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Abstract 

This research is focused on developing rain erosion resistant coatings for leading edge of 

the wind turbine blades. One of the critical problems of wind turbine blades is erosion of its 

leading edge. Leading edge erosion (LEE) will degrade the aerodynamic performance of the 

wind turbines by increasing the drag force and decreasing the lift force. Past studies showed 

that the annual energy production (AEP) of the wind turbine can be reduced by up to 25% due 

to LEE. Hence, applying an erosion resistant coating to the wind turbine blades is necessary. 

Elastomeric polyurethane (PU) has been used for LEE protection. The approach of this research 

is to use PU and enhance its the mechanical properties by introducing carbon nanoparticles 

(CNPs) multi-walled carbon nanotubes (MWCNT) and graphene nanoplatelets (GNP) and also 

increase the hydrophobicity of the PU by introducing silica-based sol-gel (SG).  

Initially the effect of the environmental temperature on mechanical properties of the pure PU 

was studied by performing tensile tests at different temperatures and strain rates. It was found 

that increasing the temperature decreases the tensile properties of the pure PU and increasing 

the strain rate will increase these properties.  

For optimising mixing parameters of CNPs in PU, PU was modified by CNPs at three different 

mixing speeds and three different mixing durations. Tensile tests were performed on these 

nanocomposites, and the optimum mixing duration (18 minutes) and speed (8000 rpm) where 

nanocomposite materials showed the highest mechanical performance were established. 

The optimum weight percentage of nanoparticles loading was also required. The PU was 

modified at different CNPs loading and the tensile tests were performed on pure and modified 

PUs. The results of the tensile tests showed that PU with 0.5wt% of MWCNTs and PU with 

0.5wt% of GNP-COOH loading resulted in the highest amount of Young’s modulus, UTS, 

elongation at break and modulus of toughness. Other CNPs such as GNP-NH3 and combined 

GNP-COOH/CNT and GNP-NH3/CNT were also investigated. The results showed that 

modifying PU with GNP-COOH at 0.5wt% loading gives the best tensile properties. Finally, 

the hydrophobicity of the coating was improved by adding silica-based sol-gel to the GNP 

modified PU. The water contact angle (CA) experiments showed that modifying PU with GNP 

and SG increased the CA of neat PU from 56 degree to 110 degree for PU+GNP+SG while the 

free surface energy reduced from 114.6 mJ/m2 to 50 mJ/m2.  

The cyclic compression tests were carried out and the results revealed that the maximum stress 

at maximum strain of 0.5 for PU is 107.9 MPa, for PU + GNP is 77.4 MPa and for PU + GNP 
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+ SG is 71.5 MPa. This indicates PU + GNP + SG experiences the least stresses during cyclic 

compressive loading. Tearing test results showed that the PU + GNP nanocomposite has the 

highest tearing strength and PU + GNP + SG has the highest elongation at break. The PU + 

GNP + SG nanocomposite has much higher value for Young’s modulus (95%), tensile strength 

(115%), modulus of toughness (124%) and elongation at break (102%) relative to the neat PU 

at room temperature. In addition, the tearing energy for both modified PU nanocomposites was 

higher than the neat PU (137% increase for PU + GNP and 148% increase for PU + GNP + 

SG).  

In addition to the mechanical tests, water absorption test was carried out for a period of six 

months to analyse the amount of the water that can be absorbed by developed materials and the 

effect of absorbed water on the tensile properties of the coating materials were identified. 

Experimental results showed that after six months, the weight of the pure PU, PU+GNP and 

PU+GNP+SG increased by 4%, 3.7% and 3.6%, respectively. The results showed that 

absorbing water by PU decreases the tensile properties of the material. 

Microstructural analysis of the developed PU coatings by FTIR, field emission scanning 

electron microscope (FESEM) and energy-dispersive X-ray spectroscopy (EDX) were carried 

out and the detailed results are presented in this thesis. 

Finally the developed coatings were tested for anti-erosion performance using the single point 

impact fatigue testing (SPIFT) technique. It is demonstrated that graphene / silica reinforced 

PU coating can provide better erosion protection with substantial longer time before material 

loss than non-reinforced PU.  
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Chapter 1 Introduction  

1.1 Motivation and Scope 

Erosion has been reported after two years of operations in some wind turbine blades which are 

usually made of glass fibre reinforced polymer (GFRP) [1, 2]. Inspection of 201 blades in 67 

wind turbines operated by EDP Company showed that erosion occurred at the leading edge of 

174 blades, which is around 87% of inspected blades [3]. Modern and large wind turbines are 

affected less by particle erosion in comparison with the small turbines. The reason may be the 

increased influence of the blade flow field towards a deviation of the incoming particles [4]. It 

was noted that offshore wind farms are subjected to more intense particle erosion than the 

majority of in land installations. The main causes of blade damage were identified as sand 

grains and raindrops, other impactors such as insects and hailstones do not have a significant 

effect on the erosion of wind turbine blade [4]. LE erosion causes an increase in surface 

roughness of the blade and thereby an increase in the air flow boundary layer thickness over 

the aerofoils on the blade when it is operating. The increased boundary layer thickness causes 

an increased drag coefficient and a decreased lift coefficient, and thus reduces the aerodynamic 

performance, particularly at higher angles of attack [5]. The consequence is severe losses in 

energy production. It has been reported that eroded blades in wind turbine can reduce Annual 

Energy Production (AEP) by as much as 25% [6, 7]. Coating the blade against erosion using 

appropriate materials can drastically reduce these losses and hence is of great interest. 

Due to the impact of erosion on the operation of wind turbine blades they need to be monitored 

during their lifespan, however, the health monitoring process of a blade surface is time 

consuming and costly. During the monitoring process, wind farm needs to be shut down and 

then photographed from the ground. The location, depth and roughness of the damaged areas 

are the main aspects that are monitored as they affect the aerodynamic performance of the blade 

[8]. 

Liquid impingement erosion is important primarily where the target body moves at high speeds 

and collides with liquid drops that are moving much slower as is the case for wind turbine 

blades. Due to the higher blade speed at the outer part of the blades, erosion mostly appears at 

the LE in this area (Figure 1-1). For this reason, maintenance of the leading edge of the blade 

is not only recommended but it is essential if blades are expected to reach their life expectancy 

(20-25 years). 
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Figure 1-1  (a) Eroded wind turbine blade tip [9], (b) detail of eroded LE [10] and (c) close-up of eroded LE [9]. 

Reprinted from Ref. [11] with the permission of Elsevier Publishing. Reprinted from O’Carroll et al. [10] with 

the permission of Elsevier publishing. LE: leading edge. 

Leading Edge Erosion (LEE) of wind turbine blades caused by the impact of rain, dust, salty 

vapour, hail stones and insects, reduces the lifetime of the blades. This in turn results in a loss 

in Annual Energy Production (AEP) by the turbines. AEP loss depends on different factors, 

such as degree of erosion, aerodynamic profile of blade, type of turbine and wind speed.  

Potential AEP losses of between 4.5-25% (depends on the degree of erosion, which means 

higher degree of erosion causes more AEP reduction) have been reported by Sareen [5], losses 

from 2% to 3.7%, (depending on the extent of damage at the leading edge), have been reported 

by Han et al [3]. Sandia National Laboratories [12] estimated the AEP losses as 5-8%. Kruse, 

et al. [13] simulated the aerodynamic performance of a NACA 633-418 aerofoil and showed 

up to 35% reduction in lift and 90% reduction in glide ratio for the specified angle of attacks 

ranges.  

Leading edge erosion of the wind turbine blades can cause water ingress, with water entering 

the blades through surface defects due to erosion resulting in degradation to the constituent 

components of the blades. Water absorption by the resin will increase the weight of the 

composite structure causing imbalances and an increase in wind turbine vibrations [14]. In 

some studies, instead of water, rubber balls are used to impact specimen surfaces [15, 16]. 

The erosive force of rainfall is expressed as rainfall erosivity [17]. Rainfall erosivity considers 

the rainfall amount and intensity and is most commonly expressed as the R-factor in the 



C h a p t e r  1  -  I n t r o d u c t i o n   

 

3 | P a g e  

 

Universal Soil Loss Equation (USLE) model and its revised version (RUSLE). Estimation of 

the potential erosion caused by rain at specific wind farm sites is more challenging at sea than 

at land due to the limited available precipitation data. Over land, the rainfall erosivity for soil 

degradation has been assessed from 1541 precipitation stations in all European Union (EU) 

Member States and Switzerland, with temporal resolutions of 5 to 60 min [17, 18]. The map 

on rainfall erosivity in Europe at 500m spatial resolution assessed by European Soil Data 

Centre (ESDAC) is shown in Figure 1-2 [17]. This database is valuable for the production of 

a rain erosion map for wind turbines where precipitation, wind speed and turbine characteristics 

such as tip speed would be input [19]. 

In order to understand the details of erosion process and characterise the failure mechanism, 

numerical models of rain droplet impact simulations are necessary [20]. 

 

 

Figure 1-2 Rainfall erosivity in Europe at 1 km grid cell resolution. Reprinted from Ref. [17] with the 

permission of Elsevier Publishing. 



C h a p t e r  1  -  I n t r o d u c t i o n   

 

4 | P a g e  

 

Improving mechanical properties of PU including the fracture toughness and tearing strength, 

increasing the damping coefficient for absorbing the impact energy of the rain droplet and 

increasing the hydrophobicity of the coating to absorb lesser amount of the rainwater were 

important criteria for designing new coating materials. Previous studies [21, 22] showed that 

GNP has capability to enhance key mechanical properties such as UTS, modulus of toughness, 

fracture toughness and tearing strength and silica can improve the hydrophobicity of the 

polymers. Hence in this project the PU elastomer is modified by GNP and SG. 

The scope of this project is development of nanoengineered rain erosion resistant coatings 

materials with higher erosion resistant than neat polyurethane elastomer for protection of 

leading edges of wind turbine blades by modifying PU elastomer with graphene nanoplatelets 

(GNP) and silica-based sol-gel (SG). Various mechanical tests will be carried out on the 

developed coating materials and the microstructures of the coatings will be characterised. The 

hydrophobicity of the coatings will be identified by water contact angle measurement. Finally, 

the erosion durability of the developed coatings will be measured by the robber ball impact 

erosion tests, investigating the thermal effect on erosion as well as microscopic analysis of the 

damaged coatings. 

1.2 Problem Definition 

It is reported that leading edge erosion (LEE) is the most common type of damage observed 

on wind turbine which adversely affect the turbine annual energy production (AEP). LEE of 

wind turbine blades caused by the impact of rain, dust, salty vapour, hailstones, and insects, 

reduces the lifetime of the blades and this in turn results in a loss in AEP by the turbines. The 

percentage loss in AEP depends on the degree of damage severity of the blade leading edge, 

and the tip speed which varies with blade size. This AEP loss is reported by various studies 

between 4.5-25% [23]. It is known that operations and maintenance of the wind turbine is 

costly, for instance for a 750-kW turbine, the maintenance cost might be 25-30% of the 

overall energy generation cost which can be even increased by adding repair cost to it [23]. 

Unfortunately, it is very difficult to predict the cost of repairing the blade as it is highly 

dependent on the type of repair solution, but usually repairing the blades does not perform per 

turbine which means that always there are running turbines with eroded LE.  

In conclusion, erosion of the LE of wind turbine will increase the maintenance and repair cost 

in one hand and decrease the annual energy production of the wind turbine in the other hand. 
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1.3 Aim and Objectives 

The aim of this project is to develop nanoengineered rain erosion resistant polyurethane 

coatings to protect the leading edge of wind turbine blade. The PU is modified with different 

CNPs and with silica-based sol-gel to have better mechanical and hydrophobicity performance.  

The developed coating must have substantial improvement in lifetime relative to the base 

material. 

1.3.1 Project Objectives 

• Analyse the performance of the pure polyurethane in different temperature and strain 

rate. 

• Optimising the parameters of mixing carbon nanoparticles in pure polyurethane. 

• Analyse the effects of adding different percentage of multi-walled carbon nanotubes 

(MWCNTs) on tensile properties of pure polyurethane. 

• Analyse the effects of adding different percentage of functionalized GNP-NH3 on 

tensile properties of pure polyurethane. 

• Analyse the effects of adding different percentage of functionalized GNP-COOH on 

tensile properties of pure polyurethane. 

• Analyse the effects of adding different percentage of hydrophobic silica-based sol-gel 

on tensile properties of PU+GNP-COOH. 

• Material characterization of the developed coating materials. 

• Analyse the tearing performance of the developed coating materials.  

• Performing impact erosion testing using a Single Point Impact Fatigue Tester (SPIFT) 

method.  

1.4 Layout of Thesis 

A comprehensive investigation on developing an Nanoengineered Graphene-

Reinforced rain erosion resistant coating for leading edge of wind turbine blade in this thesis 

as six different chapters described as follows: 

Chapter 1:  A brief background, motivation, scope and problem definition of this research, 

aims and objectives and importance of this research study are highlighted.  

Chapter 2: This chapter looks at past literatures of related works for development of rain 

erosion resistant coatings. In addition, different techniques of rain erosion test, 



C h a p t e r  1  -  I n t r o d u c t i o n   

 

6 | P a g e  

 

different techniques of applying coating on wind turbine blades, and 

fundamentals about polyurethane and sol-gel materials are discussed. 

Chapter 3:  In this chapter in the first part material preparation method is explained. After 

that material characterization using FTIR, TGA, DMA, water contact angle and 

scanning electron microscopy was performed, and the results of pure 

polyurethane were compared with those of developed coating materials 

(PU+GNP) and (PU+GNP+SG). 

 In second part mechanical tests tensile, compression and tearing tests were 

performed to measure the mechanical properties of the pure and developed 

coating materials. In this part initially tensile test was done on pure PU at 

different temperature and strain rate. After that optimum mixing parameters of 

carbon nano particles in PU was established. This has been done by adding 

different carbon nanoparticles loading to PU and performing tensile tests to find 

the type and amount of the CNP which gave the best mechanical properties for 

developed coating materials. Afterward, compression and tearing tests were 

done on pure PU and developed coating materials and the results are compared. 

In the last part of this chapter water absorption studies was done on pure PU and 

developed PU nanocomposites by submerging the specimens in water over six 

months period. Tensile tests were performed on dogbone specimens at various 

time intervals to find the effect of water absorption on mechanical properties 

and the amount of water absorption was measured on cubic specimens 

submerged in water together with dogbone specimens in water tank. 

Chapter 4:  In this chapter drop ball tests were performed for measuring the amount of 

energy transmitted to the substrate. This has been done by dropping a steel ball 

on the upper surface of the specimen and recording the voltage from a 

piezoelectric located at the lower surface of the specimen by an oscilloscope. 

The results from drop ball tests are analysed by SVD-QR method, and the 

damping ratio of each material was calculated. At the last section of this chapter 

resilience tests was performed to analyse the amount of rebound energy by using 

motion capture system.  
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Chapter 5:  In this chapter first, cool down time for pure PU coating was determined and 

based on that the required interval between shooting of the rubber ball in the 

Single Point Impact Fatigue Tester (SPIFT) were determined. After that SPIFT 

tests were performed at two different impact speeds of 150 m/s and 173 m/s. 

Energy dissipation and the extend of the heat affected are measured using 

thermographic infrared camera. The time to crack initiation, delamination and 

material loss are determined. At the end of the SPIFT tests SEM images of cross 

sections of specimens are obtained to compare the pattern of crack growth in 

different coating materials. 

Chapter 6: This chapter presents the concluding remarks of this research and make 

recommendations for future works. A brief summary of the findings is 

presented. 
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Chapter 2 Literature review   

2.1 Liquid erosion parameters 

There are several parameters that affect erosion by liquid droplets. These parameters are: speed 

of impact, impact angle, droplet size, liquid density, acoustic velocity, cyclic properties of 

materials, hardness and geometrical aspects. 

Impact speed: To explain the relationship between the erosion rate and impact speed, equation 

(2.1) can be used, which is derived from dimensional analysis [24].  

𝑉𝑚 = 𝑐𝑉
4𝑑3𝑛𝑚                                                                                                  (2.1) 

Where 𝑉𝑚 is erosion rate and c is a constant. The erosion rate 𝑉𝑚 can be evaluated from Eq.(2.1) 

by using the experimental data of the droplet velocity V, the droplet diameter d and the number 

of impinging droplets 𝑛𝑚  and  c constant is determined to meet the experimental erosion rate 

at different position of test specimen along the spray axis [24]. The droplet velocity can be 

measured by particle image velocimetry, its diameter by shadowgraph technique and the 

number of impinging droplets in a unit area can be counted by a sampling probe [24, 25, 26]. 

Recently, the influence of the liquid film on the erosion rate is found to be the other influential 

droplet parameter. The thickness of the liquid film is an important factor for quantitative 

prediction of erosion rate [27, 26].  Generally, the erosion rate is directly proportional to the 

droplet size [28]. Different sizes of droplet cause different erosion damage, the difference is 

more significant for lower velocities. To analyse the effect of the droplet size on the erosion 

phenomena, two aspects should be considered. First, the same volume of water should impinge 

the samples and second, samples should be tested at speeds higher than the threshold speed to 

damage. Although droplet size and shape have an effect on the impact velocity, impact pressure 

is independent of the droplet size or shape [28].  Increasing the impact frequency of the water 

droplet also increases the damage depth rate and decreases the incubation period [29].  

Impact angle: Impact angle is the angle between the direction of the water motion and the target 

surface [30]. The effect of the impact angle can be neglected if the incubation period for crack 

formation is short enough [31]; but if the incubation period is not short enough, the amount of 

volume loss will be different for different impact angles and the highest volume loss will be at 

a 90 angle of attack. 
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Initial surface condition: A slightly roughened surface will erode faster than a smooth surface. 

So the constant rate of erosion at the terminal stage for rougher surface can be realized in a 

shorter time period than for a smooth surface [32, 26].  

Mechanical properties of the surface: Although hardness is the most common property that 

determines erosion damage, yield strength, modulus of elasticity, wear resistance, ultimate 

rebound resilience, and fracture toughness are the other factors that have an influence on 

erosion damage. 

Temperature: Both the environmental temperature and liquid drop temperature have an effect 

on the erosion damage. The erosion rate will increase at higher temperatures due to the 

reduction in the viscosity of the liquid. 

2.2 Liquid erosion mechanism of the blades 

Failure due to liquid impact of water droplets which causes damage in the form of pitting or 

peeling over time is divided into two regimes.  

Water droplet inlet: When the contact edge travels across the surface of the target at a velocity 

(Vc) greater than the velocity of shock wave (C) propagating into the water drop, the initial 

damage occurs (Figure 2-1). This damage happens because of the water hammer pressure 

which can be up to several MPa. This pressure can introduce initial cracks in the coating which 

can lead to the second stage of erosion mechanism (shear stress) [33]. 

 

Figure 2-1  Sequence of liquid impact from initial impact through to release of high pressure: (a) at impact; (b) 

where water drop is compressed due to lack of free surface; (c) after shock wave has overtaken contact edge 

allowing decompression and jetting; dark regions in (b) and (c) represent area of compressed fluid. Reprinted 

from Jackson and Field [33]. 

To calculate the shock wave velocity into the water drop, the following equation can be used 

for impact velocity up to 1000m/s:  

𝐶 = 𝐶0 + 𝑘𝑉            (2.2) 
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where 𝐶0  is acoustic velocity, V is the droplet impact velocity and value for k is approximately 

2.  

Lateral jets: After the first stage, the water trapped in the compressed region can escape and 

generate water flow across the surface producing a high velocity sideways jet of fluid [34]. The 

velocity of the lateral jet is greater than the impact velocity and can cause material loss and 

extension of cracks (Figure 2-2). 

 

Figure 2-2  Damaging effects of lateral jetting; left hand side damaged by Rayleigh wave only; as lateral jetting 

crosses surface it tears off asperities it collides with. Reprinted from Jackson and Field [33]. 

Droplet after shockwave overtakes contact edge and generates a free surface which allows the 

compressed region to be released. From this free surface, three types of waves propagate into 

the water droplet to reduce the water hammer pressure. This incompressible pressure can be 

calculated by following equation [35]: 

𝑃𝑤 =  𝜌𝐶𝑉 = 𝜌𝑉(𝐶0 + 𝑘𝑉)                                                                                          (2.3) 

where 𝜌 is the water density 1000 kg/m3, C is the shock wave velocity and v is the droplet 

impact velocity as before. As an example, water impacting at 500 m/s gives an impact pressure 

of about 1250 MPa. The stagnation pressure of continuous jet acting at this speed calculated 

from 𝜌𝑉2/2 is about one tenth of this value [28]. 

Compression, shear and Rayleigh are the three stress waves, which play critical roles in the 

erosion process (Figure 2-3). The compression wave is the fastest one, whereas the shear wave 

is slower. The compression wave has small effect on causing the damage. The Rayleigh wave 

is the one, which interacts with the surface cracks. This wave has both vertical and horizontal 

components. The vertical component penetrates into the depth of the surface and it depends on 

the impact velocity and radius of the drop. The total impact energy, divided between these three 

waves is: Rayleigh wave (67.4%), shear wave (25.8%) and compression wave (6.9%). Stress 

reflections oscillate repeatedly through the coating and substrate structure until they dampen 

out and the energy of the initial shockwave is reduced [36]. 
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Figure 2-3  Different types of stress waves generated as a results of water droplet impact [37]. 

Spalling and lateral delamination between two coatings can be expected because of mismatch 

of the physical properties of both materials. In another word when an elastic wave reaches a 

free surface or interface between solids having different physical properties, the resultant 

wave can cause material failure [38, 36].  

The process of liquid erosion occurs in the following stages: 

• Incubation stage; where the surface remains unaffected and there is no record of 

significant mass loss (Figure 2-4). This stage may not appear if the impact conditions 

are severe enough to cause material loss for a single impact. 

• Acceleration stage; during which rate increases rapidly to a maximum 

• Maximum rate stage; where the erosion rate remains (nearly) constant 

• Deceleration (or attenuation) stage; where the erosion rate declines to (normally) 1/4 to 

1/2 of the maximum rate 

• Terminal (or final steady-state) stage; in which the rate remains constant once again 

indefinitely. However, in some cases the erosion rate can continue to decline or 

fluctuate. Also, for some brittle materials, the rate can increase once again in what is 

called a “catastrophic stage” [28]. 
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Figure 2-4 Incubation period and the stage with a constant erosion rate [39] (right), cumulative mass loss [40] 

(left) 

Generally surface erosion in the turbine blade gradually expanded from the pressure side near 

the stagnation point to the suction side and the depth and width of the erosion increases in 

section closer to the tip [3]. 

2.3 Evaluation of erosion damage 

Damage caused by rain erosion can be evaluated by analysing the erosion depth and incubation 

period. 

 Erosion depth: It is the local volume of damage per small area and it can be calculated by 

equation (2.4) 

𝐸𝑑 = 𝑅𝑑  (𝑡 − 𝐼𝑝)                                                                                                           (2.4) 

Where 𝐸𝑑 is damage depth in (mm), 𝑅𝑑  is damage depth rate in (mm/s), t is the time and 𝐼𝑝 is 

the incubation period in second [26].  

Incubation period: all the materials exhibit an incubation period where no damage is observed 

up to a certain level of exposure to rain impact, but beyond this period of exposure, erosion 

damage increases rapidly [41, 35]. The amount of erosion damage per unit mass of droplets 

can be calculated by using the following equation: 

𝐸 =
𝑅𝑑

𝐹𝑟𝑒𝑞.𝜌(𝜋.
𝑑3

6
)
                                                                                                           (2.5) 

Where E is the erosion damage per unit mass of droplets (𝑚𝑚3𝑘𝑔−1), 𝑅𝑑  is damage depth rate 

in (mm/s), 𝐹𝑟𝑒𝑞 is the impact frequency of the water droplet (number 𝑚𝑚2𝑠−1) and d is the 

diameter of the water droplet [29]. 
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2.4 Erosion prevention systems 

Erosion by liquid impingement can be reduced by a lower impact velocity, a decrease in normal 

component of the velocity (e.g. “tilting” the surface), smaller droplet size, shorter operation 

times under severe conditions, more resistant materials and the application of a shielding layer.  

One of the effective method to protect the wind turbine blades against the erosion is using an 

erosion resistant coating [23]. There are two common techniques to produce an effective 

surface coating, in-mould application and post-mould application. For the in-mould 

application, a surface coating layer of material similar to the matrix material is added to the 

surface of the blade as part of the moulding process. In the case of post-mould application, a 

surface coating is applied after the moulding process by different methods of coating [42]. It 

should be kept in mind that using the coating to protect the leading edge of the blades from the 

rain erosion will change the shape of the initial aerofoil section slightly which can have effect 

on the aerodynamic performance of the turbine; but this effect is negligible in comparison with 

the effects of the eroded blade on the performance of the turbine [6, 43].  

Materials are coated for a number of reasons such as to: make a substrate biocompatible, 

increase a material’s thermal, mechanical or chemical stability, increase the wear resistance, 

improve the durability, decrease friction, inhibit corrosion or change the overall 

physicochemical and biological properties of the material [44]. As leading edge of the blade is 

the most sensitive area of the wind turbine, protective layers such as tape or paintable and 

elastic coating are used for mitigating leading edge erosion of the blades. These layers absorb 

the impact energy without crack formation. The ability of a coating to absorb and distribute the 

energy from an impact can vary and this is expressed by the impact frequency [1].Current blade 

coating systems typically consist of a putty layer which is applied for filling pores in the 

composite substrate, a primer to secure good adhesion of the subsequent coat and a flexible 

topcoat usually from a polyurethane-based formulation [1]. If leading edge protection has not 

been applied during the manufacturing process, leading edge erosion can occur within two 

years of operation. A rough estimation suggests 50% of new large wind turbines are specified 

with a blade rain erosion resistant coating [8]. There is a variety of procedures for coating 

including: vapour deposition, chemical milling, layer-by-layer coating, dip coating and sol–gel 

coating technique [44]. The development of new coatings, which can protect the leading edge 

of the blades against the erosion, is a topic of current research. Super hydrophobic coating 

using nanoparticles embedded in a resin [45], hydrophobic coating with anti-icing capability 
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[46]and ceramic coating materials with a high-erosion resistance [2] are some of these coating 

which are used in the industry to protect the leading edge of the wind turbine blades. 

2.5 Design of liquid impact testing apparatus 

There are two methods for performing accelerated rain erosion tests; one method uses a 

whirling arm, which carries the specimens and rotates them under an artificial rain field 

produced by nozzles or needles [40] and in the other method a high velocity stream or jet of 

water is fired onto a stationary test specimen [47, 48]. The two methods are generally similar, 

one of the differences between these methods is the active/passive impact mode between water 

droplets/jet and test specimens [1] and another difference is that the continuous jet produces 

stagnation pressure, whereas the discrete impacts in liquid droplet impingement produce much 

larger shockwave pressures. 

2.5.1 Critical parameters for design 

Stand-off Distance (SOD): The distance between the nozzle and the specimen surface has a 

significant effect on the erosion rate (See Figure 2-5). 

 

Figure 2-5  Schematic illustration of a testing apparatus. Reprinted from Oka and Miyata [2] with the permission 

of Elsevier Publishing. 

The damage depth rate will decrease for very short or very long SOD. If the distance is too 

short (less than the intact length), it will cause negligible material removal because, in the short 

SOD the water that hits the surface forms a water column instead of water droplet. It is known 

that water droplet impact is more damaging than the impact of an intact fluid stream [30, 38, 

49]. Intact length is the minimum distance from the nozzle over which the liquid jet is still 

connected [50, 51, 52]. The effect of the SOD on the erosion volume can be explained in four 

steps. As can be seen in Figure 2-6, erosion starts immediately after the incubation period and 

is then followed by the acceleration, maximum rate, deceleration and terminal erosion stages 

[28].  
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Figure 2-6  Characteristic erosion versus time curves. (a) Cumulative erosion (mass or volume loss) versus 

exposure duration. (b) Corresponding instantaneous erosion rate versus exposure duration. The following stages 

have been identified: (A) incubation stage (B) acceleration stage (C) maximum rate stage (D) deceleration stage; 

and (E) terminal or final steady-state stage, if assumed to exist. Reprinted from Heymann [28]. 

The decrease of the erosion rate far from the nozzle can be explained by the decrease in the 

droplet velocity; however, the decreased erosion rate in the near field of the nozzle is because 

of the influence of the liquid film over the specimen (Figure 2-7). 

 

Figure 2-7 Near filed and far field from the nozzle [24].  

It is proven that the maximum pressure on the solid surface due to the impingement of a droplet 

of diameter 100µm is damped down by 10% because of the presence of a liquid film with 

2.5µm thickness over the solid material [49]. Furthermore, the erosion in the near field of the 

nozzle is higher than the erosion rate in the far field of the nozzle, which is due to the higher 

local flow rate in this area [24]. 

Impact angle: As explained before the maximum rate of mass loss will happen at an impact 

angle of 90o [50, 31]. 
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Testing time, nozzle diameter, droplet size and impact velocity are the other important 

parameters that need to be well-defined when designing a liquid erosion testing machine.  

2.5.2 Whirling arm based system 

This type of apparatus has been used for the study of liquid droplet impingement erosion by 

droplets having a diameter larger than 1mm [51]; moving the sample is good way to simulate 

the impact taking place when a moving object is exposed to a rainfall. The well-known rig 

which is used for this method is the whirling arm. In the following some of the previous 

designed systems are explained.  

The Whirling Arm Rain Erosion Rig (WARER) was designed and built by University of 

Limerick [40]. It consists of a rotating arm that carries the sample on the tip of itself (Figure 

2-8). In this machine, water droplets are introduced into the test chamber through 36 blunt 

dispensing needles with an internal diameter of 0.15 mm [40]. 

 

Figure 2-8 WARER at University of Limerick. Reprinted from Tobin et al. [40] with the permission of Elsevier 

Publishing. 

SAAB is another erosion testing facility (Figure 2-9); designed in the 1960s it has a prominent 

history in the field of rain erosion [41]. The sample is placed on a rotating arm at a radius of 

2.19 m. The system is able to simulate impact speeds of up to 300 m/s. This system also is able 

to vary the droplet size and rainfall rate. 
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Figure 2-9 SAAB rain erosion test facility. Reprinted from Tobin et al. [41]. 

Zhang, et al. [1] designed a laboratory water jet setup to analyse the liquid erosion of blade 

coatings. In this machine 22 coated panels can be placed on the rotating wheel with the diameter 

of 52 cm and speed range of 126-160 m/s, Figure 2-10. In this system, the distance between 

the nozzle orifice and the sample surface was kept at 10 cm and erosion evaluated by inspecting 

samples every half an hour. The rainfall intensity is 30-35 mm/h and the water droplet size is 

1-2 mm.  

 

Figure 2-10 Water jet erosion rig. Reprinted from Zhang et al. [1] with the permission of Elsevier Publishing.  

2.5.3 Stationary sample erosion test (SSET) 

This apparatus allows the study of the liquid droplet impingement erosion for smaller droplets 

with diameters in the order of few hundreds of micrometres [24]. This method is simple, 

economic and reliable (Figure 2-11). The specimen is fixed and water hits the surface of the 

specimen through a water jet nozzle. 
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Figure 2-11 Experimental apparatus for liquid impingement erosion by high speed spray. Reprinted from 

Fujisawa et al. [24] with the permission of Elsevier Publishing. 

Grundwürmer et al. [53] used SSET water jet for liquid erosion testing (see Figure 2-12). The 

SSET unit was setup with fixed SOD of 300mm between the nozzle and sample surface, impact 

angle of 90o and droplet diameters starting from 0.3mm down to below 0.1mm. The water jet 

was moved across the sample surface at two different feed speeds: 0.017 and 0.25m/s resulting 

in exposure times of 4.8 and 0.32s per water jet crossing. 

 

Figure 2-12 Stationary sample erosion test. Reprinted from Grundwürmer et al. [53] with the permission of 

Elsevier Publishing. 

Fujisawa et al. [25] designed an experimental apparatus for water droplet impingent testing 

(Figure 2-13). They setup two different units for their experiments, one unit with a 0.8mm 

diameter nozzle, SOD of 270mm with the nozzle pressure of 16MPa and the other unit with 



C h a p t e r  2  –  L i t e r a t u r e  r e v i e w   

 

19 | P a g e  

 

the same nozzle but SOD of 480mm and nozzle pressure of 28MPa, for both units the impact 

angle was 90 [25]. 

 

Figure 2-13 Experimental apparatus for LDI erosion. Reprinted from Fujisawa et al. [25] with the permission of 

Elsevier publishing. LDI: liquid droplet impingement.  

Pulsating Jet Erosion (PJET) is an erosion test facility in which a high pressure water jet is 

forced through a nozzle of 0.8mm diameter and is subsequently cut into individual water jets 

by a rotating disk (Figure 2-14). This system can provide different impact velocity and impact 

frequency as well [40, 47]. 

