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A B S T R A C T   

In this study, polyurethane (PU) was modified by direct mixing of carboxyl functionalised graphene 
(GNP–COOH) referred to as f-GNP, without using any solvent, during in-situ polymerization. In a further attempt, 
the neat PU was modified with f-GNP and a hydrophobic silica-based solution (SG) during in-situ polymerization. 
The damping coefficient and attenuation capacity 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 poly-
ethylene (UHMWPE), polyethylene terephthalate (PET), polyvinyl chloride (PVC) and NYLON have been ob-
tained by the drop ball tests under controlled and consistent conditions. The results show that among the tested 
materials, polyurethane modified with carboxyl functionalised graphene and silica-based Sol-Gel (PU + f-GNP +
SG) displays the greatest attenuations and PTFE the least. 

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 such as damping ratio and frequency of the modes of deformation of the 
system. The drop ball test results show that the damping coefficient of polyurethane modified with 0.5 wt% 
carboxyl functionalised graphene (PU + f-GNP) increased by 37% at frequency range 200–300 Hz, by 34% at 
frequency range 500–600 Hz and by 32% at frequency range 700–1000 Hz. The developed nanocomposite 
materials have great potential for protecting leading edge erosion (LEE) of wind turbine.   

1. Introduction 

Polymers are one of the materials that used for energy absorption 
and vibration damping in many devices [1] 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 application such as energy absorption and vibration damping. 
In viscoelastic materials, the elastic elements store energy during 
deformation and release it in the process of strain recovery [2]. During 
unloading, some of the energy is recovered with 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, wave energy [3] is converted to heat 

by the elastic motion of particles; in other words, materials stores energy 
when they are elastically loaded and when unloaded, some of the me-
chanical 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 [3]. Scattering causes the 
energy of the coherent, collimated waves to be converted into inco-
herent, divergent waves through reflection and refraction [2]. 

Polyurethane (PU) elastomers is a polymer, which contains the 
urethane group –NH–CO–O–; this group is formed by a combination of 
hard (isocyanate) and elastic (polyol) parts, and changing these com-
ponents creates a range of characteristics for various polyurethane 
elastomers. Polyurethane elastomers are superior in resistance to abra-
sion, oxidation, tear, and chemicals (oil, gas). They are also transparent, 
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have good adhesion and are used for vibration-damping applications 
[4]. The loss angle δ is the phase shift between stress and strain. An 
equivalent measure for material loss factor (η) is the loss tangent, 
defined as tan δ = η = G′′

G′ , where G′ is the storage modulus and G′′ is the 
loss modulus. 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 δ 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 [5]. Wang et al. [6] also found that 
adding carbon fibres to PU/EP (epoxy resin) IPNs increases the tan δ 
from 0.37 to 0.72. One of the weaknesses of polyurethanes is their 
moderate to low mechanical properties. One of the reasons of this 
weakness is lack of hydrogen bonding between the hard and soft seg-
ments 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 [7]. 

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 [8]. Graphene has the intrinsic strength of the monolayer mem-
brane of 42 N m− 1, which equates to an intrinsic strength of 130 GPa and 
Young’s modulus of 1 TPa [9]. 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 [10]. 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 f-GNP nanoparticles and polymeric matrices interacts by me-
chanical interlocking through the wrinkled surface of thin graphene 
sheets; and chemically by the hydrogen bonding formed between the 
oxygen functionalities of the f-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 [11]. It is 
reported that Young’s modulus and hardness of a PU with 4.4 wt% 
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 [12]. 

Pokharel et al. manufactured polyurethane (PU) nanocomposites by 
in-situ polymerization using pristine graphene nanoplatelets (GNPs), 
graphene oxide (GO), and functionalised graphene sheets (FGSs). Ten-
sile 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 2 wt% loading of 
GO or FGS showed significantly higher Young’s modulus than that the 
one modified by GNPs [13]. 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 [14]. 

