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piezoelectric damping composite
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the conductive phase†
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In this study, a lead zirconate titanate (PZT)/in situ polymerized polyurethane (PU) composite with three-

dimensional (3D) reduced graphene oxide (rGO) as the conductive phase was prepared and the potential

of 3D rGO to enhance the damping properties was investigated. The conductivity and damping

properties of the composite were systematically investigated. The results show that the conductive

threshold of the composite is reached at a very low rGO content of about 0.7 wt% by using the 3D rGO

structure. The best damping performance of the piezoelectric damping composite is achieved at the

conductive threshold, where the loss factor is 0.22 (almost 41%) higher and the temperature range

where tan d $ 0.3 is 13.2 �C (almost 84%) wider than those of the PU matrix. A composite consisting of

only PU and rGO sheets without the 3D structure was prepared for comparison. The conductive

threshold of this composite is more than 0.9 wt% and the highest tensile strength is 5.63 MPa when the

rGO content is 0.6 wt%, indicating that the 3D structure reduces the use of the conductive phase and

does not significantly affect the tensile strength of the matrix.
1. Introduction

Vibration in modern equipment is oen undesirable because of
the demand for accuracy, reliability, durability, stability, and
noise reduction. Therefore, there is strong interest in novel
materials that can lead to efficient vibration reduction. Poly-
mers are generally preferred because their viscoelastic behavior
provides higher damping performance than cement, metals,
and alloys.1 However, the ideal damping performance of poly-
mers can only be obtained in a narrow temperature range of
about several tens of degrees near the glass transition temper-
ature. Piezoelectric damping composites have been developed
by introducing a dissipation way of force–electricity–heat to
meet higher demands. They are very promising for both active
and passive vibration control in many industries, such as the
automobile, airplane, aerospace, railway, sports, and engi-
neering industries.2

The rst piezoelectric damping composite with a piezoelec-
tric ceramic/polymer structure was reported by Forward.3

According to the theory of piezoelectric shunt damping, adding
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an appropriate piezoelectric component and a conductive phase
to damping materials can be advantageous for energy dissipa-
tion.3–6 A number of composites with metals,7 carbon black
(CB),8–12 carbon bers,13–16 carbon nanotubes,17–21 and graphene
as the conductive phase have been prepared and investigated.
However, to achieve the conductive percolation threshold, a lot
of the conductive phase needs to be added, whichmay affect the
performance of the matrix. For example, Qiao et al.12 fabricated
a piezoelectric damping composite composed of bromobutyl
rubber as the matrix, lead zirconate titanate (PZT) as the
piezoelectric phase, and acetylene CB (N550) as the conductive
agent. However, the conductive percolation threshold of CB is
relatively high (almost 8 wt%). Liu et al.22 prepared chlorobutyl
rubber/poly(ethyl acrylate)/piezoelectric ceramic/CB composites
with 10 wt% CB content. Shamir et al.23 used dodecyl benzene
sulfonic acid to improve the dispersion of CB in poly(styrene-
rand-butyl acrylate) copolymers, which decreased the percola-
tion threshold. However, the CB content was still almost 3 wt%.
Furthermore, according to the literature, there is a negative
correlation between the damping performance of composites
and the CB content, especially when the CB content is more
than 4 wt%.

Here, to overcome the unfavorable effects of a high
conductive phase content, a new damping composite material
containing a conductive phase with three-dimensional (3D)
connectivity (reduced graphene oxide, rGO) is reported. Various
3D structures can be used as the conductive phase, such as
graphene aerogels,24–26 polymer/graphene hybrid aerogels,27 and
This journal is © The Royal Society of Chemistry 2018
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polymer-based graphene foams.28 Because the 3D conductive
structure needs to be composited with polyurethane (PU)/PZT,
a matrix with high strength and large voids is required, so PU
foam was chosen as the matrix to fabricate 3D rGO. 3D rGO was
prepared by a modied Hummers method and hydrothermal
reduction. Using these techniques, rGO self-assembled on the
PU matrix to form a 3D conductive network. PZT was chosen as
the piezoelectric phase because of its excellent piezoelectric
properties, high Curie temperature, and high polarization and
electromechanical coupling coefficients.29 PU was used as the
matrix material because of its good damping properties and to
adjust the glass transition temperature and loss factor by
modifying the ratio of the so and hard segments.
Fig. 1 (a) Fabrication process of GNF (b) schematic structure of
piezoelectric damping composite.
2. Materials and methods
2.1 Synthesis of 3D rGO and rGO sheets

