) 10 mm GFRP composites.
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The developed equation for 6, 8 and 10 mm GFRP composites are given by Eq. [5], Eq. [6] and Eq. [7], respectively. The term
yi in the equations represents the mass gain rate (%) value for ith thickness, and x represents the immersion period (square root of
hours). All the developed equations possess high prediction accuracy (R2 = 1) within the experimented limits. The average standard
deviations are determined to be 0.634, 0.436 and 0.031 for 6, 8 and 10 mm GFRP composites. When immersed in seawater, the
composites absorb water molecules and release the soluble solid particles. Therefore, the mass gain rate represents the net effect
of mass gained due to water absorption and the mass lost due to the oozing out of soluble solid particles from the composite. The
average mass was recorded as 78, 112 and 148 g for 6, 8 and 10 mm thick fabricated untreated GFRP samples.

y6 = 0.0009x3 − 0.03025x2 + 0.4827x− 5e−13 (5)

y8 = −0.001x3 + 0.074x2 − 1.107x− 3e−13 (6)

y10 = −0.0003x3 + 0.0039x2 − 0.072x− 4e−14 (7)

Table 3 provides the results for mass change in composites due to water absorption. The thinner composites were seen to absorb
more amount of water. Therefore, it could be said that the thicker composites with a greater number of lamina layers prevent the
degradation as the salt particles do not tend to penetrate much in such compositions. The unit used for the immersion period in
Figure 1 and Figure 2 is the square root of hours, as it provides a neat and regular curve. Moreover, the prediction within the
experimental limits of response value for a small immersion period gets easier. The reduction in the hardness value and increase in
the water absorption values with the increase in the immersion period is mostly the result of microstructure evolution manifesting as
an increase in porosity. The microstructural analysis was conducted using the SEM and EDX analysis to affirm the assumption.

Table 3: Mass gain rate results for 6, 8 and 10 mm seawater treated GFRP composites.

Immersion time
(days)

Composite
thickness (mm)

Mass of
untreated specimen (g)

Mass of
seawater treated specimen (g) Mass gain rate(%)

20 6 78 82 5.13
8 112 114 1.79
10 148 148 0.00

40 6 78 87 11.54
8 112 120 7.14
10 148 149 0.68

60 6 78 95 21.79
8 112 122 8.93
10 148 150 1.35

The results of the SEM analysis for 6, 8 and 10 mm thick GFRP composites concerning different seawater immersion periods
are depicted in Figure 3, Figure 4 and Figure 5 respectively. Irrespective of the thickness, the severity of the composite degradation
is observed to increase with the increasing period of immersion. The fiber cracks are visible in the presented SEM images. The
SEM images were also analyzed using the ImageJ software to determine the degradation of fibers characterized by the change in
the diametric values. The average diameter of the fibers in untreated samples was 16 µm. The average diameter value was reduced
to 15.5, 14 and 11 µm considering the GFRP samples subjected to 20, 40 and 60 days of seawater immersion. Changes in diameter
values were reported to be greatest in samples with a thickness of 6 mm and smallest in samples with a thickness of 10 mm. On
average, the reduction in diametric values was observed to be 3.13, 12.5 and 31.25%. The fiber cracks and the reduction of diametric
value confirm the degradation of the fibers used in the composites. Moreover, the SEM images also evidently show the severe
matrix erosion at the surface and matrix-fiber debonding. The matrix degradation in the GFRP samples was because of the leaching
action, wherein the distributed salt particles (present in the seawater) leach away to form a porous structure [31]. Irrespective of the
thickness, the matrix degradation is observed to have initiated in the 20 days aged samples. Nevertheless, the matrix erosion was
low in the case of 10 mm samples compared to the counterparts for any given period of immersion time. The phenomenon observed
in all the samples was the leaching of the matrix due to salt present in the seawater medium, causing porosity and leading to further
penetration of the seawater into the composites. The second stage is wherein the matrix-fiber debonding occurs, and the component
functional stability starts weaking. In this phase, the matrix degrades and exposes the fibers to the seawater medium, which causes
cracks in them. With a further increase in immersion time, the matrix erosion increases, causing greater damage to the composites.
The salt particles could not damage the 10 mm thick composites much, probably due to the higher amount of fibers and matrix layers
than their counterparts. However, an increased immersion time than the selected period in the current study can cause damage to
it and thus can be considered as a future scope of the present work. The matrix degradation is also caused due to the hydrolysis
(breaking of the crosslinking bondage) of polyesters caused due to the presence of sodium hydroxide and potassium salt [28, 32].
The reinforcing phase provides the mechanical strength in a fiber composite compared to the matrix material [33]. In this study, it
is the glass fibers. Therefore, to further examine the reason for the reduction of hardness caused due to severe degradation of fiber
material, particularly after 60 days of immersion period, EDX analysis was conducted. Glass fibers are made up of silica [SiO2] and
other material oxides like calcium [CaO], magnesium [MgO]and aluminum [Al2O3][33]. The EDX analysis aimed to observe the
reduction in the atomic weights of these elements and to check for the formation of calcium carbonate [CaCO3].
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The data obtained from the supplier for the glass fibers were taken as the benchmark for its various constituents. The glass fiber
used in the present study comprised 55.2 % silica, 18.7 % calcium oxide [CaO], 8% aluminium oxide [Al2O3], 7.3 % of lithium
oxide [Li2O], and 4.6 % magnesium oxide [MgO] as its major constituents. As assumed, the atomic weight of silica and magnesium
and aluminum oxides has decreased in the seawater-treated specimen irrespective of the composite thickness.

