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Abstract— Rubber products are widely used for marine 

applications, such as fenders, bumpers, ship launching 

airbags, and hovercraft skirts. Many of these products are 

made through a vulcanising (crosslinking) process where 

large-scale tooling for high-temperature and high-pressure 

moulding is required. The cost will be greatly magnified 

when manufacturing large-scale components, such as 

flexible parts for next-generation wave energy converters. 

Two-part polyurethane rubber (PUR) is a room-

temperature, low-pressure curing alternative that could 

minimise manufacturing costs. However, the general 

inferior mechanical performance of such room-

temperature-vulcanising (RTV) rubber (compared to 

vulcanised rubber) restricts the application of PUR in the 

marine industry. It has recently been reported that the 

addition of graphene oxide (GO) could significantly 

improve the internal bonding of polymer elastomers and 

thus provide better mechanical performance with a low 

filler loading. In the work presented in this paper, 

different types of silane coupling agents (SCA) were used 

to treat the surface of GO, and the potential application of 

PUR/GO composites under marine environments and their 

mechanical performance were investigated. More than 75 

% increases in tensile strength were observed after 1 wt % 

of GO was added. Moreover, a significant reduction in 

water absorption occurred during the seawater immersion 

test. It is suggested that hydrophobic sites provided by 

silane coupling agents play an important role on the GO 

surface, where polar groups, such as hydroxyl and carboxyl 

groups, were replaced during the silane treatment. 
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I. INTRODUCTION

trend favouring incorporating flexible

components in wave energy converters is being

driven by the lack of survivability in severe conditions, 

and the poor fatigue performance of the conventional 

designs comprising entirely rigid components [1, 2]. 

Flexible components are often manufactured from 

elastomeric polymer materials and/or their composites. In 

most existing designs, the flexible parts act as the prime 

mover by offering a deformable interface between WECs 

and waves [1]. Some designs utilise elastomer materials 

as sub-components and benefit from their unique 

material properties [1, 3]. Dielectric elastomer generators 

(DEGs) are an emerging technology in the wave energy 

sectors [4, 5]. In practice, mechanically minimised power 

take-off (PTO) design can be achieved by either 

combining DEGs with a primary elastomer mover or 

simply substituting existing mechanical PTO systems 

with DEGs. However, research is lacking on material 

selection, design, and manufacturing process for the 

elastomer materials that are used in WECs [6]. 

Natural rubber and different types of synthetic rubbers 

are the most widely used elastomer materials in products 

ranging from tiny gaskets to giant ship-launching airbags. 

These rubber products are usually made through a 

vulcanising process, where high temperature and high 

pressure are required [7]. Before vulcanisation, rubber 

compounds pre-mixed with designated additives in a 

gum state need to be shaped using moulding or 

calendaring facilities [8]. Such mouldings are often very 

expensive because they have to satisfy temperature, 

pressure, and maintenance requirements. The entire 

process, including compounding, shaping and 

vulcanisation, makes rubber manufacturing both “capital- 

and labour-intensive” [9]. 

Two-part polyurethane rubber (PUR) is a room-

temperature vulcanising (RTV) rubber, that is often used 

for mould-making and flexible products. This type of 

rubber is produced by mixing two liquid parts, after 

which the pourable mixture is cast to solid PUR through 

a reaction between diisocyanates with polyols [10]. With 

the aid of catalysts, this reaction can occur at room 

temperature and atmospheric pressure, reducing the 

manufacturing cost and potentially having a significant 
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impact on the Levelized Cost of Energy (LCOE) of 

flexible WECs. Moreover, the nature of RTV rubber could 

make the one-piece manufacture of large rubber parts a 

reality, improving on the present approach of assembling 

small sub-parts that is widely adopted by rubber product 

manufacturers for the marine industry. Efforts presently 

expended on rubber adhesive, moulding, and assembling 

processes could be largely reduced or even eliminated by 

applying one-piece manufacturing technology [11]. 

 Graphene oxide (GO) is a two-dimensional monolayer 

of graphite with oxygen functional groups on the surface. 

The high aspect ratio and large surface area of GO 

provide superior interfacial interactions in conventional 

micro-sized fillers, such as spherical carbon black. This 

could enable GO to provide a comparable level of 

tunability regarding the mechanical properties of rubber 

at lower filler grades, usually below 3 wt.%, compared to 

the more than 30% grades for conventional micro-fillers 

[12, 13]. This is very important to PUR casting; in 

particular, low filler grade leads to a low increase in the 

viscosity of the mixture and high processability. 

