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Abstract: Polyurethane (PU) has received extensive attention in structural engineering due to its excellent mechanical

properties and damping properties. In this research, graphene-modified PU-epoxy composites are prepared for the appli-

cation in structural engineering. The mechanical properties and damping properties of the composites with different

contents of graphene are investigated. The damping properties of the composites were also investigated by performing

dynamic mechanical analysis (DMA). The results showed that with the increase of graphene content, the tear strength

of the composites decreased from 52 to 39 MPa. Due to the enhancement of appropriate amount of graphene, the

tensile strength and elongation at break increase to the maximum value, being 16 MPa and 675%, respectively. And

DMA tests showed that the damping properties reach the optimal values when the graphene content is 0.2%. The

large damping temperature range (ΔT0.5) is 33 °C, from -2.9 to 30.1 °C. The peak of loss factor (ηmax) is 0.92 and

the integral area (TA) is 36 °C, much higher than those of the pure PU-epoxy composites. In addition, scanning electron

microscopy (SEM) results show that agglomeration appears with higher graphene content.
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Introduction

Currently, there is rare research on the application of poly-

urethane (PU) materials to structural seismic isolation and

shock absorption. PU materials are widely used in reducing the

equipment vibration with little account taken of mechanical

and damping properties in large deformation and extreme

loads.1-3

One of the dominating problems that prevent PU from being

widely used in building field is their insufficient mechanical

properties. The strength of PU material is not high enough and

its deformation capability is low.4,5 Previous research6-8 has

shown that graphene can improve the mechanical properties of

composites. Bu6 investigated the reasons why graphene can

improve the mechanical properties of rubber composites,

including fold structures, the large specific surface area, high

van der Waals forces and excellent mechanical properties. Li7

found that the tensile strength and bending strength of

graphene/cyanate ester composites increased by 20.6% and

41.7% respectively, compared to pure cyanate ester. Similarly,

Yang8 also found that graphene can improve the mechanical

properties of composites, especially the tensile strength and the

impact strength. In summary, graphene is an ideal strength

modified material for PU. However, to improve the damping

ability and temperature dependence of PU, it still needs to be

blended with some other chemicals, while it is the main factor

leading to the significant reduction in the mechanical prop-

erties.

Another significant problem is that although PU has better

damping performance than rubber,9 it can hardly meet the
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requirements, especially the high loss factor in wide tem-

perature range, for resisting strong earthquake or wind vibra-

tion. It has been found that graphene can effectively enhance

the damping properties of PU.10-14 The unique two-dimensional

lamellar structure of graphene gives it a large specific surface

area, and its largest value can reach 2630 m2/g.10 Therefore, the

composites have more interfaces through graphene modifi-

cation. Further, the relative slip and deformation between the

interfaces result in more energy dissipation under external

loads.11,12 On a microscopic level, graphene sheets exhibit soft

morphology, which can easily cause obvious bending and fold-

ing phenomenon.13 That is, graphene is prone to tensile defor-

mation under external loads, thus dissipating the partial

mechanical energy. Besides, Agarwal et al.14 analyzed the

graphene sheets by dynamic mechanical analysis (DMA) tests.

The results showed that graphene has excellent viscoelastic

damping properties.

Moreover, the temperature sensitivity of damping perfor-

mances is rarely considered in the existing research. It is

known that damping materials should possess high loss factors

in a wide temperature range under service temperature either

for dampers or for isolators. So, the temperature sensitivity is

a quite significant factor in structural engineering. Overall,

when apply PU damping materials to structural engineering,

multi performances should be achieved simultaneously, such

as mechanical properties, damping properties and the tem-

perature sensitivity. In this study, PU/epoxy interpenetrating

polymer network (EP IPN) was modified by graphene to pre-

pare the composites with excellent performances to be used in

building structures. In order to meet the requirements for high

strength and large deformation, mechanical properties, damp-

ing properties and the temperature sensitivity should be

improved. For mechanical properties, mechanical experiments

were conducted to investigate the hardness, tensile strength,

elongation at break, compression set and tear strength of the

composites. For damping properties and temperature sensi-

tivity, DMA tests were conducted to investigate the loss factor

(tanδ), glass transition temperatures (Tg), the large damping

temperature range (∆T0.5) and the integral area (TA).

