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Abstract Eucommia ulmoides gum (EUG) is a highly crystalline rubber featuring high modulus and low damping at room temperature, making
it a promising underwater acoustic material. However, its complex aggregate structure cannot be fully interpreted using conventional acoustic
theories. This study investigates EUG’s mechanical and acoustic transparency regulation mechanisms. Tuning crosslinking density effectively reg-
ulates crystallinity and tailors its stress-strain behavior. With rising crosslinking density, EUG’s sound transmission first rises, then falls and finally
stabilizes at the low frequency of 3.0-7.5 kHz, while it rises, declines and rebounds at the high frequency of 10-30 kHz. EUG with 3 phr sulfur deliv-
ers average transmission coefficients of 0.980 (low frequency) and 0.944 (high frequency). The sound transmission mechanism was explored from
the perspectives of grain boundary acoustic loss and acoustic wave propagation. A "block unit" model was proposed to further explain the under-
lying mechanism. Micro-interface impedance mismatch is a key factor affecting sound transmission. The propagation of sound waves in rubber
exhibits a distinct scale effect. Low-frequency waves propagate mainly via elastic crosslinked networks, whereas high-frequency transmission re-
lies on the competition between network elasticity and chain segment viscosity. Fluid-structure interaction simulations further characterize

structural stiffness of acoustic components. This study offers new insights for designing underwater acoustic materials.
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INTRODUCTION

As is well known, light beams are significantly attenuated when
propagating in seawater due to scattering by a large number of
particles. This optical characteristic severely limits the applica-
bility of communication and navigation technologies based on
light waves or radar in marine environments. In contrast, sound
waves exhibit significant advantages when propagating in wa-
ter, with an attenuation rate far lower than that of electromag-
netic waves. Therefore, sound signals, as a highly efficient infor-
mation carrier, can transmit information across larger spatial
scales in the ocean.l"! Underwater acoustic detection technolo-
gy, as an important means for humankind to explore the ocean,
plays an indispensable role in fields such as marine resource de-
velopment, environmental monitoring, and engineering con-
struction. Various underwater acoustic detection devices (sonar
and various transceiver transducers) operate underwater for ex-
tended periods; therefore, they need to be encased in a flow
guide shield made of acoustically transparent material. On the
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one hand, it can protect the equipment from water flow impact
and seawater corrosion; on the other hand, it can reduce navi-
gation resistance, thereby reducing the impact of hydrodynam-
ic noise on underwater acoustic equipment.*?! This necessi-
tates that the base material of the flow guide shield achieves a
balance between mechanical properties and sound transmis-
sion performance to ensure the normal operation of the under-
water acoustic equipment. The acoustic properties of the
sound-transmitting material can be characterized by its density
(p) and sound velocity (c). The acoustic characteristic impedance
of a material is equal to the product of its density and sound ve-
locity. Equal or similar impedances between materials are called
impedance matching. Good impedance matching between the
material and water enables efficient sound transmission. Com-
pared to metallic materials, polymer materials exhibit better
impedance matching with seawater, leading to less sound wave
reflection and insertion loss.*

Elastomeric materials exhibit excellent acoustic impedance
matching with seawater, making them attractive candidates
for underwater acoustic devices. In recent years, hydrogels
and traditional underwater acoustic rubbers have received
extensive attention due to their unique acoustic properties
and engineering adaptability. Hydrogels, owing to their near-
perfect acoustic matching with water, have demonstrated
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great potential in low-reflection underwater acoustic
sensing.l’! For example, Li et all®l developed a
hydrogel-graphene transistor capable of highly stable and
sensitive low-frequency acoustic detection, while hydrogel-
based acoustic structures with tunable acoustic properties
and biomimetic jellyfish robots exhibiting ultralow acoustic
backscattering and broadband acoustic transparency have al-
so been developed.”#! Inspired by dolphin forehead tissue,
soft biomimetic metamaterials composed of microparticles or
droplets dispersed in superelastic matrices further achieved a
combination of high acoustic transparency, gradient refrac-
tive index, and low stiffness.]

