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Abstract The sound absorption performances of Eucommia ulmoides (EU) gum and

its blends with conventional damping rubber are studied systematically. Blending 20%,

40% EU gum into chlorobutadiene rubber (CR), their under-water sound absorption

property at 3–20 kHz is better obviously than that of CR. Blending 10, 20, 30, and 40%

EU gum into chlorinated isobutene-isoprene rubber (CIIR), their sound absorption

properties at 3–20 kHz are also better obviously than those of CIIR, especially the SAC

of EU gum/CIIR (20/80) at 3 kHz is equal to 76% which is a great increase at low

frequency region. The results show that a critical blend ratio of EU gum exists which is

equal to 50%, if EU gum[50%, their under-water sound absorption properties are very

poor, if EU gum \50%, their under-water sound absorption properties are very good.

The relaxation absorption of damping rubber, the spacial diffuse reflection absorption of

EU gum crystallites, and the shear deformation absorption in the interface between

crystalline hard phase and rubber soft phase are the three main reasons to contribute their

under-water sound absorption properties. In addition, reducing crosslinking degree can

increase under-water sound absorption property.

Keywords Eucommia ulmoides gum � Gutta percha � Tand � Dynamic mechanical

properties � Acoustic properties � Sound absorption coefficient

Introduction

Rubber is endowed with extensive application at acoustics field by its superior

acoustic characteristic [1, 2]. As under-water sound absorption material, it must

obey two essential principles [3]: one is that the acoustic impedance of material

must match that of water so that the sound wave could enter into the material
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successfully; the other is that the material must possess enough mechanical loss so

that the sound wave could be dissipated as heat adequately when it transmits in the

material. The acoustics impedances of most of rubbers can match that of water, and

can not match that of air. So rubber could be used as sound absorption materials in

the water, and used as sound insulation materials and shock absorption materials in

the air [4].

The sound energy is dissipated mainly by three ways [5, 6]: viscous

absorption, heat conduction absorption, and relaxation absorption of sound wave.

The viscous absorption of sound wave depends mainly on the density of medium.

As the density of rubber materials is about one thousand times than that of air,

the viscous absorption of sound wave in rubber medium is much less than that of

air. As the rubber is poor conductor of heat, the heat conduction absorption of

sound wave in rubber is not obvious as well [1]. However, rubber is a kind

of viscoelastic material which has bigger mechanical loss factor [7], so the

relaxation absorption of sound wave become the main way of acoustic

attenuation in rubber. However, the relaxation absorption of sound wave is

much less than that of the two former acoustic attenuation models mentioned

above. In order to improve acoustic absorptivity, rubber material must be

modified by its chemical and physical properties and designed by its sound

absorption structure [4]. These two methods all can greatly increase the acoustic

absorptivity of rubber materials.

EU gum, known as gutta percha in Southeast Asia, is a natural polymer with

double characteristics of rubber and plastic [8–11]. The damping property of EU

gum is doubly controlled by glass transition mechanism and crystalline melting

mechanism. Unlike the conventional rubbers who have only one Tg damping zone,

EU gum has three damping zones which are Tg damping zone, Tm zone, and their

transitional zone, respectively. Its damping property would increase with rising of

temperature at 0–40 �C and even exceed that of Chlorinated Butyl Rubber (CIIR) at

40–80 �C. By experiment we find that mixing a certain amount of EU gum into

conventional damping rubbers can effectively increase their acoustic absorptivity,

and broaden their scope of sound absorption frequency band, especially at low

frequency region.

Experiment

Materials

EU gum was extracted from the seeds of Eucommia ulmoides oliv, and further

details concerning the extraction can be found elsewhere [12, 13]. Natural Rubber

(NR) was first grade smoke sheet rubber produced by Indonesia; Chlorobutadiene

(CR-WRT) was produced by Dupont Co. Ltd of USA; Chlorinated Butyl Rubber

(CIIR-1068) was produced by Exxon Co. Ltd of USA. Other additives were all

bought in the market.
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Preparation of sample

The samples of NR, EU gum, CR, CIIR, and the blends of EU gum/CR and EU

gum/CIIR are prepared by the uniform mixing technology with a standard recipe

[14]. Vulcanizate sheets, 1.5 mm in thickness, were made by a vulcanization

process of 150 �C 9 30 min, and were died to suitable test-pieces for testing.