The motivation of this research is based on development of a polymer 
coating for protection of leading edge erosion (LEE) of wind turbine 
blades. Wave propagation is the main cause of LEE of blades from the 
impact of rain droplet. The droplet impact causes microcracks which 
leads to crack formation, crack propagation, spalling, abrasion, and fa-
tigue [15]. The LEE can be prevented and/or delayed by increasing 
damping properties of blade coatings to absorb and attenuate stress 
waves and by increasing toughness of the coating for delaying crack 
initiation and growth. In this study, carbon nanoparticles in the form of 
functionalised graphene nanoplatelet (f-GNP) alone and in combination 

with hydrophobic silica-based solution (SG) have been added to neat 
polyurethane to improve the damping coefficient, toughness and energy 
absorption of the resultant nanocomposites for coating application in 
protecting the leading-edge of wind turbine blades. 

2. Materials 

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 were 
supplied by Covestro. The mixing ratio by weight of polyol to hardener is 
100:37 and it cures at room temperature. The PU has a tensile strength of 
5 MPa, elongation of 198% and resilience of 33%. 

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 and 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 [16]. 

Hydrophobic silica-based sol-gel P029™ was supplied by Sol-Gel 
Materials & Applications (SGAM), Gillingham, UK and contains 15% Si. 

Cylindrical rods with 30 mm diameter of polyethylene terephthalate 
(PET), polytetrafluoroethylene (PTFE), ultra-high molecular weight 
polyethylene (UHMWPE), PVC, high-density polyethylene (HDPE), and 
NYLON were purchased from Direct Plastics Limited UK. 

3. Manufacture of damping-test specimens 

3.1. Material selection 

For these experiments, in addition to manufacturing neat poly-
urethane (PU), graphene modified PU (PU + f-GNP) and graphene/sol- 
gel modified PU (PU + f-GNP + SG), other ready-made selected PTFE, 
HDPE, UHMWPE, PET, PVC and NYLON polymers were tested in order 
in to make comparison. The material characteristics that were consid-
ered for analysis are tan δ and attenuation. Mechanical loss coefficient 
(tan δ), is a factor which shows the effectiveness of a material’s damping 
capabilities. The higher the mechanical loss coefficient, the greater the 
damping coefficient, hence, material will effectively accomplishing en-
ergy absorption and dispersal. Attenuation is the decay rate of the wave 
as it propagates through the material. 

3.2. Test specimen preparation 

Specimens of neat polyurethane, graphene modified PU, and f- 
GNP+SG modified PU were prepared according to the procedures 
below. 

PU specimens: BAYTEC® 9005 60A MF polyol (100 g) was mixed 
with DESMODUR® B9 M10 polyisocyanates (37 g) at room temperature 
(25 ◦C) for 3 min using a homogeniser at 8000 rpm. The mixture was 
then placed into a degassing chamber for 5 min, poured into a mould 
and left for 12 h to be cured at room temperature. The mould was made 
of polyethylene which possesses self-releasing characteristics. 

PU þ f-GNP specimens: Polyurethane/graphene composites can be 
prepared by blending or in-situ polymerization approaches. In this work 
the in-situ polymerization of PU/f-GNPs was carried out by directly 
mixing GNP–COOH (0.5 wt%) with polyol (100 g) at room temperature 
(25 ◦C) and mixed using a homogeniser at 8000 rpm for 18 min, sub-
sequently DESMODUR® B9 M10 polyisocyanates (37 g) was added to 
the mixture and stirred for 1 min and poured into the mould. The 
functionalised graphenes act as chemical crosslinkers in PUs. 
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PU þ f-GNP þ SG specimens: The in-situ polymerization of PU/f- 
GNPs was carried out by directly mixing hydrophobic silica-based so-
lution (1 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), stirred for 1 min using a homogeniser at 
8000 rpm and poured into the mould. 

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 (Fig. 1). The other method was using a milling machine to 
cut the mould into two pieces and get the samples out of the mould 
(Fig. 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 h 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 min. Fig. 2 shows various 
stages of manufacturing the polyethylene mould and the specimens. 