Figure 3: SEM results for 6 mm GFRP: (a) untreated; (b) 20 days seawater treated; (c) 40 days seawater treated; (d) 60 days
seawater treated.

Figure 4: SEM results for 8 mm GFRP: (a) untreated; (b) 20 days seawater treated; (c) 40 days seawater treated; (d) 60 days
seawater treated.
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Figure 5: SEM results for 10 mm GFRP: (a) untreated; (b) 20 days seawater treated; (c) 40 days seawater treated; (d) 60 days
seawater treated.

The loss was seen to be higher for the 6 mm thick composite, followed by the 8 and then the 10 mm thick samples. The EDX
results support all the results obtained for the hardness test and SEM analysis. The results justify the decrease in the diameter
values of the fibers, increasing the porosity. The atomic weight of silica is seen to reduce on average by 45.50, 42.75 and 36.68
% in 6, 8 and 10 mm composites. The average reduction in the atomic weight of aluminum oxide is by 3.08, 2.16 and 1.73 % for
6, 8 and 10 mm thick composites. Considering the average reduction in the atomic weights of magnesium oxide for 6, 8 and 10
mm composites, it was recorded as 2.47, 0.825 and 0.65 %. The traces of potassium chloride [KCl] and potassium bromide [KBr]
salts in good percentages were found in 6 and 8 mm thick composites, which might have caused the leaching effect. As mentioned
earlier, the salts could not penetrate much into the 10 mm thick material. Figure 6, Figure 7 and Figure 8 illustrate the results of
the discussed EDX analysis. In addition, the calcium carbonate is in higher proportion in the 6 mm composites and least in the 10
mm composite. The average atomic weight of the CaCO3 is determined to be 34.49, 33.49 and 23.25 % in the 6, 8 and 10 mm
composites, respectively. The EDX results and all other tests justify the degradation in the GFRP composites subjected to seawater
conditions. The EDX results also justify the importance of the thickness of the composites when used for marine conditions.

Figure 6: EDX results for 60 days seawater treated 6 mm GFRP at two different positions.
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Figure 7: EDX results for 60 days seawater treated 8 mm GFRP at two different positions.

Figure 8: EDX results for 60 days seawater treated 10 mm GFRP at two different positions.

4 Conclusion

This research aimed to determine the influence of seawater on the hardness of 6, 8, and 10 mm thick composites made of glass fiber
and isophthalic polyester, a new generation of marine composites. This is one of the first studies to explore the impact of seawater
immersion on marine composites’ hardness. The investigation revealed the vulnerability of polyester resin to hydrolysis, which
resulted in the leaching out of ester species with hydroxyl end groups and debonding at the matrix-fiber interfacial region. The
change in the mass of glass fiber reinforced unsaturated polyester composites after immersion in seawater was due to two effects:
water absorption and soluble particle extraction. The matrix swelled and eroded due to the absorbed moisture. The matrix erosion
due to leaching exposed the glass fibers, which were then damaged by the salts in the artificially prepared seawater. Due to the
dissolving of silica and its other primary elements, the exposure of the fibers to seawater caused a reduction in their diameter. The
material’s loss of functional stability resulted from physical damage and/or irreversible chemical deterioration, as demonstrated by
the material’s progressively decreasing hardness values after prolonged exposure to seawater. The SEM and EDX analyses of the
specimen after immersion in seawater revealed that the fiber/matrix interface had been severely degraded, with the degree of damage
increasing with immersion time.
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[1] F. Rubino, A. Nisticò, F. Tucci, and P. Carlone, “Marine Application of Fiber Reinforced Composites: A Review,” Journal of
Marine Science and Engineering, vol. 8, p. 26, jan 2020.