Despite these advances, traditional underwater acoustic
rubbers remain indispensable because of their ease of pro-
cessing, environmental stability, and favorable impedance
matching. Previous studies have shown that the acoustic
properties of elastomers are strongly influenced by fillers,
crosslinking density, and phase structure. Guillermic et al.l']
achieved broadband impedance matching in TiO,/PDMS
composites, while Capps!''! and Jung et al.l'23] demonstrat-
ed that carbon black characteristics and sulfur-induced
crosslinking significantly affect the sound transmission be-
havior of chloroprene rubber (CR) and nitrile butadiene rub-
ber (NBR). Polyurethane (PU), another important acoustically
transparent elastomer, has also been widely studied. Its
acoustic performance is closely related to the microphase
structure: hard segments mainly determine mechanical
strength, whereas soft segments dominate acoustic charac-
teristics.'4-171 To overcome the poor water resistance caused
by hydrophilic groups, hydrophobic modifications and fillers
have been introduced while retaining desirable sound trans-
mission performance.l'8-221 These elastomers are not limited
to material-level studies but have already been applied in
MEMS hydrophones and underwater transducer encapsula-
tion.[23-281 Besides conventional underwater acoustic rubbers
and hydrogels, recent studies have shown that semi-crys-
talline polymeric materials can simultaneously exhibit high
acoustic transparency and enable acoustic wavefront modu-
lation through sound-speed modulation. For example, semi-
crystalline polymer networks based on crosslinked poly(e-
caprolactone) have been demonstrated to achieve acoustic
transparency and programmable acoustic holography
through crystallinity-dependent sound-speed modulation.2%!
Existing studies indicate that improving the mechanical
strength often compromises acoustic transparency, highlight-
ing the intrinsic conflict between structural robustness and
sound transmission. Therefore, the development of new un-
derwater acoustic elastomers with high strength and excel-
lent acoustic performance has become increasingly impor-
tant for high-speed underwater vehicles and advanced sens-
ing systems.

Eucommia ulmoides gum (EUG) is a natural polymer main-
ly composed of trans-1,4-polyisoprene, whose molecular
structure is characterized by flexible chains, double bonds en-
abling vulcanization, and a trans-configuration that facilitates
molecular chain stacking and crystallization.l30-35 The crys-
talline phase of EUG provides high modulus and excellent
compressive resistance, making it attractive for underwater
acoustic applications. Previous studies mainly focused on the

sound absorption behavior of EUG-based composites. Zhang
and XueB¥! attributed their underwater sound absorption to
damping relaxation, crystal-induced diffuse reflection, and in-
terfacial shear deformation. Cao et al.”! further showed that
incorporating EUG into SBR significantly enhanced underwa-
ter sound absorption, while subsequent studies emphasized
the importance of well-dispersed crystalline “island” struc-
tures.l38391 Consequently, EUG has commonly been used as a
functional filler to improve the sound absorption of damping
rubbers under high pressure.

However, EUG itself is also an acoustically transparent ma-
terial, and its sound transmission mechanism remains poorly
understood. Current design strategies for underwater acous-
tic transparent elastomers generally rely on two principles:
acoustic impedance matching with water and minimization
of the loss factor.'7=21 Lju et al.[*l reported that, among rub-
ber materials with different formulations, a lower loss factor
generally corresponded to a higher sound transmission coef-
ficient within a specific frequency range. However, for the
same material formulation, both the loss factor and the sound
transmission coefficient decreased with increasing frequency,
revealing an apparent inconsistency in their relationship.
These findings suggest that the loss factor alone cannot fully
account for acoustic transparency. Therefore, a deeper under-
standing of the sound transmission regulation mechanism is
still required. In this context, the present study focuses on
EUG materials to further elucidate the governing mecha-
nisms of underwater sound transmission.

