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Polymeric materials are used for vibration protection owing to their high-energy dissipation
or adsorption. In this study, polyurethane elastomers (PUEs) were prepared using six kinds
of chain extender and three types of cross-linking agent. The relationships between their
structures and vibration isolation performances were investigated in detail using an independent
building vibration isolation sensor. The results showed that elastomers with fewer main chain
carbon atoms exhibited better vibration isolation performance. With increasing number of
side groups of the chain extender, both the damping and vibration isolation properties were
improved. For different cross-linkers, a more irregular structure of the cross-linkers resulted in
the better vibration isolation performance of the PUEs.

1. Introduction

Vibration is a universal physical phenomenon, such as the beating of the heart and the
vibration of the vocal cords when speaking. Negative effects of vibration on people, machine,
and devices are well known."? The best solution is to eliminate the vibration of the vibration
source. However, this is almost impossible to achieve. To reduce adverse effects and control the
vibration, one of the most feasible methods is to minimize the vibration transmission between
the source and the receiver. Metallic and polymeric materials are both used for vibration
protection. Nevertheless, for systems that function at or near resonance, damping elements
with as high-energy dissipation (adsorption) as possible are necessary. In such applications,
polymeric materials are the only option.(3 A)

Polyurethanes are a class of versatile macromolecules with extraordinary and versatile
performances, including excellent elasticity, flexibility, a wide range of hardness, high tearing

capacity, good abrasion resistance, and processability.>™® There is high interest in their
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(9,10) (11,12) (13,14) (15,16)

applications as coatings, adhesives, air filters, protective textiles, and
sensors.1®) Polyurethane elastomers (PUEs) have a special microphase separation structure,
which has shown excellent performance!” and has attracted the interest of researchers for
use in damping and vibration isolation.?°2? However, the performance analysis of vibration
isolation has mainly been by software simulations.*>?®  Moreover, no detailed information
has been reported on the relationship between the internal structure of PUEs and their vibration
isolation characteristics.

As reported in this article, we designed a series of PUEs with different chain extenders
and cross-linking agents. The relationships between their structures and vibration isolation
performances were investigated using independent building vibration isolation equipment. The
effect of the chain extenders on their performance was explored, focusing on the main-chain
length and the number of side groups of the chain extender. The macroisolation performance

for the different types of cross-linking agents of the PUEs was also investigated.

2. Materials and Methods
2.1 Materials

Methylenebis-(phenylisocyanate) (MDI), poly(propylene glycol)-2000 (PPG-2000), ethylene
glycol (EG), 1,3-propanediol (PDO), 1,4-butanediol (BDO), 1,6-hexanediol (HDO), 2-methyl-
1,3-propanediol (MPO), neopentyl glycol (NPG), 1,2,6-hexanetriol (HTO), glycerol (GLY), and
triethanolamine (TEA) were purchased from Aladdin (Shanghai China). All reagents were used
as received without any further purification.

2.2 Preparation of prepolymer

A certain amount of PPG-2000 was sealed in a reaction kettle using high-vacuum silicone
grease. The reaction kettle was placed in a vacuum oven at 120 °C for 2 h to induce dehydration
while the pump pressure was maintained from 0.085 to 0.095 MPa. The temperature was
decreased to 50 °C when the content of water was below 0.05%. A certain mass of MDI
was then mixed with the PPG-2000. The temperature was kept at 50 °C for 1 h and then
increased to 80 °C for 2 h under a N, atmosphere. The prepolymer was stored in a cool and dry
environment.

2.3 Preparation of PUEs

The prepolymer was heated for 20 min at 70 °C. Then the chain extender and cross-linking
agent were mixed and placed in a vacuum oven at room temperature to induce defoaming. The
sample was then poured into a metal mold coated with a demolding agent. The sample was
then solidified at a temperature of 120 °C for 24 h. The PUEs were tested after 7 days at room
temperature. The formulas of the raw materials for the PUEs are shown in Fig. 1.



Sensors and Materials, Vol. 31, No. 12 (2019) 4071

m.ﬂ:.fuhﬂ’w @ = VDI och _O_
Q,\r.\, A\ = rrG 0H<—C —C—o}—c ~¢—on

cH; ‘™ cn,
/ chain extenders \ f cross-linking agents\
OH
EG Ho PDO Ho~ "o HTO A e
OH
G e MPO HOMOH GLY “°\/b°“

CH,

HO. OH
e \L J/
N

HDO Ho > NpG Ho/\*AOH TEA

AR,

Fig. 1. (Color online) Formulas of raw materials for PUEs.