Vulcanizate cylinder for acoustic pipe testing, 50 mm in diameter, 100 mm in

height, was made by a vulcanization process of 150 �C 9 30 min as well.

Dynamic mechanical thermal analyses (DMTAs) [15]

All of the tand–T curves were tested by DMTA (DMTA-V Rheometric Scientific).

The rectangle test-pieces were cut from the vulcanizate sheet of various rubbers

with 25 mm in length, 5 mm in width, and 1.5 mm in thickness. The heating rate

was 3 �C/min, the frequency was 10 Hz, and the range of testing temperature was

from -100 to 100 �C.

Wide angle X-ray diffraction (WAXD) [16]

The crystalline structure of EU gum and its blends were tested by WAXD (WAXD-D/

max2500 Rigaku). The rectangle test-pieces were cut from the vulcanizate sheet

of various rubbers with 15 mm in length, 15 mm in width, and 1.5 mm in thickness.

Cu (Ka1), k = 1.54056 Å, 5� \ 2h\ 30�, scan rate 3�/min.

Differential scanning calorimetry (DSC) [17]

The melting points of EU gum and its blends were tested by DSC (DSC1 Mettler-

Toledo). The range of tested temperature was from -10 �C to 100 by 10 �C/min of

heating rate.

Acoustic pipe [18]

The sound absorption coefficient (SAC) of EU gum and its blends were tested by

acoustic pipe, air backing pattern is adopted, the test is carried out under ambient

temperature, and the water temperature is 25 ± 5 �C.

Result and discussion

Damping properties of EU gum, NR, CR, and CIIR

The envelop area under the tand curve of rubber material is used to characterize

their damping properties [7], the bigger the envelop area, the better the damping

property. As shown in Fig. 1, in terms of the envelop area at Tg zone, the damping

property of CIIR is the best, the damping properties of CR and NR are better, and

the damping property of EU gum is poor. However, it is different from conventional
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rubbers that have only one Tg damping zone, EU gum has three damping zones

which are Tg zone, Tm zone, and their transitional zone, respectively. The damping

property of EU gum is poor at Tg damping zone, but it is good at transitional

damping zone and great at its Tm damping zone.

In general, the damping properties of conventional rubber materials are great at

low temperature for their lower glass transitional temperatures (Tg � 0 �C).

However, most of the damping materials need to be applied under ambient

temperature (0–40 �C) or higher temperature. So their great damping properties can

not be used effectively under ambient temperature or higher temperature which is

just at the transitional damping zone and Tm damping zone of EU gum. As shown in

Fig. 2, the tand–T curves of EU gum at ambient temperature are compared with that

of NR, CR, and CIIR.

It is seen from Fig. 2 that the tand–T curves of NR, CR, and CIIR at ambient

temperature decrease with the increase in temperature. However, the tand–T curve

of EU gum will increase with rising of temperature. Its tand value exceeds that of

NR when T = 0 �C, and exceeds that of CR when T = 18 �C, and close to that of

CIIR when T = 40 �C.

Under-water sound absorption properties of EU gum, NR, CR, and CIIR

Sound absorption coefficient (a) is used to characterize the under-water sound

absorption properties of materials [1]. The bigger the SAC value, the better the

sound absorption property, vice versa. The SAC values of four rubbers mentioned

above at ambient temperature are plotted against different sound frequencies in

Fig. 3. As shown in Fig. 3, all the SAC–F curves of rubber materials increase first,

decrease with sound frequency rise, and then form a flat peak at 6–14 kHz. And

their SAC–F curves will increase again at high sound frequency region

(F [ 18 kHz). It indicates that rubber material is only sensitive to some frequency

Fig. 1 Tand–T curves of four different rubbers
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band of sound absorption. Whatever, their SAC values are all very small at low

frequency band, such as F = 3 kHz.