Experimental

Raw Materials. The main raw materials are listed in Table

1. It should be mentioned that the diameter of graphene is 6-

11 µm, and the specific surface area is 146 m2 g-1. 

Specimen Preparation. γ-Aminopropyl triethoxysilane

(KH-550) was used to modify graphene for preventing

agglomeration and improving its compatibility with PU.

Firstly, 90 wt% ethanol was prepared by mixing 80 g ethanol

with 20 g KH-550 and stirred for 10 min at 250 r min-1. Then,

1 g graphene was added into this solution. After ultrasonic dis-

persing for 1 h, it was stirred for 2 h and was filtered with eth-

anol for three times. Finally, the filter material was placed in an

oven at 80 °C for 12 h, taken out and sealed. 

In mass fraction, polycarbonate diols (PCDL) with 40 parts

was heated to 100 °C and dried for 1 h. Then, NCO-terminated

PU prepolymer was obtained by adding toluene-2,4-diisocy-

anate (TDI) with 10 parts in the PCDL. And the prepolymer

was stirred for 90 min under the protection of N2.

Dried epoxy with 40 parts was mixed into PU prepolymer

with 60 parts and stirred for 10 min at 80 °C. Then, graphene

(0, 0.1, 0.2, 0.3, 0.4 phr according to Table 2) was added. After

stirring the mixture and exhausting gas for 1 hour in a vacuum,

3,3′-dichloro-4,4′-diaminodiphenylmethane (MOCA) with 14

parts was added. The mixture which was stirred for 5 min was

casted in the mold which has been preheated at 80 °C. And the

specimens were solidified after vulcanizing for 1 h on a 120 °C

flat vulcanizing machine (Huayuan Machinery, China, XLB-

D). Finally, the specimens were prepared by continuous curing

for 10 hours in an oven at 100 °C.

Table 1. Raw Materials

Names and abbreviations Specifications Manufacturers

Polycarbonate diols (PCDL) Industrial products Jiangsu GPRO Group (China)

Toluene-2,4-diisocyanate (TDI) Industrial products Yantai Wanhua (China)

Epoxy resin (E-44) Industrial products Shanghai Resin Factory (China)

Graphene Analytical purity Graphite Processing Center of HIT (China)

γ-Aminopropyl triethoxysilane (KH-550) Industrial products Guangzhou Zhongjie Chemical Technology (China)

90% Ethanol Analytical purity Self-control

3,3′-Dichloro-4,4′-diaminodiphenylmethane (MOCA) Industrial products Shanghai Yibang Chemical (China)
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Test Schemes. The hardness tests of PU damping mate-

rials were carried out by Shore Hardness Tester (Shanghai Liul-

ing, China LX-A), referring to GB/T 531.1-2008 “Rubber,

vulcanized or thermoplastic—Determination of indentation

hardness—Part 1: Durometer method (Shore hardness)”.

Tensile strength, elongation at break and tear strength were

measured on a universal material experiment machine (SHI-

MADZU, Japan, AG-50kNG) with a strain rate of 500 mm

min-1. According to GB/T 528-2009 “Rubber, vulcanized or

thermoplastic—Determination of tensile stress-strain proper-

ties” and GB/T 529-2008 “Rubber, vulcanized or thermo-

plastic—Determination of tear strength”, the specimens with

the thickness of 2 mm were dumbbell type 2 and angle type

respectively. 

Compression sets of the specimens were tested by desktop

thickness gauge (Jiangdu Mingzhu, China, MZ-4030) accord-

ing to GB/T 7759.1-2015 “Rubber, vulcanized or thermo-

plastic—Determination of Compression set—Part 1: At

ambient or elevated temperatures”.