[2] A. W. Horsmon, “Composites for Large Ships,” Journal of Ship Production, vol. 10, pp. 274–280, nov 1994.

[3] S. Selvaraju and S. Ilaiyavel, “Applications of composites in marine industry,” Journal of Engineering . . . , vol. II, no. II,
pp. 89–91, 2011.

[4] A. Siriruk and D. Penumadu, “Degradation in fatigue behavior of carbon fiber–vinyl ester based composites due to sea envi-
ronment,” Composites Part B: Engineering, vol. 61, pp. 94–98, may 2014.

[5] R. Sen, “Durability of advanced composites in a marine environment,” International Journal of Materials and Product Tech-
nology, vol. 19, no. 1/2, p. 118, 2003.

[6] H. Gu, “Dynamic mechanical analysis of the seawater treated glass/polyester composites,” Materials & Design, vol. 30,
pp. 2774–2777, aug 2009.

[7] H. Gu, “Behaviours of glass fibre/unsaturated polyester composites under seawater environment,” Materials & Design, vol. 30,
pp. 1337–1340, apr 2009.

[8] A. Kootsookos and A. Mouritz, “Seawater durability of glass- and carbon-polymer composites,” Composites Science and
Technology, vol. 64, pp. 1503–1511, aug 2004.

[9] H. B. Mayya, D. Pai, V. M. Kini, and P. N H, “Effect of Marine Environmental Conditions on Physical and Mechanical
Properties of Fiber-Reinforced Composites—A Review,” Journal of The Institution of Engineers (India): Series C, vol. 102,
pp. 843–849, jun 2021.

[10] P. Smith, “Metallic Materials for Piping Components,” in The Fundamentals of Piping Design, ch. 3, pp. 115–136, Houston:
Elsevier, 2007.

[11] M. Patel G. C., G. R. Chate, M. B. Parappagoudar, and K. Gupta, “Optimization of Machining of Hard Material,” in Springer-
Briefs in Applied Sciences and Technology, pp. 103–128, 2020.

[12] P. B. Anand, A. Lakshmikanthan, M. P. Gowdru Chandrashekarappa, C. P. Selvan, D. Y. Pimenov, and K. Giasin, “Experimental
Investigation of Effect of Fiber Length on Mechanical, Wear, and Morphological Behavior of Silane-Treated Pineapple Leaf
Fiber Reinforced Polymer Composites,” Fibers, vol. 10, p. 56, jun 2022.

[13] “Hardness,” in Tribology Handbook (M. Neale, ed.), ch. 3, p. E3.1, Elsevier, 2 ed., 1995.

[14] S. Rawat and H. Attia, “Wear mechanisms and tool life management of WC–Co drills during dry high speed drilling of woven
carbon fibre composites,” Wear, vol. 267, pp. 1022–1030, jun 2009.

[15] K. Subramanian and N. H. Cook, “Sensing of Drill Wear and Prediction of Drill Life,” Journal of Engineering for Industry,
vol. 99, pp. 295–301, may 1977.

[16] D. Geng, Y. Liu, Z. Shao, Z. Lu, J. Cai, X. Li, X. Jiang, and D. Zhang, “Delamination formation, evaluation and suppression
during drilling of composite laminates: A review,” Composite Structures, vol. 216, pp. 168–186, may 2019.

9



[17] C. Tsao and H. Hocheng, “Effect of tool wear on delamination in drilling composite materials,” International Journal of
Mechanical Sciences, vol. 49, pp. 983–988, aug 2007.

[18] R. Bhat, N. Mohan, S. Sharma, A. U. Kini, S. Shivakumar, and N. Naik, “Multi response parametric optimisation in ma-
chining of marine application based GFRP composite with HSS drill: Application of TOPSIS approach,” Materials Today:
Proceedings, vol. 28, pp. 2077–2083, jan 2020.