 

Figure 2-14 Principle of PJET test method. Reprinted from Tobin et al. [40] with the permission of Elsevier 

Publishing. PJET: pulsating jet erosion 

2.6 Polyurethane (PU) 

2.6.1 History of polyurethane 

Polyurethane discovered first in 1937 by Otto Bayer and his co-workers in laboratories of 

Farben in Leverkusen, Germany. By passing time, different types of polyurethanes were 

produced and introduced to the market; for instance, in 1952 polyisocyanates were used 

commonly in industry, between 1952-1954 due to the advantages of polyether polyols, such 

as: cheaper price, easier material handling procedure and better hydrolytic stability, it is 

decided to use it instead of polyester in the structure of polyester-polyisocyanate system. In 

1956 first polyether polyol was produced by polymerising tetrahydrofaran by Du Pont and 

introduced as polytetramethylene ether-polyglycol (PTMG). Following to that in 1957, BASF 

produce polyalkykene glycols. In 1960 another form of polyurethane was introduced which 
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was flexible polyurethane foams and the rigid foam was also produced in 1967 [54]. During 

years, different combination and reactions were tested and the potential new applications were 

explored based on the properties of the outcome product. Currently polyurethane play a large 

role in everyday life in a different number of applications. There is a significant grow in interest 

of using PU due to the simple synthesis method, variety of applications and superior properties 

of this material. Tendency to elastic deformation of the polyurethane, makes it able to absorb 

impact energy of erodent particles with minimal damage which make this material a good 

candidate to use as rain erosion resistant coating; on the other hand, softness and high 

deformability of PU increase the impact time of the particles which results in reducing the 

impact force and stresses and finally reduce the erosion [55]. For instance, one of the 

applications of using polyurethane is to use it as a wear protection for oil pipe, where the 

particles are freely moving along the fluid stream and suddenly impacting the surface of the 

pipe due to the flow turbulences and cause wear at low impact angle. There are few items which 

indicate the end-use application of PU, such as, type, position and structure of the isocyanate 

as well as the hydrogen bonding [54]; for instance it is shown that using IPDI as isocyanate 

gives an PU with product with higher stability and also shorter hydrogen bond provides 

stronger bonds [56, 57]. Some of the polyurethane applications can be seen in Figure 2-15: 

 

Figure 2-15 Different applications of polyurethane.  

2.6.2 Polyurethane structure  

Polyurethanes are created through an exothermic reaction between an isocyanate with a polyol 

in the presence of additives. Diisocyanates are key raw materials involved in the synthesis of 

polyurethane; these materials are characterized by N=C=O group and are highly reactive 
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alcohols. Two types of isocyanates are mainly used to synthesise polyurethane, which are 

toluene diisocyanate (TDI) and polymeric isocyanate (IPDI). TDI is formed by adding nitrogen 

group on toluene and then reacting them with hydrogen and IPDI is created from phosgenation 

reaction of aniline-formaldehyde polyamines. Figure 2-16 shows the isocyanate TDI and 

Figure 2-17 shows isocyanate IPDI. 

 

Figure 2-16 TDI isocyanate [54]. 

 

Figure 2-17 IPDI isocyanate [54]. 

 As mentioned before another component of polyurethane is polyol which is an organic 

compound, containing more than two hydroxyl or alcohol group. To protect polyurethane from 

external damages such as heat, oxidation and light, additives are used during the manufacturing 

process of polyurethane. For example, to protect PU from oxidation hindered phenols are used 

as additive or to protect PU from light hydroxybenzotriazole is used.  

Polyurethanes have good tensile strength, compression strength, impact resistance, abrasion 

resistance and tear strength. In comparison with rubber, PU has higher abrasion resistance, 

higher tear resistance, higher load bearing capacity and more resistance to radiation. In 

comparison with metals, PU is lighter, has higher abrasion resistance, higher corrosive 

resistance, higher flexibility, higher resistance to impact and higher resilience [58]. In 
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comparison with plastics, PU has higher impact resistance, better elastic memory, higher 

abrasion resistance, higher resilience, and better radiation resistance. It is shown that 

thermoplastic polyurethane (TPU) are suitable material for erosion resistant coating [59]; these 

materials have good corrosion resistance, good adhesion to the substrate and lighter weight 

than metallic protections [60]. 

2.6.3 Polyurethane derived coatings 

Polyurethane coatings applied in the interest of erosion resistance, including that of rain, are 

already common practice in both aerospace and wind turbine applications. Polyurethane 

topcoats exhibit such high resistance against rain erosion which can be used in both on-shore 

and off-shore large-scale wind turbines [40]. One of the reasons that make polyurethane a good 

candidate for rain erosion resistant coating is due to its unique mechanical properties; 

Polyurethane has excellent water, oil, and corrosion resistance, high elasticity and dampening, 

and good adhesion to other materials [61]. Also, it has very light weight in compare to the 

metallic materials, easy to apply and then reduce the cost of application in comparison to other 

methods. As there is no standardized test procedure for erosion protection coating for wind 

turbine blades; it is hard to say that which application method of PU is the best.  

One of the ways of applying polyurethane coating on the leading edge of wind turbine blade is 

introduced by material company 3M, which is called two-component polyurethane tape [62]. 

This method has some advantages and some disadvantages; for example, one of the advantages 

is the ease of use, which can be done by being adhered to the edge of the wind turbine blade in 

a single layer of tape. On the other hand, failing to absorb a significant amount of impact 

energy, time consuming and costly procedure of maintain, repair and replacing the tape and 

also increasing the drag coefficient of the blade are some of the disadvantages of this method 

which makes this method limited to use only in smaller scale of wind turbines [63]. As 

mentioned before other method of applying polyurethane to the surface of wind turbine blade 

is via spray or painting the leading edge of blade. In this method first primer applied on the 

substrate and then covered by topcoat composed of polyurethane (Figure 2-18). 
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Figure 2-18 Typical Aerospace Coating System [64]. 

In this method the primer coat has the function of providing adhesion between the polyurethane 

top coat and the substrate layer composed of composite materials [64]. Procedure of applying 

spray coating can be seen in Figure 2-19. However, it should consider that reapplication 

process of this sprayed or painted on topcoat is not as simple as reapplying the tape forms of 

polyurethane, it is extremely costly, especially in the case of off-shore wind farming. 

 

Figure 2-19 Leading Edge Protection Application Procedures, (a) spray, (b) roller, (c) trowel [65]. 

 

2.6.4 Polyurethane modified nanoparticles 

Adding nano-sized reinforcing particle to polymers is one of the common ways to improve the 

required properties of pure PU. Various studies showed that among various nanomaterials, 

carbon nanoparticles (CNPs) can improve toughness, tensile strength, Young’s modulus, 

hardness, modulus of stiffness and thermal conductivity of PU. During droplet impact some 

energy absorbed and dissipated in the coating. A higher thermal conductivity distributes and 

dissipates the generated heat more effectively.  

As can be seen in Figure 2-20 development of nanoparticle-filled polymer systems is the core 

of the roadmap with the development of technology to tailor both nanoparticle–polymer 

interfaces and nanoparticle dispersions [64]. 
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Figure 2-20 A Proposed Nanocomposite Coating Technology Roadmap [64]. 

There is no standardized way to mix carbon nanoparticles and polyurethane, so many methods 

must be reviewed. Papers can be found that detail different ways to create these nanocomposite 

materials, but only few actually involve polyurethane in particular. One of the difficulties in 

developing a proper mixing procedure is the dispersion of the carbon nanoparticles within the 

polyurethane matrix and thus deterioration of polyurethane properties [66]. In the past, several 

researchers have reported how the mechanical properties and erosion resistance of PU 

elastomers can be improved by addition of various nanoparticles. Malaki et al. [67] reported a 

29% improvement in the erosion resistance of polyurethane coatings with the addition of 6wt% 

of fumed nanosilica. Petrović et al. [68] made polyurethane nanocomposite with nanosilica 

filler concentration ranging from 0 to 50wt%. They showed the coefficient of thermal 

expansion decreased with increasing nanosilica content. At 40wt% nanosilica concentration, 

the tensile strength was increased 300%. Elongation at break continuously increased with 

increasing nanosilica content, reaching an increase of 600% at 50wt%. Chung, et al. [69] 

prepared hybrid PU/silica composites using a sol-gel reaction between tetraethyl orthosilicate 

(TEOS) and triethoxysilyl groups (TESPI) grafted onto PU. The UTS sharply increased from 

the cross-linking of the grafted silica at low TEOS concentrations but decreased with the 

increase of TEOS content as the excess silica inhibited cross-linking: UTS of 15.2 MPa (PU 

without TEOS and TESPI) increased to 59.6 MPa at 12.5mmol of TEOS and 2.5mmol of 

TESPI (290% increase). The tensile strain results suggested that sol-gel cross-linking did not 
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disturb the PU chain stretching. Syamsundar et al. [70] studied erosion wear resistance of PU 

coatings modified with boron carbide (B4C) or silicon carbide (SiC) nanoparticles and 

compared the results with neat PU. They found the optimum nanoparticles loading with B4C 

was 20wt% and 10wt% for SiC, beyond these loadings the performance deteriorated. Mills et 

al. [71] modified PU coatings with 5 and 10wt% of nano-silica and found that with a 5wt% 

loading, ionic resistance was significantly increased due to the polymer network reinforcement 

and water absorption was reduced. Kotnarowska et al. [72] reported that the type of nanofiller 

and its size significantly affected the erosion resistance of polyurethane coatings. The greatest 

erosion resistance was obtained for PU modified with silica having the smallest filler grain. 

Pokharel et al. [73] manufactured PU nanocomposites by in-situ polymerization using pristine 

graphene nanoplatelets (GNPs), graphene oxide (GO), and functionalized graphene sheets 

(FGSs). The PU nanocomposites with a 2wt% loading of GO or FGS showed significantly 

higher Young's modulus. than the one modified with GNPs. Tarasov, et al. [74] analysed effect 

of fullerene, GO and their mixture (15/85 ratio) on cross-linked PU urea elastomer for filler 

loading of 0.01wt% to 0.1wt%. Addition of fullerene resulted in 10% decrease in the Young's 

modulus at 0.1wt% filler loading, while GO increased Young's modulus by 10% relative to the 

neat PU. For the fullerene/GO blend, a weak negative synergetic effect on tensile strength was 

observed. However, the use of fullerene/GO additive demonstrated a well-pronounced positive 

synergetic effect resulted in a 20% growth of Young's modulus for 0.01 wt% loading of 

fullerene/GO and in a 30% growth at 0.1 wt% loading. Low concentration of fullerene or GO 

additives decreased the resistance of the PU composite to spall fracture by more than 15% and 

30%, respectively. This is caused by introduction of the hard particles in homogeneous 

structure of the PU which generated numerous additional nuclei of fracture, causing at lower 

tensile stress. Xia and Song [66] studied polyurethane–carbon nanotubes (single- and multi-

walled) composites prepared by in-situ polymerization with 0.5, 1 and 2wt% CNT. The highest 

tensile strength was with PU modified with 2wt% single-walled CNT at 9.11 MPa. Tayfun, et 

al. [75] prepared 0.5, 1, 1.5 and 2wt% CNT reinforced thermoplastic polyurethane (TPU) 

composites by melt-mixing. The highest improvement of 41% in UTS was obtained for 0.5wt% 

nitric acid-treated CNT and the highest increase of 150% in Young’s modulus was achieved at 

1wt% of CNT loading. Guo et al. [76] used multi-walled CNTs (MWCNTs) for reinforcement 

of PU by the combination of in-situ polymerization and solution-casting approach. Compared 

with neat PU, incorporation of 1.0wt% loading of MWCNTs into PU matrix significantly 

improved the Young’s modulus, stress-at-break and the elongation-at-break by about 90%, 

500%, and 75%, respectively. Kumar, et al. [77] synthesized PU with 1 to 10wt% MWCNTs 
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using a two-step solution mixing films and compression moulding of the thin films. The results 

of quasi-static nanoindentation tests showed elastic modulus and hardness have been 

continuously improved by increasing MWCNT loading and increased 124% and 53%, 

respectively, for 10wt% MWCNTs loading. The fracture resistance has also improved by 52% 

for 7wt% MWCNTs loading. Li, et al. [77] used various loading of acid-treated MWCNTs for 

reinforcement of polyisobutylene (PIB) /polyethylene glycol (PEG)-based polyurethane 

nanocomposites (PIGNTs). The test results showed that the mechanical properties of PIGNTs 

were significantly enhanced at fairly low MWCNT loading. A 126% improvement of UTS is 

achieved at 0.3 wt% MWCNT loading. Additionally, the PIB/PEG-based PU and PIGNTs 

exhibit excellent damping properties (tan δ > 0.3) in a wide range of temperature from −60 to 

35C. Qiao et al. [78] developed hydrophobic polydimethylsiloxane-based polyurethanes (Si-

PUx) with hydroxypropyl polydimethylsiloxane (H-PDMS). They showed that the cavitation 

erosion resistance of Si-PUx coatings improved with an increase in the H-PDMS content. The 

cumulative mass loss of Si-PUx with 12.5wt% H-PDMS was 2.96 mg without any visible holes 

and cracks on the surface after 80 h testing. Eivazi Zadeh et al. [79] prepared neat PU and 

PU/CNT composites containing 0.05%, 0.1%, 0.5%, and 1% wt% CNTs by electrospinning. 

The highest increase in toughness (4.5 times) and stiffness (3.5 times) relative to neat PU was 

achieved with 0.5wt% CNT. In addition, although the existence of CNTs did not affect the 

contact angle significantly, it increased the hydrophilicity of PU to a maximum at 0.1wt% 

CNTs. Moghim et al. [80] studied thermoset polyurethane reinforced with 0.05–5wt% loading 

of multi-walled CNT, prepared using a solution casting method. Modulus of elasticity, tensile 

strength and toughness of PU strongly affected by the amount of CNTs loading and tensile 

strength of PU was enhanced about 122% with 1 wt% CNTs loading. Alberto et al. [81] tested 

PU resin films reinforced with few-layered graphene (FLG) nanoparticles and observed an 

improvement of over 100% in the abrasion resistance, 25% increase in the coefficient of static 

friction and a 200% increase in the coefficient of dynamic friction. Rihayat et al. [82] used a 

polyether polyol in the production of a PU by reaction with an isocyanate. The clay was treated 

with cetyltrimethyl ammonium bromide (CTAB) and octadodecylamine (ODA) and the 

resulting organoclay was intercalated in the PU. Tensile strength and elongation at break of the 

PU/clay nanocomposites increased with increasing clay content. The largest increase of 166% 

in tensile strength and 600% in elongation at break achieved with 5wt% loading of ODA 

modified clay. Chung et al. [83] modified graphite (MG) powder with particle size <20 µm and 

covalently linked them to a polyurethane backbone. The hydroxyl content (-OH) of the MG is 



C h a p t e r  2  –  L i t e r a t u r e  r e v i e w   

 

27 | P a g e  

 

an important factor for linking graphite to the PU.  The ultimate tensile stress increased up to 

436%, and the maximum strain increased by 1744% compared to the linear polyurethane. 

2.7 The sol–gel technique 

Over the last few decades, the sol–gel techniques have been used for production of a variety of 

mixed–metal oxides, nanomaterials and nanoscale architectures, nanoporous oxides, and 

organic-inorganic hybrids. The sol–gel processing is the most convenient manufacturing 

method because of its simplicity, good mixing of starting materials, relatively low reaction 

temperature and easy control of chemical composition of the end product. Sol–gel synthesis is 

utilized to fabricate advanced materials in a wide variety of forms: ultrafine powders, thin film 

coatings, porous or dense materials.  

The sol–gel technique is a wet-chemical technique that can produce polymeric networks of 

hybrid organic/inorganic materials that can be used as composite coatings.  These composite 

materials which produced by sol–gel techniques have the properties of organic polymers such 

as flexibility and the properties of inorganic materials such as hardness at the same time. In a 

sol–gel, solid particles are suspended in a liquid to form a colloidal solution (sol) that acts as 

the precursor to an integrated network (gel) of either discrete particles or a polymer network 

[52]. The hardness and the flexibility of the sol–gel derived coating can be adjusted by the 

amount of inorganic-rich compounds as well as by the degree of cross linkage, for example 

increasing the Non-cross linking organic groups will increase the flexibility of the coating.  

The sol–gel process enables the deposition of films and coatings of thicknesses from 0.01-5 

µm. The properties of sol–gel derived coatings can be engineered at the molecular level for 

optimum physical and chemical behaviour, providing control over adhesion, hydrophobicity, 

permeability, texture, morphology, optical properties and other characteristics [84]. 

For enhancement of resistance to liquid erosion, the hybrid network provides sufficient 

mechanical stability to avoid cracks caused by droplet impact and is also flexible enough to 

absorb the kinetic energy of droplets [53]. The most promising coatings for commercial 

applications made using the sol–gel technique are Organically Modified Ceramics 

(ORMOCER) and Organically Modified Silica (ORMOSIL) [85]: 

(i) Organically Modified Ceramics (ORMOCER) is inorganic-organic composites on a 

molecular or nano level. The inorganic backbone may be synthesized alkoxides or 

soluble oxides. Organic components can be introduced through the formation of carbon–

silicon bonds, covalent bonds or through electrostatic interactions (i.e. ionic bonding). 

Introduction of organic polymeric chains leads to a second type of network; this network 
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can be chemically linked to the inorganic backbone or act as an interpenetrating network. 

Properties of the materials can be varied by changing stochiometries, reaction conditions 

and processing. Their applications run from thermoplastic materials (e.g. sealing) to 

brittle coatings (hard coatings) [86]. The basic properties of ORMOCER® which make 

them very attractive materials for coating applications are their transparency, their good 

adhesion to various substrates, their chemical stability and their good abrasion resistance 

due to the inorganic structures in ORMOCER® [87].  

(ii) Organically Modified Silica (ORMOSIL), the silica surface consists of two types of 

functional groups, siloxane (Si–O–Si) and silanol (Si–OH). Thus, silica gel modification 

can occur via the reaction of a particular molecule with either the siloxane (nucleophilic 

substitution at the Si) or silanol (direct reaction with the hydroxyl group) functions.  

Reaction with the silanol group constitutes the most common modification pathway. 

There are three main methods in which functional groups are attached to the silica surface 

[2]: (i) reaction of organosilanes or other organic molecules and silica surface functions, 

(ii) chlorination of the silica surface followed by reaction of the Si-Cl with an appropriate 

reactant (e.g. amine or alcohol), (iii) via sol–gel methodology followed by post-

modification, wherever necessary [88]. 

2.7.1 Advantages of sol- gel technique over traditional techniques 

There are several coating methods in the industry, some of them are expensive because of 

expensive equipment (e.g. plasma spraying), some of them produce low quality coatings (e.g. 

flame spraying), some methods are not practical to coat the internal surface of the small 

cylindrical (e.g. high velocity oxygen fuel spraying) and some of them are time consuming and 

so challenging to produce thin film (e.g. powder coating technique). On the other hand, purely 

inorganic coating materials are very expensive coatings and they have poor adhesion to 

substrate due to the difference in thermal expansion coefficient between the coating materials 

and substrate.  

 Sol–gel technique is an alternative to traditional coating techniques which makes it possible 

to produce organic-inorganic hybrid coating [89, 90]. In this method individual coating layers 

are limited to less than 0.5 μm to prevent cracking and coating failure during thermal processing 

as a result of trapped organics within the coating [91] which has negligible additional weight 

on the substrate. By sol–gel method it is possible to produce coating layer which is thick enough 

for corrosion protection as well [92]. In this method having the ability to use different silane 

precursors allows modification of the properties of the gel [93]. Control of stochiometries 
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allows control of the hardness and the amount of non-cross linking organic groups determines 

the flexibility of the coating. 

In addition, in sol–gel technique mixing is done at the molecular level, so the coating has high 

purity and uniformity. Sol–gel coatings are normally performed at relatively low temperature, 

so there is no need to reach the melting point, the method is more energy efficient than other 

methods of coatings that require temperature approaching melting point of materials [94, 95], 

temperature can be as low as room temperature up to a maximum of 500 ℃ , which is the upper 

limit for the temperature stability of the organic groups [96].  

This technique (sol–gel) has some disadvantages as well; one of them is the high permeability 

of the coating and the difficulty in controlling the porosity, which is important as erosion 

resistance is strongly linked to porosity of the coatings [97]. Shrinkage of the wet gel during 

curing process can also cause crack formation in the coating structure and finally the sol–gel 

method is highly substrate-dependent, primarily due to limitations imposed by thermal 

expansion mismatch between the coating and substrate [92].  

Sol–gel process has four steps: 

a. Preparation of a stable suspension of colloidal particles (sol) in a liquid.   

b. Depositing the solution on the surface by one of a variety depositing methods and 

produces the coating. 

c. Polymerization of the sol through the removal of the stabilizing components and 

produce a gel in a state of a continuous network.  

d. Heat treatments to pyrolyze the remaining organic or inorganic components and form 

an amorphous or crystalline coating.   

The reactions in the sol–gel process depend on the parameters such as: nature and concentration 

of alkoxides, amount of water added, type of the catalyst used, sequence of adding components, 

mixing schedule and temperature. 

2.7.2 Techniques for deposition of sol–gel coatings  

Dip Coating Technique is a process where the substrate, which needs to be coated, is immersed 

in a liquid and then withdrawn with a well-defined withdrawal speed. This process is performed 

under controlled temperature and atmospheric conditions (Figure 2-21). In this technique, two 

parameters control the thickness of the coating: the viscosity of the liquid and the angle between 

the substrate and liquid surface. This method is suitable for coating the curved surfaces like 

bulbs, eyeglass lenses and bottles. 
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Figure 2-21 Dip coating process. Reprinted from Attia et al. [95]. 

 

 

 

Spin Coating Technique: 

 Spin coating is an incredibly effective technique for producing high quality, uniform thin 

films. In this technique, the substrate spins around an axis, which should be perpendicular to 

the coating area (Figure 2-22). 

 

Figure 2-22 Spin coating process. Reprinted from Attia et al. [95]. 

This technique has four steps: deposition of the sol, spin up, spin off and gelation by solvent 

evaporation. In comparison with the dip-coating method, spin coating technique can produce 

homogeneous thin coatings, even for non-planar substrates. A model is presented for the 

description of thin films prepared from solution by spinning; using only the centrifugal force, 

linear shear forces, and uniform evaporation of the solvent [98]. 
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Flow Coating Process:  

In this method the coating liquid is poured over the substrate. The thickness of the coating 

depends on the angle of inclination of the substrate, the coating liquid viscosity and the solvent 

evaporation rate. In this technique usually after the coating, spinning the substrate helps to 

generate a more homogeneous coating, otherwise the thickness of the coating will increase 

from the top of the substrate to the bottom (Figure 2-23). 

 

 

Figure 2-23 Sol- Gel, flow coating technique. Reprinted from Attia et al. [95]. 

Capillary Coating Technique:  

In previous four methods there is some wastage of the coating liquid, e.g. in the spray coating, 

100% overspray is done [95], while in dip coating and flow coating only 10% to 20% of the 

coating liquid is used in the fabrication of the final coating. This waste can be overcome using 

the capillary technique, Figure 2-24. In this method, the substrate is held upside down by the 

help of a chuck and then a tubular dispersal unit is moved gently under the surface of the 

substrate and deposits the coating liquid on to the surface. A solution reservoir collects the 

excess of fluid and pumps it back into the system to ensure that the deposition of the solution 

is continuous during the process [95]. 
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Figure 2-24 Sol–gel capillary coating technique. Reprinted from Attia et al. [95]. 

 

2.7.3 Sol–gel applications 

Sol–gel coatings are considered as potential candidates to substitute environmentally 

unfriendly chromate surface treatments for metallic substrates. These coatings are used for 

different purposes as explained below. 

Wear resistant coating: This technique is used to manufacture erosion, corrosion and abrasion 

resistant coatings to protect substrates such as wind turbine blades, aeronautic structures, 

submarine body, low-carbon structures and mild steel industrial components [52, 53, 94].  

Hydrophobic coating: Coatings with water repellent properties are being increasingly used to 

serve as protective coatings on windows, car windshields, solar panels, building exteriors, wind 

turbine blades and other large outdoor surfaces. Sol–gel technology is the preferred route to 

produce such coatings; for instance Dou et al. [99] developed a single-layer hydrophobic 

antireflective SiO2 coating prepared by sol–gel method with 300nm thickness, 97% 

transmittance and large static water contact angle of 130.6°  to improve the optical performance 

of the optical system efficiency by restrain the absorption of the moisture in the air.  

Anti-fog coating: The sol–gel process are also used to produce hydrophilic coatings on glass 

materials by dispersing the water across the surface and preventing aggregated water molecules 

to be seen as a droplet and produce fog. There are variety of applications for these glasses e.g. 

optical lenses, eyeglasses, bathroom mirrors, covers for headlights and vehicle windows. 
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Self-cleaning coating: This coating has many applications in different industries like textiles, 

paints, window glasses and cements. This coating saves the costs of cleaning and also increases 

the duration of woven products. The self-cleaning coating can be hydrophobic or hydrophilic.  

Antimicrobial coating: This coating is important to reduce the presence of bacteria on different 

surfaces that people touch in their daily life, For example, using silver-titanium dioxide nano-

coating in subway train interiors reduces the presence of bacteria by up to 60% [100].  

Anti-stain coating: This coating has wide applications in different industries such as textile, 

construction, automotive and electronic because of stain-resistant and hydrophobic 

characteristics. Anti-stain coatings are hydrophobic coating and they are able to decrease the 

attachment of the foreign particles to the surface. In this area using organic- inorganic hybrid 

systems are attractive because they can improve the quality of the coating. For example 

polyimide/silica hybrid anti- stain coating which synthesized by sol–gel method has 

characteristics such as hydrophobic, hydrophilicity and optical transparency [100]. 

Self-healing coating: One of the most important problems with the polymer composites in 

structural applications is the formation of micro cracks. From engineering point of view, the 

ability to repair micro cracks can increase the lifetime, safety and durability of a structure. Self-

healing materials are able to repair and recover structural ability after damage. Self-healing can 

be done in a form of capsule or vascular which are different in term of the damage volume that 

can be healed, repeatability of the healing process and the recovery rate for each approach 

[100].  

2.8 Sol–gel with additive carbon nanotubes and graphene nanoparticles  

In sol–gel coatings, the hardness and mechanical resistance can be increased by adding 

nanoparticle reinforcement to the coating [53]. Many researchers have developed different 

methods of dissolving the additive nanoparticles in an appropriate solvent and then made 

hybrid materials, which take advantage of the exceptional material properties of the 

nanoparticles. As a result, they improved the mechanical, thermal and electrical properties of 

the coating. 

In this section, the review is focused on previous works on using carbon nanoparticles (CNPs), 

specifically carbon nanotubes (CNTs) and graphene for improving the erosion resistance of 

coatings. 

In the last two decades, many researchers have investigated nanomaterials, with diameters less 

than 100 nm, as additives in the manufacturing of coatings [21]. There is a variety of nano- 
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materials interesting properties. Among them, one of the most promising is carbon 

nanoparticles (CNPs) [101], with their attractive properties, such as nanoscale diameter, high 

aspect ratio, low-weight, high electrical conductivity, and extraordinary mechanical, optical, 

and thermal properties. Carbon nanotubes (CNTs) and graphene have attracted much attention 

in the last decade. Many investigations have shown that a small amount of these nanomaterials 

resulted in a dramatic improvement in the electro-mechanical properties of their composite 

materials. However, due to their agglomeration or tangled coils as a result of strong van der 

Waals interactions, functionalisation of carbon nanoparticles is essential in achieving proper 

dispersion in polymer matrices and obtaining outstanding electro-mechanical properties. 

Figure 2-25 displays the number of published research papers recorded on Scopus containing 

the word carbon nanotubes, CNT and graphene from 2010 to 2017. It is clear that in recent 

years, more attention is devoted to graphene and the ratio of Graphene/CNT published works 

in 2017 is 2.27 while the number of CNT published work is stabilized around 5300 articles. 

 

Figure 2-25 Number of publications with titles including “carbon nanotubes” and “graphene”. 

2.8.1 Carbon nanotubes (CNTs) 

CNTs are allotrope of carbon and have a long one-dimensional cylindrical tube shape of carbon 

atoms [102]. Carbon nanotubes are classified as single-walled (SWCNTs) originally reported 

in 1993 [103], and multi-walled (MWCNTs) first discovered in 1991 both by Iijima [104]. 

SWCNTs are created by rolling a single layer of graphite into a seamless cylinder. SWCNTs 

have two separate regions, side-wall of the tube and its end cap. The transmission electron 

microscope (TEM) images of a SWCNT and a MWCNT are shown in Figure 2-26 [105]. 
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Figure 2-26 Schematic structure of (a) SWCNT and (b) MWCNT. The TEM images of a (c) SWCNT and (d) 

MWCNT. Reprinted from Eatemadi et al. [105] with the permission of Springer Publishing. TEM: transmission 

electron microscopy; SWCNT: single-walled carbon nanotube; MWCNT: multi-walled carbon nanotube. 

In the SWCNT structure, covalent bonds are acting like a beam element between the carbon 

atoms, resisting stretching, bending and torsion [106]. The morphology of SWCNT is classified 

according to the way that the single layer of graphite sheet (hexagonal structures) is wrapped 

into a cylindrical tube and capped with half shape of fullerene structure [107]. The orientation 

and magnitude of chiral vector 𝐶 = 𝑛𝑎1 +𝑚𝑎2 in graphene sheet defines the morphology of 

carbon nanotubes where (n, m) are integers and for (n, 0) makes zig-zag, for (n, n) makes 

armchair and for (n, m) makes chiral [108]. The diameter of a carbon nano tube can be 

calculated from below equation: 

𝑑 =
𝑎

𝜋
√𝑚2 +𝑚𝑛 + 𝑛2 = 0.783√𝑚2 +𝑚𝑛 + 𝑛2                (2.12)  

where 𝑎 = 1.42√3 Å  corresponds to the lattice constant in the graphite sheet (the C-C sp2 bond 

length is 1.42 Å). 𝑚 and 𝑛 are a pair of indices that describe the chiral vector. 

On the other hand, MWCNTs consist of multiple layers of graphene that form concentric tubes. 

Depending on the number of layers, the inner diameter varies from 0.4 nm up to a few 

nanometres and the outer diameter varies from 2 nm up to 30nm. Also the distance between 
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the graphene layers is approximately 0.34 nm to 0.39 nm [105]. MWCNTs can be found in two 

structural models; Russian doll model which is when a carbon nanotube contains another 

nanotube inside it with a smaller diameter than the outer one and Parchment model is the one 

when a single graphene sheet is wrapped around itself manifold like a rolled up scroll of paper 

[105].   

CNTs have high tensile strength and are as strong as a carbon-carbon bond. In Table 2-1 the 

material properties of SWCNTs and MWCNTs are compared with graphene and stainless steel 

[109]. 

CNTs are used in many different areas including the fabrication of flat panel displays, gas 

storage devices, toxic gas sensors, lithium batteries, advanced polymer matrices, lightweight 

composites, conducting paints and electronic nanodevices, etc. 

Table 2-1 Comparison of CNTs and graphene material properties with stainless steel. 

Material property SWCNT MWCNT Graphene Stainless Steel 

Young’s modulus (TPa) 1-5 0.2-0.9 125 0.186-0.264 

Tensile strength (GPa) 13-53 63-150 150 0.38-1.55 

Thermal conductivity  

(W/m K @RT) 
3500 3180 5000 16-24 

Electrical conductivity 

(S/m @RT) 
107 108 1.45×106 

Thermal stability 
up to 2800 C in 

vacuum 
500 C  

 

2.8.2 Graphene 

Graphene is a two-dimensional allotrope of carbon which is only one carbon atom thick and 

arranged in a hexagonal lattice [102], first discovered in 2004 [110]. Graphene is super strong, 

about 200 times stronger than steel, and has a very high stiffness. It is believed that graphene 

and CNTs are two of the toughest materials ever tested to date [111]. Graphene is highly 

transparent, extremely light and an excellent conductor of heat and electricity. Graphene has 

the highest thermal conductivity of all carbon allotropes and it can carry heat better than any 

other material [110]. It is possible to stretch the graphene by 25% of its original length without 

any breakage happening in its structure. Because of the superior mechanical properties of the 

graphene, it is used to produce hybrid composites which are stronger, tougher, thinner and also 

lighter than the existing composites. Graphene is also used to increase the electrical 

conductivity of the composites as well [111]. 
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2.8.3 Functionalization of CNPs 

When introducing the individual CNPs into a polymer matrix, it is important to achieve 

thorough dispersion of the CNPs and strong interfacial interactions between the CNPs and the 

host polymer matrices. However, due to strong van der Waals forces, it is difficult to disperse 

CNTs and graphene into the matrix. Therefore, surface functionalisation (chemically adding 

functional group to the surface of the carbon nano particles) of CNPs is required in the 

fabrication of nanocomposite coatings.  

Usually after purification of CNTs, to increase the solubility of the CNTs further chemical 

treatments are needed. These chemical treatments are called surface modification of CNTs 

which increases the solubility of the CNTs in most organic and aqueous solvent [112]. Different 

methods for functionalising CNPs have been developed Figure 2-27. These methods include 

chemical, mechanical, electrochemical, and irritation reactions. Using these methods, the 

carbon surface can be activated for subsequent interaction with the host matrix through 

covalent bonding or non-covalent interactions [113]. Covalent functionalisation is done by 

directly binding heteroatoms or functional moieties to the carbon lattices by chemical 

modification. Amino-functionalisation of CNTs enhances the activity of the CNT as both 

modifier and cross linker to form covalent bonding with host polymer matrix. 