The dynamic performances were obtained by dynamic

mechanical analyzer (PerkinElmer, USA, DMA 8000). The

tests were carried at the frequency of 3.5 Hz with the tem-

perature ranging from -50 °C to +60 °C, as well as the heating

rate being 3 °C/min. According to seismic behavior of damp-

ers or isolators, the shear mode was used. Referring to GB/T

9870.1-2006 “Rubber, vulcanized or thermoplastic—Determi-

nation of dynamic properties—Part 1: General guidance”, the

dimension of the specimens was 50 mm×8 mm×2 mm.

The morphologies of the specimens were observed by a

scanning electron microscopy (Hitachi Electronics, Japan, JSM-

IT100) with the scanning voltage of 20 kV and 1000 mag-

nification. The specimens were treated by liquid nitrogen

embrittlement and coated with gold before scanning.

Results and Discussion

Physical and Mechanical Properties. Physical and mech-

anical properties of the composites with different graphene

contents are listed in Table 2. And the variation of the hardness

of composites as a function of graphene content is shown in

Figure 1.

It is obviously that the shore hardness of the composites

gradually decreased with increasing graphene content. When

the graphene weight content was 0.4%, Shore hardness was

down to the minimum value of 68 HA. It is considered that

graphene is a new lubricating material,15 and the lubricity can

be used to explain the decline of Shore hardness. According to

the principle of structural dynamics, the lower the stiffness of

isolators is, the higher the isolation efficiency is. The rigidity

of the isolator is related to the hardness of composites. There-

fore, to a certain extent, it can be predicted that the higher the

graphene content is, the better the isolation efficiency is.

The tensile strength, elongation at break, compression set

and tear strength of graphene-modified PU/EP IPN are illus-

trated in Figure 2, as a function of graphene content.

As shown in Figure 2(a) and 2(b), the tensile strength and

elongation at break of the composites increased to the max-

imum value with increasing graphene content and then

decreased. The tensile strength and the elongation at break of

the matrix material without graphene was 9 MPa and 595%

Table 2. Physical and Mechanical Properties of Composites Filled with Different Graphene Contents

Mass fraction of graphene 
(%)

Hardness
(HA)

Tensile strength 
(MPa)

Elongation at 
break (%)

Compression 
set (%)

Tear strength
(MPa)

0 76 9 595 12 52

0.1 73 14 650 13 49

0.2 72 16 675 25 44

0.3 70 16 675 22 42

0.4 68 13 650 23 39

Figure 1. Hardness of damping materials with different graphene

addition.
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respectively, which both were the minimum values. When the

content of graphene was 0.2% and 0.3%, the tensile strength

reached the maximum value of 16 MPa, which increased by

77.8%. Meanwhile, elongation at break was 675%, increased

by 13.4%. Residual functional groups on graphene react with

isocyanate group in PU matrix to form covalent bond π-π,

which can be used to explain the increasing of tensile strength

and elongation at break. It is destroyed and the chain is

released under the external force, which improves the tough-

ness and ductility of the composites. When a structure is sub-

jected to strong earthquake or strong wind, huge internal forces

will be produced in it. And then dampers or isolation bearings

will suffer large deformation. Therefore, the higher the tensile

strength and elongation at break of the damping material is, the

greater the earthquake or wind it can resist is. However, they

both decreased due to agglomeration when graphene weight

content was 0.4%. It can be observed from Figure 5 of the

scanning electron microscope.

When the content of graphene was not more than 0.2%, the

compression set of the composites was raised quickly, and then

the index was no more changed evidently when the amount of

graphene was increased, as shown in Figure 2(c). Decreasing

curve of the tear strength from 52 to 39 MPa was obtained in

Figure 2(d). However, compared with rubber damping mate-

rials,16 the minimum value is more than 1.5 times of rubber’s

tear strength. In terms of tear strength, since rubber is widely

used in structural damping and isolation analogically, the com-

posites are suitable as a matter of course. Considering that the

composites are not compressed when used in dampers of

building structures, compression set has little effect on their

seismic performance. And the isolators do not need excellent

compression resilience because they are subjected to constant

vertical compression in their service period. As is known to all,

for isolation bearings and dampers, the resistance performance

to horizontal shear is more important. That is, their perfor-

mance under the ultimate stress state is determined by internal

tensile strength and elongation at break with little account

taken of tear strength. 