NYLON, HDPE, PTFE, UHMWPE PET and PVC were purchased in 30 
mm diameter rods, cut and sanded into 50 mm height specimens. A 

Fig. 1. Using solid works to design a mould from two symmetric pieces.  

Fig. 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. 

Fig. 3. Specimens for damping test.  

Table 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  
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stainless steel disk with thickness of 15 mm was made and placed on top 
of each specimen 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 par-
allel. 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 Fig. 3 and their dimensions are summarised in Table 1. 

3.3. Experiment set up 

To eliminate the surface hardness effect of the test specimen, the ball 
was dropped onto the 15 mm thick stainless steel disk, placed on the top 
of the specimen. A chrome steel ball with 3 mm diameter and hardness 
of HRC 60–67 was used to generate acoustic signals. 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 Fig. 4, a digital oscilloscope, a piezoelectric sensor, 
a steel support stand with a screw release clamp and a 3 mm 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 (Fig. 5). 
The effect of the system vibration is reduced by locating the sensor on a 
sponge. The acoustic signal is generated by dropping the steel ball onto 
the target. This signal travels through the test specimen and the reduced 
outcome signal is received by the piezoelectric sensor which is located at 
the bottom of the specimen 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 Fig. 5, the whole system is placed on an 
HDPE platform to make the setup flat and horizontal and also to prevent 
the steel ball from hitting the floor after bouncing back. 

The impedance mismatch between air and solid materials is large 
and almost no transmission of ultrasonic waves between the two will 

happens. For making proper transmission of the ultrasonic signal be-
tween the specimen and the ultrasonic sensor, the air gap between them 
and also between the specimen and stainless-steel target disk were 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 repeated testing. 
Different couplant materials have different acoustic impedance prop-
erties 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 cou-
plant applied each time has a significant effect on the results. Silicon 
lubricant couplant was ultimately chosen because it is very consistent in 
application. This couplant will leave trace of a thin layer on the surface 
of specimen which is not too slippery and allow the steel target to seat on 
the specimen without sliding off. 

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 Fig. 6, the steel ball is held 12 cm 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. Results of the damping tests 

To ensure that the results of damping test are reliable, the following 
points were taking into account during manufacturing of the specimens.  

• All specimens were made with the same dimensions, as can be seen in 
Table 1, height of all specimens is in the range of 49.8–50.2 mm and 
the diameter of all specimens are between 31.7 and 32.1 mm.  

• Surfaces of all the specimens were smooth and parallel to ensure 
good signal transmission. 

Fig. 4. Damping test set up.  

Fig. 5. Piezoelectric sensor set up for the damping test.  

Fig. 6. Holding the steel ball on the rod with a clamp.  
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The specimens tested were neat polyurethane (PU), graphene 
modified PU (PU + f-GNP), graphene and hydrophobic silica-based so-
lution modified PU (PU + f-GNP + SG), polytetrafluoroethylene (PTFE), 
high-density polyethylene (HDPE), ultra-high molecular weight poly-
ethylene fibre (UHMWPE), polyethylene terephthalate (PET), PVC and 
NYLON. For each specimen, the drop-ball test was repeated 5 times from 
a drop height of 12 cm 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 2 shows the test setup specification and Table 3 shows 
the voltage recorded by the sensor for each drop ball test. 

Samples of screen shots of the oscilloscope for each specimen are 
shown in Fig. 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 [2,3]. Longitudinal wave 
is generated when a force is applied rapidly normal to a surface. 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 drop-
ping 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 3 that PTFE shows the highest 
voltage as a result of drop ball test and GNP–COOH modified poly-
urethane (PU + f-GNP) shows the lowest voltage, indicating that gra-
phene modified polyurethane has the highest attenuation. Table 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. 

In conclusion, among the PU, PU + f-GNP and PU + f-GNP + SG 
materials tested in this study, neat polyurethane (PU) has the lowest 
attenuation (Fig. 8), and this is improved by 3.5% by adding 0.5 wt% of 
GNP – COOH. 