Hydrazine hydrate (85 wt%) was purchased from Sinapharm
Chemical Reagent Co., Ltd., China. The PU foam was
commercial PU sponges supplied by Sichuan Hongchang Plas-
tics Industrial Co., Ltd., China. The graphene oxide (GO) solu-
tion was prepared by a modied Hummers method.30 The
commercial PU sponges were rst rinsed in acetone and
distilled water for 15 min using an ultrasonic cleaner. The
sponges were then dried in an oven at 70 �C for 12 h.

The synthesis process of GNF (rGO foam or 3D rGO) is shown
in Fig. 1(a), showing how 3D rGO can be obtained by hydro-
thermal reduction of GO. The PU foam (a 20 mm � 20 mm �
5 mm cuboid) was immersed in a 50 mL beaker containing the
pre-formulated solution of GO (20 mL, 0.5–7 mg mL�1) and
hydrazine hydrate (5 mL hydrazine hydrate per mg of GO). The
PU foam was then squeezed various times and placed in
a vacuum oven at room temperature for 15 min to remove the
bubbles trapped in the foam. Plastic lm was used to seal the
beaker, which was then heated at 90 �C for 12 h to reduce GO.
The rGO sheets self-assembled along the PU foam backbone
with p–p stacking between rGO sheets to become a 3D struc-
ture. Because rGO is insoluble in water, it has very poor affinity
for glass but good affinity for PU foam. Aer reduction, GNF was
washed with deionized water more than three times to remove
impurities. The product was then dried at 70 �C for 12 h to
obtain GNF. The rGO composition can be easily adjusted by
varying the concentration of the GO solution.

The rGO sheets were synthesized in a similar manner. GO
solution (5 mg mL�1) was prepared by a modied Hummers
method30 and reduced by hydrazine hydrate (5 mL hydrazine
hydrate per mg of GO). The solution was heated at 90 �C for 12 h
with vigorous stirring. The compound was then frozen at
�50 �C for 4 h and vacuum dried at�50 �C for 48 h to obtain the
rGO sheets. The sheets were then dried at 50 �C for 12 h and set
aside.
2.2 Fabrication of the piezoelectric damping composite

Polytetramethylene ether glycol (PTMEG, average molecular
weight 2000) and 4,40-diphenylmethane diisocyanate (MDI)
were purchased from Shanghai Aladdin Biochemical Polytron
This journal is © The Royal Society of Chemistry 2018
Technologies Co., Ltd., China. Glycerol was supplied by
Shanghai Ling Feng Reagent Co., Ltd., China. PZT (diameter�5
mm) was purchased from Zibo Braun Electronics Co., Ltd.,
China. Before use, PTMEG and glycerol were placed in a vacuum
oven at 110 �C for 4 h to remove residual water and then cooled
to 60 �C. MDI was also heated at 60 �C until it became
a completely clear liquid. The monomers were then homoge-
neously mixed at a PTMEG : glycerol : MDI weight ratio of
41.96 : 7.49 : 0.55 under vigorous mechanical stirring.