 

Figure 2-27 Different surface functionalisation methods for CNPs. Reprinted from Alam et al. [113] with the 

permission of Elsevier Publishing. CNT: carbon nanotube. 

The functionalisation efficiency can be characterised and quantified using a range of analytical 

techniques, including: X–ray photoelectron spectroscopy (XPS), thermo-gravimetric analysis 
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(TGA), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), transmission 

electron microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy 

(AFM), X–ray diffraction (XRD), contact angle measurement and Brunauer- Emmett-Teller 

(BET) surface area measurements. TGA is commonly used for quantitative determination of 

grafting molecules bound to the surface of nanomaterials [114]. High residual char content is 

representative of a high amount of carbon skeleton while the mass losses can be related to the 

mass of grafted molecules. The extent of functionalisation can be determined using the 

following equation [115]:  

𝑅 =
𝑥/𝑀𝑎

1−𝑥/𝑀𝐶
× 100% (2.13) 

where R is the graft ratio, 𝑥 is the weight loss of the CNP, 𝑀𝑎 and 𝑀𝐶 are the atomic weight of 

carbon and molecular weight of the grafting molecule, respectively. 

In chemical oxidation functionalization, the distribution and the nature of the functional groups 

on the surface of CNTs are highly dependent on the type of oxidant used. As can be seen in the 

Figure 2-28, different oxidants affect the distribution of functional groups on the surface of 

MWCNTs [116]. MWCNTs oxidised with (NH4)2S2O8, H2O2 and O3 yielded higher 

concentrations of carbonyl and hydroxyl functional groups while HNO3, H2SO4/HNO3 and 

KMnO4 formed higher fractional concentration of carboxyl groups [116]. However, such 

modification is detrimental to the intrinsic optical, electrical and thermal conductivity 

properties of CNTs.  
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Figure 2-28 Influence of the oxidant on the distribution of oxygen-containing functional groups on the surface 

of MWCNTs. Reprinted from Wepasnick et al. [116] with the permission of Elsevier Publishing. MWCNT: 

multi-walled carbon nanotube. 

In the Table 2-2 some of these chemical oxidation techniques and their procedure are 

summarised. 

Table 2-2 Summary of different oxidation procedures to functionalize MWCNTs. 

Source Oxidant Procedure 

Rosca et al. [112] HNO3 0.2g MWCNTs were dispersed for 30min in 

100ml HNO3 and heated under reflux. Then the 

sample was filtered in a membrane filter and 

washed to neutral pH and dried at 120℃ for 12h.  

Smith et al. [117] HNO3 100mg of MWCNTs were sonicated in 200ml of 

70% HNO3 for 1h and then the mixture was 

heated under reflux for 1.5h at 140℃. 

Domun et al. 

[118] 

HNO3 0.1g of MWCNTs were dispersed in 100ml of 

HNO3 (70%) and heated under reflux at 135℃ for 

24h. Then the mixture was filtered and dried in 

vacuum at 40℃. 

Hiura et al. [119] KMnO4 100mg of MWCNTs were sonicated in 200ml of 

0.5M KMnO4 for 30min. The MWCNT/ KMnO4 

mixture was then heated under reflux for 5h at 

150℃. After cooling down the reaction to the 

room temperature, 10ml of concentrated HCl was 

added to dissolve the MnO2 by product. 

Blanchard et al. 

[120] 

H2SO4/HNO3 

(3:1) 

H2SO4 and HNO3 were combined in 3:1 ratio to 

create the solution with a final volume of 8ml. 

100mg MWCNTs were added to this solution and 

the mixture was heated to 70℃ for 8h without 

stirring. 

Arabi [121] H2SO4/HNO3 

(4:1) 

5g of MWCNT were dispersed in 400ml sulfuric 

acid and 100ml nitric acid in a glass vial and 

placed in an ultrasonic bath for 3h. Ice was then 

added to the mixture stored for 24h at ambient 
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temperature. Afterward the mixture was 

neutralised and dried at 60℃. 

Kathi et al. [72] H2SO4/HNO3 

(3:2) 

3g of MWCNTs were dispersed in 300mL of 

concentrated H2SO4/HNO3 solution at 50 °C and 

stirred for 20h. The solution was filtered and 

remaining solid particles washed with water and 

acetone. Then f-MWCNTs were dried under 

vacuum at 100 °C for 24h. After that about 0.050 

g of f-MWCNTs was dispersed in 50mL of 

ethanol via ultrasonication for 30min.  

Peng et al. [122] H2O2 100mg MWCNTs were added to 15ml of 30% 

H2O2 and the mixture heated to 70℃ for 4 days 

with continuous stirring. Every 24h, 1-5 ml of 

30% H2O2 was added to the solution for the 

volume lost due to the evaporation. 

Kirk JZ et al. 

[123] 

(NH4)2S2O8 50mg MWCNTs were added to 50ml of piranha 

solution (4:1 96% H2SO4: 30% H2O2) and stirred 

for 4h at 80℃.  

 

Amine-functionalised CNTs may be covalently bonded to polymer matrices, such as 

polyepoxides, polyimides, and polyamide [124]. Amine-functionalised graphene CNTs have 

been used as reinforcing agents, cross linkers and in catalysis, and play multiple functions in 

epoxy composites [125]. 

Functional groups can be created on the carbon surface as a consequence of mechanical 

grinding and shearing. Ball-milling exfoliates graphite into multi-layer carbon nanoplatelets 

[126] and breaks MWCNT agglomerates under certain treatment conditions (e.g. duration, 

temperature, and organic modifiers), generating functional groups on the carbon surface. 

Similar levels of dispersion of MWCNTs were found for those treated by ball-milling for 20 

min with those treated with concentrated acids for 120min, but the MWCNTs were highly 

shortened after ball-milling [127]. 

The edges of graphene nanoplatelets (GNPs) can be functionalised by ball-milling of graphite 

in the presence of hydrogen, carbon dioxide, sulfur trioxide and/or carbon dioxide/sulfur 
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trioxide. The amount of functional groups formed was around 65–87 wt%, determined from 

TGA at 800C in nitrogen. From Raman spectroscopy, the intensity ratios ID/IG of the D–band 

(1350 cm-1) to G–band (1584 cm-1) were in the range 0.79–1.50 [128], indicating a significant 

size reduction in platelet size due to mechanochemical cracking and edge distortion. 

In addition to the wet-chemistry and mechanochemistry methods, cold plasma, especially low-

pressure plasma treatments have become one of the key technologies for surface modification 

of materials. The highly energised gas species of the plasma can penetrate and break covalent 

bonds to a depth of several nanometres. The activated surface can then readily react with the 

excited gas species to form functional groups. The level of surface functionalisation is 

determined by the gas type and treatment parameters such as pressure, power input, flow rate 

and time [129].  

Different plasmas can introduce different functional groups onto the surface, as shown in 

Figure 2-29 [113]. For surface modification, a variety of inert gases such as oxygen-containing 

gases including O2, CO2 and H2O; nitrogen-containing gases including NH3 and N2, as well as 

other gases such as H2, Ar, P and He have been investigated. Fluoro– or hydrocarbon containing 

gases such as BF3, CF4, styrene, allylamine, acrylic acid or maleic anhydride can induce plasma 

polymerisation reactions to form pinhole free polymer nanocoatings on the surface. Ammonia, 

sometimes in a mixture with other gases (N2, Ar, O2, CF4), is often used as precursor to 

introduce amine functionality to CNPs to enhance hydrophilicity and biocompatibility [129]. 

Oxygen plasma treatment can generate oxygen-containing functional groups such as –COOH, 

C=O, -OH, C–O–C, and –CO3 on the surface of carbon, providing a reaction platform for 

further interaction with polymers. Ammonia, N2, and N2/H2 plasmas introduce primary, 

secondary and tertiary amines, as well as amides [130]. 
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Figure 2-29 Possible functional groups formed via plasma modification of CNPs. Reprinted from Alam et al. 

[113] with the permission of Elsevier Publishing. CNP: carbon nanoparticle. 

Several chemical procedures have been developed to obtain dispersible functionalised 

graphene. One of the most effective is the covalent attachment of functionalities to pristine 

graphene) [22]. The main advantage of this method is increasing the dispersibility of graphene 

sheet in organic solvents which is an important move toward formation of nanocomposite 

materials with graphene. For instance by functionalization, allows the addition of 

chromophores, which can help improve conductivity [131]. Covalent bonds can be formed by 

reaction between free radicals or dienophiles and C=C bond of pristine graphene or between 

organic functional groups and the oxygen groups of graphene. Figure 2-30 shows different 

graphene covalent functionalisation methods.  

 

 

Figure 2-30 Graphene covalent functionalisation methods. Reprinted from Park et al. [132] with the permission 

of ACS Publishing. ACS: American Chemical Society. 

For example, nitro-phenyls functionalisation of the graphene sheet has been achieved via 

radical chemistry, Figure 2-31. 
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Figure 2-31 Chemical doping of graphene with 4-nitrophenyl groups: (a) schematic representation; (b) SEM 

image of a graphene nanoplatelet between Pt electrodes; (c) AFM image of a fragment of a monolayer graphene. 

Reprinted from Sinitskii et al. [133] with the permission of ACS Publishing. SEM: scanning electron 

microscopy; ACS: American Chemical Society; AFM: atomic force microscopy. 

Another alternative is using carbene precursors to functionalize the graphene sheet [134], 

Chloroform and diazirine as carbine precursors have been used to functionalise graphene oxide.  

Nitrenes have also been used in the functionalization of graphene sheet. Graphene sheets were 

reacted with Boc-protected azidophenylalanine in ODCB. The product was determined to have 

1 phenylalanine substituent per 13 carbons (Figure 2-32). 

 

Figure 2-32 Nitrene addition to graphene sheets using Boc-protected azidophenylalanine. Reprinted from Strom 

et al. [135] with the permission of RSC Publishing. RSC: Royal Society of chemistry. 

In this method, the degree of functionalization is dependent on the amount of nitrene added to 

the reaction mixture (Figure 2-33). 
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Figure 2-33 The reaction of alkyl nitrenes with graphene sheets. Reprinted from Vadukumpully et al. [136] with 

the permission of RSC Publishing. RSC: Royal Society of chemistry. 

In general, covalent modification breaks the extended conjugation of 𝜋-electrons in graphene, 

resulting in band gap opening and change in conductivity, Also added functional groups to the 

surface of the graphene sheet will control the chemical properties of the graphene and allows 

further conjugation of additional molecules and materials to the graphene; beside that covalent 

modification can improve their solubility and ability to be processed [132]. 
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Chapter 3 Materials and Methods  

3.1 Introduction 

In this chapter in the first part material preparation method is explained. After that material 

characterization using FTIR, TGA, DMA, water contact angle and scanning electron 

microscopy was performed, and the results of pure polyurethane were compared with those of 

developed coating materials (PU+GNP) and (PU+GNP+SG). 

 In second part mechanical tests tensile, compression and tearing tests were performed to 

measure the mechanical properties of the pure and developed coating materials. In this part 

initially tensile test was done on pure PU at different temperature and strain rate. After that 

optimum mixing parameters of carbon nano particles in PU was established. This has been 

done by adding different carbon nanoparticles loading to PU and performing tensile tests to 

find the type and amount of the CNP which gave the best mechanical properties for developed 

coating materials. Afterward, compression and tearing tests were done on pure PU and 

developed coating materials and the results are compared. 

In the last part of this chapter water absorption studies was done on pure PU and developed PU 

nanocomposites by submerging the specimens in water over six months period. Tensile tests 

were performed on dogbone specimens at various time intervals to find the effect of water 

absorption on mechanical properties and the amount of water absorption was measured on 

cubic specimens submerged in water together with dogbone specimens in water tank.  

3.2 Materials 

Polyurethane with its nanomodified nanocomposites are used in this work to make the leading 

edge (LE) protection coating. The best carbon nanoparticle for this study is selected based on 

the tensile properties of the PU modified with, GNP-COOH, GNP-NH3, MWCNTs, hybrid of 

GNP-COOH+MWCNTs and hybrid of GNP-NH3+MWCNTs was investigated and based on 

the results GNP-COOH was selected for further work.  

The three coating materials are pure polyurethane (PU), graphene modified polyurethane 

(PU+GNP) and Graphene + Sol gel modified polyurethane (PU+GNP+SG).  

The two component polyurethanes system BAYTEC® 9005 60A MF Polyol with viscosity of 

800-1600 mPa.s and specific gravity of 1.01-1.04 and the DESMODUR® B9 M10 

polyisocyanates crosslinkers with viscosity of 120-200 mPa.s and specific gravity of 1.21-1.23 
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were supplied by Covestro. The mixing ratio by weight of polyol to hardener is 100:37 and it 

cures at room temperature. 

The as received functional graphene nanoplatelets material HDPlas™ GNP–COOH having 

carboxyl groups at their surfaces by a “split plasma” treatment in oxygen by the manufacturer. 

The plasma functionalisation is a low temperature, low energy, dry process, with no effluent 

disposal, and is benign to the structure of the raw material. The functional groups were only 

attached to the edges, dislocation sites and defects. The average lateral dimensions is between 

0.3-5 μm and typical f-GNP thickness of <0.5 nm, bulk density of 215 kg/m3 and specific 

surface area of ~25 m2/g. The individual graphene sheets are approximately 0.335 nm thick 

with an aspect ratio of ~85 [137]. 

Hydrophobic silica-based sol-gel P029 was supplied by Sol-Gel Materials & Applications 

(SGAM), Gillingham, UK and contains 15% Si.  

3.3 Material preparation 

3.3.1 Preparation of PU material 

BAYTEC® 9005 60A MF polyol (100 g) was mixed with DESMODUR® B9 M10 

polyisocyanates (37 g) at room temperature (25C) for 3 minutes using a homogeniser at 8000 

rpm.  The mixture was then placed into a degassing chamber for 4 minutes, poured into a 

designed mould for specific test and left for 1 hours to be cured at room temperature. 

3.3.2 Preparation of PU + GNP material 

Polyurethane/graphene composites can be prepared by blending or in-situ polymerisation 

approaches. In this work the in-situ polymerization of PU/f-GNPs was carried out by directly 

mixing GNP–COOH (wt%) with polyol (100 g) at room temperature (25C) and mixed using 

a homogeniser at 8000 rpm for 18 minutes, subsequently DESMODUR® B9 M10 

polyisocyanates (37 g) was added to the mixture and stirred for 1 minute and poured into the 

mould. The functionalised graphenes act as chemical crosslinkers in PUs. The mixture was 

ready for moulding various test coupons. 

3.3.3 Preparation of PU + GNP + SG material  

The in-situ polymerization of PU/f-GNPs was carried out by directly mixing hydrophobic 

silica-based solution (wt%) with the DESMODUR® B9 M10 polyisocyanates (44 g) and then 

the mixture was added to the mixture of PU + f-GNP (same preparation method as above), 
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stirred for 1 minute using a homogeniser at 8000 rpm before being ready for moulding various 

test coupons. 

3.4 Material characterization 

3.4.1 FTIR test 

Fourier transform infrared (FTIR) spectroscopy is a technique which is used to obtain infrared 

spectrum of absorption, emission and photoconductivity of solid, liquid and gas [138]. This 

test measures the energy required to initiate molecular vibration in a sample [139, 140]. As 

covalent bonds are not static, when they absorb energy, they start vibrating in either stretching 

the bond or bending the bond, which means any compound possessing covalent bonds will 

absorb certain frequencies of electromagnetic radiation from the infrared region of the 

electromagnetic spectrum. As different molecules absorb different sets of energies and have 

different IR spectra, then FTIR is an important tool for studying the composition of 

polyurethane in molecular bonds. This method has advantages as fast and easy analytical 

method to provide the results in seconds. To perform this test, small amount of material is 

required and generally simple or no sample preparation is required for this test. FTIR can be 

applied to different type of materials such as, liquid, semi liquid, solids, powder and gases [139, 

140]. In this part of study, FTIR was used to analyse the presence of key functional group of 

developed erosion resistant coatings. In the polyurethane N=H and the C=O are the significant 

bonds which represent the urethane and carbonyl linkage; amount of the free N=H will give us 

the amount of the cross-linking present and the C=O bond gives details about the portion of the 

C=O in the urethane linkage [139].  

Perkin Elmer Spectrum one – FTIR spectrometer with attenuated total reflectance (ATR) 

attachment using spectrum version 5.0.1 control and processing software was used to scan the 

samples in the range of 4000 – 500 cm-1 with a resolution of 4 cm-1. Using ATR gave the 

opportunity to use the samples for FTIR test without preparation. The samples were cut to the 

dimensions 1mm × 1mm × 1mm and they were put on the crystal. Then the arm was placed 

over the solid sample to compress it to the crystal and the test was started. The crystal was 

cleaned after each test to optimise the reflection of the light.  

3.4.2 TGA tests 

Thermogravimetric Analysis (TGA) is a test which can measure the amount of weight loss in 

sample as a function of temperature [141]. By performing this test, behaviour such as 

composition, decomposition reactions, decomposition temperatures, purity and absorbed 
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moisture content can be measured. This analysis can be done under a changing gas flow or a 

stable condition. Although TGA is a good technique to understand the temperature range of 

the material in which they are stable and the range in which decomposition occurs, but some 

parameters such as sample size, heat transfer rate can add some limitation to it. For instance, 

for large samples (>50 mg), heating rates within the sample are not rapid enough and poor heat 

transfer create radial gradient. In this test, linear heating rate was used to analyse the amount 

of the sample weight loss, and to have a better resolution of the transitions, it was decided to 

use the temperature rate of 10℃ per minute [142]. TGA tests were performed to analyse the 

effect of silica-based sol-gel on the weight loss behaviour of the PU up to 900℃  temperature 

range.  

For this experiment METTLER TOLEDO was used with up to 50 million resolution points 

continuously. This machine is able to determine the weight change of 0.1𝜇g to 5g samples. 

This machine is equipped with STARe which is one of the most complete and comprehensive 

thermal analysis software for TGA analysis. Temperature can be increased at heating rate of 

10 per min up to 900℃ and weight-loss versus temperature curves is obtained. For these 

experiment small pieces of each developed coating materials were cut and weighted and then 

they were placed in the sample pans of the equipment.   

 

 

3.4.3 DMA tests 

Dynamic Mechanical Analysis (DMA) was used to measure the mechanical properties of 

viscoelastic materials as a function of temperature or frequency when the materials are 

deformed under the action of a periodic force or displacement. This test can provide 

viscoelastic properties such as tan , storage modulus 𝐸′ and loss modulus 𝐸′′ It is known that 

density of cross link in polyurethane structure has significant effect on the damping properties 

of the material which can be investigate by measuring tan  value [143, 144]. tan  is a measure 

of how well a material dissipates energy and it is calculated using below equation: 

 𝑡𝑎𝑛  =
𝐸′′

𝐸′
                                                                                                             (3.1)     

DMA test was performed for PU, PU+GNP and PU+GNP+SG. Specimens were manufactured 

with the dimension of 30mm × 3mm × 3mm. Figure 3-1 shows the DMA 1 STAR System 

(Mettler Toledo). To analyse the behaviour of the damping factor against the temperature 
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change, the samples were cooled down below its glass transition temperature and after that the 

temperature ramping started. To reach to below the glass transition temperature of the PU 

(around -20℃), liquid nitrogen was used to cool down the samples up to -70℃ and then it was 

gradually increased to maximum temperature of 60℃.  

 

 

Figure 3-1 DMA 1 STAR System (Mettler Toledo) Equipment.  

 

3.4.4 Contact angle measurement 

Liquid repellency is a very important property of coatings; when a drop of water is placed on 

a material surface, it will spread on the surface, this phenomenon depends on the intermolecular 

interactions between the solid and the liquid. By measuring water contact angle, it is possible 

to have a correct understanding of the wettability of the material. Coating can be divided into 

two groups: a) hydrophobic which shows the water contact angles greater than 90° and b) 

hydrophilic which shows the water contact angles less than 90° (see Figure 3-2) [145]. 

Complete wetting of the material surface is achieved when the contact angle is zero. 

Superhydrophobic surfaces are highly hydrophobic, i.e., extremely difficult to wet and the 

contact angles of a water droplet on a superhydrophobic material exceed 150°. These surfaces 

have a low surface energy [146]. Materials with low surface energy such as polymers are harder 

to wet. 
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Figure 3-2 Water contact angle difference in hydrophobic and hydrophilic materials [145].  

Contact angles (CA) are commonly used to describe surface wettability [147]. There are two 

ways of measuring the contact angles: 

• Statically 

• Dynamically 

For measuring the water contact angle, water is dropped on the sample surface, then by using 

a camera, pictures of the droplet are obtained. The image provides the height (h) and width (d) 

of the water droplet on the surface and then contact angle  can be calculated (see Figure 3-3) 

[148].  

 

Figure 3-3 Water droplet dimensions for contact angle calculation [148]. 

Static contact angle: In this method the droplet is produced before the measurement and has 

a constant volume during the measurement. In this method the contact angle will not remain 

constant; interactions at the boundary surface can cause the contact angle to change 

considerably with time (Figure 3-4).  
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Figure 3-4 Variation of the contact angle with time. 

 

Interaction at the boundary surface can be: 

• Evaporation of the drop liquid. 

• Absorption of the water by the testing material 

• Migration of surfactants from the solid surface to the liquid surface. 

• Chemical reactions between the solid and liquid. 

• The solid being dissolved or swollen by the liquid. 

One of the advantages of this method is that the needle does not remain in the drop during the 

measurement, preventing the drop from being distorted. Certain materials which do not show 

a fully rigid surface such as rubber are better being tested with static measurements because of 

a frequently poor reproducibility of the dynamic contact angle.  

Dynamic contact angle: Dynamic contact angle is measured while the drop is being enlarged 

or reduced. In this method the boundary surface is being constantly newly formed during the 

measurement. There are two types of dynamic contact angle: (i) advancing angles (contact 

angles measured on increasing drops) and (ii) receding angles (contact angle measured on 

reducing drops). In this method a boundary is not formed instantaneously but requires some 

time before a dynamic equilibrium is established. Hence, the selected flow rate should not be 

too high, otherwise the contact angle will be measured at a boundary which has not been 

completely formed. Also flow rate should not be too slow as the time effects mentioned before 

will then play a role. 

For this experiment cubic specimen with the dimension of 40×40×15mm was used. Static water 

contact angle of the three coatings, i.e. PU, PU+GNP and PU+GNP+SG, are measured. Three 

specimens were made from each material and five repeat tests were conducted and then the 
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average water contact angle was calculated. The duration of CA measurement for each droplet 

was 6000 ms. 

Experimental set up 

DSA30 water contact angle measurement device was used to measure the contact angle. The 

principle of this device is in such a way that the droplet is placed on a sample located on a 

table, then the drop is illuminated from one side and a camera at the opposite side records an 

image of the drop (Figure 3-5). The static deionised (DI) water contact angles (CA) for PU, 

PU+GNP and PU+GNP+SG coatings were measured for 6000 ms after application of the water 

droplet (Sessile drop method) with a Krüss GmbH’ Drop Shape Analyzer (DSA) machine using 

5 μL DI water droplets ejected from a micro-syringe in order to study the changes in the surface 

water amphiphobicity. 

The surface free energy (-GSL) was calculated using the Young-Dupre equation [149]: 

 −∆𝐺𝑆𝐿 = (1 + cos 𝜃) ∙ 𝛾𝐿
𝑇                                                                   (3.2) 

where 𝛾𝐿
𝑇 is the water surface tension (72.8 mJ·m-2), and 𝜃 is the measured DI water contact 

angle.  

 

Figure 3-5 DSA30 contact angle measurement device. 
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3.4.5 Scanning electron microscopy (SEM) 

The PU and the modified PU nanocomposites surface morphology was examined using Field 

Emission Scanning Electron Microscopy (FESEM), with Quanta- FEG-250 model. All samples 

were cleaned with pressurised air followed by ethanol washing to remove any adsorbed 

particles. The samples were coated with 10-15 nm of platinum to inhibit charging and improve 

the secondary electron signal, allowing for better imaging of the samples. All FESEM samples 

were mounted on SEM stubs using carbon tape with adhesive sides and the images were taken 

at 75 to 5000 magnification at 5 kV. Energy-dispersive X-ray spectrometer (EDX) with 

acceleration voltage (10-15 kV) was used to study the elemental composition of neat PU and 

their nanocomposites. 

 

3.5 Mechanical testing 

In this section mechanical properties of the PU, PU+GNP and PU+GNP+SG was analysed by 

performing tensile test to calculate the Young’s modulus, elongation at break, ultimate tensile 

strength and modulus of toughness; also to investigate the compressive behaviour of each 

material a compression test was performed at different temperature and different strain rate and 

residual strain was calculated; beside that hardness tests was done to analyse the hardness 

properties of each material and at the end tearing test was done to calculate the tearing strength 

and tearing energy.  

3.5.1 Tensile tests  

In this part of the study first the tensile properties of the neat polyurethane 

(BAYTEC+DESMODUR) were investigated. The objectives of this part were to understand 

the behaviour of the neat PU at room and at elevated temperature. After that multi-walled 

carbon nanotubes (MWCNTs) were used to optimise the mixing procedure of carbon 

nanoparticle in the PU; for this reason 0.5wt% of MWCNTs was dispersed in PU at three 

different mixing speeds and for three different mixing durations. After establishing the 

optimum mixing procedure, different weigh percentage of MWCNTs were dispersed in the PU 

and the tensile test was performed to analyse the mechanical properties of each sample to 

realise the best amount of weight percentage that should be added to the PU to enhance the 

mechanical properties of the pure PU. In the next part two types of functionalised GNP were 

added to the PU to see the effect of adding graphene on the mechanical properties of the pure 

PU. In the following different weight percentage of the GNP-COOH were added to the PU and 

then the tensile tests were performed to compare the mechanical properties of samples with 
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each other. At the end, the hydrophobic silica base Sol-Gel was added to the pure PU and GNP 

modified PU and the results of the tensile test were analysed.  

Manufacturing of Tensile test specimens  

Neat PU specimens were manufactured according to the method mentioned in section 3.2.1 

(see Figure 3-6).  

 

Figure 3-6 a) Mixture of the PU and isocyanate after stirring, b) in the vacuum degassing chamber, c) after 

degassing process. 

A mould for casting uniaxial tensile tests coupon was manufactured from Aluminium. The 

dogbone specimen dimensions are according to BS EN ISO 527-2:2012 (Type 1BA geometry) 

(Figure 3-7). After degassing process, the mixture was gently poured into the mould and left 

for an hour to be cured at room temperature (Figure 3-8); Tests were carried out 24 hours after 

casting the specimens. 

 

Figure 3-7 Dimension of dogbone specimen based on BS EN ISO 527-2:2012 (Type 1BA geometry). 
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Figure 3-8 Casting of tensile test pure polyurethane specimens. 

 

Manufacturing carbon nanoparticles modified PU specimens 

For dispersing of carbon nanoparticles (CNPs) in the neat PU, specified CNPs loading (wt %) 

was mixed with PU using a high speed homogeniser as mentioned before (Figure 3-9). Speed 

of homogeniser and mixing duration are the parameters which were studied to optimise the 

mixing procedure of CNPs in the PU matrices.  

 

Figure 3-9 Mixing the as received MWCNTs with the neat PU using a homogeniser. 
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Samples of cured specimens in the mould are shown in Figure 3-10.  

 

Figure 3-10 Curing dogbone specimens of PU+0.5 wt% MWCNTs nanocomposite at room temperature  

 

Manufacturing silica-based sol-gel PU+GNP+SG specimens 

Procedure of manufacturing these specimens was explained in section 3.2.3.  

 

3.5.2 Compression tests 

The compression tests were carried out using Zwick/Roell universal testing machine fitted with 

a 25 kN load cell. An extensometer was used to record the compression of the specimens. The 

extensometer was connected to the machine with a specially designed fixture. In the 

compression tests, the crosshead speed was set at 2.1, 10.5 and 21 mm/min (equivalent to strain 

rate of 0.01, 0.05 and 0.1 s-1) and at each strain rate, the tests were performed at three different 

temperatures 25°C (RT), 50°C and 70°C using an in-situ heating chamber during compression. 

For each case three specimens were tested. 

Manufacturing of Compression test specimens 

For this test, cylindrical samples with the diameter of 12mm and thickness of 3mm were 

manufactured according to the work by Qi and Boyce [150]. To eliminate potential buckling, 

the sample height to diameter ratio was set to be less than 1. In addition, to reduce the 

contribution of friction due to the interaction with the 

compression platens, Teflon sheets were placed between the sample and the platens and the 

initial height/diameter ratio were set to be greater than 0.5. First a sheet of material of about 

3mm in thickness was manufactured by pouring the PU or modified PU into a machined 

aluminium mould; after curing and removing the PU sheet from the mould, a die cutter with 
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hydraulic press machine was used to cut the specimens with the required shape and dimensions, 

(Figure 3-11, Figure 3-12 and Figure 3-13).  

 

Figure 3-11 Manufacturing the Aluminium mould. 

 

Figure 3-12 Using die cutter to cut the PU sheet.  

 

Figure 3-13 Compression test samples. 

3.5.3 Hardness tests  

It is known that increase in hardness will results in better resistance to penetration and therefore 

increase the erosion resistance and reduce the erosion rate [151]. For that reason, it is important 

to analyse the hardness properties of the neat PU and modified PU. In this pat Hardness test 

were carried out using a Durometer 0-100 HD (Figure 3-14). Samples were manufactured in 

the dimension of 5×5×5mm. For each samples three different points were tested and then the 

average was presented as the hardness of the sample. Hardness is a dimensionless quantity can 
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be varied from 0 (soft) to (100) hard; if the indenter completely penetrates the samples a reading 

of 0 is obtained and if no penetration occurs, a reading of 100 results.  

 

Figure 3-14 Durometer 0-100 HD. 

3.5.4 Tearing tests 

Angle tear strength test specimens with a nick were made according to the ISO 34-1:2015 

tearing test standard [152]. The tests were performed at standard laboratory temperature (23℃ 

± 2℃) to measure the force required to propagate a pre-nick cracked specimen. Tearing tests 

were performed with a Zwick/Roell universal testing machine fitted with a 50kN load cell. The 

tests were operated without interruption at a constant rate of travel until the test piece breaks. 

The crosshead speed was kept at 500 mm/min ± 50 mm/min and the applied forces and 

crosshead movement were recorded during the test. For each type of material, three specimens 

were tested. 

The measured tear strength indicates the resistance to the propagation of a defect, such as a 

nick in the specimen. In the angle tear test, the force required to tear a specified test piece along 

the nick already made in the test piece is measured. For calculating the tearing strength (𝑇𝑠), 

the maximum force required to extend the nick cut during tearing is divided by the thickness 

of the specimen (𝑑). 

𝑇𝑠 =
𝐹𝑚𝑎𝑥

𝑑
  (kN/m)                                                                                                            (3.3) 
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Manufacturing of tearing test specimens 

The tearing test specimens were made by the moulding method. A suitable mould was made 

by the CNC machining of resin tooling boards (Figure 3-15). After removing the specimens 

from the mould, a sharp razor blade was used to cut a sharp nick at the point of stress 

concentration in the tear test specimens according to the ISO 34-1:2015 standard. The razor 

blade (cutting tool) was clamped in a plane perpendicular to the surface of the specimen and 

no lateral movement was permitted during introduction of the nick into the specimens [152]. 

The blade was wetted with soap solution prior to nicking. The depth of the nick was 1mm ± 

0.2mm at the apex of the internal angle of the test specimen. The tearing force and crosshead 

displacement were recorded during crack propagation. Three specimens were tested for each 

material. 

 

Figure 3-15 Process of mould manufacturing for preparation of tearing test specimens by CNC machining of 

resin tooling board. 

 

 

3.6 Environmental effect  

3.6.1 Water absorption tests 

The water absorption of the three coating materials (PU, PU+GNP and PU+GNP+SG) was 

experimentally studied and the effects of the water absorption on the tensile properties of the 

materials were investigated. It was desired to understand the extent of changes in mechanical 

properties of the PU and modified PU coatings by water absorption and how these changes 

affect the functionality of the coatings.  
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Manufacturing water absorption test specimens 

Two different sets of specimens were manufactured. The first set was round samples for 

measuring the amount of water absorption by each material over a 6 months period in 

immersion in water. The second set was dogbone specimens. These were also immersed in 

water and tensile tests were carried out on these specimens after certain period of water 

immersion and then tensile mechanical properties were obtained.  

Test specimens were manufactured according to the D570-98 standard in the form of a disk 

50.8mm in diameter and 3.2mm in thickness. First, a sheet of material was manufactured in 

the thickness of 3.2mm and then a die cutter was to cut the round disk specimens with the 

diameter of 50.8mm (Figure 3-16). The samples manufactured for each type of materials are 

shown in Figure 3-17. The specification and numbering code of the samples for water 

absorption tests are summarised in Table 3-1. 

 

Figure 3-16 Manufacturing specimens for the water absorption tests.  

 

 

Figure 3-17 Samples for water absorption experiment. 
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Table 3-1 Samples specification and numbering code for water absorption. 