However, the large interfacial area and the presence of -

OH and-COOH groups could potentially cause moisture 

to be absorbed in the marine environment, and have a 

negative effect on the mechanical properties of the 

rubber, e.g. leading to swelling [14]. 

In this work, a two-part polyurethane rubber (PUR) 

and graphene oxide are considered with the intention of 

investigating their potential application in flexible WECs. 

Two types of silane coupling agents (SCAs) were selected 

to examine the surface modification of the GO. The SCAs 

are expected to provide hydrophobic groups on GO and 

improved interfacial bonding in PUR [15]. A saltwater 

immersion test was conducted to examine the water 

absorption capability of PUR/ GO composites. Static 

uniaxial stretching tests were carried out to evaluate the 

mechanical performance of the selected PUR and the 

impact of the GO and SCAs. 

II. METHODOLOGY

A. Materials

The materials and chemicals used in this work include

Xencast® PX30 two-part polyurethane (purchased from 

a) 

b) 

Fig. 1. Illustrations of a) the silane treatment procedure, and b) the grafting mechanism of SCAs on the GO surface 
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Easy Composites Ltd), Powder-form graphene oxides 

(supplied by Wholesale Graphene),3-Aminopropyl) 

triethoxysilane (APTES) and 3-(Methacryloyloxy) 

propyltrimethoxysilane (MPS) (purchased from Thermo 

Fisher Scientific). 

B. Material preparation

Before the GO was added to PUR, they were treated

with APTES and MPS separately, an illustration of SCA 

treatment is shown in Fig. 1. The silane functionalisation 

process was as follows, 1) 0.8g of GO was added to 400 

ml of DI-water; 2) the mixture was magnetic stirred for 15 

min, followed by a bath sonication treatment for 60 min 

to achieve better dispersion of the GO; 3) 8 ml of silane 

was added to form the GO+SCA suspension, and then 

heated to the boiling point of the water and magnetic 

stirred for 4 hours; 4) the functionalised GO was then 

filtered and washed with ethanol and DI-water 3 times to 

remove non-grafted SCAs; and 5) the treated GO was 

dried at 50 °C for 24 hours and ground into powder form 

using a pestle. 

The GO/PUR composites were prepared by mixing 0.8 

g of GO with 40 g of parts B of Xencast® PX30. For better 

dispersion of treated GO, the mixture was magnetically 

stirred for 10 min and treated in a sonication bath for 30 

mins. Then 40 g of part A was added, and the mixture 

was stirred vigorously for 1 min. Degassing was 

performed immediately afterwards at 20 mBar in a 

vacuum chamber for 1 min to remove air bubbles. The 

mixture was then poured into 3D-printed PLA moulds 

(Fig. 2) and cured in the laboratory environment for 24 

hrs. The samples were removed from moulds and post-

cured for 24 hrs at 55 °C to accelerate the curing process. 

C. Experimental set-up

A Bruker ALPHA FT-IR spectrometer was used to

examine the SCAs treated GO at Attenuated Total 

Reflectance (ATR) mode. As-received and treated GO 

powers were tested from 400 to 4000 wavenumber cm-1. 

The JEOL 6610 VP-SEM was used to characterise the 

as-received GO powders and the fracture surface of the 

PUR samples after quasi-static uniaxial tensile tests. The 

samples were coated with gold to prevent charge 

accumulation on the sample surface. 

Saltwater with 3.5 wt% NaCl was used in seawater 

immersion tests. Samples were dried in an oven at 50°C 

for 24 hours prior to the immersion. The samples were 

immersed in salt water at 50 °C for 7 days while the 

weight of the samples was monitored. The samples were 

wiped and placed in a lab environment for 10 to 15 mins 

before weighing to eliminate the error from accumulated 

water on the surface. 

The quasi-static uniaxial tensile tests were carried out 

on an Instron 3345 universal test machine. The dog-bone-

shaped samples following the ASTM D412-06a, die type 

D, with 3 mm in both width and thickness at the gauge 

section were adopted (as shown in Fig. 2, 3.2 mm for 

mould due to the possible shrinkage). The samples were 

tested at a constant stretching rate of 500 mm/min until 

rupture happens. 

III. RESULTS AND DISCUSSIONS

A. Water absorption

The water uptake of different polyurethane samples

was measured by weighing the samples after 1, 2, 3, 4, 5, 

and 7 days of immersion in salt water at 50 °C. The 

weight of all samples kept increasing throughout 24 hrs 

of immersion in water, after which it reached saturation 

and remained constant, as shown in Fig. 3. PUR filled 

with 1 wt% of GO exhibited the strongest ability to 

absorb moisture, with about 1.6 % of additional weight 

observed. Meanwhile, non-filled PUR and PUR filled 

with SCA-treated GO behaved similarly, reaching a level 

of 1.2 to 1.3 % above their original total weights. It should 

be noted that polyurethane is inherently a hydrophobic 

polymer, meaning that water could fill interior cavities or 

those on the surface of the samples [16].  