PZT was added to the monomer mixture of PU with vigor-
ously stirring at 60 �C. GNF was then immersed in the mixture,
followed by squeezing more than three times and under
vacuum for 15 min at room temperature to remove bubbles. The
mixture was then heated at 75 �C for 4 h to allow the composite
to pre-react and nally heated at 120 �C for 6 h to complete the
reaction. The structure of the obtained composite is shown in
Fig. 1(b), where PZT/PU is a 0–3 type composite, PZT particles
are dispersed in the PUmatrix, and rGO as the conductive phase
intersperses among the PZT particles.
RSC Adv., 2018, 8, 12494–12502 | 12495
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2.3 Fabrication of the PU/rGO sheet composite

The rGO sheets were added to the monomer mixture of PU
with a of PTMEG : glycerol : MDI weight ratio of
41.96 : 7.49 : 0.55 and vigorously stirred at 60 �C for 10 min.
The mixture was then heated at 75 �C for 4 h and nally
heated at 120 �C for 6 h.
2.4 Characterization and testing

Fourier transform infrared (FTIR) spectroscopy was performed
with a FTIR spectrometer (EQUINOX55, Bruker) using the KBr
method in the frequency range 400–4000 cm�1. Raman spec-
troscopy was performed with a SENTERRAR200 Raman spec-
trometer with a 532 nm laser source. The morphology and
structure were observed by eld emission scanning electron
microscopy (SEM, S-4800, Hitachi) with an acceleration voltage
of 10 kV. The conductivity tests were performed with a four-
point probe conductivity measurement device (RTS-8, Probes
Tech., China) and high-resistance meter (ZC36, Shanghai Sixth
Meter Co., Ltd, China). The pyrolysis processes of the samples
were investigated by thermogravimetric analysis (TGA, Pyris 1,
PerkinElmer) under a nitrogen atmosphere from 30 to 750 �C at
a heating rate 10 �C min�1. The tensile strength was tested with
a Zwick Z100 universal material testing machine (the samples
were prepared according to ISO37:2011). Dynamic mechanical
analysis was performed with a DMA8000 analyzer (PerkinElmer,
USA) in compression mode at a frequency of 1 Hz from �70 to
80 �C at a heating rate of 3 �C min�1 (the dimensions of the
samples were 8 mm � 8 mm � 1.2 mm). The piezoelectric
strain constant d33 was determined with a quasi-static d33 meter
(ZJ-3, Institute of Acoustics, Chinese Academy of Sciences).
Fig. 2 (a) FTIR spectra of GO and rGO. (b) Raman spectra of GO and rG

12496 | RSC Adv., 2018, 8, 12494–12502
3. Result and discussion
3.1 Characterization of rGO and PU

The reduction process of GO was characterized by FTIR spec-
troscopy (Fig. 2(a)). For GO, the peaks at 3410 and 1724 cm�1 are
attributed to the stretching vibrations of O–H and C]O bonds,
while the peak at 1120 cm�1 is assigned to the presence of the
C–O bond.31 The presence of these oxygen-containing groups
suggests that graphene was successfully oxidized. For rGO,
these peaks almost disappear, indicating that GO is successfully
reduced. There is a strong absorption peak at 2280 cm�1 in the
spectrum of GO, which may be caused by the ammonium salts
generating during oxidation of graphite. This peak almost
disappears aer reduction of GO, indicating that these impu-
rities are removed without affecting the structure of rGO.
Raman spectroscopy was performed to verify conversion of GO
in the reduction process. As shown in Fig. 2(b), there are two
broad peaks at 1340 and 1580 cm�1, which can be ascribed to
the D band (associated with the extent of structural disorder)
and G band (related to sp2 hybridization).32 The ratio of the peak
intensities of the D band to the G band of GO (0.84) increases
when GO is reduced to rGO (1.07) because the reduction process
removes oxygen-containing groups and results in a relatively
high defect ratio. It also conrms that GO is successfully
reduced.