Sample Specification Sample code 

Neat Polyurethane PU1wat 

Neat Polyurethane PU2wat 

Neat Polyurethane PU3wat 

PU+0.5 wt% GNP PU+GNP1wat 

PU+0.5 wt% GNP PU+GNP2wat 

PU+0.5 wt% GNP PU+GNP3wat 

PU+0.5 wt%GNP+1wt%SG PU+GNP+SG1wat 

PU+0.5 wt%GNP+1wt%SG PU+GNP+SG2wat 

PU+0.5 wt%GNP+1wt%SG PU+GNP+SG3wat 

The dogbone tensile test samples were manufactured by casting method. As can be seen in the 

Figure 3-18, the coating materials were poured into the mould and left at room temperature 

(25C) for 1 hour to cure. Coding of the samples can be seen in the Table 3-2. 

 

Figure 3-18 Manufacturing the tensile test samples.  

Table 3-2 Samples specification and numbering code for water absorption. 

Sample Specification  Sample Code  

Neat Polyurethane  PU1 wat-ten 

Neat Polyurethane  PU2 wat-ten 

PU+0.5 wt% GNP PU+GNP1wat-ten 

PU+0.5 wt% GNP PU+GNP2wat-ten 

PU+0.5 wt%GNP+1wt%SG PU+GNP+SG1wat-ten 

PU+0.5 wt%GNP+1wt%SG PU+GNP+SG2wat-ten 
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Experimental set up 

All samples were immersed completely in a water tank and kept in the similar environmental 

condition for six months (Figure 3-19). During this period according to the specific time frame, 

samples were taken out from the water tank for testing. Round samples weighted and returned 

back to the water tank immediately while dogbone specimens weighted and tensile test were 

carried out immediately to analyse the effects of water absorption on tensile properties of the 

coating material after specified exposure to water immersion. 

  

 

Figure 3-19  Immersing the samples completely into a water tank.  

The specimens were weighted after 24 hrs, 48 hrs, 1 week, 2 weeks, 1 month, 2 months, 3 

months and final measurement were taken after 6 months. Each time that the samples were 

taken out from the water tank, to make sure that the environmental condition is as stable as 

before, temperature and PH of the water and also humidity of the air were measured (Figure 

3-20).  

 

Figure 3-20 Measuring the environmental parameter that could affect the experiment.  

The tensile tests on water absorbed dogbone specimens were carried out using a Zwick/Roell 

universal testing machine fitted with a 50kN load cell. The crosshead speed was set at 
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120mm/min (equivalent to strain rate of 0.05 s-1) and then tensile tests were performed at room 

temperatures 25°C. For each sample, the Young’s modulus (E), UTS, elongation at break EL 

(%) and modulus of toughness (T) were evaluated.).  

. 

3.7 Results and Discussion  

In this section all the results related to material characterization analysis, mechanical tests and 

environmental effects analysis are discussed in detail.  

3.7.1 FTIR Results 

Results of FTIR analysis is an FTIR spectrum which shows the intensity and frequency of 

sample absorption in two -dimensional plot; X axis of the graph shows the wave length and Y 

axis shows the percentage of the light which is transmitted. Each functional group in a molecule 

has a characteristic IR band for absorption and the intensity of the absorption is related to the 

concentration of the component [153]. Figure 3-21 shows the FTIR spectra of PU, PU+GNP, 

and PU+GNP+SG.  All three FTIR spectra displayed characteristic peaks due to the key 

functional groups of polyurethane:  N-H stretch at 3250 cm-1, C-H stretches in 2950-2800 cm-

1 region and a carbonyl group stretch at 1700 cm-1. By comparing the FTIR results of the PU 

and GNP modified PU, it can be seen that both materials showed exactly the same behaviour 

as expected. The reason is that because pure PU has carbon in its structure and if the mixing 

procedure of GNP in PU was sufficient enough and GNP dispersed homogenously in PU and 

create hydrogen bonding with PU backbone chain successfully, then the trend of the FTIR 

should be as same as pure PU. By looking at the fingerprint region (1500-500 cm-1) the only 

significant difference observed between PU and the modified PU is an additional peak around 

800 cm-1 in the spectrum of PU+GNP+SG. This attributed to the symmetric stretching vibration 

of a Si-O-Si [154] and it can be explained due to the introducing silica-based sol-gel to the 

structure of modified PU. As a result of this experiment it can be seen that Pu and GNP 

modified PU has the same behaviour from wave absorption point of view and GNP/SG 

modified PU has an extra pick around 800 cm-1 which is related to the silica-based sol-gel. The 

general scheme for the preparation of PU nanocomposites and their interaction with the GNP 

is presented in Figure 3-22 Carboxyl functionalised GNP create hydrogen bonding with the 

PU backbone chain, and hence stronger interface of GNP and PU backbone chain, resulting in 

improvement in mechanical properties of PU. 
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Figure 3-21 FTIR spectra of PU, PU+GNP and PU+GNP+SG at wavenumber range of (a) 4000–500 cm−1 and 

(b) 1800–700 cm−1 [155]. 
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Figure 3-22 General Scheme for the preparation of PU and its GNP composites [155]. 

3.7.2 TGA tests results 

The thermal stability of pure PU, graphene modified PU and GNP/hydrophobic silica-based 

modified PU was investigated using TGA and the results are presented in Figure 3-23. Higher 

initial decomposition temperature (IDT) of PU+GNP samples shows the higher thermal 

stability of this material. Dense network between the GNP nanoparticles and PU hinders the 

out-diffusion of decomposed products and thereby increase its overall thermal stability. By 

looking at the results of the TGA, it can be seen that although there is 1wt% sol-gel in 

PU+GNP+SG samples, but the IDT of this material is approximately the same as the pure PU. 

This is because the GNP like PU is mainly made up of organic carbon material. As can be seen 

in Figure 3-23 , all samples show similar behaviour up to 280 C, after that there is a significant 

weight loss for all samples up to 500 C which can be explained by decomposition of the 

urethane bond in the PU structure and also weight loss of COOH group attached to the surface 

of the graphene [156]. Another point which should be considered is the difference in weight 

loss for PU+GNP+SG and the other two materials at the beginning of the test in the temperature 

range of 20 C to 280C. In this temperature range, PU+GNP+SG showed around 2% less 

weight loss in comparison to the other two materials. This is due to the hydrophobicity 

character of the PU+GNP+SG material which absorbs less moisture than the other two 
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materials. The negative weight loss for PU and PU+GNP+SG is due to the experimental error. 

First test was done for PU+GNP sample and the weight at the end of the test is zero which is 

correct. The TGA was run without placing any samples for few minutes to make sure that 

machine ready for the next test, however, it is apparent the duration was not enough in this 

case. The second and third tests were carried out after the first test and it is possible small 

amount of residuals remained in the TGA chamber. 

 

Figure 3-23  TGA curves of PU, PU/GNP and PU/GNP/SG samples. 

3.7.3 DMA tests results 

DMA test can be done in different modes: tension, torsion and bending. For polymer materials 

tension mode is the common method to analyse the viscoelastic properties. To perform the 

DMA test it is required first to do the amplitude sweep test to find the linear viscoelastic range 

(LEV). It is important to make sure that all tests were done in elastic region before destroying 

the structure of the samples. In this study ramping temperature DMA tests were performed in 

tension mode with cooling/heating rate of 3C min-1 to measure the variation of damping 

coefficient with temperature and identify the glass transition temperature. The tests were 

carried out with strain-controlled mode under vibration amplitude of 5𝜇𝑚 and frequency of 

10Hz. Figure 3-24 shows variation of the damping factor (tan ) versus temperature for PU, 

PU+GNP and PU+GNP+SG. For all samples at low temperature tan  is low as materials are 
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hard, and then by increasing the temperature it reached to the maximum value at the glass 

transition temperature which is around−20℃. After that by increasing the temperature, it starts 

decreasing. In addition, by looking at the shape of the peak for three materials in Figure 3-24, 

PU with lowest stiffness in comparison to the other two materials shows a broad peak and 

PU+GNP with the highest stiffness shows a sharp peak.  

DMA test shows that adding 0.5wt% graphene to the PU decreases the cell size and also 

increases the cross-link density which results in increasing the damping capacity at the glass 

transition range [157]. This topic will be analysed in more details in Chapter 4.  

 

Figure 3-24 Variation of the damping factor (tan ) versus temperature for a) PU, b) PU+GNP and c) 

PU+GNP+SG. 
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3.7.4 Water droplet contact angle and surface energy measurement results  

The variation of water contact angle (CA) with respect to time for PU and its nanocomposites 

are presented in Figure 3-25. The results show that the water CA of PU is from 56° to 57°. 

This indicates the slightly hydrophobic property of the neat PU. The low hydrophobicity of PU 

is due to the presence of a large number of surface polar urethane functional groups which can 

interact with polar water molecules. However, addition of f-GNP nanoparticles to the PU 

increased hydrophobicity (CA from 70° to 80°). The two-dimensional f-GNP nanoparticles 

possess a high surface area and are highly hydrophobic due to grapheme’s non-polar nature 

and only a small concentration of carboxylic groups at the edges. The small addition of 0.5 

wt% of f-GNP covers a large surface area within PU matrix and improves the overall 

hydrophobicity. By looking at the Figure 3-25 it can be seen that for the GNP-PU samples the 

water contact angle decreased for the first 1500 ms and then became constant, the reason can 

be explained due to the porosity of one of the samples which means that for that particular 

sample the GNP didn’t dispersed in PU completely homogeneous and left some porosity on 

the surface (take into account that the presented contact angle is the average contact angle of 

five samples). Further, the addition of hydrophobic silica along with f-GNP significantly 

contributes to the increase in the overall hydrophobicity of the coating. The CA of PU increased 

from 56° to around 110° with the addition of 0.5wt% f-GNP and 1wt% hydrophobic silica. The 

hydrophobic functionalized silica improves the compatibility as well dispersibility in the PU 

matrix. The silica nanoparticles are easily adsorbed on the graphene surface which further 

improves their dispersibility as observed in the elemental mapping shown in Figure 3-26. The 

addition of hydrophobic nanoparticles (0.5wt% GNP + 1wt% sol-gel) and their homogeneous 

dispersion enhance the hydrophobicity of the PU matrix. 
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Figure 3-25 The comparison of static DI water contact angle (CA) of the GFRP surfaces coated with PU, 

PU+GNP and PU+GNP+SG at different interval of time. 

 

Moreover, the surface free energy, which was determined from the initial static DI CA values, 

followed an opposite trend when compared to the static DI CA. The calculated surface free 

energy of pure PU was around 114.55 mJ·m-2, however, with the addition of the f-GNP into the 

PU the surface energy decreased to 73.36 mJ·m-2. Furthermore, the addition of hydrophobic 

silica significantly reduced the surface free energy to 50.06 mJ·m-2 in the PU+GNP+SG 

material. The decrease in surface free energy suggests the superior water repellency of the PU 

modified coatings which could improve the weather resistant property.  

3.7.5 SEM results 

FESEM images of the PU and its composites are presented in Figure 3-26 together with 

energy-dispersive X-ray spectroscopy (EDX) and elemental mapping of the samples. The SEM 

images of PU and PU+GNP clearly indicate that the incorporation of f-GNP into the PU 

polymer did not significantly alter the surface morphology and there were no appreciable 

evidences of graphene sheets appearing on the surface, suggesting the homogeneous dispersion 

of f-GNP in the PU matrix. This could be due to the strong interaction of f-GNP carboxylic 

groups with the urethane functional groups in PU via hydrogen bonding as shown in Figure 

3-22. The strong hydrogen bonding leads to the uniform dispersion of f-GNP and can avoid 

leaching of graphene sheets out of the PU matrix over time. Interestingly, PU+GNP+SG 
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displayed a smoother surface than PU and PU+GNP. This could be due to the in-situ 

polymerization technique adopted in the preparation of PU+GNP+SG. The silica particles are 

initially well dispersed in the polyisocynates and are then transferred to the f-GNP-polyol 

mixture to initiate the polymerization; thus, the polymerization initiates around the silica and 

f-GNP nanoparticles, which facilitates the strong interactions between the nanoparticles and 

polymer chains. This in turn prevents the aggregation of nanoparticles and helps the 

homogeneous dispersion of nanomaterials within the PU matrix. Moreover, research has shown 

that grafting hydrophobic moieties onto the silica surface can enhance the silica’s miscibility 

with polymer components due to its reduced hydrophilicity and enhanced interfacial interaction 

with the PU matrix [158, 159]. Furthermore, the presence of carboxylic groups on f-GNP can 

improve the dispersibility via hydrogen bonding. The uniform and continuous dispersion of 

silica nanoparticles in the PU matrix was further confirmed in the EDX and elemental mapping, 

as shown in Figure 3-26. 
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Figure 3-26 The FE-SEM of top surface of (a, d) PU, (b, e) PU+GNP and (c, f) PU+GNP+SG, at different 

magnification. Insight image on (a) to (c) shows the corresponding EDX mapping and the bottom columns 

correspond to the respective elemental mapping [155]. 

3.7.6 Tensile tests results 

Initially, the tensile properties of the neat polyurethane were investigated to understand the 

performance of the neat PU at room and at elevated temperature. The optimised mixing 

procedure of CNPs in the PU was established by dispersing MWCNTs in PU at three different 

mixing speeds and for three different mixing durations. It was found that mixing at 8000 rpm 

for 18 minutes using a homogenizer gave the most homogenous mixture with little damage to 
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the structure of carbon nanoparticles (CNPs).  After establishing the optimum mixing 

procedure, different loading of f-MWCNTs and f-GNP were dispersed in the PU and the tensile 

tests were carried out and the optimum MWCNTs and GNP loading for achieving the best 

mechanical properties of the nanocomposites was determined. Then the mixture of hybrid 

MWCNTs+ GNP was added to the PU to analyse the mechanical properties. Finally, 

hydrophobic silica-based sol-gel (SG) was added to the modified PU+GNP and the results of 

the tensile tests for this PU nanocomposite were obtained. 

3.7.6.1 Tensile properties of the neat PU 

The tensile tests were carried out using a Zwick/Roell universal testing machine fitted with a 

50kN load cell. The crosshead speed was set at 2.1, 10.5 and 21 mm/min (equivalent to strain 

rate of 0.01, 0.05 and 0.1 s-1) and at each strain rate, tensile tests were performed in-situ at three 

different temperatures 25 (RT), 50 and 70°C using heating chamber (Figure 3-27).  

The Young’s modulus (E), ultimate tensile strength (UTS), elongation at break EL (%) and 

toughness (T) were evaluated at each temperature and strain rate. For each case three specimens 

were tested for statistical evaluation. The specimen codes are presented in Table 3-3. 

The tests were carried out at three different temperatures and strain rates and the results are 

summarised in Table 3-4. 

 

 

 (a)                (b) 

Figure 3-27  (a) Universal tensile test (b) Heating chamber for in-situ tensile testing at high temperature. 
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Table 3-3 Tensile test conditions and specimens’ number. 

Temperature 
Strain rate 휀̇ 

(s-1) 
Specimen Code 

25°C 

0.01 PU-SR0.01-T25- 1 to 3 

0.05 PU-SR0.05-T25- 1 to 3 

0.1 PU-SR0.1-T25- 1 to 3 

50°C 

0.01 PU-SR0.01-T50- 1 to 3 

0.05 PU-SR0.05-T50- 1 to 3 

0.1 PU-SR0.1-T50- 1 to 3 

70°C 

0.01 PU-SR0.01-T70- 1 to 3 

0.05 PU-SR0.05-T70- 1 to 3 

0.1 PU-SR0.1-T70- 1 to 3 
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Table 3-4 Tensile properties of the neat BAYTEC+DESMODUR polyurethane at different temperature and 

strain rate. 

Temp. 
�̇�  

(s-1) 
Specimen Code. 

Young’s 

modulus (MPa) 
UTS (MPa) EL (%) T (kJ/m3) 

25°C 

0.01 

PU-SR0.01-T25-1 1.92 1.83 

±0.05 

18 17.4 

±0.3 

616 657 

±32 

8756 8832 

±425 PU-SR0.01-T25-2 1.82 16.8 676 8445 

PU-SR0.01-T25-3 1.76 17.4 680 9295 

0.05 

PU-SR0.05-T25-1 2.2 2.13 

±0.05 

22.5 21.56 

±0.45 

740 659 

±68 

11745 10301 

±1130 PU-SR0.05-T25-2 2.1 20.6 632 9675 

PU-SR0.05-T25-3 2.1 21.6 604 9485 

0.1 

PU-SR0.1-T25-1 2.4 2.07 

±0.3 

27.3 26.50 

±4.5 

728 769 

±51 

12929 13302 

±2235 PU-SR0.1-T25-2 1.8 21.6 752 11254 

PU-SR0.1-T25-3 2.0 30.6 829 15724 

50°C 

0.01 

PU-SR0.01-T50-1 1.7 1.60 

±0.1 

12.9 11.67 

±0.95 

384 387 

±4 

6945 6255 

±534 PU-SR0.01-T50-2 1.6 11.1 392 5943 

PU-SR0.01-T50-3 1.5 11 384 5877 

0.05 

PU-SR0.05-T50-1 1.8 1.80 

±0.1 

10 13.67 

±4.5 

332 422 

±84 

5898 6670 

±944 PU-SR0.05-T50-2 1.9 12 436 6326 

PU-SR0.05-T50-3 1.7 19 500 7786 

0.1 

PU-SR0.1-T50-1 2.0 2.00 

±0.1 

12 14.00 

±3 

420 472 

±56 

5591 6937 

±1603 PU-SR0.1-T50-2 2.1 12 464 6424 

PU-SR0.1-T50-3 1.9 18 532 8797 

70°C 

0.01 

PU-SR0.01-T70-1 1.6 1.27 

±0.25 

3.3 2.70 

±0.6 

168 161 

±26 

1405 1255 

±117 PU-SR0.01-T70-2 1.1 2.7 132 1171 

PU-SR0.01-T70-3 1.1 2.1 184 1189 

0.05 

PU-SR0.05-T70-1 1.6 1.73 

±0.1 

6 6.50 

±0.5 

300 301 

±2 

3043 3209 

±196 PU-SR0.05-T70-2 1.8 7 304 3434 

PU-SR0.05-T70-3 1.8 6.4 301 3152 

0.1 

PU-SR0.1-T70-1 2 1.90 

±0.1 

9 8.87 

±0.3 

328 324 

±4 

4675 4609 

±87 PU-SR0.1-T70-2 1.9 8.5 320 4502 

PU-SR0.1-T70-3 1.8 9.1 325 4650 

 

The true strain-stress results at different strain rate are shown in Figure 3-28 and at different 

temperature are shown in Figure 3-29. The corresponding engineering strain-stress can be seen 

in Appendix A.1 

.  
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Figure 3-28 True strain-stress for neat PU at strain rate of (a) 0.01 s-1, (b) 0.05 s-1 and (c) 0.1 s-1 and at RT, 50 

and 70°C. 

 

Figure 3-29 True strain-stress for neat PU at temperature of (a) 25 C, (b) 50 C and (c) 70 C. 
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Effect of temperature and strain rate on Young’s modulus of PU 

Variation of Young’s modulus versus strain rate at different temperatures is shown in Figure 

3-30. The results show that by increasing the strain rate from 0.01s-1 to 0.1s-1, the Young’s 

modulus has increased at all three different temperatures. At 25°C (RT), by increasing the strain 

rate from 0.01 s-1to 0.05 s-1, the initial Young’s modulus increased 14.7% but after that by 

increasing the strain rate to 0.1s-1, the Young’s modulus remains constant. However, the 

Young’s modulus at 50°C and 70°C has continuously increased by increasing the strain rate.  

 

Figure 3-30 Young’s modulus of the neat PU versus strain rate at three different temperatures. 

Effect of temperature and strain rate on elongation at break of PU 

The elongation at break for the neat PU at three different strain rates and temperature showed 

that by increasing the strain rate, the elongation at break has been increased at all three 

temperatures (Figure 3-31). However, at the same strain rate, increasing the temperature 

decreases elongation at break. As can be seen in the Figure 3-31, at the strain rate of 0.01s-1, 

by increasing the temperature from 25°C to 70°C, the elongation at break is decreased by 308% 

and at the strain rates of 0.05 and 0.1, EL is decreased by 118% and 147%, respectively.  
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Figure 3-31 Elongation at break of the neat PU versus strain rate at three different temperatures. 

 

Effect of temperature and strain rate on UTS of PU 

The UTS is expected to increase at higher strain. Effect of increasing the strain rate at different 

temperature on the UTS of the neat PU is shown in Figure 3-32 By increasing the strain rate 

from 0.05s-1 to 0.1s-1 at temperature of 25°C, the UTS is increased by 23%, but at the 

temperature of 50°C, the UTS increased only by 2% and at 70°C it is increased by 34% (Figure 

3-32).  
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Figure 3-32 Ultimate tensile strength of the neat PU versus strain rate at three different temperatures. 

Effect of temperature and strain rate on modulus of toughness of PU 

The modulus of toughness is calculated by measuring the area under the strain-stress curve. 

The effect of temperature and strain rate on the modulus of toughness of the neat PU is shown 

in Figure 3-33. Generally, the modulus of toughness has been increased by increasing the strain 

rate at all temperature and the highest increase occurred at room temperature. However, at the 

same strain rate, by increasing the temperature, the modulus of toughness decreases, as less 

energy is required to break the samples. At lower temperature and higher strain rate, more 

energy is required to break the samples therefore, maximum modulus of toughness achieved at 

room temperature and at strain rate of 0.1s-1 which is 13302kJ/m3 and the lowest value of 

1255kJ/m3 was seen at strain rate of 0.01s-1 at 70°C. 
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Figure 3-33 Modulus of toughness of the neat PU versus strain rate at three different temperatures. 

 

In summary, these results show that at higher strain rate the material becomes stiffer and at 

higher temperature at constant strain rate the material becomes softer. This trend is also staying 

the same for UTS and modulus of toughness. Therefore, in hot climate by losing the stiffness, 

the performance of the coating material most likely deteriorates. 

3.7.6.2 Optimising mixing procedure of CNPs and PU using MWCNTs 

After analysing the effect of temperature and strain rate on neat PU, 0.5wt% MWCNTs was 

added to PU at three different mixing speed and three different mixing duration to optimise the 

mixing parameters; then tensile test was performed at 25°C and the strain rate of 0.05s-1 to 

establish the effect of the mixing duration and speed on the mechanical properties of the 

nanocomposite. The results of tensile tests are summarised in Table 3-5.  
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Table 3-5 Tensile properties of the PU+0.5wt% MWCNTs nanocomposite at different mixing duration and 

speed. 

Mixing 

Speed 

(rpm) 

Mixing 

duratio

n (min) 

Specimen Code 

Young’s 

modulus 

(MPa) 

UTS (MPa) EL (%) T (kJ/m3) 

8000 

6 

0.5%CNT/PU-RPM8-D6-1 3.1 3.13 

±0.05 

18.44 23.38 

±4 

448 537 

±68 

9137 11404 

±1752 0.5%CNT/PU-RPM8-D6-2 3.2 26.6 584 12435 

0.5%CNT/PU-RPM8-D6-3 3.1 25.1 580 12640 

12 

0.5%CNT/PU-RPM8-D12-1 3.2 3.03 

±0.2 

23.1 23.33 

±0.8 

558 555 

±44 

11673 11709 

±757 0.5%CNT/PU-RPM8-D12-2 3.1 24.2 598 12485 

0.5%CNT/PU-RPM8-D12-3 2.8 22.7 510 10971 

18 

0.5%CNT/PU-RPM8-D18-1 2.9 2.97 

±0.1 

23.6 25.83 

±4 

600 646 

±68 

12032 13397 

±1978 0.5%CNT/PU-RPM8-D18-2 3.1 23.1 604 12173 

0.5%CNT/PU-RPM8-D18-3 2.9 30.8 736 15987 

12000 

6 

0.5%CNT/PU-RPM12-D6-1 3.4 3.40 

±0 

 

21.5 21.60 

±0.1 

468 421 

±36 

10777 10534 

±204 0.5%CNT/PU-RPM12-D6-2 3.4 21.7 399 10456 

0.5%CNT/PU-RPM12-D6-3 3.4 21.6 396 10370 

12 

0.5%CNT/PU-RPM12-D12-1 3.4 2.93 

±0.7 

23.9 22.47 

±3 

528 524 

±21 

11945 11606 

±1565 0.5%CNT/PU-RPM12-D12-2 3.4 25 544 13002 

0.5%CNT/PU-RPM12-D12-3 2.0 18.5 502 9873 

18 

0.5%CNT/PU-RPM12-D18-1 2.3 2.40 

±0.1 

24.3 23.60 

±0.65 

648 650 

±4 

12483 12506 

±38 0.5%CNT/PU-RPM12-D18-2 2.4 23 656 12555 

0.5%CNT/PU-RPM12-D18-3 2.5 23.5 648 12480 

15000 

6 

0.5%CNT/PU-RPM15-D6-1 4.1 3.80 

±0.3 

23.5 21.40 

±4.8 

460 436 

±88 

12135 10607 

±2399 0.5%CNT/PU-RPM15-D6-2 3.6 25.2 512 12243 

0.5%CNT/PU-RPM15-D6-3 3.7 15.5 336 7445 

12 

0.5%CNT/PU-RPM15-D12-1 2.3 2.43 

±0.2 

17.3 21.17 

±5.7 

484 529 

±48 

9079 10994 

±2668 0.5%CNT/PU-RPM15-D12-2 2.6 28.7 580 14415 

0.5%CNT/PU-RPM15-D12-3 2.4 17.5 524 9488 

18 

0.5%CNT/PU-RPM15-D18-1 2.2 2.26 

±0.1 

20.8 20.60 

±1.1 

602 628 

±44 

11602 12362 

±2259 0.5%CNT/PU-RPM15-D18-2 2.4 21.6 685 15000 

0.5%CNT/PU-RPM15-D18-3 2.2 19.4 598 10483 

 

Tensile test results of true strain-stress for PU+ 0.5wt% MWCNT nanocomposite at various 

mixing speed are shown in Figure 3-34 and at various mixing duration are shown in Figure 

3-35. 

The corresponding results of engineering strain-stress can be seen in Figure A.3 and A.4 in 

Appendix A.2. 
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Figure 3-34 True strain-stress for PU+ 0.5 wt% MWCNTs at different speed. 

 

Figure 3-35 True strain-stress for PU+ 0.5wt% MWCNTs at different mixing time. 
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Young’s modulus, elongation at break, UTS and modulus of toughness of various specimens 

are extracted from Figure 3-34 and Figure 3-35. 

 

Effect of speed and mixing duration on Young’s modulus of PU + MWCNTs 

Figure 3-36 shows variation of Young’s modulus versus mixing duration of MWCNT/PU 

nanocomposite at 3 different mixing speeds. It can be seen that by increasing the speed of 

mixing, the Young’s modulus is decreasing as the duration of mixing increases from 6 min to 

18 min. By increasing the mixing duration from 6min to 18min, the Young’s modulus is 

dropped by 3% at the speed of 8000 rpm, 41% at the speed of 12000rpm and 65% at the speed 

of 15000rpm. 

 

Figure 3-36 Young’s modulus of the PU+0.5wt% MWCNTs versus time at different mixing speed at strain rate 

of 0.05 s-1. 
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Effect of speed and mixing duration on elongation at break of PU + MWCNTs 

Figure 3-37 shows the effect of the speed and duration of mixing on the elongation at break of 

MWCNT/PU nanocomposite. The results show that by increasing the mixing speed the 

elongation at break decreases, but at any mixing speed increasing the duration of mixing 

increases the elongation at break (Figure 3-37).  

 

Figure 3-37 Elongation at break of the PU+0.5wt% MWCNTs nanocomposite versus time at different mixing 

speed at strain rate of 0.05 s-1. 

Effect of speed and mixing duration on UTS of PU + MWCNTs 

Figure 3-38 shows the effect of the speed and duration of mixing on ultimate tensile strength 

of MWCNT/PU nanocomposite. The UTS is decreased by increasing the mixing speed at any 

specific duration. However, at the speed of 8000rpm and 12000rpm, the UTS is increased by 

increasing mixing duration; but at 15000rpm the UTS slightly decreased as the mixing duration 

is increased. The highest value for UTS achieved was 25.8MPa at the lowest mixing speed 

(8000rpm) for mixing time of 18 min. The lowest UTS achieved was 21MPa at the highest 

mixing speed (15000rpm) for the shortest mixing time of 6min.  



C h a p t e r  3  –  M a t e r i a l s  a n d  M e t h o d s   

 

84 | P a g e  

 

 

Figure 3-38 Ultimate tensile strength of the PU+0.5wt% MWCNTs versus time at different mixing speed at 

strain rate of 0.05s-1. 

Effect of speed and mixing duration on modulus of toughness of PU + MWCNTs 

From Figure 3-39 it can be seen that modulus of toughness is increased by increasing the 

mixing duration and it is decreased by increasing the mixing speed. The highest value of the 

modulus of toughness of 13397kJ/m3 is obtained at the lowest speed (8000rpm) with the longest 

mixing duration (18min). 

 

Figure 3-39 Modulus of toughness of the PU+0.5wt% MWCNTs nanocomposite at versus mixing duration 

and at different mixing speed at strain rate of 0.05 s-1. 
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3.7.6.3 Analysing the effect of adding different MWCNTs loading on tensile properties of PU 

In this section different loadings of the CNTs (0.1, 0.2, 0.3, 0.5 and 1wt%) were added to the 

PU using the established optimum mixing parameters. The tensile properties of the 

nanocompaoite was analysed and the optimum loading of CNTs was established. 

Tensile tests were conducted at room temperature and strain rate of 0.05s-1. The results of initial 

Young’s modulus, UTS, percentage of elongation at break EL (%) and modulus of toughness 

(T) are summarised in Table 3-6. 

 

Table 3-6 Tensile properties of the modified PU with different weight percentage of CNTs.  

Specimen Code 

Young’s 

modulus 

(MPa) 

UTS (MPa) EL (%) T (kJ/m3) 

Neat PU-RPM8-D18-1 0.98 
0.99 

±0.01 

6 
6.83 

±0.65 

303 
341 

±29 

2914 
3442 

±407 
Neat PU-RPM8-D18-2 1 7.3 358 3685 

Neat PU-RPM8-D18-3 1 7.2 361 3727 

0.1% CNT/PU-RPM8-D18-1 0.97 0.99 

±0.04 

 

15.87 
14.99 

±0.89 

608 581 

±26 

 

7934 7335 

±581 

 

0.1% CNT/PU-RPM8-D18-2 0.96 15 577 7299 

0.1% CNT/PU-RPM8-D18-3 1.03 14.1 557 6773 

0.2% CNT/PU-RPM8-D18-1 1.3 
1.29 

±0.01 

17.91 
17.59 

±0.46 

626 
607 

±20 

9584 
9096 

±471 
0.2% CNT/PU-RPM8-D18-2 1.29 17 587 8643 

0.2% CNT/PU-RPM8-D18-3 1.29 17.86 608 9060 

0.3% CNT/PU-RPM8-D18-1 3.1 
2.98 

±0.12 

22.7 
22.4 

±1.25 

629 
629 

±8 

9682 
9315 

±796 
0.3% CNT/PU-RPM8-D18-2 2.86 21 622 8336 

0.3% CNT/PU-RPM8-D18-3 2.97 23.5 637 9927 

0.5% CNT/PU-RPM8-D18-1 2.9 
3.01 

±0.1 

23.6 
25.8 

±3.85 

600 
646 

±68 

12032 
13397 

±1978 
0.5% CNT/PU-RPM8-D18-2 3.1 23.1 604 12173 

0.5% CNT/PU-RPM8-D18-3 2.9 30.8 736 15987 

1% CNT/PU-RPM8-D18-1 2.6 
2.63 

±0.15 

23.8 
23.6 

±2.5 

409 
415 

±31 

10857 
10777 

±907 
1% CNT/PU-RPM8-D18-2 2.5 26 449 11644 

1% CNT/PU-RPM8-D18-3 2.8 21 387 9831 
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The engineering strain-stress results at different weigh percentage of CNTs are shown in 

Figure 3-40. 

 

Figure 3-40  Engineering strain-stress for modified PU with different weigh percentage of CNTs at RT and 

strain rate of 0.05s-1. 

Effect of MWCNTs loading on Young’s modulus of PU  

Young’s modulus, elongation at break, UTS and modulus of toughness of various samples are 

extracted from strain-stress diagram shown in Figure 3-40. 

Young’s modulus for the modified PU at different CNTs loadings is shown in Figure 3-41. 

The results show that by increasing the loading of CNTs from 0.1 to 0.5wt%, the Young’s 

modulus has increased up to the CNTs loading of 0.5%, and then it decreased at 1% CNT 

loading. At 0.5wt% loading of CNTs, the Young’s modulus of PU is increased by 203%.  

 

Figure 3-41 Young’s modulus of the modified PU with different weight percentage of CNTs. 
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Effect of MWCNTs loading on elongation at break of PU 

The elongation at break for the modified PU at different CNTs loading showed that by 

increasing CNTs loading from 0.1 to 0.5%, the elongation at break has been increased (Figure 

3-42). However, by increasing the CNTs loading from 0.5 to 1%, the elongation at break was 

decreased by 9.3%. 

 

Figure 3-42 Elongation at break of the modified PU with different weight percentage of CNTs. 