This work controls the crystallinity of EUG by changing the
crosslinking density, thereby significantly affecting its me-
chanical properties and sound transmission properties. First,
the influence of crosslinking density on the mechanical prop-
erties of EUG was analyzed. Regarding the changes in the
EUG acoustic properties caused by crosslinking density, the
sound transmission control mechanism was elaborated in de-
tail from the perspectives of grain boundary sound loss and
acoustic wave propagation. Finally, deformation analysis of
acoustic components under practical application conditions
was conducted using fluid-structure interaction numerical
methods.

EXPERIMENTAL

Materials and Preparation Methods

EUG: Shandong Beilong Eucommia Bioengineering Co., Ltd.;
Zinc oxide (ZnO): Yangzhou Xingfa Zinc Industry Co. Ltd,;
Stearic acid (SA): Hangzhou Oil & Fat Chemical Co., Ltd.; Antioxi-
dant (4020): China Petrochemical Corporation Nanjing Chemi-
cal Industry Co., Ltd. All other rubber compounding agents are
commercially available.

The rubber materials were prepared using a mechanical
mixing method. The experimental formulations are listed in
Table 1. Small pieces of EUG were added to a hot roll mill
(Guangzhou Zhanjiang Rubber and Plastic Machinery Manu-
facturing Company, Guangzhou, China) for plasticization. Af-
ter multiple roll passes, the rubber gradually formed continu-
ous sheets, which were cut for later use. The entire process
was performed at a temperature of approximately 70 °C. In
the initial stage of operation, the roller gap was adjusted to 1
mm. Plasticized EUG was fed into a hot roller mill. After it
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Table 1 Experimental formula of the EUG hydroacoustic material.

Ingredients (phr)

Formula
No. EUG S A Antioxidant Active agent
ccelerator (4020) (ZnO, SA)
1 100 0 0 1 6
2 100 1 0.5 1 6
3 100 2 1 1 6
4 100 3 1.5 1 6
5 100 35 1.75 1 6
6 100 4 2 1 6
7 100 4.5 2.25 1 6
8 100 5 2.5 1 6
9 100 6 3 1 6
10 100 10 5 1 6

wraps around the rollers, activator and antioxidant were
added first for mixing, followed by sulfur (S) and accelerator.
The mixture was then cut twice on each side to ensure uni-
form dispersion. Next, triangular wrapping and other opera-
tions were performed, and thin sheets were produced. The
rubber compound was allowed to stand at room tempera-
ture for 24 h, and then tested using a P3555B2 disc vulcanizer
(Beijing Huanfeng Chemical Machinery Trial Plant, Beijing,
China) at 143 °C for 25 min. Approximately 6 g of rubber com-
pound was placed into the vulcanizer mold cavity, and the
test was started after the mold was closed. The vulcanization
characteristic parameters, such as the positive vulcanization
time (tgp), minimum torque, and maximum torque, were ob-
tained. Vulcanized rubber samples were prepared using an
XLB-D350 x 350 x 2-25T automatic flat vulcanizing machine
(Huzhou Dongfang Machinery Co., Ltd., Huzhou, China). The
vulcanization temperature for mechanical testing samples
was 143 °C, the vulcanization pressure was 15 MPa, and the
required vulcanization time was tgy + 2 min. For vulcanizing
acoustic columnar samples, the vulcanization time was 2 X ty,
min. When the vulcanizing agent content was 0 phr, the EUG
was a thermoplastic polymer material, requiring a hot-press-
ing time of 20 min, followed by a cold-pressing molding pro-
cess.

Characterization Methods

Static mechanical property

Tensile tests were performed on 25 mm X 6 mm x 2 mm dumb-
bell-shaped specimens made of EUG material using a CMT4104
electronic tensile testing machine (Shenzhen SANS Materials
Testing Co., Ltd., China) at a speed of 500 mm/min, according to
ISO 37:2024. Tear strength tests were performed using right-an-
gled specimens on the electronic tensile testing machine, ac-
cording to ISO 34-1:2022.