It is seen from Fig. 3, the SAC values of CR and CIIR are far bigger than those of

EU gum and NR, and the SAC values of EU gum are bigger than those of NR as

well. Such results are basically in agreement with their tand values, namely, the

bigger the tand value, the higher the SAC value, vice versa. However, the SAC

values of rubber materials are not accordance with their tand values entirely. As

shown in Fig. 2, the tand values of CIIR are larger than those of CR at 0–40 �C, but

their SAC values are almost equal, and the SAC values of CR are even larger than

those of CIIR at frequency band of 6–18 kHz. Furthermore, the tand values of EU

gum exceed those of CR at 18 �C, but the SAC values of EU gum are far lower than

Fig. 2 Tand–T curves of four different rubbers at ambient temperature

Fig. 3 SAC–F curves of four
different rubbers
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those of CR. It indicates that there must be other factors which can affect SAC

except damping property of rubber.

In addition, on the whole frequency band, all the SAC values of EU gum and NR

are very small which basically belong to sound transparent material or sound

insulation material. And the SAC values of CR and CIIR are almost less than 50%

except some frequency and can not meet the request of sound absorption material.

Damping properties of EU gum blends with CR and CIIR

In terms of blending ratio: EU gum/CR (CIIR) (80/20, 50/50, and 20/80), together

with EU gum and CR (CIIR), their tand–T curves are shown in Figs. 4 and 5. It is

seen from the two pictures that mixing EU gum into CR or CIIR will reduce their

damping properties at Tg zones, but will increase their damping properties at

medium–high temperature (40–80 �C). The reason is that the crystallization of EU

gum will reduce their tand values at Tg zone, and increase their tand values at Tm

zone. In addition, we can find that the tand–T curves of EU gum/CIIR blends have

two damping peaks which are Tg peak and Tm peak, respectively. However, the

tand–T curves of EU gum/CR blends have three damping peaks which are Tg peak

of EU gum, Tg peak of CR, and Tm peak of EU gum, respectively. It indicates that

the compatibility of EU gum and CIIR is better than that of EU gum and CR.

At ambient temperature (0–40 �C), EU gum is just at its transitional damping

zone. However, it is not obvious for EU gum to improve the damping properties of

CR or CIIR. As shown in Figs. 6 and 7, the tand–T curve of EU gum is increased;

the tand–T curves of CR or CIIR are decreased with the increase in temperature rise.

For CR/EU gum blends, their tand–T curves are as the same magnitude as that of

CR; for CIIR/EU gum blends, their tand–T curves are lower than that of CIIR.

Fig. 4 Tand–T curves of CR and its blends with EU gum
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Under-water sound absorption properties of EU gum blends with CR and CIIR

In terms of blending ratio: EU gum/CR (20/80, 40/60, 60/40, and 80/20), together

with EU gum and CR, their SAC–F curves are plotted in Fig. 8. It is seen from

Fig. 8, the SAC values of blends will increase greatly compared with CR if EU gum

is less than 50%, their SAC values even exceed 90% at some frequency bands.

However, the SAC values of blends are as poor as that of EU gum if EU gum is

more than 50%. So a conclusion can be drawn: for EU gum/CR blends, a critical

value of blend ratio of EU gum must exists which is equal to 50%. In addition, all

the SAC values of EU gum/CR (40/60) blend are high from low frequency to high

Fig. 5 Tand–T curves of CIIR and its blends with EU gum

Fig. 6 Tand–T curves of CR and its blends with EU gum at ambient temperature
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frequency, which indicates that mixing a certain amount of EU gum into CR can

greatly broaden their under-water sound absorption frequency band.

For CIIR, the additive amount of EU gum is controlled within 50%. Their SAC

values are plotted against sound frequency in Fig. 9. It is seen from Fig. 9, except

the EU gum/CR (50/50) blend, all the SAC–F curves of EU gum/CIIR blends are far

higher than that of CIIR. It confirms again, for EU gum/CIIR blends, a critical value

of the additive amount of EU gum exists which is equal to 50%. If EU gum[50%,

their under-water sound absorption properties are great, if EU gum \50%, their

under-water sound absorption properties are very poor.