Above all, tear strength decreases with increasing graphene

content, however, the tensile strength and elongation at break

of the composites tends to increase and then decrease. Obvi-

ously, the content of graphene should be considered com-

prehensively according to the performance requirements in

Supporting information. Therefore, when the content of

graphene is 0.2%, the physical and mechanical properties of

the composites are most suitable for building structures.

Figure 2. Physical and mechanical properties of composites with different graphene contents: (a) tensile strength; (b) tear off the elongation;

(c) compression set; (d) tear strength.
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Damping Properties. The anelasticity of PU materials is

mainly affected by its internal structure and chain segments. To

a large degree, the motions of the molecular chains vary

greatly by chain segments according to the external tem-

perature or the frequency of load. Thereby, the damping prop-

erties change accordingly. Therefore, the dynamic mechanical

performances of frequency-dependence and temperature-

dependence were focused.

Frequency Dependency: The relationship between fre-

quencies and dynamic mechanical properties is shown in Fig-

ure 3. It can be found that with the increase of frequency

between 0.5 Hz and 10 Hz, Tg shifted to higher values, the

peak of loss factor (ηmax) improved and the large damping tem-

perature range (∆T0.5) became wider significantly. Thus, the

damping properties of the composites were improved with the

increase of frequency. As shown, the curves were concentrated

below the temperature of Tg, which implied that the frequency

had little effect on it. The lower the temperature was, the less

the frequency correlation was. When the temperature was

higher than Tg, the influence of frequency variation was greater

and the curves were more dispersed. So with the increase of

temperature, the PU damping materials tend to show more

obvious frequency variability. And the hysteresis phenomenon

is more evident with the increasing of frequence. Therefore, in

the frequency range of 0.5 to 10 Hz, the frequency has appar-

ent impact on the dynamic mechanical properties of building

materials when the temperature is higher than Tg.

Temperature Dependency: The relationship between tem-

perature and dynamic mechanical properties of composites

filled with different graphene contents is shown in Figure 4. It

can be seen that the content of graphene has a little effect on

the storage modulus and loss modulus of the composites from

Figure 4(a) and 4(b). δ is very small below the temperature of

-20 °C, for the fact that chain segments move slowly, almost

no deformation under the action of external loads. Therefore,

it can be seen that tanδ was small at that temperature range in

Figure 4(c). Obviously, the curves of tanδ were relatively scat-

tered in the working temperature range (0-30 °C) in con-

struction engineering. Because the chain segments can be fully

stretched and the strain can lag with a large phase difference

behind the stress, resulting in a large value of tanδ. That is,

graphene has evident influence on tanδ on this condition. As

shown in Figure 4(c), Tg of the composites shifted to higher

temperature with the increase of graphene contents, which is

more beneficial for application to the building structures.

Figure 4. Dynamic mechanical properties under different graphene

contents: (a) storage modulus; (b) loss modulus; (c) tan

Figure 3. Dynamic mechanical properties of 0.4% GR PU/EP under

different frequencies.
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The indexes of dynamic mechanical properties of the com-

posites filled with different graphene contents are listed in

Table 3. As shown, ηmax of the matrix material was 0.65, the

corresponding glass transition temperature was -6.3 °C, and

∆T0.5 was 19.4 °C (-12.8-6.6 °C). So the matrix material is not

suitable for engineering structures. Obviously, the damping

properties of the composites are improved by adding graphene.

When graphene content was 0.2%, ηmax reached the maximum

value of 0.92, compared with the matrix material, the value

increased by 41.5%. Tg shifted to higher temperature by

13.8 °C and ∆T0.5 broadened by 13.6 °C. Besides, the value of

TA increased from 31.1 to 36.15 °C. The results show that

graphene not only contribute to the energy consumption of the

composites, but also significantly improve the applicable tem-

perature and widen the large damping temperature range.