 

Effect of MWCNTs loading on UTS of PU  

Effect of CNTs loading on the UTS of pure PU is shown in Figure 3-43. By increasing CNTs 

loading from 0.1 to 0.5% the UTs has been increased by 57.4%. Further increase in CNTs to 

1wt%, decreased the UTS. 

 

Figure 3-43 Ultimate tensile strength of the modified PU with different weight percentage of CNTs. 
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Effect of MWCNTs loading on modulus of toughness of PU 

Figure 3-44 shows that the modulus of toughness is increased by increasing CNTs loading 

from 0.1 to 0.5% by 82.6%. However, the modulus of toughness is decreased for CTNs loading 

of 1wt% by 24.3%. 

 

Figure 3-44 Modulus of toughness of the modified PU with different weight percentage of CNTs. 

3.7.6.4 Analysing the effect of adding different wt% of GNP-COOH on tensile properties of 

PU  

The PU was modified with 0.1, 0.2, 0.3, 0.5 and 1wt% loading of carboxyl functionalised 

graphene (GNP-COOH). Tensile tests were carried out at room temperature (25C) and 0.05s-

1 strain rate in order to determine the optimum loading of the graphene. The engineering strain-

stress results for different GNP loading are shown in Figure 3-45. The PU+GNP 

nanocomposite with GNP loading of 0.5wt% displayed the best performance. 

 

Figure 3-45 Engineering strain-stress of graphene modified PU at various GNP loading at RT and strain rate of 

0.05s-1. 
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Table 3-7 Summary of the tensile properties of the GNP-COOH modified PU. 

Table 3-7 Tensile properties of the modified PU with different weight percentage of GNP-COOH.  

Specimen Code 

Young’s modulus 

(MPa) 
UTS (MPa) EL (%) T (kJ/m3) 

Tests Average Tests Average Tests Average Tests Average 

PU+ 0.1 wt% GNP-

COOH-RPM8-D18-1 
1.95 

1.86 

±0.05 

29.52 

26.41 

±2.71 

792 

736 

±54 

15869 

13979 

±1499 

PU+ 0.1 wt% GNP-

COOH-RPM8-D18-2 
1.82 23.91 689 12657 

PU+ 0.1 wt% GNP-

COOH-RPM8-D18-3 
1.84 24.44 697 12854 

PU+ 0.1 wt% GNP-

COOH-RPM8-D18-4 
1.89 30.76 829 16244 

PU+ 0.1 wt% GNP-

COOH-RPM8-D18-5 
1.81 23.41 677 12273 

PU+ 0.2 wt% GNP-

COOH-RPM8-D18-1 
2.91 

2.73 

±0.14 

30.35 

32.72 

±2.24 

645 

651 

±33 

15761 

16468 

±927 

PU+ 0.2 wt% GNP-

COOH-RPM8-D18-2 
2.84 30.04 723 15403 

PU+ 0.2 wt% GNP-

COOH-RPM8-D18-3 
2.81 35.84 617 17912 

PU+ 0.2 wt% GNP-

COOH-RPM8-D18-4 
2.53 31.67 638 15678 

PU+ 0.2 wt% GNP-

COOH-RPM8-D18-5 
2.54 35.7 632 17586 

PU+ 0.3 wt% GNP-

COOH-RPM8-D18-1 
2.93 

2.95 

±0.02 

33.51 

35.13 

±3.34 

580 

616 

±28 

16678 

17361 

±1590 

PU+ 0.3 wt% GNP-

COOH-RPM8-D18-2 
2.95 42.01 589 20696 

PU+ 0.3 wt% GNP-

COOH-RPM8-D18-3 
2.97 30.39 647 15183 

PU+ 0.3 wt% GNP-

COOH-RPM8-D18-4 
2.92 34.92 603 17215 

PU+ 0.3 wt% GNP-

COOH-RPM8-D18-5 
2.98 34.8 661 17037 

PU+ 0.5 wt% GNP-

COOH-RPM8-D18-1 
3.32 

3.72 

±0.25 

36 

38.60 

±3.58 

585 

599 

±36 

18703 

19741 

±1832 

PU+ 0.5 wt% GNP-

COOH-RPM8-D18-2 
4.1 44 659 22858 

PU+ 0.5 wt% GNP-

COOH-RPM8-D18-3 
3.95 34 550 17460 

PU+ 0.5 wt% GNP-

COOH-RPM8-D18-4 
3.54 36 568 18134 
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PU+ 0.5 wt% GNP-

COOH-RPM8-D18-5 
3.68 43 635 21550 

PU+ 1 wt% GNP-

COOH-RPM8-D18-1 
2.09 

2.04 

±0.04 

32.13 

31.34 

±2.03 

780 

773 

±28 

16619 

16112 

±1015 

PU+ 1 wt% GNP-

COOH-RPM8-D18-2 
2.01 31.81 775 16274 

PU+ 1 wt% GNP-

COOH-RPM8-D18-3 
2.09 28.47 738 14896 

PU+ 1 wt% GNP-

COOH-RPM8-D18-4 
1.96 29.29 746 14838 

PU+ 1 wt% GNP-

COOH-RPM8-D18-5 
2.05 35.01 828 17933 

 

Effect of GNP-COOH loading on Young’s modulus of PU 

Figure 3-46 shows the highest Young’s modulus of PU nanocomposite is obtained at 0.5wt% 

loading of GNP. The Young’s modulus is increased by 76% relative to neat PU. 

 

Figure 3-46 Young’s modulus of the neat PU, and f-GNP modified PU. 

 

Effect of GNP-COOH loading on elongation at break of PU  

Figure 3-47 shows the effect of GNP loading on elongation at break. The highest increase of 

11.7% in elongation at break was achieved at 0.1wt% loading of GNP and it was decreased by 

9.1% relative to neat PU at loading of 0.5wt% GNP. 
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Figure 3-47 Percentage of elongation at break of the neat PU, and f-GNP modified PU. 

 

Effect of GNP-COOH loading on UTS of PU 

Ultimate tensile strength is one of the main properties that affect the erosion resistance of a 

coating. It can be seen from Figure 3-48 that at 0.5wt% GNP loading to the neat PU the UTS 

was increased by 76.7% relative to neat PU. 

 

Figure 3-48 Ultimate tensile strength of the neat PU, and f-GNP modified PU. 

 

Effect of GNP-COOH loading on modulus of toughness of PU  

The modulus of toughness was also increased by addition of graphene nanoparticles to the neat 

PU. Figure 3-49 shows that at 0.5wt% loading of the carboxyl functionalised GNP, the 

modulus of toughness is increased by 91.6%. 
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Figure 3-49 Modulus of toughness of the neat PU, and f-GNP modified PU. 

 

3.7.6.5 Analysing the effect of adding hybrid GNP + CNTs on tensile properties of PU 

The neat PU was also modified with the mixture of carboxyl functionalised GNP and CNTs. 

Tensile tests were carried out to analyse the effect of nano-additive materials on the tensile 

properties of the PU. Table 3-8 summarise the tensile properties of the hybrid GNP-COOH 

and CNTs with loading of 0.25wt% GNP-COOH + 0.25wt% CNTs on PU. 

 

Table 3-8 Tensile properties of the modified PU with 0.25wt% GNP-COOH + 0.25wt% CNTs. 

Specimen Code 

Young’s 

modulus (MPa) 
UTS (MPa) EL (%) T (kJ/m3) 

Tests Average Tests Average Tests Average Tests Average 

PU+ 0.25wt% GNP-COOH + 0.25wt% CNTs-1 4.2 

4.25 

±0.09 

23.4 

26.28 

±3.19 

596 

651 

±61 

12211 

13858 

±1768 

PU+ 0.25wt% GNP-COOH + 0.25wt% CNTs-2 4.33 21 544 10818 

PU+ 0.25wt% GNP-COOH + 0.25wt% CNTs-3 4.37 27 685 14843 

PU+ 0.25wt% GNP-COOH + 0.25wt% CNTs-4 4.29 31 730 16243 

PU+ 0.25wt% GNP-COOH + 0.25wt% CNTs-5 4.07 29 698 15173 
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Effect of adding hybrid GNP + CNTs on Young’s modulus of PU 

Figure 3-50 shows the mixture of 0.25wt% GNP-COOH + 0.25wt% CNTs increased the 

Young’s modulus by 104%. 

 

Figure 3-50 Young’s modulus of the neat PU and 0.25 wt% GNP-COOH + 0.25 wt% CNTs modified PU. 

Effect of adding hybrid GNP + CNTs on elongation at break of PU 

The highest percentage of elongation at break is for the pure PU. Adding the 0.25wt% GNP-

COOH + 0.25wt% CNTs to the PU decreased the percentage of elongation at break by 1.2 % 

which is within the experimental variation (Figure 3-51). 

 

Figure 3-51 Percentage of elongation of the neat PU and 0.25wt% GNP-COOH + 0.25wt% CNTs modified PU. 
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Effect of adding hybrid GNP + CNTs on UTS of PU 

Figure 3-52 shows that adding 0.25wt% GNP-COOH + 0.25wt% CNTs to the neat PU 

increased the UTS by 17.3%. 

 

Figure 3-52 Ultimate tensile strength of the neat PU and GNP-COOH + CNTs modified PU. 

 

Effect of adding hybrid GNP + CNTs on modulus of toughness of PU 

The results of tensile test show that adding 0.25wt% GNP-COOH + 0.25wt% CNTs to the pure 

PU increase the modulus of toughness by 34.5% (Figure 3-53). 

 

Figure 3-53 Modulus of toughness of the neat PU and GNP-COOH + CNTs modified PU. 

 

 

 

 

 



C h a p t e r  3  –  M a t e r i a l s  a n d  M e t h o d s   

 

95 | P a g e  

 

3.7.6.6 Analysing the effect of adding different loading of hydrophobic silica-based sol-gel on 

tensile properties of PU and PU + GNP 

 

 

The effect of adding hydrophobic silica-based sol-gel to PU and PU+GNP matrices on the 

materials’ tensile mechanical properties was investigated. Four different set of specimens were 

manufactured: 

• 1wt% SG+PU 

• 2.5wt% SG+PU 

• 1wt% SG+0.5wt% GNP+PU 

• 2.5wt% SG+0.5wt% GNP+PU 

The results of %EL, UTS, modulus of toughness and Young’s modulus are summarised in 

Table 3-9. 

Table 3-9 Tensile properties of modified PU with SG and GNP. 

Sample 
%EL UTS (MPa) T  (kJ/m3) E (MPa) 

Test Average Test Average Test Average Test Average 

1wt% SG+PU-1 222 
 

254 

±31 

21.17 
 

24.11 

±3.39 

9668 
 

11773 

±1692 

6.03 
 

5.97 

±0.09 

1wt% SG+PU-2 280 27.42 12713 6.02 

1wt% SG+PU-3 311 30.03 14135 6.09 

1wt% SG+PU-4 221 20.45 9301 5.82 

1wt% SG+PU-5 236 21.47 13048 5.89 

2.5wt% SG+PU-1 404 

405 

±21 

10.68 

11.18 

±0.49 

6060 

6574 

±509 

2.08 

2.29 

±0.10 

2.5wt% SG+PU-2 424 11.49 7029 2.35 

2.5wt% SG+PU-3 375 10.6 5994 2.29 

2.5wt% SG+PU-4 386 11.01 6315 2.35 

2.5wt% SG+PU-5 440 12.12 7476 2.41 

1wt% SG+0.5wt% GNP+PU-1 450 

540 

±71 

65.55 

46.54 

±11.48 

22996 

23054 

±2376 

4.22 

4.1 

±0.11 

1wt% SG+0.5wt% GNP+PU-2 658 46.72 23454 4.03 

1wt% SG+0.5wt% GNP+PU-3 492 32.62 20059 4.13 

1wt% SG+0.5wt% GNP+PU-4 486 31.89 20912 3.89 

1wt% SG+0.5wt% GNP+PU-5 617 55.91 27853 4.23 

2.5wt% SG+0.5wt% GNP+PU-1 186 

241 

±40 

4.3 

4.81 

±0.49 

2274 

2668 

±444 

1.84 

1.85 

±0.03 

2.5wt% SG+0.5wt% GNP+PU-2 297 5.9 3654 1.91 

2.5wt% SG+0.5wt% GNP+PU-3 219 4.7 2598 1.82 

2.5wt% SG+0.5wt% GNP+PU-4 209 4.7 2493 1.81 

2.5wt% SG+0.5wt% GNP+PU-5 292 4.45 2323 1.89 
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Effect of sol-gel loading on Young’s modulus of PU and PU +GNP 

Figure 3-54 shows the variation in Young’s modulus for the PU nanocomposites. The highest 

Young’s modulus was shown by the PU modified with 1wt% SG and the next highest being 

for the PU modified with 0.5wt% GNP+1wt% SG. It can be seen that increasing the wt% of 

SG from 1% to 2.5% adversely affected the PU+GNP+SG nanocomposite indicated by a 

significant reduction in the Young’s modulus. 

 

Figure 3-54 Young’s modulus of neat PU, PU+SG and PU+GNP+SG. 

Effect of sol-gel loading on elongation at break of PU and PU +GNP 

The effect of sol-gel loading on elongation at break of neat PU and PU+GNP is shown in 

Figure 3-55. It can be seen that adding the SG to the neat PU decreases the elongation at break. 

The greatest elongation at break is obtained for the neat PU and the lowest one is for the 

PU+0.5wt% GNP+2.5wt%SG. 

 

Figure 3-55 Elongation at break of neat PU, PU+SG and PU+GNP+SG. 
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Effect of sol-gel loading on UTS of PU and PU +GNP 

The effect of sol-gel loading on the UTS of neat PU and GNP modified PU is shown in Figure 

3-56. Addition of 1wt% SG loading to the neat PU and modified PU+GNP resulted in an 

increase in the UTS of the PU; but by further increasing the SG loading to 2.5wt% the UTS 

was decreased for both pure PU and modified PU+GNP nanocomposite.  

 

Figure 3-56 Ultimate tensile strength of neat PU, PU+SG and PU+GNP+SG. 

Effect of sol-gel loading on modulus of toughness of PU and PU +GNP 

The effect of sol-gel loading on the modulus of toughness of neat PU and modified PU+GNP 

nanocomposite is shown in Figure 3-57. At 1wt% SG loading, the modulus of toughness 

increased for both the neat PU and the PU+GNP nanocomposite. However, by increasing the 

SG loading to 2.5wt%, the modulus of toughness was decreased for neat PU and the PU+GNP. 

 

Figure 3-57 Modulus of toughness of neat PU, PU+SG and PU+GNP+SG. 
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3.7.6.7 Summary of tensile test results  

From tensile testing results it was found that by increasing the temperature, the Young’s 

modulus, UTS, elongation at break and modulus of toughness of the neat PU at all strain rate 

were decreased. In addition, by increasing the strain rate, the Young’s modulus, UTS, 

elongation at break and modulus of toughness at different temperatures were increased. Also 

optimum mixing procedure of CNPs was established; 8000 rpm for 18 minutes. This mixing 

procedure resulted in the highest amount of UTS, modulus of toughness and second highest 

elongation at break and Young’s modulus of CNP modified PU. The best mechanical properties 

of PU are achieved for 0.5wt% carboxyl functionalised GNP loading and a 1wt% SG loading. 

Young’s modulus, UTS, elongation at break and modulus of toughness for pure PU, GNP 

modified PU, and SG modified PU+GNP are summarised in Table 3-10. 

Table 3-10 Tensile properties of the neat PU, 0.5wt% GNP modified PU, and 0.5wt% GNP+1wt% SG modified PU. 

Properties Neat PU PU+GNP PU+GNP+SG 

Young’s modulus 

(MPa) 
2.10±0.05 3.7±0.3 4.1±0.1 

%EL 659±66 599±36 540±71 

UTS (MPa) 21.5±0.9 38.0±3.6 46.5±11.5 

Modulus of Toughness 

(kJ/m3) 
10301±1158 19741±1832 23054±2376 

3.7.7 Compression tests results 

The compression tests were carried out using Zwick/Roell universal machine fitted with a 25kN 

load cell. An extensometer was used to eliminate the machine error for recording the 

displacement of the samples [160]. To connect the extensometer to the machine, a fixture was 

designed and manufactured as shown in Figure 3-58. For the compression tests, the crosshead 

speed was set at 2.1, 10.5 and 21mm/min (equivalent to strain rate of 0.01, 0.05 and 0.1s-1) and 

at each strain rate, uniaxial compression tests were performed at three different temperatures 

25°C, 50°C and 70°C using in-situ heating chamber (Figure 3-58). For each case three 

specimens were tested (Table 3-11 and Figure 3-13). 
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Figure 3-58 Universal test machine with special compression test fixture. 

The specimens are coded based on strain rate (SR), temperature (T), and sample number (1 to 

3). The list of tested specimens is summarised in Table 3-11. 

Table 3-11 Uniaxial compression test conditions and specimen’s numbers. 

Temperature 
Strain rate �̇� 

(s-1) 
Specimen Code 

25°C 

0.01 

PU-SR0.01-T25- 1 to 3 

PU/GNP-SR0.01-T25- 1 to 3 

PU/GNP/SG-SR0.01-T25- 1 to 3 

0.05 

PU-SR0.05-T25- 1 to 3 

PU/GNP-SR0.05-T25- 1 to 3 

PU/GNP/SG-SR0.05-T25- 1 to 3 

0.1 

PU-SR0.1-T25- 1 to 3 

PU/GNP-SR0.1-T25- 1 to 3 

PU/GNP/SG-SR0.1-T25- 1 to 3 

50°C 

0.01 

PU-SR0.01-T50- 1 to 3 

PU/GNP-SR0.01-T50- 1 to 3 

PU/GNP/SG-SR0.01-T50- 1 to 3 

0.05 

PU-SR0.05-T50- 1 to 3 

PU/GNP-SR0.05-T50- 1 to 3 

PU/GNP/SG-SR0.05-T50- 1 to 3 

0.1 

PU-SR0.1-T50- 1 to 3 

PU/GNP-SR0.1-T50- 1 to 3 

PU/GNP/SG-SR0.1-T50- 1 to 3 

70°C 

0.01 

PU-SR0.01-T70- 1 to3 

PU/GNP-SR0.01-T70- 1 to 3 

PU/GNP/SG-SR0.01-T70- 1 to 3 

0.05 

PU-SR0.05-T70- 1 to 3 

PU/GNP-SR0.05-T70- 1 to 3 

PU/GNP/SG-SR0.05-T70- 1 to 3 

0.1 

PU-SR0.1-T70- 1 to 3 

PU/GNP-SR0.1-T70- 1 to 3 

PU/GNP/SG-SR0.1-T70- 1 to 3 
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3.7.7.1 Monotonic compression tests of neat PU, PU+GNP and PU+GNP+SG 

Monotonic compression tests were performed on neat PU, PU+GNP and PU+GNP+SG 

nanocomposites at 25°C, 50°C and 75°C for three different strain rates. 

Uniaxial compression tests result for PU, PU+GNP and PU+GNP+SG at 25°C and for three 

strain rates are shown in Figure 3-59 (a), Figure 3-59 (c) and Figure 3-59 (e), respectively. 

The results indicate that neat PU has minimal strain rate dependency at room temperature, and 

the mechanical properties are only slightly affected by changing the strain rate. However, at 

higher temperature, the compressive behaviour of neat PU was affected as shown in Figure 

3-59 (b). The PU+GNP has a slight strain rate dependency at room temperature and at higher 

temperature, the compressive behaviour of PU+GNP was substantially affected as shown in 

Figure 3-59 (d). Similar to PU, PU+GNP+SG has a slight strain rate dependency at room 

temperature but it is strongly affected by increasing the temperature as shown in Figure 

3-59(f). 
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Figure 3-59 True strain-stress at strain rate of 0.01, 0.05 and 0.01s-1  at temperature of  25C,  and at strain rate 

of 0.05s-1  at  25C, 50C and 70C for (a, b) neat PU, (c, d)  PU+GNP and  (e, f) PU+GNP+SG, respectively. 

 

The effects of temperature and strain rate on the values of residual strain (εr), compressive 

strength and energy absorption of neat PU, PU+GNP and PU+GNP+SG in monotonic 

compressive loading are extracted from Figure 3-59 are shown in Figure 3-60. At a fixed 

strain rate, an increase in the temperature caused a significant increase in the residual strain for 

PU. However, the effect of strain rate at the higher temperature of 70°C was less. The change 

in the compressive strength with increasing strain rate is small and it decreases with increasing 

temperature. Finally, energy absorption was calculated by measuring the area under the stress-

strain curve in the compression test, and as shown in Figure 3-60 at higher temperature the 
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energy absorption of neat PU decreases. For PU+GNP material, increasing the temperature at 

a fixed strain rate; resulted in an increase in residual strain and decreases in the compressive 

strength and energy absorption. PU+GNP+SG material shows a similar pattern to those seen 

for PU+GNP material. 

 

Figure 3-60 Residual strain, compressive strength and energy absorption of the neat PU (top row), PU+GNP 

(middle row) and PU+GNP+SG (bottom row) versus strain rate at three different temperatures. 

 

3.7.7.2 Cyclic compression test  

In this section, the result of true stress-true strain behaviour during cyclic compression loading-

unloading tests for maximum strain εmax=0.3 and εmax=0.5 and at strain rate of 휀̇ =0.1s-1 at 25 

are presented. Cyclic compression tests were performed up to five cycles (N=5) for each 

sample.  

The compressive true stress-true strain behaviour of neat PU with εmax = 0.5 and ε̇ = 0.1s-1 is 

shown in Figure 3-61(a) and for PU+GNP with εmax = 0.5 and ε̇ = 0.1s-1 is shown in Figure 

3-61(b) and for PU+GNP+SG with εmax = 0.5 and ε̇= 0.1s-1 is shown in Figure 3-61(c) and 

with εmax = 0.3 and ε̇= 0.1s-1 is shown in Figure 3-61(d).  
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Residual strain at the end of cycles, compressive strength and energy absorption values for PU, 

PU+GNP and PU+GNP+SG are extracted from the cyclic stress-strain diagrams, and they are 

summarised in Table 3-12. 

 

Figure 3-61 True stress-strain results of cyclic compression loading-unloading at �̇� = 0.1s-1 for (a) neat PU at εmax 

= 0.5, (b) PU+GNP at εmax = 0.5, (c)  PU+GNP+SG at εmax = 0.5 and (d) PU+GNP+SG at εmax = 0.3, 

respectively at RT. 

 

The compressive cyclic loading tests show that the stress-strain curve in the second cycle is far 

more compliant than that observed in the first cycle, which explains the softening behaviour of 

all three coating materials after cyclic loading. In addition, the stress-strain behaviours for all 

three coatings are stabilized after the first cycle. At a maximum strain of 0.5, the stress 

magnitude reaches a maximum in the first cycle.  The unloading paths after a given strain are 

the same for all coatings and follow the same curve independent of the cycle number, Appendix 

A.3. 
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Table 3-12 Results of the cyclic compression test on PU, PU+GNP and PU+GNP+SG at strain rate ε =̇ 0.1s-1. 

Material 

Maximum 

applied 

strain 

Cycle 

(N) 

Residual 

Strain 

ε r 

Compressive 

Strength 

(MPa) 

Energy 

Absorption 

(kJ/m3) 

 

PU 

 

εmax = 0.5 

1 0.341 104.8 6040 

2 0.339 105.2 4167 

5 0.326 107.9 3980 

 

εmax = 0.3 

1 0.205 11.1 708 

2 0.213 9.8 423 

5 0.216 8.6 389 

 

 

PU+GNP 

 

εmax = 0.5 

1 0.385 75.9 5014 

2 0.364 76.2 3594 

5 0.358 77.4 3256 

 

εmax = 0.3 

1 0.224 7.9 333 

2 0.229 6.5 282 

5 0.237 6.2 281 

 

PU+GNP+SG 

εmax = 0.5 

1 0.392 71.5 4759 

2 0.387 69.7 3310 

5 0.382 66.6 3344 

εmax = 0.3 

1 0.236 6.6 572 

2 0.242 5.0 270 

5 0.245 4.9 266 

 

Finally, the energy absorption of neat PU is greater than PU+GNP and PU+GNP+SG for all 

cyclic compression tests are summarised in Figure 3-62. It is noticeable that at the maximum 

strain, while the maximum stress attained for PU is 107.9 MPa, for PU+GNP it is 77.4 MPa 

and for PU+GNP+SG it is 71.5 MPa. Hence, PU+GNP+SG was experiencing the least stresses 

during cyclic compressive loading. In Chapter 5, the erosion performance of these three 

coating under repeated rubber ball impact were investigated and the longevity of PU+GNP+SG 

was demonstrated which is partly due to experiencing lower compression stress during repeated 

impact [161].  
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Figure 3-62 Comparison of energy absorption of PU, PU+GNP and PU+GNP+SG at εmax = 0.5 and ε ̇= 0.1 s-1 in 

cyclic compression tests. 

 

3.7.8 Hardness tests results  

As can be seen in the Figure 3-63, adding 0.5wt% of GNP-COOH increased the hardness of 

neat PU by 84% and adding 1wt%SG+0.5wt%GNP-COOH increased the hardness of neat PU 

by85 % from 9.88 to 18.34. This is a good sign of enhancing the rain erosion resistance of the 

PU; Higher hardness will show higher degree of crosslinking which means higher mechanical 

stability. This is important to avoid crack initiations in the layer and also crack growth [162].  

 

Figure 3-63 Hardness test were carried out using a Durometer 0-100 HA. Samples dimension of 5×5×5mm.  
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3.7.9 Tearing tests results 

The results of the tearing tests on neat PU are shown in Figure 3-64 (a). All three specimens 

show similar behaviour during the test. For all three specimens in the first 35mm of elongation, 

the force was monotonically increased until the start of tearing, then crack growth occurred and 

the force decreased until the specimens completely tore into two pieces. Between 

displacements of 35 to 45mm, when crack growth occurred, there are slight differences in the 

behaviour of the specimens due to difference in the crack paths. The cracks tend to follow 

different preferred crack directions and they find the lowest resistance path for crack 

propagation [163]. There were small fluctuations in the force during tearing tests. These 

variations are not noises from the instrument but rather caused by the stick-slip behaviour 

observed during fracture in the PU as can be seen in the inset of Figure 3-64 (a). During stick-

slip, the minimum force occurs when the crack extends, and the maximum represents crack 

arrest. The interval of these fluctuations relates to the morphology and micro mechanism of the 

polymer material, such as the polymer chain alignment, arrangement and distribution of 

crystalline [163]. 

 
 

Figure 3-64 Tearing tests results of (a) three neat PU specimens (inset showing stick-slip), and (b) the PU, 

PU+GNP and PU+GNP+SG materials. 

The results of the tearing tests of PU, PU+GNP and PU+GNP+SG are compared in Figure 

3-64(b). On average the tearing strength of PU+GNP material is 45% higher and its elongation 

at break 55% higher than neat PU values. Also on average, the tearing strength of PU+GNP+SG 

material is 12%, higher than neat PU but 30% less than PU+GNP. PU+GNP+SG elongation at 

break is 102% higher than neat PU value, and 31% more than for PU+GNP. The tearing energy 

of PU+GNP nanocomposites is 137% higher than the neat PU and for PU+GNP+SG it is 148% 

higher than neat PU and 4.4% more than PU+GNP. A summary of the tearing tests results for 
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the PU and its two nanocomposites together with 95% confidence levels are presented in Table 

3-13. 

Table 3-13 Results of tearing test of neat PU, and PU+GNP and PU+GNP+SG nanocomposites. 

Coating 

material 
Ts (kN/m)  

Elongation at 

break (mm)  

Tearing 

Energy (J)  

PU 5.81± 0.03 44.3 ± 0.7 0.285 ± 0.016 

PU+GNP 8.45± 0.88 68.5 ± 4.2 0.677 ± 0.081 

PU+GNP+SG 6.51± 0.26 89.7 ± 5.3 0.707 ± 0.045 

 

3.7.10 Water absorption tests results  

To calculate the amount of water absorbed by each sample, after taking the samples out from 

water, first the surface of them was dried and then a scale was used to weight them, after that 

the amount of the water absorption per gram of each sample was calculated. To analyse the 

effects of absorbed water on the mechanical properties of each sample, a tensile test 

Zwick/Roell machine was used.  

3.7.10.1 Water absorption test on neat PU, PU + GNP and PU + GNP + SG 

Results of the water absorption tests are shown in Figure 3-65 and Table 3-14, Table 3-15 and 

Table 3-16. The amount of the water absorption by each material was calculated per initial 

weight of the sample and after that the average was taken for each type of material. Also, by 

looking at the temperature, humidity and PH of the water, it can be said that the environmental 

condition during the period of experiment was almost steady and no substantial change in the 

environmental conditions occurred. 
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Figure 3-65 Water absorption results for neat PU, PU+GNP and PU+GNP+SG coatings. 
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Table 3-14 Amount of the absorbed water per gram of the material after 24hrs, 48hrs and 1 week. 

Sample 

Duration of water immersion 

 
24 Hours 

(T=23.7, H=31.5%, PH=7.42) 

48 Hours 

(T=23, H=35.2%, PH=7.51) 

1 Week 

(T=23.9, H=36.95%, PH=7.38) 

Initial 

dry 

weight 

(g) 

 

Weight at 

the end of 

immersio

n (g) 

WA 

(g) 

WA/ 

g %
W

U
 

Weight at 

the end 

of 

immersio

n (g) 

WA 

(g) 
WA/ g 

%
W

U
 

Weight 

at the 

end of 

immers

ion (g) 

WA 

(g) 

WA/ 

g %
W

U
 

Pure Pu-1 11.96 12.15 0.19 0.015 

1.7 

12.26 0.3 0.025 

2.4 

12.38 0.42 0.035 

3.6 Pure Pu-2 12.88 13.12 0.24 0.018 13.17 0.29 0.023 13.32 0.44 0.034 

Pure Pu-3 12.31 12.52 0.21 0.017 12.63 0.32 0.025 12.78 0.47 0.038 

PU+GNP-1 13.12 13.31 0.19 0.014 
 

1.6 

13.4 0.28 0.021 

2.3 

13.51 0.39 0.029 

3.4 PU+GNP-2 11.90 12.10 0.20 0.016 12.17 0.27 0.023 12.31 0.41 0.034 

PU+GNP-3 10.12 10.32 0.20 0.019 10.4 0.28 0.027 10.51 0.39 0.038 

PU+GNP+

SG-1 
10.43 10.61 0.18 

0.017 

 

1.5 

10.64 0.21 
0.020 

2.1 

10.74 0.31 0.029 

3.1 
PU+GNP+

SG-2 
9.65 9.82 0.17 

0.017 
9.9 0.25 

0.025 
9.94 0.29 

0.030 

PU+GNP+

SG-3 
9.85 9.96 0.11 

0.011 
10.05 0.2 

0.020 
10.17 0.32 

0.032 

* Water absorption = WA; Water up-take = WU 

Table 3-15 Amount of the absorbed water per gram of the material after 2 weeks, 1 month and 2 months. 

Sample 

Duration of water immersion 

 
2 Weeks 

(T=20.6, H=42.6%, PH=7.52) 

1 Month 

(T=22.8, H=47.6%, PH=7.55) 

2 Months 

(T=23.5, H=40.7%, PH= 7.67) 

Initial 

dry 

weight 

(g) 

 

Weight at 

the end 

of 

immersio

n (g) 

WA 

(g) 
WA/ g 

%
W

U
 

Weight at 

the end 

of 

immersio

n (g) 

WA 

(g) 

WA/ 

g %
W

U
 

Weight 

at the 

end of 

immersi

on (g) 

WA 

(g) 
WA/ g 

%
W

U
 

Pure Pu-1 11.96 12.4 0.44 0.036 

3.7 

12.43 0.47 0.039 

4 

12.43 0.47 0.039 

4 Pure Pu-2 12.88 13.36 0.48 0.037 13.39 0.51 0.040 13.40 0.52 0.040 

Pure Pu-3 12.31 12.79 0.48 0.038 12.80 0.49 0.040 12.81 0.5 0.041 

PU+GNP-1 13.12 13.51 0.39 0.029 

3.5 

13.53 0.41 0.031 

3.6 

13.54 0.42 0.032 

3.7 PU+GNP-2 11.90 12.35 0.45 0.037 12.35 0.45 0.038 12.35 0.45 0.038 

PU+GNP-3 10.12 10.49 0.37 0.036 10.51 0.39 0.038 10.52 0.4 0.040 

PU+GNP+

SG-1 
10.43 10.66 0.23 0.022 

3.3 

10.68 0.25 0.024 

3.4 

10.68 0.25 0.024 

3.5 
PU+GNP+

SG-2 
9.65 10.06 0.41 0.042 

10.06 0.41 0.042 10.06 

0.41 0.042 

PU+GNP+

SG-3 
9.85 10.21 0.36 0.036 

10.22 0.37 0.037 10.24 

0.39 0.040 
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* Water absorption = WA; Water up-take = WU 

Table 3-16 Amount of the absorbed water per gram of the material after 3 months and 6 months. 