Fig. 7 Tand–T curves of CIIR and its blends with EU gum at ambient temperature

Fig. 8 SAC–F curves of CR and its blends with EU gum
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In addition, all the SAC–F curves of EU gum blends (EU gum \ 50%) will

increase first with frequency rise, then keep a constant value (90% or so) when the

frequency is over 8 kHz. At low frequency region (F \ 6 kHz), the SAC value of

blends will increase gradually with decrease in the EU gum. For example, at 3 kHz,

the SAC value of EU gum/CIIR (40/60) blend is 16%, EU gum/CIIR (30/70) blend

is 24%, and EU gum/CIIR (20/80) blend is 76%. Especially, the SAC values of EU

gum/CIIR (20/80) blend almost keep 90% over all of the sound frequencies tested. It

confirms again, like CR, EU gum can widen the acoustic absorptivity of CIIR,

especially it greatly increase its low frequency acoustic absorptivity at 3 kHz.

Analysis on the mechanisms of under-water sound absorption properties

of EU gum blends

Relaxation absorption of rubber materials

As discussed above, the additive amount of EU gum has a critical point which is

equal to 50%. Less than 50%, the main body of the blends is still damping rubber,

such as CR and CIIR. So the relaxation absorption of damping rubber is still the

base of the under-water sound absorption property of EU gum blends. The average

SAC values of CR and CIIR are 31 and 28.6%, respectively, which are calculated

from Fig. 2 over all the sound frequency tested. So the contribution of relaxation

absorption of rubber material to EU gum blend is about 30%.

Spacial diffuse reflection absorption of EU gum crystallite

The EU gum is a natural polymer which can crystallize under ambient temperature

[19–23]. It will also crystallize under the condition of vulcanization if its cross-link

density does not exceed Yan’s point [8, 9]. Take EU gum/CIIR blends for example,

the crystalline structure of EU gum/CIIR blends are tested by WAXD, as shown in

Fig. 9 SAC–F curves of CIIR and its blends with EU gum
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Fig. 10, the unvulcanized EU gum has two main response peaks, one is at

2h = 18.7�, and the other is at 2h = 22.7o. Vulcanization does not change the

position of the two response peaks of EU gum, but will decrease their peak height,

see spectrum a in Fig. 10. Blending EU gum into CIIR does not also change the

position of the two response peaks, but will also decrease their peak height, see

spectra b, c, d, and e in Fig. 10. It indicates that vulcanization or blending can not

change the crystalline form of EU gum.

The melting points of EU gum/CIIR blends are tested by DSC, as shown in

Fig. 11; EU gum has two melting peaks: one is at 56 �C and the other is at 64 �C.

Vulcanization can decrease the Tm of EU gum, see curve a in Fig. 11, the melting

points of the vulcanized EU gum are 42 and 54 �C, respectively. Blending CIIR into

EU gum can also decrease the Tms of EU gum/CIIR blends, see curves b, c, d, and e

in Fig. 9.

From the analysis discussed by WAXD and DSC, a conclusion can be drawn:

blending EU gum into CIIR can form two phase structure, one is amorphous phase

of rubber (including CIIR and amorphous EU gum) and the other is crystalline

phase of EU gum. The sound velocity of rubber is far different from that of crystal

of EU gum which will mismatch their acoustics impedances. So the crystal of EU

gum in the rubber matrix will reflect incident sound wave, as shown in Fig. 12. This

is also the reason why the under-water sound absorption property of EU gum is very

poor.

If EU gum is more than 50%, the main body of the blend is EU gum, and the size

of crystal of EU gum is still large, like EU gum, it can reflect most incident sound

Fig. 10 WAXD curves of EU
gum/CIIR blends. (a) EU
gum100%, (b) EU gum80%,
(c) EU gum60%, (d) EU
gum40%, (e) EU gum20%, and
(f) CIIR100%
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wave, as shown in Fig. 12. So their under-water sound absorption properties are

very poor too.