For the GO filler PUR, the water molecules were 

absorbed by the hydrophilic sites, -COOH and -OH, on 

the GO surface. In the present work, only 1 wt% of the 

GO was added and this contributed to ~ 19 % of 

additional water absorption. After SCA treatment, the 

Fig. 2. Dimensions of the mould for tensile tests (unit: mm, 

samples thickness: 3 mm). 
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hydrophilic sites on hydrophilic sites on GO were 

replaced by amino (-NH2) and methacrylate 

(CH2C(CH3)COO−) functional groups with reduced water 

absorption capacity. Therefore, less water was absorbed 

onto the GO surface when SCA treatment was applied, 

resulting in a comparable weight gain to that of the non-

filled PUR samples. In addition, the organofunctional 

groups on the surface of the treated GO may provide 

better compatibility between the GO and the organic PUR 

matrix, leading to an interfacial region with fewer cavities 

and imperfections, thus absorbing less water during 

immersion. The results indicate that the SCA treatment 

effectively reduced the water absorption of GO-filled 

PUR, indicating that PUR/GO composites with higher GO 

loading are potentially feasible in the marine 

environment. 

B. FTIR spectra results

Fig. 4 shows the FTIR spectra of as-received GO,

APSTE and MPS-treated GO. The data are presented 

without any offset. The as-received GO samples give an 

overall lower transmittance than the spectrum of two 

SCA-treated GO. This is related to the ATR method used 

and the low reflectance of dark GO. But after SCA surface 

treatment, the surface reflectance was altered and 

exhibited a higher overall transmittance level. For As-

received GO, the broad peak from 3600 to 2900 cm-1 

corresponds to hydroxyl groups (-OH) with water 

molecules absorbed on the GO surface [17]. This feature is 

significantly reduced in the spectrum of SCA-treated GO, 

especially for APTESGO, with fewer hydroxyl groups 

and bonded water molecules appearing on the surface of 

the SCA-treated GO. The sharp peak at 1706 cm-1 for 

MPSGO is related to the stretching vibration of C=O 

provided by MPS treatment [18]. A slight shift to a lower 

wavenumber of this feature can be seen in the spectra for 

as-received GO, corresponding to the ketone group (C=O) 

on the GO surface. No peak can be found for APSTEGO 

in the 1600 to 1710 cm-1 wavenumber range. The peak at 

1022 cm-1 reveals the presence of -COOH on the GO 

surface for the as-received GO [17]. Sharper peaks on 

SCA-treated GO at 1004 and 1033 cm-1 may be due to the 

overlapping of Si-O-X and -COOH on the surface of 

treated GO [19, 20]. Overall, the FTIR results show that 

the surface chemistry of GO changed significantly after 

the SCA treatment, proving the effectiveness of the 

surface treatments.  

C. Uniaxial tensile test results

Fig. 5 shows the strength and strain curves obtained

from uniaxial tensile tests. Although five repeat tests 

were carried out for each group of samples, only one 

typical curve closest to the average level is plotted in the 

Figure. All samples exhibit two near-linear regions in the 

strength vs strain curves before the fracture.  

Fig. 6 shows the average values and the standard 

deviation of the ultimate tensile strength (UTS, same as 

the fracture strength here) for different PURs. All GO-

filled samples have higher UTS than the non-filled PUR, 

among which, the PUR filled with APTES-treated GO 

reaches 1.67 MPa UTS. Compared to the 0.8 MPa for non-

filled PUR, an 109 % increase in UTS can be achieved by 

adding 1 wt% of APTESGO. Due to the non-linearity of 

the rubber material, the strength at certain strains was 

used to represent the stiffness of the material, rather than 

the standard Young’s modulus. Here, M100, the 

“modulus” at 100 % of strain, is shown in Fig. 7. A similar 

trend can be observed for M100, which is the increment 

introduced by the addition of GO. APTESGO here shows 

a better ability in increasing both UTS and M100. W. Xing 

Fig. 4 FTIR spectrum of as-received GO, APTES and MPS 

treated GO.
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et. al. observed a 48 % improvement of UTS by adding 0.5 

wt% of graphene in natural rubber and it is suggested 

graphene with a high specific surface area could provide 

physical entanglement within rubber chains, resulting in 

higher fracture strength and modulus [21]. 