Crosslink density

The crosslinking density of EUG samples was tested using a low-
field nuclear magnetic resonance crosslinking density meter
(Suzhou Newmai Analytical Instruments Co., Ltd., China). Sam-
ples were preheated in a mold cavity at 90 °C for 20 min before
testing.

Wide-angle X-ray diffraction (WAXD) analysis

Crystallization of EUG was studied using a wide-angle X-ray
diffractometer (WAXD; D/max2500VB2PC, Rigaku Corporation,
Japan). The samples were 2 cm long, 2 cm wide, and 2 mm

thick. The scanning range was 5° to 70°, and the scanning rate
was 3 (°)/min.

Differential scanning calorimetry (DSC) analysis

EUG was tested using differential scanning calorimetry (DSC 1
STARe, Mettler-Toledo International, Inc., Switzerland) under a
nitrogen atmosphere. The sample was heated from room tem-
perature to 100 °C at a rate of 10 °C/min, cooled to -100 °C at a
rate of 10 °C/min to eliminate the thermal history, held at that
temperature for 3 min, and then heated to 100 °C at a rate of 10
°C/min.

Dynamic mechanical property

The dynamic mechanical properties of EUG were characterized
using a dynamic thermomechanical analyzer (DMTA; VA3000,
01 dB-Metravib, France) through both temperature-sweep and
frequency-sweep measurements under tensile mode. Rectan-
gular specimens with dimensions of 25 mm x 6 mm were em-
ployed for all tests. For the temperature-sweep measurements,
samples were tested in tensile mode over a temperature range
from -80 °C to 80 °C at a heating rate of 2 °C/min, with a fixed
frequency of 10 Hz and a dynamic strain amplitude of 0.1%. Fre-
quency-sweep measurements were conducted within the fre-
quency range of 0-30 Hz at various temperatures between -70
and 30 °C. Temperature intervals of 5 °C were adopted in the
vicinity of the glass transition region (Tg), while intervals of 10 °C
were used between -20 and 30 °C. A reference temperature of
15 °C was selected, and the broadband viscoelastic master
curves were constructed according to the time-temperature su-
perposition (TTS) principle.

Atomic force microscopy (AFM)

The aggregated structure of EUG was studied using atomic
force microscopy (AFM; Multimode 8, Bruker Corporation, Ger-
many). After cryo-polishing, the Young's modulus of the materi-
al surface was determined using QNM mode.

Acoustic performance

The acoustic properties of EUG samples (®56 mm x 50 mm)
were tested using a water-filled pulse tube. The test frequency
range was 3-30 kHz. As shown in Fig. S1 (in the electronic sup-
plementary information, ESI), the underwater acoustic measure-
ments were performed using a pulse tube system (model:
A3100B). Each sample was immersed in water for 48 h before
testing. The sample was installed at the middle position of the
pulse tube, and the water pressure was maintained at 0.1 MPa.
The measurement environment temperature was 22 °C, the wa-
ter temperature was 22 °C, and the relative humidity was 62%
RH. After propagating through the sample, the acoustic waves
generated reflected and transmitted components. The reflect-
ed acoustic waves from the sample were received by the same
transducer. The transmitted acoustic waves propagated to the
end of the pulse tube, were reflected by the rigid standard re-
flector, passed through the sample again, and were subse-
quently received by the same transducer. By measuring the ref-
erence signal voltage amplitude A; without a sample, the elec-
trical signal amplitude A, corresponding to the reflected acous-
tic pressure, and the secondary transmitted signal voltage am-
plitude A, after placing the sample, the acoustic pressure trans-
mission coefficient T, acoustic pressure reflection coefficient R,
and sound absorption coefficient a of the samples were ob-
tained according to the corresponding equations. The equa-
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tions for the calculation are as follows:

1
A2
T-(x)

A
R:K V)
a=1-R-T 3)

The sound velocity inside the material was determined us-
ing an ultrasonic method.