5. Identification of modal parameters with the SVD-QR method 

The objective of the drop ball test is to identify the attenuation 
properties of the various materials. In order to do this, the modal pa-
rameters (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 equation (2). Each of these signals corresponds to a 
particular deformation mode of the system and has a characteristic 
frequency and damping ratio. 

The SVD-QR method has been used to do this identification. How-
ever, since only one sensor is used during the test, the association be-
tween modal parameters and deformation modes is not possible. 

The experimental modal analysis (EMA) method employed for the 
signal analysis was the QR Factorization and Singular Value Decompo-
sition (SVD-QR) method [17,18]. This time-domain method was devel-
oped 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 its 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]{ÿ} + [C]{ẏ} + [K]{y} = 0 (1)  

where M, C, and K represent the matrices of mass, damping, and stiff-
ness respectively and {y(t)} is the deformation vector [19]. 

Therefore, y(t), the deformation in one point of the system, can be 
represented as exponentially damped harmonic functions: 

y(t)=
∑n

i=1
hi(t)=

∑n

i=1

{
Ai sin(2πfit)e− 2πξi fi t +Bicos(2πfit)e− 2πξifi t

}
(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 (Fig. 9). 

The traditional EMA methods try to adjust (e.g. least squares) the 
experimental values of the response to equation (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 periods 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
)

⎞

⎟
⎟
⎠ (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 orthog-
onal matrix Q and an upper triangular matrix R provides a permutation 
matrix Mp, such that: 

H ×MP = Q × R; QT × Q = I; rij = 0 ∀i > j (4)  

B=MT
p × H (5) 

Table 2 
Test setup of the drop ball test.  

Oscilloscope display 5 mv/div; 10 ms/div 

Ball size 3 mm 
Drop height 12 cm  

Table 3 
Maximum voltage (mV) for the drop ball test.   

Maximum Voltage (mV) 

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   
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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
)

⎞

⎟
⎟
⎠ (6) 

Since the function of the response y(t) is well known (Eq. (2)), 
selecting a frequency fs and damping ratio ξs, a synthetic response can be 
generated: 

Fig. 7. Wave signals for different specimen as a result of drop ball test.  
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x(tK)= sin(2πfstK)e− 2πξsfs tK ⇔ X = [ x(t1) x(t2) … x
(
tp
)
]⇔ XI =

X
X

(7) 

The last operation shown in Eq. (6) 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
)

⎞

⎟
⎟
⎟
⎟
⎠

(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 would be 2n+ 1. 

To assess how close to 2n or to 2n + 1 the rank of the matrix Bte is, its 
pseudo-determinant ψ(fs, ξs) is calculated: 

Bte(fs,ξs)=U×S×VT ⇒S(fs,ξs)=

⎛

⎜
⎜
⎝

s1 0 … 0
0 s2 … 0
⋮ ⋮ ⋱ ⋮
0 0 … sn+1

⎞

⎟
⎟
⎠; s1≥s2≥…≥sn+1 (9)  

Ψ(fs, ξs)= s1 × s2 ×… × sn+1 (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 Fig. 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 Fig. 10, there are 
35 sets of frequency and damping ratio. 

For each value in the range of frequencies, the pseudo-determinant 
was calculated for the combinations of such a value with all possible 
values of damping ratio. For such a value of frequency, the damping 
ratio corresponding to the minimum values of pseudo-determinant is 
chosen. In Fig. 10, for a frequency of 920 Hz, the associated damping 

Fig. 8. Highest voltage recorded by oscilloscope for different specimens as a results of drop ball tests.  

Fig. 9. Equivalent system.  

Fig. 10. Pseudo-determinant for values of frequency and damping ratio.  
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ratio is 0.020. 
In case the set of frequency and damping ratio, providing minimum 

pseudo-determinant, corresponded to a mode and the signal y(t) were 
noiseless, the pseudo-determinant would be zero. 

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 ratio) 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 has to be taken when choosing 
the segment of signal to be analysed. It is important to ensure that it 
corresponds to a free response and it is not polluted with contributions 
corresponding to the impact period. 