Because the PU monomers could not be stirred aer incor-
porating with GNF, FTIR spectroscopy was performed to verify
whether the reaction conditions are appropriate. The PU
monomers were directly mixed and polymerized without stir-
ring. As shown in Fig. 2, several peaks appear in the spectrum of
O. (c) FTIR spectra of MDI, PTMEG, and PU.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 (a) Loss factor, (b) storage modulus at �70 �C, (c) TGA, and (d) actual PZT content calculated from TGA of composites with 0, 2, 8, 10, 30,
40, and 80 g PZT per 100 g PU.
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PU aer the reaction. The peaks at 1727 and 1158 cm�1 can be
ascribed to the C]O and C–O bonds of –NHCOO�, respectively,
while the peak at 3344 cm�1 can be assigned to the stretching
vibration of N–H without hydrogen bonding, suggesting
synthesis of PU. The peaks of the reactive functional groups of
PTMEG and MDI (the characteristic peak of the isocyanate
group at 2270 cm�1 and the peak of the association state
Table 1 Effect of the PZT content on the damping properties

Sample Tg (�C)
Loss factor
(tan d) at Tg

Temperature range
(�C) where tan d $ 0.3

PU �49.8 0.54 15.8 (�56.9 to �41.1 �C)
2 �49.5 0.57 20.3 (�57.6 to �37.3 �C)
8 �47.5 0.56 17.6 (�54.6 to �37.0 �C)
10 �47.5 0.48 18.5 (�55.2 to �36.7 �C)
30 �44.8 0.42 13.8 (�51.2 to �37.4 �C)

Fig. 4 SEM images of composites with (a) 2, (b) 8, and (c) 24 g PZT per

This journal is © The Royal Society of Chemistry 2018
hydroxyl group at 3477 cm�1) are not present, indicating that
there are no residual hydroxyl and isocyanate groups and
PTMEG and MDI completely reacted. Moreover, there are no
peaks between 1640 and 1690 cm�1 corresponding to the C]O
stretching vibration of the urea group, which indicates that no
urea groups formed. Therefore, it can be concluded that the
reaction conditions are suitable and the resulting PU does not
contain unreacted hydroxyl and isocyanate groups generated at
relatively low reaction temperature or urea groups generated at
very high temperature.
3.2 Performance of the PU/PZT composites

Fig. 3(a) shows the dynamic properties of the composite con-
sisting of PU and PZT without rGO. The glass transition
temperature (Tg) increases with increasing PZT content because
the PZT particles hinder the motion of the molecular chain
segments, which can also be seen from Table 1. Moreover, with
100 g PU.

RSC Adv., 2018, 8, 12494–12502 | 12497
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Table 2 Effect of the PZT content on the thermal stability

Sample PU 2 8 10 30 40 80
Temperature of 5%
thermal weight loss (�C)

366 343 334 336 347 339 348
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increasing PZT content, the damping properties (characterized
by the loss factor tan d at Tg and the temperature range where
tan d $ 0.3) of the composites rst increase and then decrease.
The maximum tan d is achieved when the PZT content is 2 g per
100 g PU. Thus, the composite material with 2 g PZT per 100 g
PU was chosen as the matrix of the piezoelectric damping
composite. Addition of PZT has two opposite effects on the
damping properties of the composite. On the one hand, PZT
dilutes the matrix, which decreases the damping properties. On
the other hand, addition of PZT introduces friction losses of the
PZT particles and PZT with the PU matrix to increase mechan-
ical energy dissipation. At a low PZT content, the second effect is
dominant, but the rst effect is dominant when the PZT content
is high. This is the reason why there is an optimal PZT content
to achieve the best damping performance. Furthermore, when
the PZT content is more than 40 g per 100 g PU, crosslinking of
molecular chains of PU is blocked, so tan d dramatically
decreases (tan d < 0.3 in the temperature range from �75 to
50 �C) and then increases at about 20 �C. Similar behavior is
observed for the relationship between the storage modulus and
the PZT content (Fig. 3(b)). The difference is that the storage
modulus reaches a maximum of 420 MPa at a higher PZT
content of about 30 g PZT per 100 g PU. According to the SEM
images of the specimens with 2, 8, and 24 g PZT per 100 g PU
(Fig. 4), dispersion of PZT gradually decreases as the PZT
content increases. The lack of dispersion is probably the reason
why the storage modulus decreases as the PZT content
increases. However, the damping properties and elastic
modulus dependency on the PZT content are attributed to
Fig. 5 SEM images of GNF with calculated rGO contents of (a) and (d) 2.6
and (i) 44.7 wt%.