2.4 Characterizations

Fourier transform infrared (FT-IR) spectra were collected using a Thermo Scientific Nicolet
iS10 spectrophotometer. Dynamic mechanical analysis (DMA) was performed using a Q-800
instrument (TA Instruments, USA) in the stretching mode under a N, atmosphere.

2.5 Evaluation of vibration isolation performance

The vibration isolation sensor equipment is shown in Fig. 2. The vibration isolation
performance of the PUEs was evaluated by the difference in vibration levels between the
excitation forces at the input and output ends of the material. The sweep range of the frequency
was 150-800 Hz.

3. Results and Discussion
3.1 FT-IR analysis

Chain extenders affect the length of hard segment molecular chains and the morphology of
hard-segment accumulation. To determine the effect of different chain extenders on vibration
transfer performance, EG, BDO, HDO, PDO, MPO, and NPG were used to prepare the PUEs.
The PUEs with different chain extenders were named EG-PU, BDO-PU, HDO-PU, PDO-PU,
MPO-PU, and NPG-PU, respectively. Cross-linking agents, which are an important component
of PUEs, determine the structure and density of the cross-linking network. To study the
effect of cross-linking agents on vibration transfer performance, TEA, HTO, and GLY were
investigated as cross-linking agents, and the PUEs with these cross-linking agents were named
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Fig. 2. (Color online) Scheme and photograph of vibration isolation sensor equipment.

Table 1
Formulations of PUEs.

Chain Cross-linking

Sample Prepolymer extender agent A1700 A1730 HBA
EG-PU MDI PPG-2000 EG TEA 2.01 2.55 44.1%
BDO-PU MDI PPG-2000 BDO TEA 1.97 2.09 48.5%
HDO-PU MDI PPG-2000 HDO TEA 1.53 1.82 45.7%
PDO-PU MDI PPG-2000 PDO TEA 213 2.93 42.1%
MPO-PU MDI PPG-2000 MPO TEA 1.89 2.62 41.9%
NPG-PU MDI PPG-2000 NPG TEA 2.47 3.66 40.3%
TEA-PU MDI PPG-2000 BDO TEA 1.97 2.09 48.5%
HTO-PU MDI PPG-2000 BDO HTO 1.73 1.75 49.7%
GLY-PU MDI PPG-2000 BDO GLY 2.11 2.55 45.3%

TEA-PU, HTO-PU, and GLY-PU, respectively. The formulations of the PUEs are shown in
Table 1 and the molar ratio of isocyanate, polyhydric alcohols, the chain extender, and the cross-
linking agent was 2.05:1:0.5:0.5.

The FT-IR spectra of EG-PU, BDO-PU, and HDO-PU are shown in Fig. 3(a). The peaks
3280-3340 cm ! was attributed to the stretching of the N-H group. The strong absorption
peaks at 1100 and 1224 cm™! corresponded to the C—O—C stretching vibration of soft polyol
segments.?*?® The 2980 e¢m™' (C—H stretching in —CH,-), 2862 c¢cm ' (C—H stretching in
—CHj3), 1733 cm ' (C=0), and 1539 cm ' (N-H bending) peaks were characteristic peaks. The
disappearance of the isocyanate group (-NCO) stretching band at 2260 cm ' confirmed the
formation of PUEs, which indicates that there is no residual -NCO group. The FT-IR spectra
of PDO-PU, MPO-PU, and NPG-PU in Fig. 3(b) exhibited the bands of typical PUEs. Figure
3(c) shows the FT-IR spectra of GLY-PU, HTO-PU, and TEA-PU, which show the characteristic
peaks of PUEs.

To study the degree of microphase separation, the amount of hydrogen bonding association
(HBA) of the carbonyl group was calculated. The stretching vibrations of C=0 at 1700 and
1730 cm ' are due to the presence of hydrogen-bonded urea carbonyls and free urethane
carbonyls, respectively.?>2? The hydrogen urea carbonyls only exist in the hard segments,
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Fig. 3. (Color online) FT-IR spectra of (a) HDO-PU, BDO-PU, and EG-PU; (b) PDO-PU, MPO-PU, and NPG-PU;
(¢) GLY-PU, HTO-PU, and TEA-PU; (d) fitting curve of C=0 at about 1730 cm .
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and the free urethane carbonyls are only dispersed in the soft segments. For example, an
enlarged view of the EG-PU curve in Fig. 3(a) from 1650 to 1800 cm™' is shown in Fig. 3(d).
The hydrogen-bonded and free carbonyl stretching bands were observed at 1700 and 1730 cm ',
respectively. The HBA value was calculated by