6. Experimental results of damping coefficient using SVD-QR 
method 

There are three different types of damping: coulomb damping 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 the third type is hysteresis damping: 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 mod-
erate load but soft materials like polymers exhibit large hysteresis 
damping [20]. Damping capability is influenced by different factors 
such as the nature of material, modulus, frequency, temperature and 
defects [20]. 

For shock absorption, vibration control, and noise reduction, mate-
rials with high damping coefficients are required. Viscoelastic properties 
and glass transition temperature are two important factors which in-
fluence the vibration damping of polymers [20]. Polyurethanes are 
attractive for damping applications as they can be modified in order to 
change their glass transition temperature [21,22]. PU with strong de-
gree of microphase separation present superior mechanical property as 
each pure phase possess the best required properties, e.g. low Tg of the 
soft segment chains, and high melting temperature (Tm) of hard segment 
chains which gives high heat resistance, Young’s modulus and tensile 
strength. In fact, controls of hard segment content and chemical 
cross-linking density controls the mechanical properties of Pus [23]. 

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) [24,25]. It is known that 
in a polyurethane 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-bonded and some 
of them are located in the hard domain which are H-bounded only. DPS 
or degree of hard segment linking hard segments can be calculated using 

the equation: 

DPS=
CbC=O

CfC=O + CbC=O
(11)  

Where Cb is the coefficient of hydrogen bounded urethane and Cf is the 
free urethane [26]. 

Comparing PU20 containing 20% hard segment +1 wt% f-GNP with 
PU40 containing 40% hard segment + 1 wt% f-GNP showed that PU40 
has higher Tg = 46 ◦C than PU20 with Tg = 41◦C [27]. 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 [28]. 

Damping is the conversion of mechanical energy of a structure into 
thermal energy. A 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 [29]. 

The damping coefficient tan δ can be calculated from: 

tan δ= 1/nπ (12)  

Where n is number of cycles the signal decays. The first order damped 
system amplitude multiplier is e− ξωnt. So when the exponent is equal to −
1, it will have a decay magnitude of e and therefore, 

ξ= 1/ωnt (13) 

Hence, 

 tan δ= 2ξ =
2

ωnt
(14) 

Polyurethanes are classified as underdamped materials and their 
damping ratio typically range from 0.05 to 0.15 [30–33], e.g. damping 
coefficient of the PU at 30 ◦C is reported 0.1 [32] and at room temper-
ature and 1000 Hz is 0.05 [33]. Experimental results of damping coef-
ficient (tan δ) and damping ratio (ξ) of the drop ball tests with 95% 
confidence level at specified frequencies are summarised in Table 4. 

Fig. 11 shows Pseudo-determinant ψ for different frequency and 
damping values for all materials tested in this study. The damping co-
efficient value of each material is in Table 5. Inspection of Table 5 shows 
that the voltage results decrease as tan δ and attenuation 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 material among tested ma-
terials. PTFE and PVC show the highest voltage recorded and the lowest 
damping coefficients. 

Plots of the damping coefficient versus voltage for frequency range 
200–300 Hz, 500–700 Hz and 700–1000 Hz are shown in Fig. 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 

Table 4 
Damping coefficient and damping ratio 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)  