Sample 

Duration of water immersion 

 
3 Months  

(T=24, H=44%, PH=7.78) 

6 Months 

 (T=21.8, H=39.1%, PH=7.97) 

Initial 

dry 

weight 

(g) 

 

Weight at 

the end of 

immersion 

(g) 

WA 

(g) 
WA/ g  

%
 W

U
 

Weight at 

the end of 

immersio

n (g)  

WA 

(g) 
WA/ g 

%
 W

U
 

Pure Pu-1 11.96 12.43 0.47 0.039 

4.0 

12.43 0.47 0.039 

4 Pure Pu-2 12.88 13.40 0.52 0.040 13.40 0.52 0.04 

Pure Pu-3 12.31 12.80 0.49 0.040 12.80 0.49 0.041 

PU+GNP-1 13.12 13.55 0.43 0.033 

3.7 

13.57 0.45 0.032 

3.7 PU+GNP-2 11.90 12.35 0.45 0.038 12.35 0.45 0.038 

PU+GNP-3 10.12 10.52 0.4 0.040 10.52 0.4 0.04 

PU+GNP+

SG-1 
10.43 10.69 0.26 0.024 

3.5 

10.69 0.26 0.025 

3.6 
PU+GNP+

SG-2 
9.65 10.07 0.42 0.042 10.06 0.41 0.042 

PU+GNP+

SG-3 
9.85 10.26 0.41 0.04 10.25 0.4 0.041 

* Water absorption = WA; Water up-take = WU 

Figure 3-65 shows that the weight of the samples increased significantly at the beginning and 

during the first two weeks of immersion in the water. After that the rate of water absorption 

decreased and the weight of the samples was increased at a lower rate. The water absorption 

tests results showed that the weight of the pure PU samples were increased by 1.7% after 24 

hours and by 0.7% after 48 hours of immersion in the water and it continued to increase until 

2 months from the start of the immersion and after that no further noticeable water absorb was 

recorded. PU+GNP also showed the same behaviour as neat PU and the weight of the samples 

increased significantly for the first month of immersion and after 2 months the weight did not 

increase anymore. The results for the PU+GNP+SG samples showed the weight was increased 

after immersion in the water at the lowest rate relative to neat PU and PU+GNP. This shows 

that these PU+GP+SG materials are hydrophobic and absorbed the least amount of water 

relative to the other two coating materials (neat PU and PU+GNP). 
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3.7.10.2 Effects of water absorption on tensile properties of PU, PU + GNP and PU + 

GNP + SG 

Tensile tests were performed on the dogbone after 24 hrs, 48 hrs, 1 week, 2 weeks, 1 month, 2 

months, 3 months and 6 months immersion in water tank. Young’s modulus, elongation at 

break, UTS and modulus of toughness of various specimens are extracted from stress strain 

diagram. An example of tensile tests results after 24 hrs immersion in water is shown in Figure 

3-66 and the full results are summarised in Table 3-17.  The tensile test results at other 

immersion duration are presented in the Appendix A.4 .  

 

Figure 3-66  Effect of the water absorption on the tensile behaviour of the neat PU and modified PUs. 

 

Table 3-17 shows that for the neat polyurethane, elongation at break decreased after 24hours 

of immersing into the water by 22.4% from 659 to 511, while for another sample of pure PU 

after 48 hours of immersing into the water it decrease by only 16.5% which shows that although 

the water absorption decrease the elongation at break for the pure polyurethane but, the duration 

of immersing into the water doesn’t have significant effect on this properties; even after 6 

months of immersing the pure polyurethane into the water elongation at break decrease by only 

10% in comparison with the 48 hours of immersing into the water. For PU+GNP and 

PU+GNP+SG effects of absorbed water on the elongation at break was different, as can be 
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seen in the table below for the PU+GNP elongation at break increased by 11% after 6 months 

immersing in water and for PU+GNP+SG increased by 3.5% for the same duration of 

immersing into the water. By looking at the modulus of toughness it can be seen that for the 

neat polyurethane for the first month of immersing into the water it starts increasing by 4, 6.7, 

6.6, 10.5 and 2.7% respectively after 24h, 48h, 1w, 2w and one month, but after that started to 

decrease and by passing 6 months of immersing into the water it decreased by 32%. Behaviour 

of the modulus of toughness for the PU+GNP and PU+GNP+SG also was similar to neat PU 

which means absorbed water decrease the amount of modulus of toughness by 12.3% for 

PU+GNP and 34% for PU+GNP+SG after 6 months immersing into the water. Ultimate tensile 

strength for all three types of material decreased because of absorbed water; for neat PU it 

decreased by 5.1%, for PU+GNP decreased by 11.6% and for PU+GNP+SG decreased by 39%. 

Young’s modulus also decreased for the PU+GNP by 23% and for the PU+GNP+SG by 32% 

while increased for the neat PU by 40% after 6 months immersing into the water. 
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Table 3-17 Results of the tensile tests after water immersion from 24 hrs up to 6 months. 

Effects of water absorption on Young’s modulus of the coatings 
 EL% T UTS E 

 

PU 
PU+ 

GNP 

PU+ 

GNP+ 

SG 

PU 
PU+ 

GNP 

PU+ 

GNP+ 

SG 

PU 
PU+ 

GNP 

PU+ 

GNP+ 

SG 

PU 
PU+ 

GNP 

PU+ 

GNP+ 

SG 

D
ry

 

659 599 540 
103

01 

197

41 

230

54 
21.5 38 46 2.1 3.7 4.1 

2
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 h

rs
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 ±
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Figure 3-67 shows the effects of the water absorption on the Young’s modulus. It can be seen 

that Young’s modulus was decreased for all three coating materials, and the highest decrease 

was for the PU+GNP. After 6 months of immersion in water, the PU+GNP and PU+GNP+SG 

had approximately the same Young’s modulus although the Young’s modulus for the neat PU 

was also decreased significantly. 

 

Figure 3-67 Effect of water immersion for 24h, 48h, 1w, 2w, 1m, 2m, 3m and 6 months on the Young’s 

modulus of the neat PU, PU+GNP and PU+GNP+SG.   

Effects of water absorption on elongation at break of the coatings 

Figure 3-68 shows the effects of water absorption on the elongation at break after 24 hours to 

6 months immersion in water. During the immersion, %EL was continuously decreased for 

neat PU but for PU+GNP and PU+GNP+SG it was initially decreased and then it was remained 

almost constant. 
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Figure 3-68 Effect of water immersion for 24h, 48h, 1w, 2w, 1m, 2m, 3m and 6 months on the elongation at 

break of the neat PU, PU+GNP and PU+GNP+SG.   

Effects of water absorption on UTS of the coatings 

Figure 3-69 shows the effect of water absorption on UTS of the three coating materials. The 

UTS of PU+GNP+SG was decreased by 30% after 48 hours of immersion in water and after 

that it remained unchanged. For PU+GNP, the UTS was decreased by 6% then remained almost 

constant in the next 6 months of immersion. For the neat PU the UTS had similar trend as the 

modulus of toughness and it was almost remained constant up to 6 months of immersion in the 

water.  

 

Figure 3-69 Effect of immersing the samples into water for 24h, 48h, 1w, 2w, 1m, 2m, 3m and 6 months on the 

ultimate tensile strength of the neat PU, PU+GNP and PU+GNP+SG.   

Effects of water absorption on modulus of toughness of coatings 

Figure 3-70 shows the effect of water uptake on the modulus of toughness of the coatings. The 

modulus of toughness for PU+GNP and PU+GNP+SG was dramatically decreased in the first 
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week of immersion in the water. However, after that until the end of the immersion (6 months), 

there was no significant change on the amount of modulus of toughness for all three coating 

materials. Also, it can be seen that the absorbed water did not have significant effects on the 

modulus of toughness of the neat PU.  

 

Figure 3-70  Effect of immersing the samples into water for 24h, 48h, 1w, 2w, 1m, 2m, 3m and 6 months on the 

modulus of toughness of the neat PU, PU+GNP and PU+GNP+SG. 

  

3.7.10.3 Summary of water absorption tests results  

In the water absorption tests, all three types of coating materials start absorbing water 

significantly in the first month of immersion in the water and after two months of immersion, 

water absorption were not noticeable and the weight of the specimens remained unchanged. 

The test results showed that water absorption in the neat PU was the highest; while the 

PU+GNP and PU+GNP+SG had the least water absorption. This is due to increase in 

hydrophobicity of these coatings by addition of GNP and silica-based sol-gel (SG) to the PU.  

These tests also showed that after 6 months of water immersion of the neat PU, its elongation 

at break, modulus of toughness, UTS and Young’s modulus were decreased by 32%, 2.5%, 

5.1% and 47%, respectively. For the PU+GNP coating, its elongation at break, modulus of 

toughness, UTS and Young’s modulus were decreased by 2.8%, 12.3%, 11.6% and 23%, 

respectively. Finally, for the PU+GNP+SG coating, its elongation at break, modulus of 

toughness, UTS and Young’s modulus were decreased by 3.5%, 34%, 39% and 23.9%, 

respectively. These results are summarised in Figure 3-71 to Figure 3-73. 
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Figure 3-71 Variation of the tensile properties of the neat PU after immersing in water from 24h to 6 months. 

 

Figure 3-72  Variation of the tensile properties of the PU+GNP after immersing in water from 24h to 6 months.  
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Figure 3-73 Variation of the tensile properties of the PU+GNP+SG after immersing in water from 24h to 6 

months. 
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Chapter 4 Damping Coefficient, Transmitted 

and Rebound Energy Measurement   

4.1 Introduction 

In this chapter drop ball tests were performed for measuring the amount of energy transmitted 

to the substrate. This has been done by dropping a steel ball on the upper surface of the 

specimen and recording the voltage from a piezoelectric located at the lower surface of the 

specimen by an oscilloscope. The results from drop ball tests are analysed by SVD-QR method, 

and the damping ratio of each material was calculated. At the last section of this chapter 

resilience tests was performed to analyse the amount of rebound energy by using motion 

capture system.  

Polymers are commonly used for vibration damping and energy absorption [164] because they 

have better attenuation capability than other materials such as metals and ceramics. 

The viscoelastic behaviour of polymers is a key reason why they are used for vibration damping 

and energy absorption applications. In viscoelastic materials, the elastic elements store energy 

during deformation and release it in the process of strain recovery [165]. During unloading, 

some of the energy is recovered while the rest being dissipated in the form of heat. Another 

property of a vibration damping material is attenuation which can happen through two 

mechanisms: absorption and scattering of energy. In absorption, sound energy [166] is 

converted to heat by the elastic motion of particles; in other words, when a material is 

elastically loaded, it stores energy and when unloaded, some of the mechanical energy is lost 

and dissipated as heat. Scattering is a result of inhomogeneity in a material such as crystal 

discontinuities, grain boundaries, inclusions, particles and voids [166]. Scattering causes the 

energy of the coherent, collimated waves to be converted into incoherent, divergent waves 

through reflection and refraction [165]. 

Polyurethane (PU) elastomers is a polymer, which contains the urethane group –NH–CO–O– 

and they are formed by combining hard (isocyanate) and elastic (polyol) parts, and changing 

these components creates a range of characteristics for various polyurethane elastomers. 

Polyurethane elastomers are superior in resistance to abrasion, oxidation, tear, and chemicals 

(oil, gas). They are also transparent, have good adhesion and are used for vibration-damping 

applications [167]. The loss angle 𝛿 is the phase shift between stress and strain. An equivalent 
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measure for material loss factor (𝜂) is the loss tangent, defined as tan 𝛿 = 𝜂 =
𝐸′′

𝐸′
, where 𝐸′ 

and 𝐸′′ are the storage modulus, and the loss modulus, respectively. The loss factor is a measure 

of the energy dissipation capability of the material. It is realized that by adding inorganic fillers 

to polyurethane, the tan  increases significantly. For example, adding 10% silica increases the 

maximum tan δ value of Polyurethane/Poly-ethyl-methacrylate interpenetrating network 

(PU/PEMA IPNs) from 0.44 to 0.72 [168]. Wang et al. [169] also found that adding carbon 

fibres to PU/EP (epoxy resin) IPNs increases the tan  from 0.37 to 0.72. One of the weaknesses 

of polyurethanes is their moderate to low mechanical properties. This weakness arises from the 

lack of hydrogen bonding between the hard and soft segments and incompatibility between the 

polar hard segments and nonpolar soft segments. One proposal to overcome this weakness is 

to introduce carbon nanoparticles to the neat polyurethane [77]. 

Graphene is an allotrope of carbon, and with one atom thick planar sheets structure of sp2 

bonded carbon atoms packed in a honeycomb like lattice [170]. Graphene has the intrinsic 

strength of the monolayer membrane of 42N.m−1, which equates to an intrinsic strength of 

130GPa and Young’s modulus of 1TPa [171]. However, the strength of the interface is central 

to the mechanical enhancement of graphene modified polymers rather than of the intrinsic 

strength of graphene particles. Therefore, the functionalised graphene (f-GNP) which form 

chemical bonding with the matrix is superior to the pristine graphene for mechanical 

reinforcement of polymers. 

The dispersion of graphene in PU makes noticeable contributions to the enhancement of PU 

mechanical properties [172]. In this regard, surface treating of nanofillers boost the dispersion 

of the nanopartciles in PU matrices. In addition, the functionalities located on the surface of 

nanofillers such as hydroxyl, carboxyl, or amine groups can potentially form chemical bonding 

with PU matrices resulting in a strong interface between the fillers and the matrix for stress 

transfer. 

The functionalised GNP nanoparticles and polymeric matrices interacts by mechanical 

interlocking through the wrinkled surface of thin graphene sheets; and chemically by the 

hydrogen bonding formed between the oxygen functionalities of the GNP and polymeric 

matrices. It was found hydrogen and covalent bondings are formed between graphite oxide 

nanoplatelets (GONPs) and PUs which act as a strong interface [173]. It is reported that 

Young’s modulus and hardness of a PU with 4.4wt% GONPs was nearly increased by ∼900% 

and ∼327%, respectively, relative to the neat PU due to the covalent interface with the hard 

segment of the PU [174]. 
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Pokharel et al. manufactured polyurethane (PU) nanocomposites by in-situ polymerization 

using pristine graphene nanoplatelets (GNPs), graphene oxide (GO), and functionalized 

graphene sheets (FGSs). Tensile testing, dynamic mechanical thermal analysis and the efficacy 

of functional groups on the graphene were evaluated for the three PU nanocomposites. The PU 

nanocomposites modified by 2wt% loading of GO or FGS showed significantly higher Young's 

modulus than that the one modified by GNPs [73]. It is reported the detailed structure of the 

PU, in terms of the composition and specific chemistry of the hard and soft segments, is 

probably important for the graphene stabilisation and mechanical properties of the resultant 

graphene/PU composites [175]. 

In this study, carbon nanoparticles in the form of functionalised graphene nanoplatelet (f-GNP) 

alone and in combination with hydrophobic silica base solution (SG) have been added to neat 

polyurethane to improve the damping coefficient and energy absorption of the resultant 

nanocomposites for application in protecting the leading-edge of wind turbine blades. First the 

damping coefficient of neat polyurethane (PU), f-GNP based PU nanocomposite (PU + f-

GNP), and f-GNP and hydrophobic silica-based solution PU nanocomposite (PU + f-GNP + 

SG), together with polytetrafluoroethylene (PTFE), high-density polyethylene (HDPE), ultra-

high molecular weight polyethylene (UHMWPE), polyethylene terephthalate (PET), polyvinyl 

chloride (PVC) and NYLON have been obtained by the drop ball tests under controlled and 

consistent conditions. Second the attenuation of the various materials has been identified with 

the SVD-QR method. This experimental modal analysis method has been used to analyse the 

free response signal of the system during the drop ball test and identify the modal parameters 

(frequency and damping ratio) of the modes of deformation of the system. Afterwards, 

resilience tests was performed to analyse the rebound energy of the developed materials. 

4.2 Drop Ball Tests 

The damping coefficient of neat polyurethane (PU), GNP based PU nanocomposite (PU + 

GNP), and GNP and hydrophobic silica-based solution PU nanocomposite (PU + GNP + SG), 

together with polytetrafluoroethylene (PTFE), high-density polyethylene (HDPE), ultra-high 

molecular weight polyethylene (UHMWPE), polyethylene terephthalate (PET), polyvinyl 

chloride (PVC) and NYLON have been obtained by the drop ball tests under controlled and 

consistent conditions. 

4.2.1 Manufacturing of samples 

For this experiment, in addition to manufacturing neat polyurethane (PU), graphene modified 

PU (PU + GNP) and graphene/sol-gel modified PU (PU + GNP + SG), other ready-made 
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selected PTFE, HDPE, UHMWPE, PET, PVC and NYLON polymers were tested in order in 

to make comparison. The material characteristics that were considered for analysis are tan 𝛿 

and attenuation. Mechanical loss coefficient (tan 𝛿), is an indication of the effectiveness of a 

material’s damping capabilities. The higher the mechanical loss coefficient, tan 𝛿, the greater 

the damping coefficient, the more efficient the material will be in effectively accomplishing 

energy absorption and dispersal. Attenuation is the decay rate of the wave as it propagates 

through the material. 

Specimens of neat polyurethane, graphene modified PU, and f-GNP+SG modified PU were 

prepared according to the procedures discussed before. 

A cylindrical mould was machined from polyethylene for casting the specimens. There were 

two options to get the cured samples out of the mould without applying too much stress on 

them; one method was to manufacture the mould from two symmetric pieces and then bound 

them together (Error! Reference source not found.). The other method was using a milling m

achine to cut the mould into two pieces and get the samples out of the mould (Figure 4-2c). To 

get the cured specimens out of the mould, at least two layers of mould release agent were 

applied on the inner surface of the mould before pouring the materials into it. The first layer of 

the agent was applied by using paint brush and dried for 1 hour before the second layer was 

applied (if it was the first time that the mould is being used for making samples, 6 to 7 layers 

of release agent needed to be applied). Since the polymer hardens quickly, the process of 

manufacturing the samples needed to be completed within 7 minutes. Figure 4-2 shows various 

stages of manufacturing the polyethylene mould and the specimens. 

 

Figure 4-1 Using solid works to design a mould from two symmetric pieces.  
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Figure 4-2 a) Manufactured mould for making specimens for drop ball test, b) pouring materials into the mould, 

c) using a milling machine for demoulding specimens, d) final specimens for testing.    

 

NYLON, HDPE, PTFE, UHMWPE PET and PVC were purchased in 30 mm diameter rods, 

cut and sanded into 50 mm height specimens. A 15 mm height stainless steel disk was made 

as the target for the ball drop. The surface condition of the specimens has significant effect on 

the drop ball test results and the contact surface of the specimens should be very smooth, flat 

and parallel. To achieve a perfectly smooth surface, 600 grit sand paper was used to sand all 

specimens. All the specimens that were tested are shown in Figure 4-3 and their dimensions 

are summarised in Table 4-1.  
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Table 4-1 Specimen’s properties for damping test. 

Material Height 

(mm) 

Diameter 

(mm) 

PU 50.2 31.8 

PU + f-GNP 49.8 31.9 

PU + f-GNP + SG 49.8 32 

NYLON 49.8 32 

UHMWPE 50.1 31.9 

HDPE 49.8 31.8 

PTFE 49.9 31.9 

PET 49.9 31.7 

PVC 50.1 32 

 

 

Figure 4-3 Specimens for damping test. 

4.2.2 Experimental set up 

To eliminate the surface hardness effect of the test specimen, the ball was dropped onto a 15mm 

stainless steel disk, placed on the top of the specimen. The steel balls used to generate acoustic 

signals were Chrome steel ball bearings of 3mm diameter and a hardness of HRC 60-67. The 

stainless-steel disk has hardness up to HRC 40-48. This material is chosen as the target because 

of its high hardness, thus the steel ball will leave little to no dent on its surface.  

As can be seen in Figure 4-4, a digital oscilloscope, a piezoelectric sensor, a steel support stand 

with a screw release clamp and a 3mm diameter steel ball were used to set up the drop ball test. 

The piezoelectric sensor was placed under the specimen and aligned vertically facing the 

bottom face of test specimen. The piezoelectric sensor used here is the PCB 333B30 

SNLW56739 made by PCB Piezotronics U.S. which is inserted in a UHMWPE casing and laid 

on a sponge over an HDPE platform (Figure 4-5). The sensor was located on the sponge to 
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eliminate the vibration of the sensor-specimen system on the rigid platform. The acoustic signal 

is generated by dropping the steel ball onto the target. The input signal travels through the test 

specimen and the reduced outcome signal is received by the piezoelectric sensor and displayed 

on a digital oscilloscope. The oscilloscope used here is a TBS-1072-EDU digital oscilloscope 

made by Tektronix. As can be seen in Figure 4-5, the whole system is placed on an HDPE 

platform to make the setup flat horizontal and also to prevent the steel ball from hitting the 

floor after bouncing back. 

 

Figure 4-4 Damping test set up. 

 

 

Figure 4-5 Piezoelectric sensor set up for the damping test.  

It is known that the impedance mismatch between air and solids is large, that is why there is 

almost no transmission of ultrasonic waves between the two, so to facilitate the transmission 

of the ultrasonic signal, the air gap between the specimen and ultrasonic sensor and also 

between the specimen and stainless-steel target was filled with a couplant.  

The choice of the right couplant materials was based on signal transmission capability, the 

interaction with test specimen along with consistency and the ease of application during 
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repeated testing. Different couplant materials have different acoustic impedance properties and 

viscosities which needed to be considered in choosing the right couplant for the test. For this 

test two types of couplant were initially chosen: petroleum jelly and silicon lubricant. Using 

petroleum jelly has some disadvantages, for example it was difficult to have a consistent layer 

thickness for all tests and the different amount of couplant applied each time has a significant 

effect on the results. Silicon lubricant couplant was ultimately chosen because it is very 

consistent in application, it leaves a thin layer on the specimen surface, is not too slippery, and 

the steel target can rest easily on the specimen without sliding off. 

 

Figure 4-6 Holding the steel ball on the rod with a clamp. 

To improve the consistency of the test, the residue couplant on the specimen and sensor were 

wiped off and reapplied in the same way after each drop test. As can be seen in Figure 4-6, the 

steel ball is held 12cm above the target with a clamp. The ball is dropped by rotating the screw. 

To ensure consistency of the test, it is important that each time the ball falls on the centre of 

the target. For that reason, petroleum jelly was applied on the screw to reduce friction. The 

steel drop-ball is relatively small and so turning the screw should be done gently. 

4.2.3 Drop ball tests result 

Drop ball tests were performed according to ASTM E976, E2075 and E650. The specimens 

tested were neat polyurethane (PU), graphene modified PU (PU + f-GNP), graphene and 

hydrophobic silica base solution modified PU (PU + f-GNP + SG), polytetrafluoroethylene 

(PTFE), high-density polyethylene (HDPE), ultra-high molecular weight polyethylene fibre 

(UHMWPE), polyethylene terephthalate (PET), PVC and NYLON. For each specimen, the 
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drop-ball test was repeated 5 times from a drop height of 12cm above the steel target disc. The 

maximum voltage of the signal received by the sensor located underneath the specimen was 

recorded. The lower the voltage, the more the impact signal was attenuated, which indicated a 

better attenuation capability of the test material. Table 4-2 shows the test setup specification 

and Table 4-3 shows the voltage recorded by the sensor for each drop ball test. 

 

Figure 4-7 Wave signals measured by piezoelectric sensor for different specimen as a result of drop ball test. 
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Table 4-2 Test setup of the drop ball test. 

Oscilloscope display  5mv/div; 10ms/div 

Ball size  3mm  

Drop height  12cm 

 

Samples of screen shots of the oscilloscope for each specimen are shown in Figure 4-7. It can 

be seen that different materials responded in very different ways to the drop ball impact, 

generating different wave signals. Studies show that other factors such as the geometry of the 

specimen, material properties, type of the coupling and test set up also affects the generated 

wave signals for different materials [165, 166]. When a force is rapidly applied perpendicular 

to a surface, it will generate a longitudinal wave. This wave will travel through the material.  

Particles in the vicinity of the wave move parallel to the direction of wave propagation. As a 

wave propagate through a medium, its intensity decreases, and as the wave travels its intensity 

will reduce with distance travelled. Since the dropping of the steel ball is consistent for each 

test, a higher voltage signal indicates less vibration attenuation, and hence a poorer attenuation 

capability. It can be seen from Table 4-3 that PTFE shows the highest voltage because of drop 

ball test and GNP–COOH modified polyurethane (PU + f-GNP) shows the lowest voltage, 

indicating that graphene modified polyurethane has the highest attenuation. Table 4-3, shows 

that this drop ball test set up is able to generate consistent results which produce waves with 

less than 1% variation in signal strength.  
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Table 4-3 Maximum voltage (mV) for the drop ball test from piezoelectric sensor measured by oscilloscope. 

 Maximum Voltage (mV) 

       Repeat 

 

Specimen 

Test 1 Test 2 Test 3 Test 4 Test 5 

Mean with 95% 

confidence level 

(v) 

PU 17.2 17.2 17.4 17.2 17 17.2 ± 0.1 

PU + f-GNP 16.8 16.8 16.6 16.6 16.2 16.6 ± 0.2 

PU + f-GNP + SG 17.2 16.8 16.8 17 16.6 16.9 ± 0.2 

PTFE 22 20.2 22.6 20.2 20.4 21.1 ± 1.2 

PVC 21.2 21 20.6 22.2 20.0 21.0 ± 0.6 

NYLON 19.6 19.2 19.8 19.4 19.4 19.5 ± 0.2 

HDPE 18.8 18.8 18.4 18.2 18.4 18.5 ± 0.2 

UHMWPE 17.8 17.8 17.6 17.4 17.6 17.6 ± 0.1 

PET 17.2 17.4 17.6 17.2 17.6 17.4 ± 0.2 

As a results of this experiment, it can be said that among the PU, PU + f-GNP and PU + f-GNP 

+ SG materials tested in this study, neat polyurethane (PU) has the lowest attenuation (Figure 

4-8) and which improved by 3.7% by adding 0.5 wt% of GNP – COOH.  

 

Figure 4-8 Highest voltage recorded by oscilloscope for different specimens as a results of drop ball tests. 
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The transmitted energy is proportional to piezoelectric voltage, higher voltage corresponds to 

higher transmitted energy.  

4.3 Identification of modal parameters with the SVD-QR method 

The objective of the drop ball test is to identify the damping coefficient of the various polymer 

materials. In order to do this, the modal parameters (frequency and damping ratio) of the main 

deformation modes of the system (those with highest amplitude and lowest frequency) should 

be identified. This identification is made by analysing the free response of the system after the 

drop ball impact. Considering linearity and disregarding higher modes (not relevant for the 

analysis), this free response is a linear combination of exponentially attenuated harmonic 

signals as shown in (Eq. 4.2), which is the solution of equation of motion (Eq.4.1). Each of 

these signals corresponds to a particular deformation mode of the system and has a 

characteristic frequency and damping ratio.  

The EMA (Experimental Modal Analysis) method employed for the signal analysis was the 

QR Factorization and Singular Value Decomposition (SVD-QR) method [176, 177]. This time-

domain method was developed to extract the modal parameters of structural signals of combat 

aircraft during flutter flight testing carried out at CLAEX (the Spanish Military Flight Test 

Center). These signals were short, noisy and with close modes, all of which make their analysis 

difficult.   

This method, like most EMA methods, assumes a linear system with viscous damping 

(proportional to the velocity and opposing motion). It is presumed that the material deformation 

is elastic and consequently the non-linear effects are negligible. Consequently, the free 

response of the system can be represented by the following matrix differential equation: 

 [𝑀]{�̈�}  +  [𝐶]{�̇�}  +  [𝐾]{𝑦}                                                                              (4.1) 

where 𝑀,𝐶, and 𝐾 represent the matrices of mass, damping, and stiffness, respectively and 

{𝑦(𝑡)} is the deformation vector [178].  

Therefore, 𝑦(𝑡), the deformation in one point of the system, can be represented as exponentially 

damped harmonic function:  

 𝑦(𝑡) = ∑ ℎ𝑖(𝑡) =
𝑛
𝑖=1 ∑ {𝐴𝑖 𝑠𝑖𝑛(2𝜋𝑓𝑖𝑡) 𝑒

−2𝜋𝜉𝑖𝑓𝑖𝑡 + 𝐵𝑖𝑐𝑜𝑠 (2𝜋𝑓𝑖𝑡)𝑒
−2𝜋𝜉𝑖𝑓𝑖𝑡}𝑛

𝑖=1   (4.2) 

This equation indicates that the deformation in one point of the system is the result of the 

addition of 𝑛 different modes ℎ𝑖(𝑡) with the associated frequencies 𝑓𝑖  and damping ratio 𝜉𝑖. 
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Figure 4-9 Equivalent System 

The traditional EMA methods try to adjust (e.g. least squares) the experimental values of the 

response to the (Eq. 4.2) in order to find the 4 values of 𝐴𝑖 ,  𝐵𝑖,  𝑓𝑖 and 𝜉𝑖 for each of the 𝑛 

modes 𝑀𝑖. 

The SVD-QR method takes advantage of a property of linearity of the exponentially damped 

harmonic functions and consequently of 𝑦(𝑡). Assuming that there are n modes and 2𝑛 + 1 

segment of time of the same length are taken, the response in one period is a linear combination 

of the responses in the other 2𝑛 periods.  

Assuming that 2𝑝 samples of the response 𝑦(𝑡) has been acquired, 𝑦(𝑡1), 𝑦(𝑡2),… , 𝑦(𝑡2𝑝), a 

Henkel matrix can be built up:  

H=

(

 

𝑦(𝑡1) 𝑦(𝑡2) … 𝑦(𝑡𝑝)

𝑦(𝑡2) 𝑦(𝑡3) … 𝑦(𝑡𝑝+1)

⋮ ⋮ ⋱ ⋮
𝑦(𝑡𝑝) 𝑦(𝑡𝑝+1) … 𝑦(𝑡2𝑝) )

                                                                      (4.3)  

Due to the linearity property of 𝑦(𝑡) only 2𝑛 files (or 2𝑛 columns) are independent, i.e. only 

2𝑛 files are required to represent the whole signal 𝑦(𝑡).  

As only 2𝑛 files are necessary, the following step is to select these files and to truncate the 

matrix H. However, it is paramount to choose the 2𝑛 files that provide maximum information, 

i.e. the 2𝑛 files that are most orthogonal among each other should be selected.  

The QR decomposition of the matrix H into a product of an orthogonal matrix Q and an upper 

triangular matrix 𝑅 provides a permutation matrix 𝑀𝑝, such that: 
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 𝐻 ×𝑀𝑃 = 𝑄 × 𝑅;         𝑄
𝑇 × 𝑄 = 𝐼;          𝑟𝑖𝑗 = 0 ∀𝑖 > 𝑗                                     (4.4) 

 

 𝐵 = 𝑀𝑝
𝑇 × 𝐻                                                                                                          (4.5) 

The files of the matrix H have been reorganised with the permutation matrix 𝑀𝑝 in such a way 

that the 2𝑛 first files of matrix 𝐵 provide the maximum of information. 

Truncating the matrix 𝐵 and retaining only the first 2𝑛 files, the matrix 𝐵𝑡 is generated: 

𝐵𝑡 =

(

 

𝑦(𝑡𝑠1) 𝑦(𝑡𝑠2) … 𝑦(𝑡𝑠𝑝)

𝑦(𝑡𝑢1) 𝑦(𝑡𝑢2) … 𝑦(𝑡𝑢𝑝)

⋮ ⋮ ⋱ ⋮
𝑦(𝑡𝑜1) 𝑦(𝑡𝑜2) … 𝑦(𝑡𝑜𝑝))

                                                                       (4.6) 

Since the function of the response 𝑦(𝑡) is well known (Eq. 4.2), selecting a frequency 𝑓𝑠 and 

damping ratio 𝜉𝑠, a synthetic response can be generated: 

𝑥(𝑡𝐾) = sin(2𝜋𝑓𝑠𝑡𝐾) 𝑒
−2𝜋𝜉𝑠𝑓𝑠𝑡𝐾⇔𝑋 = [𝑥(𝑡1) 𝑥(𝑡2) … 𝑥(𝑡𝑝)] ⇔ 𝑋𝐼 =

𝑋

‖𝑋‖
  (4.7) 

The last operation shown in (Eq. 4.7) is the division of the components of vector 𝑋 by its own 

Euclidean norm, in such a way the norm of vector 𝑋𝐼 is one. 

Including the vector 𝑋𝐼 in the matrix 𝐵𝑡, the extended matrix 𝐵𝑡𝑒 is created: 

 𝐵𝑡𝑒(𝑓𝑠, 𝜉𝑠) =

(

  
 

𝑦(𝑡𝑠1) 𝑦(𝑡𝑠2) … 𝑦(𝑡𝑠𝑝)

𝑦(𝑡𝑢1) 𝑦(𝑡𝑢2) … 𝑦(𝑡𝑢𝑝)

⋮ ⋮ ⋱ ⋮
𝑦(𝑡𝑜1) 𝑦(𝑡𝑜2) … 𝑦(𝑡𝑜𝑝)

𝑥𝐼(𝑡1) 𝑥𝐼(𝑡2) … 𝑥𝐼(𝑡𝑝))

  
 

                                                  (4.8) 

In the case, in which, the frequency 𝑓𝑠 and the damping ratio 𝜉𝑠 correspond to a mode hi(t) of 

the response, the matrix 𝐵𝑡𝑒 will have a rank very close to 2𝑛. It cannot be exactly 2𝑛 because 

the signal 𝑦(𝑡) has always some noise. If the parameters do not correspond to those of a mode 

the rank of matrix 𝐵𝑡𝑒  would be 2𝑛 + 1.  