However, when the graphene content increased further, the

damping properties of the composites showed a gradual down-

ward trend. Compared with the maximum values, ηmax decreased

by 7.6%, Tg shifted to lower temperature by 3.29 °C, ∆T0.5

decreased by 30.3% and TA value decreased by 3.47 °C. These

phenomena are mainly caused by the special two-dimensional

structure of graphene consisting of carbon atoms. Relative

motions and frictions on the molecular level with large specific

surface area occur when composites are subjected to external

forces, resulting in partial mechanical dissipation. In addition,

under the action of external loads, graphene layers are prone to

move relatively to PU/EP for the weak interface forces. So par-

tial mechanical energy dissipated by additional sliding. How-

ever, with graphene amount increasing, agglomeration (Figure

5(d)) happened which leading to decreasing of compatibility

Figure 5. SEM micrographs of composites with graphene: (a) 0.1% mass fraction of graphene addition; (b) 0.2% mass fraction of graphene

addition; (c) 0.3% mass fraction of graphene addition; (d) 0.4% mass fraction of graphene addition.

Table 3. Indicators Under Different Graphene Addition

Mass fraction of 
graphene (%)

ηmax
a Tg

b 
(°C)

∆T0.5
c (°C)

TAd 
(°C)

0 0.65 -6.30 19.4(-12.8~6.6) 31.10

0.1 0.72 0.70 21(-7.5~13.5) 33.01

0.2 0.92 7.50 33(-2.9~30.1) 36.15

0.3 0.87 7.60 24.6(-3.4~21.2) 34.46

0.4 0.85 4.21 23(-5.8~17.2) 32.68

aηmax is the maximum value of tanδ-T. bTg is the temperature

corresponding to ηmax. 
c∆T0.5 is the large damping temperature range in

which loss factor is larger than 0.5. dTA is the integral area of tanδ-T.
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between graphene and PU materials, resulting in a negative

impact on the damping properties of the composites. When the

negative effect was greater than the positive effect of graphene

on the damping performance of composites, the dynamic

mechanical property decreased, which can be seen from

Table 3.

SEM Observation. Scanning electron microscope (SEM)

photographs of the damping material filled with different

graphene contents is shown in Figure 5. It can be clearly seen

that with the increase of graphene contents, more and more

particles were precipitated from the cross section of the com-

posites, and the cross sections were getting rougher and

rougher. When the content of graphene increased from 0.1% to

0.2%, the precipitated particles increased obviously, but the

section was still smooth. When the graphene contents reached

0.3%, the precipitated particles became larger and the cross

section was rough. The compatibility and dispersibility both

decreased when PU materials filled with excessive graphene,

which was also the reason for the decrease of tensile properties

and damping properties of composites, as mentioned before.

Conclusions

(1) The mechanical properties and damping properties of the

composites can be significantly improved by a little amount of

graphene.

(2) When the mass fraction of graphene was 0.2% or 0.3%,

the physical and mechanical properties of the composites were

the best. Tensile strength and elongation at break were 16 MPa

and 680% respectively. The compression set was 22% and tear

strength reached 39 MPa.

(3) When the mass fraction of graphene was 0.2%, the high-

est damping properties of the composites were obtained. The

peak of loss factor ηmax was 0.92, increasing by 27.8% com-

pared with the matrix material. The large damping temperature

range ∆T0.5 was 33 °C, and the TA value reached 36.15 °C.

(4) It was shown by SEM analysis that with the increase of

graphene contents, agglomeration intensified. With the increase

of graphene contents, more and more particles were precip-

itated from the cross section of the composites, and the cross

sections were getting rougher and rougher.

Supporting Information: Information is available regarding

the performance objectives of graphene-modified polyure-

thane-epoxy composites. The materials are available via the

Internet at http://journal.polymer-korea.or.kr.
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