[19] I. Ullah, M. Wasif, M. Tufail, M. A. Khan, and S. A. Iqbal, “Experimental Investigation of Cutting Parameters Effects on the
Surface Roughness and Tools Wear during the Drilling of Fiber Reinforced Composite Materials,” Mehran University Research
Journal of Engineering and Technology, vol. 38, pp. 717–728, jul 2019.

[20] U. Aich, R. R. Behera, and S. Banerjee, “Modeling of delamination in drilling of glass fiber-reinforced polyester composite by
support vector machine tuned by particle swarm optimization,” International Journal of Plastics Technology, vol. 23, pp. 77–
91, jun 2019.

[21] C. Bora, P. Bharali, S. Baglari, S. K. Dolui, and B. K. Konwar, “Strong and conductive reduced graphene oxide/polyester resin
composite films with improved mechanical strength, thermal stability and its antibacterial activity,” Composites Science and
Technology, vol. 87, pp. 1–7, oct 2013.

[22] R. Akter, R. Sultana, Z. Alam, R. Qadir, M. Begum, and A. Gafur, “Fabrication and Characterization of Woven Natural Fibre
Reinforced Unsaturated Polyester Resin Composites,” International Journal of Engineering & Technology IJET-IJENS, vol. 13,
no. 2, pp. 122–127, 2013.

[23] M. Elkington, D. Bloom, C. Ward, A. Chatzimichali, and K. Potter, “Hand layup: understanding the manual process,” Advanced
Manufacturing: Polymer & Composites Science, vol. 1, p. 2055035915Y.000, may 2015.

[24] C. Arumugam, S. Arumugam, and S. Muthusamy, “Mechanical, thermal and morphological properties of unsaturated
polyester/chemically treated woven kenaf fiber/AgNPs@PVA hybrid nanobiocomposites for automotive applications,” Journal
of Materials Research and Technology, vol. 9, pp. 15298–15312, nov 2020.

[25] W. Hall and Z. Javanbakht, “How to Make a Composite—Wet Layup,” in Advanced Structured Materials, vol. 158, pp. 33–53,
2021.

[26] J. H. Xin, Y. Zhang, Q. Huang, and N. Y. Cheng, “The research about ultimate load of CFRP repaired pipes under long-term
seawater immersion and bending moment,” IOP Conference Series: Materials Science and Engineering, vol. 634, p. 012028,
oct 2019.

[27] M. K. Singh and S. Zafar, “Wettability, absorption and degradation behavior of microwave-assisted compression molded ke-
naf/HDPE composite tank under various environments,” Polymer Degradation and Stability, vol. 185, p. 109500, mar 2021.

[28] G. Wang, D. Huang, J. Ji, C. Völker, and F. R. Wurm, “Seawater-Degradable Polymers—Fighting the Marine Plastic Pollution,”
Advanced Science, vol. 8, p. 2001121, jan 2021.

[29] O. Starkova, S. Gaidukovs, O. Platnieks, A. Barkane, K. Garkusina, E. Palitis, and L. Grase, “Water absorption and hydrother-
mal ageing of epoxy adhesives reinforced with amino-functionalized graphene oxide nanoparticles,” Polymer Degradation and
Stability, vol. 191, p. 109670, sep 2021.

[30] D. Das, S. K. Pradhan, R. K. Nayak, B. K. Nanda, and B. C. Routara, “Influence of curing time on properties of CFRP
composites: A case study,” Materials Today: Proceedings, vol. 26, pp. 344–349, 2020.

[31] A. Pandya, P. Upadhaya, S. Lohakare, T. Srivastava, S. Mhatre, S. Pulakkat, and V. B. Patravale, “Nanobiomaterials for
regenerative medicine,” in Nanotechnology in Medicine and Biology (H. H. Liu, T. Shokuhfar, and S. Ghosh, eds.), ch. 6,
pp. 141–187, Elsevier, 2022.

[32] G. P. Karayannidis, A. P. Chatziavgoustis, and D. S. Achilias, “Poly(ethylene terephthalate) recycling and recovery of pure
terephthalic acid by alkaline hydrolysis,” Advances in Polymer Technology, vol. 21, no. 4, pp. 250–259, 2002.

[33] K. K. Chawla, Composite Materials. New York, NY: Springer New York, 3 ed., 2012.

10


	Introduction
	Materials and methods
	Composite composition and fabrication
	Seawater treatment and mass gain determination
	Hardness measurement
	Material characterization

	Results and Discussion
	Conclusion