To assess how the rank of the Matrix 𝐵𝑡𝑒 is close to 2𝑛 or to 2𝑛 + 1, its pseudo-determinant 

𝜓(𝑓𝑠, 𝜉𝑠) is calculated using the SVD (Singular Value Decomposition): 
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𝐵𝑡𝑒(𝑓𝑠, 𝜉𝑠) = 𝑈 × 𝑆 × 𝑉
𝑇 ⇒ 𝑆(𝑓𝑠, 𝜉𝑠) = (

𝑠1 0 … 0
0 𝑠2 … 0
⋮ ⋮ ⋱ ⋮
0 0 … 𝑠𝑛+1

) ;  𝑠1 ≥ 𝑠2 ≥ ⋯ ≥ 𝑠𝑛+1   (4.9) 

 Ψ(𝑓𝑠, 𝜉𝑠) = 𝑠1 × 𝑠2 × …× 𝑠𝑛+1                                                                              (4.10) 

If the ranges of possible values for the modal frequencies and damping ratio of the signal 𝑦(𝑡) 

are known, a search can be performed in such both ranges. In Figure 4-10 the range of search 

for frequency is 915 Hz, 920 Hz and 925 Hz, and the range for damping ratio is from 0.005 to 

0.055 with increments of 0.005. In total, as shown in Figure 4-10, there are 33 sets of frequency 

and damping ratio. 

 

Figure 4-10 Pseudo-determinant for values of frequency and damping ratio. 

For each value in the range of frequencies, the pseudo-determinant was calculated. For such a 

value of frequency, the damping ratio corresponding to the minimum value of pseudo-

determinant is chosen. In Figure 4-10, for a frequency of 920 Hz, the associated damping ratio 

is 0.020.  

In case the set of frequency and damping ratio resulting in minimum pseudo-determinant, 

corresponded to a mode and if the signal 𝑦(𝑡) were noiseless, the pseudo-determinant would 

be zero.  
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Now, a function associating the frequencies in the searching range with a value of pseudo-

determinant (and a value of damping ratio) has been generated.  

The minimums of this function correspond to frequencies (and associated damping ratios) of 

the modes of the response 𝑦(𝑡). 

When the number of modes of the response is unknown (n is not available), it is useful to 

calculate the parameters for various values of number of modes and compare the results. 

On the other hand, special attention must be taken when choosing a segment of signal for the 

analysis. It is important to ensure that the segment corresponds to a free response and it is not 

included with contributions corresponding to forced response of the specimen during the 

impact duration of the ball. 

4.3.1 Experimental results of damping coefficient using SVD-QR method 

There are three different types of damping: coulomb, which is caused by kinetic friction 

between sliding dry surfaces; viscous damping which happens when heat is dissipated due to 

the movement of bodies in a liquid medium; and hysteresis damping is when a solid is deformed 

and heat is dissipated by internal friction. Hard materials such as metals and ceramics do not 

show hysteresis damping under a moderate load but soft materials like polymers exhibit large 

hysteresis [179]. Damping capability is influenced by different factors such as the nature of 

material, modulus, frequency, temperature and defects [179].  

The damping coefficient is a material property that indicates whether a material will bounce 

back or return energy to a system. For instance, if returning the energy (bounce back) is caused 

by an unwanted vibration, a high damping coefficient in the material will reduce the response; 

it will dissipate the energy and reduce the undesired reaction. Materials with high damping 

coefficients are used in applications of shock absorption, vibration control, and noise reduction. 

Viscoelastic properties and glass transition temperature are two important factors which 

influence the vibration damping of polymers [179]. Polyurethanes are attractive for damping 

applications as they can be modified in order to change their glass transition temperature [180, 

181]. For example, increasing the hard segment content of the PU increases the rigidity. The 

addition of carbon nanoparticles to PU can affect the 𝑇𝑔 in two different ways: it can increase 

the 𝑇𝑔 by restricting the molecular motion due to the well-dispersed carbon nanoparticles; or 

can reduce the 𝑇𝑔 by modifying the degree of phase separation (DPS) [182, 66]. It is known 

that in a PU structure there are two different types of carbonyl groups (C=O), some of them are 

located at the interfacial zone between hard and soft segments which can be either free or H-
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bonded and some of them are located in the hard domain which are H-bounded only. DPS or 

degree of phase separation can be calculated using below equation: 

 

DPS = 
𝐶𝑏𝐶=𝑂

𝐶𝑓𝐶=𝑂+𝐶𝑏𝐶=𝑂
                                                                                                 (4.11) 

 

Where 𝐶𝑏 is the coefficient of hydrogen bonded urethane and 𝐶𝑓 is the free urethane [183]. 

For example, comparing PU20 containing 20% hard segment + 1wt% f-GNP with PU40 

containing 40% hard segment + 1wt% f-GNP showed that PU40 has higher 𝑇𝑔  =  46 ℃ than 

PU20 with 𝑇𝑔  =  41℃ [184]. It should be noted that adding nanomaterials may not increase 

the glass transition temperature of the PU if the nanomaterials dispersion in the polymeric 

matrix is poor and not uniform [185].  

A mechanical vibrating system is classified according to its damping ratio 𝜉 as: underdamped 

if 𝜉 < 1, critically damped if 𝜉 = 1, and overdamped if 𝜉 > 1. In all these cases, the response 

of a system set into motion will eventually decay to zero with time, except when 𝜉 =  0 [186].  

The damping coefficient is equal to the tan 𝛿 and to calculate the damping ratio,𝜉, this equation 

can be used: 

 tan 𝛿 = 1/𝑛𝜋                                                                                            (4.12) 

Where n is number of cycles the signal decays 𝑒 =  2.718. The first order damped system 

amplitude multiplier is 𝑒−𝜉𝜔𝑛𝑡. So when the exponent is −1, it will have a decay magnitude of 

e and therefore, 

 𝜉 = 1/𝜔𝑛𝑡                                                                                                 (4.13) 

Hence, 

  tan 𝛿 = 2𝜉 =
2

𝜔𝑛𝑡
                                                                                     (4.14) 
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Table 4-4 Damping coefficient, damping ratio and voltage measured by the drop ball test. 

Sample 

Frequency 

(200 - 300 Hz) 

Frequency 

(500 - 600 Hz) 

Frequency 

(700 - 1000 Hz) 

 

Damping 

coefficient 

(𝐭𝐚𝐧 𝜹)  

damping 

ratio (𝝃)  

Damping 

coefficient 

(𝐭𝐚𝐧 𝜹) 

damping 

ratio (𝝃) 

Damping 

coefficient 

(𝐭𝐚𝐧 𝜹) 

damping 

ratio (𝝃) 

Voltage 

(mV) 

PU 0.0250±0.0017 0.0125 0.0485±0.0073 0.0243 0.0813±0.0041 0.0407 17.2 

PU+f-GNP 0.0343±0.0061 0.0172 0.0651±0.0012 0.0326 0.1073±0.0044  0.0535 16.6 

PU+f-GNP+SG 0.0305±0.0026 0.0153 0.0622±0.0079 0.0311 0.0848±0.0023 0.0424 16.9 

PTFE 0.0210±0.0045 0.0105 0.0290±0.0039 0.0145 0.0348±0.0032  0.0174 21.1 

PVC 0.0245±0.0035 0.0123 0.0425±0.0079 0.0213 0.0345±0.0016 0.0173 21 

NYLON 0.0240±0.0028 0.0120 0.0525±0.0061 0.0253 0.0350±0.0022 0.0175 19.5 

HDPE 0.0235±0.0038 0.0117 0.0505±0.0084 0.0253 0.0388±0.0061 0.0194 18.5 

PET 0.0240±0.0037 0.0120 0.0408±0.0121 0.0204 0.0405±0.0081 0.0203 17.4 

UHMWPE 0.0245±0.0008 0.0123 0.0415±0.0132 0.0208 0.0435±0.0029 0.0218 17.6 

 

PUs are classified as underdamped materials and their damping ratio typically range from 0.05 

to 0.15 [187, 188, 144, 143], e.g. damping coefficient of the PU at 30C is reported 0.1 [143] 

and at room temperature and 1000Hz is 0.05 [188].  Damping coefficient (tan 𝛿) and damping 

ratio (𝜉) of the drop ball tests with 95%confidenece level at specified frequencies can be find 

in Table 4-4. 

Figure 4-11 shows Pseudo-determinant ψ for different frequency and damping values for all 

materials tested in this study. Inspection of Table 4-4 shows that the voltage results decrease 

as tan δ increase which means that when a material has low damping coefficient it has less 

ability to dissipate the energy of the system and that is why the sensor records higher voltage 

as a result of drop ball test. Among all materials tested in this study, GNP–COOH modified 

polyurethane has the highest damping coefficient and shows the lowest voltage recorded by 

the sensor indicating it is the best attenuating materials among tested polymers. PTFE and PVC 

show the highest voltage recorded and the lowest damping coefficients. 
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PU PU+GNP PU+GNP+SG 

  
 

PTFE PVC NYLON 

   

HDPE UHMWPE PET 

   

Figure 4-11 Drop ball test results analysis by SVD-QR for all tested materials. 
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Plots of the damping coefficient versus voltage for frequency range 200-300Hz, 500-700Hz 

and 700-1000Hz are shown in Figure 4-12. From this plot it is evident that the PU and graphene 

modified PU have higher damping coefficient at higher frequencies, and PU +GNP 

nanocomposite has 3.14 time increase in damping coefficient at 700-1000Hz relative to its 

damping coefficient at low frequency range of 200-300Hz. Among PU and nanomodified PU, 

the highest damping coefficient at all frequency ranges belongs to PU + GNP nanocomposite. 

Previous work has shown that the graphene increases the damping coefficient and the tortuosity 

of the neat polyurethane by decreasing the cell size of the PU structure and simultaneously the 

high aspect ratio and surface area/volume ratio of graphene contribute to the very efficient 

“stick-slip mechanism” of vibration damping at PU/GNP interfaces, which cause more energy 

dissipated by interfacial sliding [189]. 

 

Figure 4-12 Damping coefficient vs. maximum voltage in the frequency range of 200 to 300Hz, 500 to 600 

Hz and 700-1000Hz. 

Figure 4-13 show variation of damping coefficient (tan 𝛿) versus frequency for the PU, PU + 

GNP and PU + GNP + SG. The trend is that at higher frequencies tan 𝛿 will increase for all 

three types of polyurethanes. Also, adding f-GNP to PU has significant effect on the amount 

of increase in tan 𝛿  for all three frequency ranges but adding GNP + SG to PU had only 

significant effect on tan 𝛿 in frequency range of 200-300Hz and 500-600Hz and at high 

frequency range of 700-1000Hz its effect is diminishing.  
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Figure 4-13 𝒕𝒂𝒏 𝜹 at three frequency ranges for PU, PU+GNP and PU+GNP+SG.  

 

4.4 Summary of damping test 

In this study the damping properties of f-GNPs and f-GNP/SG based PU nanocomposites 

together with untreated PU for three different frequency ranges have been investigated by a 

drop ball test. The damping properties of HDPE, NYLON, PET, PTFE, and UHMWPE were 

also measured for comparison.  

In drop ball test, the amount of voltage recorded by the piezoelectric sensor is very sensitive to 

the experimental setup, test specimen preparation and surface condition of the specimen. By 

keeping the experimental condition stable, and by repeating the test on each specimen five 

times, reliable results have been obtained. The test results at 95% confidence level show that 

PTFE and PVC attenuate the least and PU + f-GNP, PU + f-GNP + SG and neat PU attenuate 

the most. It was shown that graphene modified polyurethane has the highest damping 

coefficient among all tested materials at all frequency ranges.  

The singular value decomposition and QR factorization method has been applied to the analysis 

of drop ball test data and the frequency and damping of the relevant modes are identified. The 

results show that by adding GNP–COOH (0.5wt%) to neat polyurethane, the damping 

coefficient increased by 37.2% for the 200 – 5300Hz range, increased by 34% for the 500 – 

600Hz range and increased by 32% for the 700 – 1000Hz range. Adding 1wt% hydrophobic 

silica-based solution to the GNP–COOH modified polyurethane increases the damping 

coefficient of the PU by 22% for the 200 – 300Hz range and 28% for the 500 – 600Hz range. 

However, there is no significant effect on the damping coefficient for 700 – 1000Hz range. 
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In summary, the carboxyl functionalised graphene nanoplatelets (GNP–COOH) increases the 

damping coefficient of the neat polyurethane by decreasing the cell size of the PU structure 

and simultaneously the high aspect ratio and surface area/volume ratio of graphene contribute 

in very efficient “stick-slip mechanism” of vibration damping at PU/f-GNP interfaces. The 

developed polyurethane nanocomposite materials have great potential for protecting leading 

edge erosion of wind turbine. 

Comparing the tan δ results measured from DMA tests in Chapter 3 with the ones obtained in 

this chapter from drop ball tests shows that although these tests were not performed at the same 

frequency ranges, but consistently the highest tan δ is for PU+GNP samples followed by 

PU+GNP+SG one and the lowest amount is for pure PU samples.  

4.5 Resilience tests 

A very common test for measuring the rebound or resilience property of elastomers consists of 

dropping a metal ball from a known height onto a firmly supported specimen and measuring 

the rebound height is called a resilience test. Resilience tests are based on the principle of 

conservation of energy within a closed system. The ball when dropped from a standard height 

has a total potential energy before being released and this energy transforms into kinetic energy 

during the free fall. The balls reach to its maximum kinetic energy immediately before impact 

which, in a perfectly elastic system, would result in the ball rebounding to the starting height. 

In actuality, at impact some of the kinetic energy is transformed into sound, heat, vibration and 

deformation energy and the ball rebound to a height less than the original height. The molecular 

structure and physical properties of various polymers, as well as the construction of the ball, 

will cause the rebound to differ. PU elastomer coatings have better erosion resistance than most 

metals owing to their softness and high capability for elastic deformation [190]. In fact, the PU 

elastic deformation enables the coating absorb the kinetic energy and gradually decelerating 

the impacting particles with minimal damage to the protected system. The kinetic energy 

absorbed in the form of elastic strain energy will be released later to rebound the particle from 

the surface. Hutchings et al. [190] showed that rebound resilience is the most dominant factor 

affecting the wear resistance of rubber elastomers. Materials with higher rebound resilience 

(the ratio of energy given up in recovery from deformation to the energy required to produce 

the deformation, usually expressed in percent) had the higher erosion resistance. 

In this section, the effect of modifying PU with GNP and GNP+SG on the resilience behaviour 

of the PU will be studied. 
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4.5.1 Resilience tests set up 

The apparatus was used for this experiment to perform the resilience tests shown in Figure 

4-14. This apparatus was manufactured according to the standard D2632–15. Various stages of 

design and manufacturing are shown in Figure 4-14. A plunger is released from a set height 

and it hits the specimen and the rebound of the plunger was recorded in the experiment. 

Specification of the plunger can be finding in Figure 4-15. 

 

Figure 4-14 Manufacturing the apparatus for vertical rebound test. 

 

 

Figure 4-15 Plunger specification according to the Standard D2632. 

 

The tracking of the plunger during its flight from the release to the end of the stationary position 

after rebound was recorded by a motion capture system (OptiTrack technology). This system 

includes a motion capture software and sixteen high-speed tracking cameras. Advantages of 
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this system are offering high precision, independent on external factors such as number of 

cameras, portable, unlimited range and its capability to capture multiple performances 

simultaneously. This system is capable of sub-20 µm accuracy in optimal conditions [191]. 

Manufactured vertical rebound apparatus was placed in the centre of the room which was 

surrounded by 16 cameras as shown in Figure 4-16. Tracking tapes were attached to the 

plunger so the cameras can detect the position of the plunger in real time during the tests 

(Figure 4-17).  

 

Figure 4-16 Motion capture system (OptiTrack). 
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Figure 4-17 Covering plunger with tracking tape. 

When the plunger is dropped, the camera starts recording the position of the plunger at each 

half of the second by using optical motion capture software which called motive, and the signals 

are recorded by the computer. The recorded data contains the position of the plunger at any 

time of the flight. Sequence of transferring the data from cameras to computer can be seen in 

Figure 4-18. 
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Figure 4-18 Sequence of transferring the data from camera to excel file. 

 

4.5.2 Manufacturing of samples 

The resilience tests were conducted according to the standard D2632–15, with cubic specimen 

with the dimension of 40×40×15mm. Resilience is very sensitive to temperature changes and 

to depth of penetration of the plunger. Therefore, all the experiments have been conducted in 

the same environmental condition at room temperature (25C). The specimens either could be 

cut from a slab or specifically moulded. The dimensions of the specimen were chosen in a way 

that the point of plunger impact is at least at a minimum distance of 14mm from the edge of 

the specimen. In this work the specimens were made by casting in a mould. The mould was 

designed and manufactured using a milling machine as shown in Figure 4-19. 
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Figure 4-19 Manufacturing of the mould for casting the resilience test specimens. 

After manufacturing the mould the PU and modified PU materials were poured in the mould 

and cured at room temperature (see Figure 0-20). The specimens were coded as shown in the  

Table 4-5. 

 

Figure 0-20 Pouring the neat polyurethane into the mould. 

 

Table 4-5 Specimens coding. 

Sample Code 

Neat PU 
PU1 

PU2 

PU+0.5wt% GNP 
PU/f-GNP1 

PU/f-GNP2 

PU+ 0.5wt% GNP + 1wt% SG 
PU/f-GNP/SG1 

PU/f-GNP/SG2 
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4.5.3 Results of resilience tests 

Three different types of coating materials were tested and for each type of material two 

specimens were manufactured. For each specimen, the test was repeated six times and the 

average of the rebound height was measured to calculate the transformed energy. 

For this experiment the plunger is dropped on the top surface of the specimens from 400mm 

height. In a fully elastic deformation of the material upon impact, the plunger would rebound 

to its initial height. Substrates with higher damping characteristic or plastic deformation will 

dissipate or store small amounts of plunger energy and the plunger will rebound to a reduced 

height. Eq. (4.15) is used to calculate the energy transformed. 

 

 % Energy Transformed = [
ℎ0−hr

ℎ0
] × 100%                          (4.15) 

 

Where ℎ0 is the initial height of the plunger where the ball dropped and ℎ𝑟 is the average 

rebound height. By assuming that the energy loss during plunger drop to hit the material is 

negligible (i.e 𝐸𝑙𝑜𝑠𝑠 ≈ 0), the velocity of the plunger just before hitting the material for the first 

time (𝑣1) can be found from Eq. (4.16). 

𝐸2 = 𝐸1 − 𝐸𝑙𝑜𝑠𝑠   

𝐸1 = 𝐸2  →  𝑚𝑔ℎ0 =
1

2
𝑚𝑣1

2  

𝑣1 = √2𝑔ℎ0                                                                                                            (4.16) 

The results of the vertical rebound tests are shown in Figure 4-21 to Figure 4-23 and they are 

summarised in Table 4-6. 
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Figure 4-21 Variation of rebound height versus time in the drop ball test on pure PU1 in six attempts. 

 

Figure 4-22 Variation of rebound height versus time in the drop ball test on pure PU+GNP1 in six attempts. 
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Figure 4-23 Variation of rebound height versus time in the drop ball test on pure PU+GNP+SG1 in six attempts. 
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Table 4-6  Results of the vertical rebound tests on the neat PU, PU+GNP and PU+GNP+SG. 

 

* n = After n cycles, plunger will not rebound anymore and rest in zero height position (y= 0). 

 Test 

no. 
1 2 3 4 5 6 

P
U

-1
 

Cycle  
y 

mm 

t 

s 

y 

mm 

t 

s 

y 

mm 

t 

s 

y 

mm 

t 

s 

y 

mm 

t 

s 

y 

mm 

t 

s 

1 114.9 0.16 119.7 0.15 118.3 0.15 117.6 0.15 116.6 0.16 119 0.16 

2 38.5 0.09 41.8 0.09 40.4 0.09 40.7 0.09 39.5 0.09 40.1 0.09 

3 13.3 0.05 13.5 0.05 13.6 0.06 12.9 0.05 13.3 0.05 13.5 0.05 

(n) 0 3.66 0 2.78 0 2.88 0 3.19 0 3.16 0 3.05 

P
U

-2
 

1 117.1 0.16 113.5 0.15 117.7 0.15 112.8 0.15 118.5 0.15 115.2 0.15 

2 39.5 0.09 38.7 0.09 38.5 0.09 36.2 0.09 39.8 0.09 36.1 0.08 

3 11.9 0.05 11.5 0.05 12.1 0.05 12.3 0.05 12.1 0.05 11.9 0.05 

(n) 0 2.86 0 2.71 0 2.85 0 2.78 0 2.75 0 2.75 

P
U

+
G

N
P

-1
 

1 84.4 0.125 94.8 0.134 99.2 0.133 94.6 0.14 98.1 0.14 95.4 0.132 

2 21.5 0.071 26.7 0.074 27.2 0.074 27.4 0.075 25.5 0.071 27.5 0.075 

3 6.5 0.03 7.2 0.05 6.7 0.04 6.5 0.04 7.4 0.04 6.9 0.04 

(n) 0 2.11 0 2.43 0 2.48 0 2.58 0 2.51 0 2.58 

P
U

+
G

N
P

-2
 

1 83.9 0.13 86 0.13 84.3 0.13 84.9 0.13 84.1 0.134 87.2 0.135 

2 21.9 0.063 23.5 0.067 22.3 0.067 23.3 0.067 22.8 0.067 24.1 0.068 

3 5.4 0.03 5.6 0.03 5.6 0.03 5.1 0.03 4.9 0.03 5.4 0.03 

(n) 0 2.01 0 2.28 0 1.99 0 1.85 0 1.93 0 2.133 

P
U

+
G

N
P

+
S

G
-1

 1 90.3 0.14 97.7 0.15 98.4 0.15 109.3 0.15 102.5 0.14 109 0.15 

2 26.9 0.07 33.3 0.08 30.1 0.07 34.4 0.08 34.9 0.07 34.3 0.08 

3 7.2 0.041 10.3 0.05 8.9 0.042 10.6 0.046 9.3 0.076 10.4 0.05 

(n) 0 3.16 0 2.28 0 2.07 0 1.82 0 2.2 0 2.33 

P
U

+
G

N
P

+
S

G
-2

 1 103.6 0.15 112.1 0.15 112.3 0.15 110.5 0.15 111.8 0.15 112 0.15 

2 30.4 0.08 34.4 0.083 34.2 0.083 34.9 0.088 35.2 0.087 36.8 0.087 

3 9.5 0.054 11.3 0.046 11.5 0.05 12.3 0.05 12.1 0.05 13.5 0.046 

(n) 0 3.092 0 2.5 0 2.01 0 2.38 0 2.7 0 2.89 
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Table 4-6 shows that after the plunger hits the specimen, considerable amount of the kinetic 

energy was absorbed by specimen. The amount of energy that absorbed by the neat PU is less 

than the other two modified PU materials. After three rebounds (3rd cycle), 96.85% of energy 

is transferred to the PU, 98.48% to the PU+GNP and 97.35% to the PU+GNP+SG specimens. 

Table 4-7 summarises the rebounding speed of the plunger after hitting the specimens. 

PU+GNP material has the least rebound speed after the first hit at 41.8 mm/s. The rebound 

speed of PU and PU+GNP+SG after the first hit are 47.9 mm/s and 45.8 mm/s, respectively.  

The results shows that more energy was absorbed by the graphene modified PU coating 

material. 

Table 4-7 Energy transformed after the plunge hit the specimens. 

Spec

imen 
1 

Average 
2 

Average Ball rebound (cm) % Energy 

Transformed 
y(mm) t (s) y(mm) t (s) y(mm) t (s) V1 

(mm/s) 

P
u

re
 P

U
 Cycle 1 117.7 0.15 Cycle 1 115.8 0.15 116.7±1.13 0.15±0 47.9 70.83 

Cycle 2 40.2 0.09 Cycle 2 38.1 0.09 39.1±0.15 0.09±0 27.7 90.23 

Cycle 3 13.4 0.05 Cycle 3 11.9 0.05 12.6±0.10 0.05±0 15.7 96.85 

n 0 3.12 n 0 2.78 0 2.95±0.24 0.0 100.00 

P
U

+
G

N
P

 Cycle 1 92.8 0.13 Cycle 1 85.1 0.13 88.9±0.53 0.13±0 41.8 77.78 

Cycle 2 26 0.07 Cycle 2 23 0.07 24.5±0.21 0.07±0 21.9 93.88 

Cycle 3 6.9 0.04 Cycle 3 5.3 0.03 6.1±0.11 0.03±0.01 10.9 98.48 

n 0 2.45 n 0 2.03 0 2.24±0.29 0.0 100.00 

P
U

+
G

N
P

+
S

G
 Cycle 1 103.2 0.15 Cycle 1 110.4 0.15 106.8±0.49 0.15±0 45.8 73.30 

Cycle 2 31.6 0.08 Cycle 2 34.3 0.08 32.9±0.18 0.08±0 25.4 91.78 

Cycle 3 9.5 0.05 Cycle 3 11.7 0.05 10.6±0.15 0.05±0 14.4 
97.35 

n 0 2.33 n 0 2.60 0 2.46±0.19 0.0 100.00 

 

* n = After n cycles, plunger will not rebound anymore and rest in zero height position (y= 0). 

 

Figure 4-24, Figure 4-25 and Figure 4-26 shows the difference between the heights of the 

plunger after rebound, rebound velocity and also the difference in the amount of the energy 

transmitted for three different coating materials.  
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Figure 4-24 Percentage of rebound in the first three cycles for the neat PU, GNP modified PU and GNP/SG 

modified PU. 

 

Figure 4-25 Velocity of the plunger rebounding. 

 

Figure 4-26 Energy transmitted results of the rebound test for neat PU, GNP modified PU and GNP/SG 

modified PU.  
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Coefficient of the restitution for three different tested materials was also calculated using Eq. 

(4.17). 

휀 =  
𝑣2

𝑣1
                                                                                                                                 (4.17) 

where: 𝑣1 is the impact velocity and 𝑣2 is the rebound velocity 

 

Figure 4-27 Coefficient of restitution for neat PU, GNP modified PU and GNP/SG modified PU 

4.5.4 Summary of resilience tests 

The resilience tests were used to measured rebound energy according to the ASTM Standard 

D2632. The results of this test showed that PU+GNP performed better than the other two 

coating materials in energy absorption (77.8% after first impact). The rebound resilience of 

PU+GNP can be employed as a parameter representing the ability of this elastomer to absorb 

higher kinetic energy of the erodent particles upon impact. PU+GNP+SG was second best 

coating material in energy absorption (73.3% after first impact). 

In conclusion, adding the GNP to the pure PU will increase the energy absorption capability of 

the PU by about 7% and by adding SG to PU+GNP will increase the energy absorption 

capability of the PU by about 2.5% after the first hit. This is a good sign for developing a rain 

erosion resistant coating for wind turbine blades as the rain droplets hits the coating in majority 

of cases only once.  
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Chapter 5 Erosion Test   

 

5.1 Introduction 

In this chapter first, cool down time for pure PU coating was determined and based on that the 

required interval between shooting of the rubber ball in the Single Point Impact Fatigue Tester 

(SPIFT) were determined. After that SPIFT tests were performed at two different impact speeds 

of 150 m/s and 173 m/s. Energy dissipation and the extend of the heat affected are measured 

using thermographic infrared camera. The time to crack initiation, delamination and material 

loss are determined. At the end of the SPIFT tests SEM images of cross sections of specimens 

are obtained to compare the pattern of crack growth in different coating materials. 

 

As mentioned before leading edge will affect the aerodynamic performance of the wind turbine 

blade by increasing the roughness. It is proved that increasing the roughness will decrease the 

lift-carve slope and cl,max and increase the drag. The critical height of the leading-edge 

roughness (LER) is defined as the lower threshold with no influence on the aerodynamic 

performance [192]. 

It is proved that in case of keeping the roughness elements constant, increasing the length of 

the blade will decrease the effect of LER [23].  

Hence there are major incentives for protecting the leading edge of blades. Possible solution to 

overcome leading edge erosion can be grouped as preventing by reducing tip speed [23], repair 

by placing tapes over eroded area or protecting by covering the leading edge with erosion 

resistant coating. 

Elastomeric materials are currently considered to be amongst the best candidates for LEE 

protection [162, 193, 194, 39] and polyurethane is one of the best choices. Polyurethane (PU) 

elastomers have a urethane group -NH-CO-O in their structure. PUs are formed by the reaction 

of isocyanates [R−(N=C=O)n] with polyols. Control of segmentation through stoichiometry 

and reaction conditions allows the creation of PU elastomers with superior qualities [195, 196]. 

In addition, PUs has a high capacity for energy absorption; making them particularly suitable 

for shock and impact protection, thus PUs are good candidates for leading edge protection. In 

polyurethane, the hard domains are embedded in a rubbery soft segmented matrix. Depending 
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on the hard segment content, the morphology of the hard domains changes from one of isolated 

domains to one of interconnected domains. At room temperature, soft domains are above their 

glass transition temperature and responsible for rubber-like behaviour while hard domains are 

below their glassy or melting transition temperature. The latter are the primary contributors to 

the hysteresis, permanent deformation, high modulus, and tensile strength [150]. A wide range 

of mechanical properties can be obtained in PUs by varying the molecular weight, ratio and 

chemical composition of the hard and soft segments.  

Rain erosion has two phases, first is a period in which cracks nucleate in the regions that were 

initially free from observable cracks, followed by a second phase in which cracks grow to the 

point of failure. When a rain drop hits the surface coating, it generates three different types of 

waves: shear, compression and Rayleigh [197].  The Rayleigh wave moving along the surface 

create asperities and then the lateral jet cut these asperities and cause of surface coating tearing. 

For this reason, developing a coating material with high tear resistance is desirable for highly 

durable rain erosion coatings. 

It is evident that the mechanical, thermal and impact properties of polymers can be significantly 

improved by the addition of nanoparticles [21]. Nanoparticles tend to intercalate and exfoliate 

in a polymer under appropriate conditions, increasing substantially the area of interface with 

the polymer [21]. The strength of the interface and the dispersion of nanoparticles are central 

to the mechanical enhancement of nanoparticle modified polymers [172, 198]. The strength of 

interface can be improved by functionalisation of nanoparticles to facilitate chemical bond with 

the matrix. Surface functional groups such as hydroxyl, carboxyl, or amine groups on the 

nanofillers can potentially form chemical bonds with the polymer matrices resulting in a 

stronger interface interaction between the fillers and the matrix. In addition, the nanoparticles 

(in this case graphene) and polymeric matrices interact by mechanical interlocking through the 

wrinkled surface of thin graphene sheets.  

Testing leading edge erosion of wind turbine blade 

There are different approaches of testing wind turbine blade erosion [192, 199, 200, 197]. One 

of the common ways to investigate the erosion process of wind turbine blades is based on a 3-

bladed helicopter principle [23]. Another method is impacting continues water jet, impacting 

water jet slug, water jet provoked impacting droplets and moving samples through the falling 

water droplet [161]. 
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Erosion Testing by Single Point Impact Fatigue Tester (SPIFT) 

Another method to investigate the LEE of wind turbine blade is single point impact fatigue test 

(SPIFT), which a rubber ball is used to impact the surface of specimen. Using SPIFT is a way 

to investigate high strain rate and high strain fatigue properties of the coating material [15]. It 

is the prevailing assumption that fatigue resulting from droplet impacts is the driving 

mechanism behind erosion [201, 202, 43], so in this part SPIFT method was used to analyse 

the rubber ball impact on the surface of the developed coating. 

The inspiration for the initial design of the SPIFT came from the work of Prayogo [203], who 

cited the paper by Adler [48]on hyper-sonic rain erosion. Adler noted that nylon polymer 

pellets provided better results compared to systems using water jets [204]. Advantage of this 

method among other methods are, providing repeatable impact position and low cost of 

experimental equipment and samples. Having repeatable impact position give the ability to 

develop a finite element models (FEM), which means that by having these results it is possible 

to compare the type, position and number of stresses and strains calculated in the FEM; also 

having not so costly equipment to manufacture make the technology much more accessible 

[161].  