RESULTS AND DISCUSSION

Static Mechanical Properties of EUG

According to the traditional acoustic theory, the characteristic
acoustic impedance can be controlled by changing the material
modulus to match that of water. EUG is a semi-crystalline poly-
mer. The crystallinity of EUG could be controlled by adjusting
the crosslinking density within the material. As shown in Fig.
1(a), the mechanical curve of EUG transitions from elastoplastic
to hyperelastic as the sulfur content increases. The yield point
disappears at a sulfur content of 3 phr. When the sulfur content
reaches 4 phr or higher, the elongation at break decreases
sharply, which is due to the excessively high crosslinking densi-
ty. The crystallinity of EUG materials decreases continuously
with increasing crosslinking density, resulting in a gradual de-
crease in the modulus, tear strength, and hardness of the mate-
rial (Figs. 1a and 1b). The DSC curve (Fig. 1c) shows that the crys-
tallization temperature of EUG decreases continuously with the
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increase of sulfur content to around 20 °C. The WAXD spectrum
curve (Fig. 1d) test results clearly show two characteristic peaks
of the B crystal form of EUG (located near 18.9° and 22.8°), and
the crystallinity of the EUG material was calculated using Eq. (4).
— IC
T+,

(4)

We

In Eq. (4), w, represents the mass crystallinity, and /. and /,
represent the integrated intensities of all diffraction peaks in
the semi-crystalline and amorphous regions, respectively. The
calculated crystallinity and crosslinking density of EUG mate-
rials with different sulfur contents are shown in Table ST (in
ESI). Since the test temperature is higher than the crystalliza-
tion temperature, the WAXD spectrum of EUG material with 4
phr S does not show any crystallization diffraction peaks. The
presence of crystallization is the decisive factor in the me-
chanical properties of EUG.

Sound Transmission Regulation Mechanism of EUG

To fully investigate the acoustic properties of EUG, formulations
with concentrations of 3.5, 4.5, 6, and 10 phr S were introduced
based on the original formulation used for studying mechanical
properties. Based on the differences in the transmission behav-
ior observed over different frequency ranges in Fig. 2, the entire
frequency range was divided into a low-frequency range (3-7.5
kHz) and a high-frequency range (10-30 kHz), and the average
transmission coefficients within these two ranges were calculat-
ed separately for comparison, as shown in Fig. 3. This treatment
was not intended to neglect the frequency-dependent acoustic
response; rather, it was used to extract the overall acoustic evo-
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(a) Static mechanical properties, (b) tear strength and hardness, (c) DSC curves, and (d) WAXD spectra of EUG with different sulfur contents.
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Fig.2 Sound transmission property of EUG with different sulfur contents: (a) low frequency (3-7.5 kHz) and (b) high frequency (10-30 kHz).

lution trends associated with different aggregate structural
states from complex frequency-dependent responses. With in-
creasing crosslinking density, the overall sound transmission
performance of EUG could be divided into four regions: 1. high
crystallinity (0-1 phr S); 2. medium-low crystallinity (2-4 phr S);
3. no crystallinity (4.5-5 phr S); 4. high crosslinking density (6-10
phr S). This study elucidates the sound transmission regulation
mechanism from two perspectives: interface (sound wave re-
flection) and propagation (sound wave loss).

Grain boundary acoustic loss mechanism

Sound waves are reflected at the interface between two macro-
scopic propagation media (Fig. 4a), causing sound wave loss.
This theory assumes that the two media are homogeneous and
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Fig. 3  Average sound transmission coefficient of EUG with
different sulfur contents.
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stable. The characteristic acoustic impedance of EUG with dif-
ferent crosslinking densities is calculated according to Eq. (5),
and the calculation results are shown in Table 2.

Z=pXxc (5)

Z is the characteristic acoustic impedance, and p and ¢ rep-
resent the density of the medium and the sound velocity, re-
spectively. The characteristic acoustic impedance of EUG with
0-3 phr S added is very close. However, the average sound
transmission coefficient of region 1 and region 2 in Fig. 3
changes abruptly. Research was conducted on this phe-
nomenon. Compared with amorphous polymers (Fig. 4b), se-
mi-crystalline polymers (Fig. 4c) have two parts: amorphous
region and crystalline region. The difference in modulus be-
tween the two may cause sound waves to be reflected at the
microscopic interface.