HBA = A1700 / (A1700 + A1730) * 100%, 1

where Aj700 is the peak area of the hydrogen-bonded urea carbonyl at 1700 cm ™' and 43730 is
the peak area of the free urea carbonyl at 1730 cm . All the Ai1700, 41730, and HBA values are
summarized in Table 1. The amount of hydrogen bonding was correlated with the aggregation
of hard segments. The HBA value of NPG-PU (40.3%) was lower than that of the other samples,
which indicates that the aggregation of hard segments for NPG-PU was the lowest among all
samples.

3.2 Mechanical properties

To investigate the mechanical properties of PUEs with different lengths of chain extenders,
the hardness and compression modulus of EG-PU, BDO-PU, and HDO-PU were obtained as
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shown in Fig. 4(a). The hardness values of EG-PU, BDO-PU, and HDO-PU were 28, 34, and
27, respectively. The compression moduli were 1.20, 1.52, and 1.21 MPa, respectively. Among
the three groups of samples, BDO-PU had the best mechanical properties. Compared with
the length of BDO, the length of EG was smaller and it was more difficult for EG-PU to form
ordered hard segments. This is because the smaller hard-segment regions were easily dispersed
in the soft-segment matrix, affecting the degree of microphase separation. When the molecular
chain was longer, such as for HDO, it was easier for the molecular chain to slip, making the
material softer. To assess the mechanical properties of different substituent groups, repeated
measurements were performed. As shown in Fig. 4(b), the hardness and compression modulus
of PDO-PU were the highest among the three samples, indicating that increasing the number of
side chains of the chain extender deteriorated the mechanical properties of PUEs.

The kind of cross-linking agent has a greater effect on the cross-link density than the other
factors. Figure 4(c) shows the mechanical properties of TEA-PU, HTO-PU, and GLY-PU.
Their hardness values were 34, 48, and 41, and their compression moduli were 1.53, 4.14, and
2.91 MPa, respectively. The mechanical properties of TEA-PU were inferior to those of the
other two samples. This is because the distance between the hydroxyl groups in the structure of
TEA was the longest among them, which inhibited the accumulation of hard segments and the
formation of a tight cross-linked structure.

3.3 Crystal property

To observe the aggregation of hard segments, the X-ray diffraction (XRD) patterns of EG-
PU, BDO-PU, and HDO-PU were obtained, as shown in Fig. 5(a). The broad diffraction peaks
at about 20° were attributed to the amorphous structure of the materials. The dispersion peaks
also represented the aggregation structure of hard segments. The intensity of the BDO-PU peak
appearing at 20° was higher than that of EG-PU. This is because the small length and volume of
EG decreased the aggregation degree of EG-PU. The intensity of the HDO-PU peak appearing
at 20° was less than that of BDO-PU owing to the long molecular chain. This observation
was consistent with the HBA values and the hardness and compression modulus results. The
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Fig. 4. (a) Hardness and compression modulus graph of EG-PU, BDO-PU, and HDO-PU. (b) Hardness and
compression modulus graph of PDO-PU, MPO-PU, and NPG-PU. (c) Hardness and compression modulus graph of
TEA-PU, HTO-PU, and GLY-PU.
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Fig. 5. (Color online) (a) XRD patterns of EG-PU, BDO-PU, and HDO-PU. (b) XRD patterns of PDO-PU, MPO-
PU, and NPG-PU. (c) XRD patterns of TEA-PU, HTO-PU, and GLY-PU.

aggregation degree of PDO-PU was also the highest among PDO-PU, MPO-PU, and NPG-PU
as shown in Fig. 5(b). Taken together, these results suggest that there is an association between
the hardness and the aggregation of hard segments.

Figure 5(c) shows the XRD analysis results of PUEs with different cross-linking agents. It
can be seen that the hard segment aggregation ability of HTO-PU is greatest, which is consistent
with the data of its hydrogen bond strength and mechanical properties. Although there is
no sharp crystal peak, the dispersion peak also represents the aggregation structure of hard
segments to some extent.