PU 0.0250 ± 0.0017 0.0125 0.0485 ± 0.0073 0.0243 0.0813 ± 0.0041 0.0407 
PU+f-GNP 0.0343 ± 0.0061 0.0172 0.0651 ± 0.0012 0.0326 0.1073 ± 0.0044 0.0535 
PU+f-GNP+SG 0.0305 ± 0.0026 0.0153 0.0622 ± 0.0079 0.0311 0.0848 ± 0.0023 0.0424 
PTFE 0.0210 ± 0.0045 0.0105 0.0290 ± 0.0039 0.0145 0.0348 ± 0.0032 0.0174 
PVC 0.0245 ± 0.0035 0.0123 0.0425 ± 0.0079 0.0213 0.0345 ± 0.0016 0.0173 
NYLON 0.0240 ± 0.0028 0.0120 0.0525 ± 0.0061 0.0253 0.0350 ± 0.0022 0.0175 
HDPE 0.0235 ± 0.0038 0.0117 0.0505 ± 0.0084 0.0253 0.0388 ± 0.0061 0.0194 
PET 0.0240 ± 0.0037 0.0120 0.0408 ± 0.0121 0.0204 0.0405 ± 0.0081 0.0203 
UHMWPE 0.0245 ± 0.0008 0.0123 0.0415 ± 0.0132 0.0208 0.0435 ± 0.0029 0.0218  
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Fig. 11. Drop ball test results analysis by SVD-QR for all tested materials.  
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has 3.14 time increase in damping coefficient at 700–1000 Hz relative to 
its damping coefficient at low frequency range of 200–300 Hz. Among 
PU and nanomodified PU, the highest damping coefficient at all fre-
quency 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 [34]. 

Fig. 13 show variation of damping coefficient (tan δ) versus fre-
quency for the PU, PU + GNP and PU + GNP + SG. The trend is that at 
higher frequencies tan δ will increase for all three type of polyurethanes. 
Also it can be seen that 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 
200–300 Hz and 500–600 Hz and at high frequency range of 700–1000 
Hz its effect is diminishing. 

7. Conclusion 

In this study the damping properties of f-GNPs and f-GNP/SG based 
PU nanocomposites together with untreated PU for three different fre-
quency 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 prepa-
ration and surface condition of the specimen. By keeping the experi-
mental condition stable, and also 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 coeffi-
cient 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 

Table 5 
Sensor maximum voltage, damping coefficient and tan δ for three frequency ranges for all samples.  

Material Voltage (mV) Frequency (200–300 Hz)< Frequency (500–600 Hz)< Frequency (700–1000 Hz) 

tan δ  tan δ  tan δ  

PU 17.2 0.0250 ± 0.0017 0.0485 ± 0.0073 0.0813 ± 0.0041 
PU+f-GNP 16.6 0.0343 ± 0.0061 0.0651 ± 0.0012 0.1073 ± 0.0044 
PU+f-GNP+SG 16.9 0.0305 ± 0.0026 0.0622 ± 0.0079 0.0848 ± 0.0023 
PTFE 21.1 0.0210 ± 0.0045 0.0290 ± 0.0039 0.0348 ± 0.0032 
PVC 21 0.0245 ± 0.0035 0.0425 ± 0.0079 0.0345 ± 0.0016 
NYLON 19.5 0.0240 ± 0.0028 0.0525 ± 0.0061 0.0350 ± 0.0022 
HDPE 18.5 0.0235 ± 0.0038 0.0505 ± 0.0084 0.0388 ± 0.0061 
PET 17.4 0.0240 ± 0.0037 0.0408 ± 0.0121 0.0405 ± 0.0081 
UHMWPE 17.6 0.0245 ± 0.0008 0.0415 ± 0.0132 0.0435 ± 0.0029  

Fig. 12. Damping coefficient vs. maximum voltage in the frequency range of 200–300 Hz, 500–600 Hz and 700–1000 Hz.  
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damping of the relevant modes are identified. The results show that by 
adding GNP–COOH (0.5 wt%) to neat polyurethane, the damping co-
efficient increased by 37.2% for the 200–5300 Hz range, increased by 
34% for the 500–600 Hz range and increased by 32% for the 700–1000 
Hz range. Adding 1 wt% hydrophobic silica-based solution to the 
GNP–COOH modified polyurethane increases the damping coefficient of 
the PU by 22% for the 200–300 Hz range and 28% for the 500–600 Hz 
range. However, there is no significant effect on the damping coefficient 
for 700–1000 Hz range. 

In summary, the carboxyl functionalised graphene nanoplatelets 
(GNP–COOH) increases the damping coefficient of the neat poly-
urethane by decreasing the cell size of the PU structure and simulta-
neously 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. 
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