If EU gum is less than 50%, the crystal of EU gum is broken into many

microcrystals scattering in the continuous rubber matrix, like many islands in the

sea. The rubber matrix is continuous phase, and the microcrystal of EU gum is

dispersed phase. The acoustics impedance of rubber matrix matches that of water

very well, so the incident sound wave can enter into the rubber matrix easily and

almost no sound wave reflections occur; the acoustics impedance of the microcrystal

of EU gum mismatches that of water, so sound wave reflection will happen when

the incident sound wave meets microcrystal of EU gum. There are so many

Fig. 11 DSC curves of EU
gum/CIIR blends. (a) EU
gum100%, (b) EU gum80%,
(c) EU gum60%, (d) EU
gum40%, (e) EU gum20%, and
(f) CIIR100%

Fig. 12 Diagram of transmission of sound wave in EU gum and its blends (up: EU gum; down: EU gum
blends (EU gum [ 50%))
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microcrystals of EU gum in the rubber matrix, so the incident sound wave can be

reflected more times, as shown in Fig. 13. And this phenomenon will greatly

increase the travel path of incident sound wave which will dissipate much sound

energy. The nature of the special diffuse reflection absorption is still the relaxation

absorption of damping rubber.

Shear deformation absorption of the interface between crystalline hard phase
and rubber soft phase

In the two phase structure of EU gum blends, the crystalline structure of EU gum is

hard phase, and the rubber network structure is soft phase. If the additive amount of

EU gum is less than 50%, as discussed above, the crystal of EU gum is broken into

many microcrystals scattering in the rubber network. The soft rubber network is

continuous phase, and the hard microcrystal of EU gum is dispersed phase. When a

beam of sound wave is launched on the surface of the test-piece of EU gum blend,

the sound pressure will compress the test-piece, and the volume deformation occurs.

The rubber network is soft phase, and deforms largely, and the microcrystal of EU

gum is hard phase, and deforms little. So the volume deformation will transform

into shear deformation in the interface between soft phase and hard phase, as shown

in Fig. 14. In addition, cross-linked bonds strengthen the connection of microcrystal

hard phase and rubber network soft phase which can increase shear deformation.

Shear deformation can dissipate much more sound energy than that of volume

deformation. And there are so many microcrystals in the EU gum blend, and the

total surface of all the microcrystals must be very large, so their under-water sound

absorption properties increase greatly.

If EU gum[50%, the main body of blends is still EU gum, the size of crystal of

EU gum is still very large, and their total surface must be far smaller than those of

microcrystals, so the contribution of shear deformation absorption is limited to

under-water sound absorption property.

Fig. 13 Diagram of transmission of sound wave in damping rubber and EU gum blends (up: Damping
rubber; down: EU gum blends (EU gum \ 50%))
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Reducing crosslinking degree can increase under-water
sound absorption property

Crosslinking degree has great influence on the under-water sound absorption

property of rubber materials. Take EU gum/CIIR (10/90) for example, the additive

amount of crosslinking agent is cut in half, and their SAC values are plotted against

sound frequency in Fig. 15. As shown in Fig. 15, at high crosslinking degree, the

SAC–F curves increase first, decrease with sound frequency increase, and then form

a plateau in the frequency range 8–16 kHz. At low crosslinking degree, the SAC–

F curves increase first with the sound frequency increase, then reach a constant

when F [ 8 kHz. Both their SAC values at the frequency range 8–16 kHz are very

high (90% or so) which confirms again that blending a certain amount of EU gum

into CIIR can greatly increase their under-water absorption properties. However, the

Fig. 14 Diagram of shear deformation in the interface between soft and hard phase

Fig. 15 SAC–F curves of EU gum/CIIR (10/90) blends in different crosslinking degrees
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SAC values of low crosslinking degree at low frequency region (F \ 8 kHz) and

high frequency region (F [ 16 kHz) are greatly increased comparing with that of

high crosslinking degree. It indicates that reducing crosslinking degree will

especially increase the SAC values at low frequency (F \ 8 kHz) and high

frequency (F = 20 kHz) and can effectively expand the under-water sound

absorption property to full frequency.

Conclusion

Unlike the conventional rubber materials whose acoustic impedances match that of

water very well, the acoustic impedance of EU gum mismatches that of water. As a

result, the sound wave can enter into conventional damping rubber easily, such as

CR and CIIR, but will be reflected by EU gum. So blending a certain amount EU

gum into CR and CIIR as microcrystal to reflect sound wave more times can

effectively improve the under-water sound absorption property of conventional

damping rubber. In addition, reducing crosslinking degree can effectively expand

their under-water sound absorption properties to full frequency.
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