3.4 Damping property

Polymers with different structures have different glass transition temperatures (7) and
damping properties. Figure 6(a) shows tand as a function of the temperature of EG-PU, BDO-
PU, and HDO-PU. The T; values of EG-PU, BDO-PU, and HDO-PU were —17.0, —20.2, and
—17.2 °C, respectively. It can be seen from Fig. 6(a) that the highest value of tand was 1.42 for
EG-PU. At the vibration isolation test temperature of 20 °C, the order of tand values was EG-
PU > BDO-PU > HDO-PU, which indicates that EG-PU may have better vibration isolation
performance than BDO-PU and HDO-PU. tand as a function of the temperature for PDO-PU,
MPO-PU, and NPG-PU is shown in Fig. 6(b). tand for PDO-PU was 1.27 at —17.7 °C. tand
for MPO-PU was 0.85 at —22.9 °C. tand for NPG-PU was 1.39 at —24.0 °C. The order of tand
values was MPO-PU > NPG-PU > PDO-PU at the vibration isolation test temperature of 20 °C.
The steric hindrance effect from the side group of the chain extender was negative for the
motion of the molecular chain, which may have resulted in the damping factors of MPO-PU and
NPG-PU both being lower than that of PDO-PU. From Fig. 6(c), tand for TEA-PU was 1.27 at
—20.40 °C. tano for HTO-PU was 1.20 at —18.43 °C. tand for GLY-PU was 1.29 at —15.29 °C. At
the vibration isolation test temperature of 20 °C, the order of tand values was GLY-PU > TEA-
PU > HTO-PU. The compact spatial structure of GLY-PU provides its damping property.

40
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Fig. 6. (Color online) (a) Dependence of tand on temperature of EG-PU, BDO-PU, and HDO-PU. (b) Dependence
of tand on temperature of PDO-PU, MPO-PU, and NPG-PU. (c) Dependence of tand on temperature of TEA-PU,
HTO-PU, and GLY-PU.

3.5 Vibration isolation property

The vibration isolation performance of PUEs with chain extenders of different lengths is
shown in Fig. 7(a). In the range of 150—800 Hz, EG-PU had the strongest vibration isolation
effect. PUESs are typical viscoelastic materials. When PUEs are subjected to external forces,
their molecular chain slips and deforms giving them excellent viscoelastic performance at
the macro level. When this force is removed, part of the molecule chain slowly returns to its
original position, whereas the other part of the chain cannot recover because of the energy
transferred by the force. For the three samples, the chain extender of EG had the minimum
number of carbon atoms and the lowest degree of hard-segment aggregation, so it was most
likely to deform when the PUE was subjected to external forces. Compared with BDO-PU,
HDO-PU has better flexibility of the molecular chain. Therefore, the molecular chain was
more likely to deform and slip to absorb and consume more energy, so the vibration isolation
performance was better than that of BDO-PU.

Figure 7(b) shows the vibration isolation performance of PUEs with different substituent
groups in the range of 150—800 Hz. The vibration isolation effect of PDO-PU was clearly lower
than those of MPO-PU and NPG-PU, which indicated that the vibration isolation performance
improved with increasing number of substituent groups. PDO-PU, MPO-PU, and NPG-PU
have the same length of the main chain; however, the substituent groups decreased the degree of
hard-segment aggregation because of the steric hindrance effect and the decreased strength of
the hydrogen bonds.

The vibration isolation performance of polyurethane with cross-linking agents of different
structures is shown in Fig. 7(c). In the range of 150-800 Hz, the vibration isolation intensities
of TEA-PU, HTO-PU, and GLY-PU reached more than 10 dB, and the vibration isolation effect
of GLY-PU was the strongest. Among TEA and HTO, GLY has the fewest carbon atoms and
the most irregular structure, which resulted in the best vibration isolation performance. The
molecular chain of HTO-PU was not easily deformed when subjected to external forces, so the
vibration isolation effect was the weakest.
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Fig. 7. (Color online) (a) Vibration isolation curves of EG-PU, BDO-PU, and HDO-PU. (b) Vibration isolation
curves of PDO-PU, MPO-PU, and NPG-PU. (c) Vibration isolation curves of TEA-PU, HTO-PU, and GLY-PU.

4. Conclusions

PUEs with different chain extenders and cross-linkers were synthesized. A shorter
molecular chain length of the chain extender improved the damping performance and vibration
isolation performance. With increasing number of side groups of the chain extender, the volume
of space occupied increased and the damping and vibration isolation properties were improved.
The evenness of chain extender will affect the degree of hydrogen bonding in PUE materials.
Among the three commonly used cross-linkers, the sample of PUE prepared using GLY had
the best vibration isolation and damping performance. A more irregular structure of the cross-
linkers resulted in better vibration isolation performance of the PUEs.
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