12498 | RSC Adv., 2018, 8, 12494–12502
different physical principles. The elastic modulus should be
proportional to the content of PZT in a well-distributed situa-
tion, so the elastic modulus begins to decrease at a higher PZT
content than tan d.

TGA of PU with different PZT contents is shown in Fig. 3(c).
The thermal stability of PU decreases with increasing PZT
content (the temperatures of 5% thermal weight loss are given
in Table 2). There are two factors that can inuence the stability
of the composite. First, there are some hydroxyl groups on the
surface of PZT that can react with isocyanate groups to create
crosslinking points of the composite, which is good for the
stability. Second, the hydroxyl groups have a negative effect on
the synthesis of PU, which has a greater effect on the thermal
stability of the composite and decreases the thermal stability.

Using the method of in situ polymerization of PU followed by
addition of PZT, PZT may be unevenly distributed and biased in
the direction of gravity. From the TGA curve of the composite,
the actual PZT content can be calculated by

a ¼ 100ðh1 � h2Þ
1� h1

(1)

where a is the actual PZT content per 100 g PU, h1 is the TGA
residual weight of the composite at 700 �C, and h2 is the TGA
residual weight of pure PU at 700 �C. The calculated results are
shown in Fig. 3(d) (solid line). Although the actual and theo-
retical contents are not identical, the error is less than 6% and
acceptable.
3.3 Performance of the piezoelectric damping composites

GNF was characterized by SEM at different resolutions to clearly
visualize the morphological distribution of rGO (Fig. 5). The
conductivity was measured by a four-point probe conductivity
measurement device and high resistance meter (Fig. 6(a)). The
rGO percentage weight of GNF was determined by (W2 �W1)/W2

� 100%, whereW1 is the weight of the PU skeleton aer heating
wt%, (b) and (e) 10.2 wt%, (c) and (f) 18.0 wt%, (g) 25.4 wt%, (h) 30.0 wt%,

This journal is © The Royal Society of Chemistry 2018

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra00175h


Fig. 6 (a) Relationship between the electrical resistivity and the rGO content for GNF and the composite. (b) Dynamic properties of composites
with GNF of 2.6 wt% (sample 1), 10.2 wt% (sample 2), 18.0 wt% (sample 3), 25.4 wt% (sample 4), 30.0 wt% (sample 5), and 44.7 wt% (sample 6).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

pr
il 

20
18

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

4:
41

:0
1 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
at 70 �C for 1 h and W2 is the sample weight aer synthesis of
GNF. From Fig. 5(a)–(c), GNF is formed by rGO adhering to the
PU skeleton, and the morphology of GNF is the same as that of
the skeleton. As the rGO content increases, its morphological
distribution and the electrical conductivity signicantly change.
The conductivity of GNF continuously increases whereas the
conductivity of the composite initially increases and then
decreases. For rGO content of 2.6 wt%, connection of rGO is
incomplete and the resistance is higher than 2.2� 105 Um. The
corresponding composite is almost an insulator with a resis-
tance of about 9 � 109 U m. For rGO content of 10.2 wt%, the
rGO sheets start to overlap on the skeleton and the conductivity
drastically decreases by almost three orders of magnitude.
When the rGO content is 18 wt%, the rGO sheets attached to the
PU skeleton extensively overlap. When the rGO content is
44.7 wt%, rGO begins to ll the skeleton's voids. Surprisingly,
even though the conductivity of GNF increases, the conductivity
of the composite decreases. This behavior can be attributed to
the fact that the rGO sheets are severely damaged because of the
very high overlap rate when the mixture of PU and PZT is
injected into the composite. From the comparison of the
conductivity, there is a difference of at least three orders of
magnitude between the conductivities of GNF and the
composite. This is because introduction of PU and PZT severely
decreases the electrical conductivity and disrupts the original
conductive structure of GNF. The conductivity percolation
Table 3 Influence of the rGO content on the damping behavior