Compared to the graphene fillers, the GO with oxygen 

content groups can bring additional chemical bindings 

brought by the reaction between GO and matrix during 

the curing process, hence further improving the 

interfacial interaction, which will be discussed later in the 

SEM results section. The presence of these oxygen content 

groups could also be reported to act as a linker that 

creates additional crosslinking networks during the 

rubber vulcanisation [22]. The strain-induced 

crystallisation with the addition of GO to natural rubber 

in elevating the mechanical performance has been widely 

discussed [12, 23, 24], and M. Tosaka et. al. suggested that 

this effect is highly dependent on the types of the 

elastomer matrix [25]. However, there is no evidence that 

the linker effect and strain-induced crystallisation happen 

in this work. 

S. Woraphutthaporn et. al. applied two different types

of SCA with the amino group ending on the GO/natural 

rubber composites, the results indicate that the SCA 

treatment could be leading to better GO dispersion and 

enlarged interfacial regions between GO and rubber. The 

addition of -NH2 from SCAs increased the crosslinking 

density of the rubber during the vulcanisation [19]. A 

uniform GO dispersion can also be seen in this work 

when SCA is applied (from the SEM results in Fig. 8), the 

superior improvement effects provided by APTES to MPS 

can be related to the different interactions between the 

PUR matrix and those different functional endings. 

Further investigations are needed to reveal the chemical 

interactions caused by GO itself and the addition of SCA 

with different functional groups, on the PUR matrix 

and/or the GO to PUR bonding. Ongoing static and 

fatigue testing of seawater-immersed samples are 

expected to provide a broader understanding of PUR/GO 

composites for future applications of flexible wave energy 

converters, where rubber components are designed to 

withstand years of cyclic loading in the marine 

environment. 

D. SEM results

The SEM results of as-received GO are shown in Fig.

8a, in which the agglomerations of GO plates are 

identified, giving aggregates from 1 to 10 µm in size. The 

GO sheets with large surface areas tend to stack together 

to form agglomerations. Identical morphology was also 

observed in [26]. Fig. 8b to 8f reveal the fracture surface of 

different PUR samples after the uniaxial tensile test. The 

non-filled PUR shown in Fig. 8b has a flat and smooth 

fracture surface, however, no obvious microstructure can 

be observed. The fracture surface of GO-filled PUR is 

having a significantly higher surface roughness and 

convex edges derived from GO fillers can be seen, 

especially for APTESGO-filled PUR. Linear edges 

originating from the presence of GO particles or 

Fig. 5. Strength vs strain curves of different of PURs.

Fig. 6. Ultimate tensile strength of different PURs. 

Fig. 7. Modulus of different PURs at 100 % elongation (M100). 
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aggregates were interrupted when encountering other 

GO particles or aggregates, then continued or branched 

from the interruption point. The dispersion states are 

hard to observe directly due to the surface roughness of 

the filled samples. However, the higher density of the 

convex structures in PUR with SCA-treated GO reflects 

the fact that a better dispersion of GO can be achieved by 

SCA treatment, especially with APTES.  

Fig. 8f shows cavities adjacent to the GO aggregates 

when MPS is applied, while fewer features could be 

found when APTES is added. This could be related to the 

better compatibility of APTES-treated GO with PUR than 

that of the MPS treatment. Referring to the improved UTS 

discussed in the previous section, it is suggested that the 

presence of GO particles is preventing the breaking of 

PUR and provides a bridging effect [26, 27]. The APTES-

treated GO leads to a better bonding effect by increased 

interfacial adhesion and the larger interfacial area results 

from an improved dispersion state of the GO fillers [28]. 

Meanwhile, the weaker improvement in GO dispersion 

and more imperfections observed in PUR filled with 

MPSGO matches its little effects on the mechanical 

properties of the GO/PUR composites. 

a) b) 

c) d) 

e) f) 

Fig. 8. SEM image of a) as-received GO, and the fracture surface of b) PU, c) PU+GO, d) PU+APTESGO, e & f) PU+MPSGO
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IV. CONCLUSION

In this study, the effects of GO and SCA treatment on 

the tensile properties and water absorption ability of an 

RTV polyurethane rubber was investigated. Two 

different types of SCA were applied and APTES shows 

the best performance to improve the tensile strength by 

providing a better GO dispersion and an increased 

interfacial bonding between GO and PUR matrix. 109 % 

of the UTS and 48 % of modulus at 100 % of strain were 

achieved by adding 1 wt% of APTES treated GO. The 

SCA coating is also providing a hydrophobic shell to 

repel the water molecule to the surface of GO filler, which 

suggests the SCA-treated GO/PUR composites have a 

great potential for future flexible wave energy convertors 

with rubber components. 
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