As can be seen in the Figure 5-1 in this set up rubber balls enter the chamber of the system and 

then loaded into the barrel. This system is able to shot up to five rubber balls per second with 

velocities up to 170m/s [161]. To accelerate the rubber ball through the barrel compressed air 

was used; this air pressure gives the ability to control the ball velocity. To record the velocity 

of the rubber ball, optical speed trap was used which located in front of the testing sample 

before rubber ball hits the sample. As mentioned before it is possible to have different number 

of shots in a series with different time interval between the shots which can be defined by a 

programmable microprocessor. The output from the microprocessor triggers the VALKEN 

V12 built-in control electronics, which in turn controls the electro-pneumatic valves. This 

approach retains the built-in safety features, which are released once the lid of the test chamber 

is closed [161]. As the primary means of damage detection, high-resolution digital video 

images were captured at a 3.1 Megapixel (2048 × 1534 @10 Hz) with an AM7915MZTL long 

working distance USB microscope from Dino-lite (Fino-Lite, Vodskov, Denmark). Using a 

working distance of 120 mm between camera and test specimens, an 18 × 13 mm2 field of view 

is obtained, resulting in 13.5 pixels mm−2 [205]. Typical tip speeds for wind turbine blade is 

about 95m/s [206], However, at this speed the duration of the fatigue test become too high. As 

a result, accelerated impact fatigue test were performed at 150m/s and 173m/s. To use SPIFT 

setup to analyse the LEE it is needed to provide a loading closer to that of a water droplet. To 
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achieve this nitrile rubber ball was used in this test instead of hard nylon ball. Conducting this 

type of fatigue testing on conventional cyclical fatigue setup is not feasible for soft viscoelastic 

materials like PU. As discussed by Weigel [207] results of the traditional cyclic fatigue tests 

are often not reproducible on other testing set-ups and repeated droplet impacts at a single point 

with speed over 100 m/s are almost impossible and impractical to achieve on traditional fatigue 

testing machines. These problems is overcome by using an aperture in the SPIFT impact fatigue 

testing device, in order to be able to test the fatigue properties of viscoelastic materials under 

loadings similar to droplet impacts. The controlled impacts rate of discrete impacts can be used 

to account for the viscoelastic heating effect, which was shown to dramatically reduce fatigue 

life. The SPIFT also differs from most conventional RET’s in that the impacts are not 

distributed over the surface but repeated on a single point. This means that damage growth can 

be evaluated, as the loading history is known [208]. 

 

Figure 5-1 The Single Point Impacts Fatigue Tester (SPIFT) erosion testing setup [39]. 

 

 

5.2 Robber ball tests 

In this section the results of erosion testing of the new coatings using a single point impact 

fatigue testing (SPIFT) approach [15]are presented. Thermal effects during blade erosion are 

discussed. 

5.2.1 Manufacturing of fatigue tests specimens  

In this part three polyurethane-based coatings were investigated as Leading Edge (LE) 

protective coatings: pure polyurethane (PU), graphene modified polyurethane (PU + GNP), 

and graphene + sol gel-modified polyurethane (PU + GNP + SG). A square glass fibre 



C h a p t e r  5  –  E r o s i o n  t e s t   

 

157 | P a g e  

 

reinforced laminate with dimensions 40mm × 40mm × 5mm was used as a substrate. An 

aluminium mould was machined for casting with a 1mm thick layer of the above coatings (see 

Figure 5-2). The film was bonded to the GFRP substrate with 1 mm thick Epoxy DP 110 

sublayer. The thickness of the adhesive sublayer is controlled by placing 1mm diameter wires 

under the top coating. During curing, a 5 kg weight was placed on the top of an aluminium 

plate on the samples, to make sure that the adhesive is distributed homogeneously all over the 

GFRP substrate. 

 

(a) 
 

(b) 

 

Figure 5-2. (a) Aluminium mould for casting thin coating film; (b) A finished rain erosion specimen with PU + 

GNP top coat. 

5.3 Experimental set up 

5.3.1 Single point impact fatigue tester (SPIFT) 

In this experiment two different speeds were used to shoot the rubber ball to the surface of the 

specimens, at 150m/s and 173 m/s. System was able to fire five balls per second by using high 

pressure air (HPA) hardball firing system. Nitrile rubber balls which are used in this experiment 

have well impact resistant properties. There was no visible damage on the balls after repeated 

use. Properties of the rubber balls can be find in Table 5-1.HPA uses electro-pneumatic firing 

engine to fire the ball with the speed between 60-200m/s, which can be controlled by air 

pressure and amount of the air released. There are four parameters which affect on the exit 

speed of the rubber ball, pressure of the compressed air, length of the barrel, size of the nozzle 

and also mass of the ball. 
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Table 5-1 Rubber ball properties. 

Diameter 6 mm 

Shore A hardness 60 

Mass 1.43 × 10−4 kg 

SD 7.59 × 10−7 kg 

Density 1263 kg/m3 

 

To measure the deformation, incoming and rebound speeds of the ball, a high-speed camera 

with a speed of 380,000 fps (Phantom v2512 fast, Vision Research, Ltd., Thurmaston, 

Leicester, UK ), was used (Figure 5-3). 

In this part of study each specimen impacts to failure for the purpose of analysing the following 

three parameters: 

(i) the number of impacts to initiate the crack. 

(ii) the number of impacts to start delamination 

(iii) the number of impacts before loss of the coating material starts 

 

Figure 5-3. High speed camera (Phantom v2512 fast) for filming the ball impacts at 380,000 fps [161]. 

5.3.2 Investigation of thermal effects in erosion  

There are key parameters that affect the protective properties of the coating which are, damping 

properties of the polymer which affect the degree of energy dissipation in the polymer coating 

after impact of rain droplets, tearing energy, young’s modulus which affect the rebound energy, 

hardness, water absorption and modulus of toughness [209, 197]. Dissipated energy is 

distributed as thermal energy and deformation of the polymer chain. For analysing energy 

dissipation mechanism thermographic analysis was carried out during SPIFT. Figure 5-4 
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shows the arrangement of the IR thermography camera in the test setup, the camera (Optris Pi 

640) records at 120 Hz with a 0.1 °C temperature resolution. 

 

Figure 5-4. The arrangement of the IR camera in test setup [161]. 

By using IR thermography imaging, it is possible to measure the time taken for the sample to 

cool down between impacts as a function of impact speed and also it is possible to measure the 

temperature change as a function of impact speed. This will help to identify differences in 

damping between coatings. Beside that IR thermography imaging is used to analyse how the 

absorbed mechanical energy is distributed in the coating.  

One of the central features of SPIFT is the ability to control the impact heating phenomenon 

[50], enabling the determination of a minimum cool downtime to help continuous operation 

without heat build-up.  

To find the time interval between shooting of the balls to reach to the same temperature, the 

time-temperature graph for the pure polyurethane (PU) is needed and it is assumed the modified 

PU behave similarly (This decision was taken due to limited time for testing during lock down). 

Figure 5-5(a) shows the average temperature of the measurement area (see Figure 5-10), as a 

function of time. This was used to measure the time needed for the sample to be within 0.2–

0.5°C of the initial temperature, before impact. As can be seen in the Figure 5-5 (a) there is 

some temperature increase in the impacts zone during testing, but we allow the impact zone 

temperature to be lower than 1°C. 

Based on these data, a control curve was constructed by fitting an exponential function to the 

cool-down times as seen in Figure 5-5(b). 

 𝑡(𝑣) = 0.09234 𝑒0.0302𝑣   (5.1) 

Where: 𝑡 is the cool-down time and 𝑣 is the impact velocity.  
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By using equation (5.1) the testing time can be minimized, while avoiding the problem of heat 

accumulation in the sample. The cooling time for impact speed of 150m/s was 8.6 s and for 

173m/s was 17.1 s. By decreasing the impact speed, the required number of ball impact to 

material loss becomes exceedingly high (for PU+GNP+SG becomes 10,000,000 shots at 90 

m/s as shown in Figure 5.9 and considering the cooling time between the shots the experiment 

time becomes exceedingly high), hence the speed for testing is select at 150 m/s and 173 m/s. 

 

Figure 5-5. (a) Time-temperature variation of the PU coating, the temperature is the average temperature within 

the impact area shown in blue in Figure 5-10, and on the second y axis, the corresponding impact speed shown 

in red dots. (b) The measured time needed to be at initial temperature as a function of the impact speed. Data 

fitted with an exponential curve to construct an empirical function for cool-down time as a function of impact 

speed [161]. 
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5.3.3 Results of robber ball test  

Results of the SPIFT for the impact velocity of 173m/s on three different types of the specimens 

(PU, PU + GNP and PU + GNP + SG) can be found in Figure 5-6. PU+GNP+SG has the best 

erosion performance. In terms of the number of hits to initiate a crack, the PU + GNP + SG 

coating is 159% better than neat PU and 70% better than PU + GNP. In terms of number of 

ball impacts before the start of delamination, the PU + GNP + SG coating is 100% better than 

neat PU and PU + GNP. In terms of number of ball impacts before` the loss of coating material, 

the PU + GNP + SG coating is 54% better than neat PU and 39% better than the PU + GNP 

coating. 

 

Figure 5-6. SPIFT tests results for PU, PU + GNP, and PU + GNP + SG at 173 m/s. 

Figure 5-7 shows images of the extent of damage to the three coatings at various stages of the 

impact testing. It is clear that the number of impacts to material loss to occur is much longer 

for the PU + GNP + SG coating than the others.  
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Figure 5-7. The extent of damage to the three coatings at various stages of the ball impact testing, from the 3 

different coatings PU, PU + GNP, and PU + GNP + SG. Images are extracted stills during testing, from the 

DinoLite microscope [161]. 

The SPIFT test results at 150 m/s are shown in Figure 5-8. Again, the results show that at this 

ball impact velocity, PU + GNP + SG has the best erosion performance. In terms of the number 

of hits to initiate a crack, the PU + GNP + SG coating is 1248% better than neat PU and 306% 

better than PU + GNP. In terms of number of ball impacts before the start of delamination the 

PU + GNP + SG coating is 1682% better than neat PU and 244% better than PU + GNP. 

Finally, in terms of number of ball impacts before the loss of coating material, the PU + GNP 

+ SG coating is 1063% better than neat PU and 178% better than the PU + GNP coating. 
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Figure 5-8. Impacts to failure at 150 m/s for PU, PU + GNP, PU + GNP + SG. Each colour represents a single 

test. 

Figure 5-9 shows the impact velocity versus number of impacts before material loss (VN) 

curves for the speeds of 173 and 150 m/s.  

 

Figure 5-9.  VN curves of PU, PU + GNP, and PU + GNP + SG tested at 173 and 150 m/s and fitted by a power 

curve. Damage was evaluated at the point of material loss. The lines correspond to the following cases: green 

line (left): PU, red line (middle): PU + GNP; blue line (right): PU + GNP + SG [161]. 

As it is generally accepted that most materials under a fatigue tend to follow a power law [207], 

the choice was made to fit a power law curve to data points. This is intended to roughly 

illustrate the relation between impact speed and coating lifetime.  
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When fitting a power curve of the form 𝑛(𝑣) = 𝑐 × 𝑣𝑚 to the three coating materials, the 

following functions were obtained: 

 𝑛𝑃𝑈+𝐺𝑁𝑃+𝑆𝐺(𝑣) = 7.35 × 10
37 𝑣−15.9  

 𝑛𝑃𝑈+𝐺𝑁𝑃(𝑣) = 6 × 10
26 𝑣−11.0   (5.2) 

 𝑛𝑃𝑈(𝑣) = 7.85 × 10
5 𝑣−1.7 

PU + GNP + SG has a large negative m coefficient, which is a strong indication of good fatigue 

performance. It is of interest that the angle of the curves is highest for hybrid nanoreinforced 

coatings, thus, their performance is more sensitive to impact velocity [161]. 

The experimental studies presented in this section confirm the hypothesis that nanoparticle 

reinforcement (in particular, GNP+SG) of polyurethane coatings improves the coating anti-

erosion performance. Hybrid reinforcement with graphene silica results in 13 times longer 

lifetime. This has important implications for the development of future anti-erosion coatings. 

Combining the Equations (5.1) and (5.2), we can make a rough estimate for the testing time 

(impact to crack) at 95 m/s (the rated speed for a 15MW turbine [206]). The testing time could 

be in the order of 3 × 106 impacts; hence about 1500 h of continuous testing is required while 

for 150 m/s, test time is 4 hours and for 173 m/s, test time is 47 minutes. This illustrates the 

need for accelerated testing at much higher speed. 

5.3.4 Energy dissipation mechanisms and thermal heating: effect of the coating properties 

5.3.4.1 Distribution of the temperature and relation to impact models 

Thermography analysis was performed in order to analyse the dissipation of thermal 

component of energy during impact testing. Figure 5-10 shows thermographs of PU (a), PU + 

GNP (b) and PU + GNP + SG (c) impacted at similar speeds of approximately 170 m/s, right 

after impact. As can be seen in the Figure 5-10, for all three types of material the hottest and 

the most deformed regions are whiting the counter line of the contact area of the impact ball, 

as the temperatures are distributed in a doughnut shape around the centre of the impact. This is 

in line with many models and observations reported elsewhere [210, 15].  

It should be noted that there might be changes in thermal emissivity between the different 

materials due to the different filler material. Therefore, comparisons of absolute values between 

the samples might be not totally accurate [161]. For lower impact speeds and therefore 
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temperatures, the general doughnut shape is preserved, but with a lower temperature, and the 

mean peak temperatures can be found in Figure 5-5(a). 

 

 

(a) PU 

 

(b) PU + GNP 

 
(c) PU + GNP + SG 

Figure 5-10. Thermographs of (a) PU impacted at 170.9 m/s, (b) PU + GNP impacted at 169.2 m/s, (c) PU + 

GNP + SG impacted at 170.5 m/s [161]. 

These data were chosen as they closely match the same impact speed, and the high impact 

speed gives good thermal contrast. 

5.3.4.2 Effect of nano-reinforcement on the change in kinetic energy 

Equation (5.3) was used to calculate the changes in kinetic energy of the ball, where 𝑣𝑖 is the 

impact velocity and 𝑣𝑟 is the rebound velocity of the ball. These two parameters are measured 

using recorded high-speed video. 

 ∆𝐸(𝑣) =
1

2
𝑚(𝑣𝑖

2 − 𝑣𝑟
2)  (5.3) 

Figure 5-11 shows the variation of kinetic energy of the rubber ball ∆𝐸(𝑣) versus impact 

velocity for each coating material.  

The change in ∆𝐸(𝑣) for all three coatings can be fit with a single power curve, 
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 ∆𝐸(𝑣) = 5 × 10−5𝑣2.0421  (5.4) 

As can be seen in Figure 5-11 there is no significant difference between the  ∆𝐸 values of the 

three different types of coating. Also, it can be seen that all three coating shows lower ∆𝐸 in 

comparison with the impacting steel target; this can be because of the soft PU coating 

deformation on impact, which in turn results in less deformation of the nitrile rubber projectile. 

As nitrile rubber has a very high dampening factor, there is less deformation of the target and 

more ∆𝐸 is conserved during impact. One can assume that the positive effect of nano 

reinforcement is in its influence on the fatigue properties of polymers.  

 

Figure 5-11. Energy loss from ball impactor (∆𝐸) [161]. 

5.3.4.3 Microscopic analysis of the influence of coating modifications on the damage 

mechanisms 

In this part of the study three samples were selected after SPIFT to the stage of material loss 

for scanning microscopy analyses (SEM). The samples were sectioned through the centre of 

the impact position using a Struers Secotom-50 (Struers Inc., Cleveland, OH, USA) and 

embedded in epoxy. The cross sections were polished using a Struers RotoPol-22 (Struers Inc., 

Cleveland, OH, USA) and a RotoForce-4 (Struers Inc., Cleveland, OH, USA) with a 5 N force 

on each sample and using diamond paste down to 1µm. The polished samples were covered 

with an approximately 10 nm thick carbon layer using a Bal-Tec SCD 005 sputter coater and 

afterwards investigated in a Tescan Vega 3 SEM (TESCAN, Brno, Czech 
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Republic))microscope, where an image of the central crack, with a magnification of 21 times 

were acquired with a secondary electron detector (Figure 5-12). 

By looking at Figure 5-12, it can be seen that there are cracks in the surface of the coatings PU 

Figure 5-12(a) and PU+GNP Figure 5-12(b) while there is no crack on the surface of the 

coating PU+GNP+SG Figure 5-12(c), these cracks can be seen as a thin white lines in the 

figure. The number of thin cracks in the coating indicates that the PU is softer than PU + GNP, 

which again is softer than PU + GNP + SG. 

Figure 5-12 (a) shows material loss due to the ball impact and formation of a large crack from 

the root of the formed cavity to the glue, bonding the PU coating to the GFRP substrate is 

visible. The crack bent softly to the right. 

In Figure 5-12(b), similar material loss was observed except it happened in two places instead 

of one. Two large cracks were formed at the sharp ends of the cavities that go into the coating 

material with abrupt changes of direction. Approximately the same amount of material loss can 

be seen on both images; however, the number of balls impact on these two specimens as 

explained before are different and for PU + GNP is higher.  

At the end of SPIFT tests, the damage resistance of the PU and PU + GNP coatings is more or 

less the same, but the abrupt changes of crack direction indicate PU + GNP coating is more 

brittle than the PU coating. 

In Figure 5-12(c), no cavity is formed by material loss and a crack propagates in the same 

manner as the crack in Figure 5-12(a). The number of ball impacts on the PU + GNP + SG 

specimen is substantially higher than the PU specimen and this indicates that adding SG makes 

the material more damage tolerant. The failure mechanism is by propagation of a macroscopic 

crack from top surface to the adhesive bond with GFRP substrate and it follows the same path 

as the crack in PU coating shown in Figure 5-12(a). 
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Figure 5-12. SEM micrographs of (a) PU, (b) PU + GNP, and (c) PU + GNP + SG [161]. 

5.3.5 Impact heating 

Figure 5-13 shows the peak temperature change as a function of impact speed for PU, PU + 

GNP, and PU + GNP + SG. The samples were impacted at speeds between 100–175 m/s and 

the peak change in temperature ∆𝑇 was recorded. Figure 5-13 shows that pure PU exhibits the 

largest ∆𝑇 values across most of the impact speed range. 

In Figure 5-13, a linear relationship between the peak impact heating and the impact speed can 

be seen. Comparing Figure 5-13 with Figure 5-8 and Figure 5-9, one can see that the coatings 

with a higher number of impacts before failure correspond to lower peak temperature changes.  

As a result of this study it can be said that the dependence of temperature change on impact 

velocity is very different for the three coatings; which means that nanoparticle reinforcement 

can influence not only local stress wave scattering, but also mechanisms of thermal relaxation 

of polymers. 
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Figure 5-13  Peak ∆T impact heating as a function of impact speed for the three different coatings [161]. 

 

5.4 Summary of robber ball test results 

An evaluation of novel nanoreinforced polyurethane based coatings for improved leading-edge 

protection of wind turbine blades is presented in this chapter. Using nanoparticles embedded 

in the coating to scatter and reflect stress waves arising from rain droplet impacts is proposed. 

Polyurethane coating samples with graphene and hybrid (graphene/silica) reinforcement have 

been tested using a Single Point Impact Fatigue Tester (SPIFT) to evaluate their potential 

erosion resistance. Scanning electron microscopy has been used for analysis of damage after 

SPIFT testing. The SEM images revealed the PU + GNP + SG is less prone to damage caused 

by repeated ball impact. It has been demonstrated that the nanoreinforced coatings have 

significantly greater resistance to erosion. Polyurethane with hybrid GNP + SG nanoparticle 

reinforced coatings exhibited lifetimes up to 13 time greater than pure polyurethane coatings. 
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Chapter 6 Conclusions and Future Work 

 

6.1 Conclusions 

The main aim of this research was development of nanoengineered rain erosion resistant 

polyurethane coatings for protection of the leading edge of wind turbine blades. The PU was 

used as the matrix and it was modified with different CNPs and with silica-based sol-gel to 

have better mechanical and hydrophobicity performance, these modifications increased the 

tensile strength of the pure PU by 115%, increased the young’s modulus by 95%, increased the 

modulus of toughness by 123%, increased the tearing energy by 148%, increase the elongation 

at break by 102% and also reduce the surface energy which results in increasing the water 

contact angle. By performing the SPIFT rain erosion test it was shown that the developed 

coatings have substantially improved the lifetime relative to the base pure PU material and the 

aim of the project was achieved. 

Material characterization results from FTIR and FE-SEM show that GNP-COOH and silica-

based sol-gel was successfully incorporated in the polyurethane structure and GNP 

nanoplatelets are making H bonds with PU backbone. Water contact angle measurement 

showed improvement in hydrophobicity properties of the developed coating material. 

Mechanical properties such as tensile strength, Young’s modulus, modulus of toughness, 

tearing strength, tearing energy, elongation at break, residual strength, and ultimate 

compression strength were improved. Impact energy analysis was carried out by performing 

drop ball test to find the transmitted energy to the substrate. DMA tests and SVD-QR method 

were used to find the dissipated energy in coating and resilience tests was performed to find 

the rebound energy for all developed coating materials. All the results will explain in details in 

following.   
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6.2 Summary of the results 

6.2.1 Summary of the mechanical tests characterisation of developed nanoengineered 

coatings 

FTIR test clearly shows the presence of key functional group of polyurethane at 3250cm-1 for 

N-H, 2950-2800cm-1 for C-H and 1700cm-1 for carbonyl group; in addition, for PU+GNP+SG 

it can be seen an additional peak at 800cm-1 which is related to Si-O-Si.                              TGA 

results showed that weight loss of PU+GNP+SG at temperature of 20 to 280℃ is less than PU 

and PU+GNP, which prove a better hydrophobicity characteristic of this material due to the 

introduce of silica to the structure of PU+GNP+SG than the other two material (PU and 

PU+GNP). Also, weight loss up to 500℃ for all three types of materials shows the 

decomposition of the urethane bond in polyurethane structure, which was clearly shown in 

TGA results.                                                                                       

DMA test results showed that adding 0.5wt% graphene to polyurethane will decrease the cell 

size and increase the cross-link density which results in increasing the damping capacity of the 

PU+GNP and PU+GNP+SG in compare with pure polyurethane.  

Water droplet contact angle test showed that the water CA of pure polyurethane is between 50 

to 57 and adding 0.5wt% GNP to PU increased the hydrophobicity of the material, which 

results in increasing the CA from a range of 50 to 57 to a higher range of 70 to 80. Also adding 

1wt% of silica-based SG to the PU+GNP material even increase the CA more (between 105 to 

110). It can be said that adding 0.5wt% GNP and 1wt%SG to the pure polyurethane increase 

the CA by 120% from 50 to 110. 

FESEM results showed homogenous dispersion of f-GNP in the PU matrix. By looking at the 

results of FESEM it can be said that in-situ polymerization technique to produce PU+GNP+SG 

is one of the most sufficient method which produce even more smoother surface then PU and 

PU+GNP due to the stronger interactions between the nanoparticles and polymer chains.  

In this study tensile test was performed for different purposes. First of all it was done to analyse 

the tensile properties of pure PU; for this purpose, tensile test was performed on dogbone 

samples at three different strain rate (crosshead speed) and at three different temperature. 

Young’s modulus, UTS, elongation at break and modulus of toughness were evaluated. Results 

show that Young’s modulus will increase by increasing the strain rate at all three different 

temperatures (25, 50 and 70℃). The elongation at break is increased by increasing strain rate. 

At each strain rate by increasing the temperature, elongation at break will decrease. Same 
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behaviour was observed for UTS and modulus of toughness. The tensile test results showed 

that properties of PU are strongly dependent on the strain rate and temperature.  

The tensile test is also used for optimisation of the mixing parameters of carbon nano-particles 

in PU. For that reason, 0.5wt% of CNPs was added into PU at three mixing duration (6, 12 and 

18 minutes) and at three mixing speed (8000, 12000 and 15000rpm) and then tensile test was 

performed. Results show that at each mixing speed, by increasing the mixing duration, Young’s 

modulus will decrease; but elongation at break shows different behaviour than Young’s 

modulus and it increased. In addition, at each mixing duration, by increasing the mixing speed, 

elongation at break decreased. UTS and modulus of toughness showed the same behaviour to 

elongation at break, which means that increasing the mixing duration at any speed increases 

the UTS and also modulus of toughness. By analysing the results of this part, the optimum 

parameters for mixing CNPs in PU was determined: duration of 18 minutes and mixing speed 

of 8000 rpm, resulted in the highest elongation at break, UTS and modulus of toughness.  

The effect of adding 0.1, 0.2, 0.3, 0.5 and 1wt% loading of MWCNTs to PU on tensile 

properties of the resulting nanocomposites, at mixing speed of 8000 rpm and mixing duration 

of 18minutes was investigated. It was found that adding 0.5wt% of MWCNTs to pure PU 

increased the Young’s modulus of PU by 203% from 0.99MPa to 3 MPa, the elongation at 

break almost doubled from 341% to 646%, the UTS increased by 277% from 6.83 MPa to 25.8 

MPa and the modulus of toughness increased from 3442 kJ/m3 to 10777 kJ/m3. From this part 

of the study it was concluded the optimum loading of MWCNTs is 0.5wt%.  

Same experiment as above was done to find the optimum loading of GNP-COOH to PU. 

Results show that highest amount of Young’s modulus (3.7 MPa), UTS (38MPa), modulus of 

toughness (19741 kJ/m3) and elongation at break (589%) were achieved at 0.5wt% loading of 

GNP-COOH. 

The effect of adding hybrid GNP-COOH + MWCNTs on tensile properties of PU were also 

investigated. Results show that Young’s modulus increased by 104%, UTS increased by 

17.3%, modulus of toughness increased by 34.5% and no significant difference was observed 

for elongation at break. 

The development of erosion resistant coating for LE of wind turbine blade was continued by 

selecting 0.5wt% loading of GNP-COOH and there will be hydrogen bonding in addition to 

mechanical interlocking which strengthen the interface of the CNPs with the PU matrixes. 

Also, hydrophobicity of the coating is very important. The optimum wt% loading of 

hydrophobic silica-based sol-gel for adding to PU+GNP was required. For this purpose, 1wt% 

and 2.5wt% SG was added to PU+GNP and tensile tests were carried out. Results showed that 
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adding 0.5wt% GNP-COOH + 1wt% SG to PU gave the best tensile properties for the 

nanocomposite. 

After establishing the nonmaterials for reinforcement of PU, uniaxial compression tests were 

performed to analyse the effect of temperature and strain rate on mechanical properties of 

developed coatings and the value of residual strain, compressive strength and energy absorption 

under compression were obtained. Results of uniaxial compression test indicate that 

mechanical properties of neat PU at room temperature (25℃) are not significantly affected by 

changing strain rate, although by increasing the temperature this behaviour will change; for 

other two modified PU, mechanical properties are affected by changing the strain rate at all 

three different temperatures. Also, it was shown that for neat PU at fixed strain rate, increase 

in temperature caused a significant increase in residual strain, no obvious change in 

compressive strength and decrease in energy absorption. For PU+GNP and PU+GNP+SG 

results were a bit similar but also it shows that increasing the temperature will decrease the 

compressive strength as well.  

Cyclic compression tests were also performed to analyse the stress-strain curve of the materials 

at different cycles and also analyse the unloading path after a given strain. These tests are very 

important as the LE coating repeatedly impacted by droplets and goes under cyclic 

compression. Results of cyclic compression test showed the softening behaviour of all three 

materials after compression cyclic loading. It was also found that for neat PU the maximum 

stress attained was higher than modified PUs. This shows that neat PU experiencing the highest 

stress during cyclic compressive loading. The cyclic compression tests revealed that the 

maximum stress at maximum strain of 0.5 for PU is 107.9 MPa, for PU + GNP is 77.4 MPa 

and for PU + GNP + SG is 71.5 MPa. 

Tearing test was performed to analyse the elongation at break, tearing strength and tearing 

energy of the developed materials. Results show that although PU+GNP has highest tearing 

strength but PU+GNP+SG has highest elongation at break and tearing energy.  

Water absorption test was done to analyse the amount of water absorbed by each material after 

immersing into water and also analyse the effect of absorbed water on tensile properties of 

materials. Results show that PU and modified PUs absorbed significant amount of water after 

immersing into water for first 30 days, but after that the rate of water absorption is decreased. 

After two months of immersion in water, no further water absorption has taken place. Amount 

of absorbed water by PU+GNP+SG was less than other two materials which shows the 

hydrophobicity properties of this material due to introduction of the silica-based sol-gel. On 

the other hand analysing the tensile properties of each material after immersing in water at 
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specific period of time show that, after 6 months immersing the samples in water, 

PU+GNP+SG shows the highest amount of elongation at break (24% higher than neat PU), 

same Young’s modulus as PU+GNP but 180% higher than neat PU, 52% higher modulus of 

toughness and 37% highest UTS than the neat PU. These results show that PU+GNP+SG is 

more suitable in encountering the adverse effect of exposing to water.  

In this study damping test was also performed to analyse the damping properties of developed 

coatings at different frequency ranges. Results show that adding 0.5wt% GNP-COOH and 

1wt% SG to the neat PU will increase the damping coefficient of PU at all frequency ranges. 

Also; it was found that this modification will increase the energy transmitted and reduce the 

rebound height and rebound velocity which indicate that these modified materials are able to 

absorb the impact energy of erodent particles with minimal damage.  

6.2.2 Summary of the erosion tests of developed coating 

In this part, single point impact fatigue test (SPIFT) was performed to analyse the erosion 

resistant property of the developed coating, using robber ball.  

Results of the erosion test show that developed coating (PU+GNP+SG) exhibit life time 13 

times greater than the coating using pure polyurethane (PU). It is shown that at impact velocity 

of 173𝑚 𝑠⁄ , modified coating (PU+GNP+SG) in terms of number of hits to initiate a crack, 

159%, to start of delamination 100% and to begin the loss of coating 54% is better than the 

unmodified coating (PU). Same experiment was proved that even PU+GNP+SG has better 

performance than graphene modified polyurethane coating (PU+GNP); at same impact velocity 

(173𝑚 𝑠⁄ ) modified coating (PU+GNP+SG) in terms of number of hits to initiate a crack, 70%, 

to start of delamination 100% and to begin the loss of coating 39% is better than the modified 

coating (PU+GNP). 

Also, it is shown that at lower impact velocity of 150 𝑚𝑠−1, modified coating (PU+GNP+SG) 

in terms of number of hits to initiate a crack, 1248%, to start of delamination 1682% and to 

begin the loss of coating 1063% is better than the unmodified coating (PU). Same experiment 

was proved that even PU+GNP+SG has better performance than graphene modified 

polyurethane coating (PU+GNP); at same impact velocity (150 𝑚𝑠−1) modified coating 

(PU+GNP+SG) in terms of number of hits to initiate a crack, 306%, to start of delamination 

244% and to begin the loss of coating 178% is better than the modified coating (PU+GNP). 

SEM was done after SPIFT to analyse the damage of the coating and it is shown that developed 

coating is more damage resistant in compare with unmodified coating.  
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At the end, it is proved by this study that adding nanoparticle reinforcement to pure 

polyurethane will scatter the local stress as well as mechanisms thermal relaxation of polymers.  

6.3 Future research challenges for enhancement of coatings for rain erosion resistance 

The coating developed and tested in this research was a single layer which was bonded to the 

GFRP substrate with an epoxy adhesive. The coating performance can be improved if multi-

layer coating is developed with fine tuning of each layer to optimise the intended protection of 

the substrate, i.e. leading edge of the turbine. Moreover, in the present work, only Single Point 

Impact Fatigue Test (SPIFT) using rubber ball has been done and the performance of the 

coatings were evaluated. In the future work, it is desirable the coating will be tested by water 

jet erosion machine. The effect of silica-based sol-gel will become clearer in these tests as 

water will be presented and the coating will be exposed to water during the testing period.  

Finite element modelling of the impact of the rubber balls and water droplets on the developed 

coating is also another area for further research on these coatings. Calculation of stress waves 

and their effect on the failure of these coating can be investigated. 

Finally, the performance of the developed coatings in the real environmental condition and on 

an industrial scale wind turbine blade for short term and long term performance is required. 
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Appendix A  

A.1 Engineering stress- strain graphs of neat PU at different strain rate and 

different temperature  

Engineering stress- strain tensile tests result of neat BAYTEC+DESMODUR polyurethane at 

different strain rate (Figure A1.1) and at different temperature (Figure A1.2). 

 

 

Figure A1.1 Engineering strain-stress for pure PU at different strain rate. 
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Figure A1.2 Engineering strain-stress for pure PU at different temperature. 
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A.2 Engineering stress- strain graphs of PU+MWCNTs at different strain rate 

and different temperature 

Engineering stress- strain tensile tests result of BAYTEC+DESMODUR polyurethane + 

0.5wt% MWCNT at different mixing speed (Figure A2.1) and at different mixing time (Figure 

A2.2). 

 

 

Figure A2.1 Engineering strain-stress for PU+0.5 wt% MWCNTs at different mixing speed. 

 

 

 

 

 



  

 

192 | P a g e  

 

 

 

Figure A2.2 Engineering strain-stress for PU+0.5 wt% MWCNTs at different mixing time. 
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A.3 True stress-true strain graphs of neat PU at different strain rate and 

different temperature during loading and unloading 

True stress-true strain tensile tests result of BAYTEC+DESMODUR polyurethane during a 

loading-unloading cycle at different temperature and strain rate (Figure A3.1). 

 

 

(a) 

 

(b) 

 

(c) 

Figure A3.1 True strain-stress for pure PU at different strain rate. 
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A.4 Stress-strain graphs of the specimens after immersing in water for 

different time period 

 

 

Figure A4.1 Stress-strain diagram after 48 hrs immersing in water. 

 

 

 

Figure A4.2 Stress-strain diagram after 1week immersing in water.  
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Figure A4.3 Stress-strain diagram after 2 weeks immersing in water.  

 

 

 

 

Figure A4.4 Stress-strain diagram after 1 month immersing in water.  
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Figure A4.5 Stress-strain diagram after 2 months immersing in water.  

 

 

 

Figure A4.6 Stress-strain diagram after 3 months immersing in water.  
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Figure A4.7 Stress-strain graph after 6 months immersing in water.  

 

 