Sample Tg (�C)
Loss factor
(tan d) at Tg

Temperature range
(�C) when tan d $ 0.3

1 �51.0 0.56 22.5 (�60.4 to �37.9 �C)
2 �49.5 0.65 27.9 (�60.7 to �33.8 �C)
3 �50.0 0.70 25.3 (�60.2 to �35.9 �C)
4 �50.2 0.76 29.0 (�61.5 to �32.5 �C)
5 �50.6 0.71 22.2 (�59.9 to �37.7 �C)
6 �49.7 0.66 22.4 (�60.0 to �37.6 �C)

This journal is © The Royal Society of Chemistry 2018
threshold of the composite is reached for GNF with 25.4 wt%
rGO, which has a resistance of about 4.8 � 104 U m.

Through introduction of piezoelectric and conductive pha-
ses, the vibration energy can be dissipated in ve ways: (1)
friction between polymer segments, (2) friction between poly-
mer chains and PZT, (3) friction between PZT particles, (4)
polarization loss of piezoelectric ceramics under alternating
stress, and (5) dissipation by the way of vibration energy, electric
energy, and heat energy. It follows that the piezoelectric
damping composites show a wider temperature range and
better loss factor than ordinary composites that can only use the
rst three dissipation modes. From Tables 1 and 3, all of the
piezoelectric damping composites have better damping
performance than the PU matrix and PU/PZT composites. The
dynamic properties and TGA curves of composites with 2 g PZT
per 100 g PU and different rGO contents are shown in Fig. 6(d)
and 7. The tan d value at Tg initially increases and then
decreases with increasing rGO content, and it is positively
related to the conductivity of the composite. Furthermore, the
best damping performance of the composite is achieved with
rGO content of 25.4 wt% (sample 4). In this case, the rGO
Fig. 7 TGA of composites with 2.6 (sample 1), 10.2 (sample 2), 18.0
(sample 3), 25.4 (sample 4), 30.0 (sample 5), and 44.7 wt% (sample 6)
rGO content.

RSC Adv., 2018, 8, 12494–12502 | 12499
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Table 4 Influence of the rGO content on the thermal stability

Sample 1 2 3 4 5 6
Temperature of 5%
thermal weight loss (�C)

342 340 328 332 340 337

Fig. 10 Relationship between tan d at Tg and the rGO content.
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content is 0.70 wt% in the whole composite and tan d ¼ 0.76 at
�50.2 �C (Table 3). The loss factor is 0.22 (about 41%) higher
and the temperature range where tan d $ 0.3 is 13.2 �C (almost
84%) wider than those of the PU matrix. Moreover, the tan d

value at Tg is also higher than that of the composite without rGO
(usually 0.02–0.03). In addition, the thermal stabilities of the
samples are close to that of the temperatures of 5% thermal
weight loss (Table 4, between 328 (sample 3) and 342 �C
(sample 1)), so introduction of rGO does not signicantly affect
the thermal stability.

For the ve dissipation paths mentioned above, friction of
the polymer and the piezoelectric effect are responsible for the
largest dissipation. The equivalent model of the piezoelectric
damping composite is shown in Fig. 8. When alternating stress
is applied, the energy can be dissipated by the two following
ways: (1) the viscoelastic behavior of the polymer matrix, which
can described by an equivalent dash-pot and spring in parallel,
where the dash-pots dissipate the mechanical energy while the
Fig. 8 Models of the (a) equivalent electrical circuit and (b) equivalent
spring–dashpot model.

Fig. 9 Models of composites with different rGO contents. (a) Low gra
content.

12500 | RSC Adv., 2018, 8, 12494–12502
springs store the strain energy. (2) The piezoelectric material
converts the mechanical energy into electrical energy, which is
stored on the surface of piezoelectric material. If the equivalent
circuit resistance is suitable, some of the accumulated charge in
the PZT can be dissipated. Piezoelectric materials can be rep-
resented by the combination of the power source, resistance,
capacitance, and inductance.

According to the theory of Law et al.,33 the overall optimal
resistance for the maximum energy dissipation in the circuit R
can be approximated by

R ¼ 1

2pfC
(2)

where C is the capacitance of the piezoelectric material in the
poling direction at low frequency in the free-stress state and f is
the frequency of the applied force. From eqn (1), there is an
optimal value of R for a specic frequency. Because the resis-
tivity of the material does not linearly change with the content
of the conductive phase, the optimal resistance value oen
occurs at the percolation threshold, at which a sudden change
of the conductivity will occur.

Schematic representations of the composites with different
rGO contents are shown in Fig. 9. The composites with 10.2,
25.4, and 44.7 wt% rGO are represented by Fig. 9(a)–(c),
respectively. The amount of the conductive phase in Fig. 9(a) is
insufficient for the electricity generated by the PZT particles to
be signicantly dissipated. In this case, the composite produces
an internal polarization electric eld that eventually transforms
phene content, (b) proper graphene content, and (c) high graphene

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 (a) Conductivity and (b) tensile strength of the PU/rGO composites.
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into mechanical energy. In Fig. 9(c), the PZT particles are con-
nected because of the high rGO content. The PZT particles
charge and discharge each other, so energy consumption in the
system is relatively small. For the case represented by Fig. 9(b),
the conductive phase content is such that the PZT particles act
as separate shunt power sources, so this scenario is ideal to
maximize the loss factor and for mechanical energy–electricity
energy–heat energy transformation. This scenario corresponds
to the R value calculated by eqn (2). From Fig. 10, sample 4 has
the highest tan d at Tg. Furthermore, the d33 value of sample 1 is
about 8 pC N�1. This means that introduction of the piezo-
electric material has produced a piezoelectric effect.

Too much conductive phase can sometimes affect the
mechanical properties of the matrix. As a control experiment
with all of the other conditions kept the same, the tensile
strength and conductivity of composites with various contents
of rGO sheets without 3D structure are shown in Fig. 11. From
Fig. 11(b), the tensile strength signicantly increases with
increasing rGO content. The highest tensile strength is about
5.5 MPa with 0.6 wt% rGO, which is almost 2.5 times higher
than that of pure PU. For rGO > 0.6 wt%, the tensile strength
decreases with increasing rGO content. Thus, it is advisable that
the rGO content should be not much higher than the optimal
value of 0.6 wt%. However, the lowest conductivity of about 3.5
� 109 U m is obtained with rGO content of 0.8 wt% (Fig. 11(b)),
and this can still be considered to be an insulator material.
When the rGO content is very high, PU has almost no poly-
merization, and the rGO content cannot be further increased by
the in situ polymerization method. It can be concluded that the
conductive threshold is more than 0.9 wt%. Thus, the 3D rGO
structure can signicantly reduce the use of the conductive
phase (about 0.7 wt%), and it has a small effect on the tensile
strength of the matrix.

4. Conclusion

GNF and PU have been successful fabricated by the hydro-
thermal reduction method and in situ polymerization, respec-
tively. The morphology of GNF is similar to that of the PU foam
skeleton because rGO self-assembles on the PU framework. The
This journal is © The Royal Society of Chemistry 2018
conductivity of GNF is highest at 44.7 wt% rGO, but the best
conductivity is achieved for GNF with 25.4 wt% rGO. TGA shows
that introduction of PZT decreases the thermal stability of PU
and rGO has little effect on the thermal stability. Through other
dissipative channels, including polarization loss of piezoelectric
ceramics and vibration–electric-heat dissipation, the piezo-
electric damping composites cover a wider temperature range
and have better damping properties than the PU matrix. The
damping performance is the best when the rGO content is
0.70 wt% of the whole composite, resulting in tan d ¼ 0.76 at
�50.2 �C. The loss factor is 0.22 (almost 41%) higher and the
temperature range where tan d $ 0.3 is 13.2 �C (almost 84%)
wider than those of the PU matrix. Through a controlled
experiment, there is a signicant decrease of conducive phase
usage (from more than 0.9 wt% to 0.7 wt%) by introduction of
the 3D rGO structure, and this does not signicantly decrease
the tensile strength.
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