As shown in Figs. 5(a)-5(d), the aggregated structures of
EUG with different crosslinking densities were characterized
using atomic force microscopy (AFM). The amorphous and
crystalline regions of EUG were clearly distinguished by
brightness contrast in the log DMT modulus images, where
the high-modulus crystalline regions appeared brighter than
the low-modulus amorphous regions. With increasing sulfur
content, the crystalline regions gradually evolved from strip-
like to spherical morphologies with reduced size. The bright
spots in Fig. 5(d) correspond to ZnO. The number in the low-
er left corner of each atomic force microscopy image repre-
sents its crystallinity.

Statistical analysis of the crystalline region size distribution
(Figs. 5e-5g) further confirmed that the crystal size inside
EUG gradually decreased with increasing sulfur content. De-
tailed statistical results are provided in ESI. Compared with
the acoustic wavelength (approximately 52.3-523 mm) with-
in the tested frequency range of 3-30 kHz, the characteristic
size of the crystalline regions (maximum size: 4.706 um) is

C

Fig. 4 (a) Macroscopic sound wave incident mechanism; (b) Schematic diagram of amorphous polymer; (c) Schematic diagram of semi-crystalline

polymer.
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Table 2 Macroscopic acoustic impedance of EUG with different sulfur
contents.

S (phr) Z x10° (g/(cm?s))
1.880
1.839
1.831
1.807
1.604
1.557

uhbh wNnN-—=O

several orders of magnitude smaller. Therefore, individual
crystalline/amorphous regions cannot be distinguished by
acoustic waves during propagation, and the acoustic re-
sponse is dominated by the statistical averaging effect of a
large number of microscopic structural units.

Sound waves are a type of mechanical wave, and their
propagation in materials follows the solid elastic wave equa-
tion in elasticity mechanics (Eq. 6).

(K + pug + puyy; + pfy = pi; (6)
where u represents the elastic displacement component and i
denotes its second time derivative, i.e., the elastic acceleration; p
represents the density; k and u represent the Lamé coefficients; f
is the body force in the material; ij=1,2,3 represent the three di-
rections of the coordinate axes. One of the prerequisites of this
theory is the assumption of a continuous medium. Based on this
assumption, a "block unit" model was proposed.

During acoustic propagation through semi-crystalline poly-
mer materials, the acoustic field is inevitably influenced by lo-
cal variations in acoustic properties between crystalline and
amorphous regions. When acoustic waves encounter crys-
talline/amorphous interfaces, partial reflection may occur due
to acoustic impedance mismatch between the two phases.
However, because the microscopic structures in semi-crys-
talline polymers are randomly distributed and spatially het-
erogeneous, their influence on macroscopic acoustic behav-

27.98% .
Log DMT modulus

Log DMT modulus

45 45

9.4 log(Pa)

Log DMT modulus

ior cannot be accurately described by individual interfaces.
According to the statistical homogeneity theory of random
heterogeneous materials, when the material scale is much
larger than the characteristic scale of microscopic structures,
the macroscopic response can be determined by statistically
averaged characteristics of the microscopic structures.[:42]
Based on this concept, a block unit model was established by
introducing an equivalent spatial unit corresponding to the
acoustic propagation scale. The scale of the block unit does
not represent the actual size of crystalline or amorphous re-
gions, but is defined based on the acoustic wavelength A,
which corresponds to one complete spatial vibration cycle of
the acoustic wave (Fig. 6). This treatment enables the statisti-
cal characteristics of microscopic structures to be described at
the acoustic propagation scale.

In the block unit model, crystallinity is introduced as an ag-
gregate structural parameter to characterize the statistical
distribution of the crystalline regions. Therefore, the probabil-
ity of acoustic waves interacting with crystalline regions is de-
termined by crystallinity. During the semi-crystalline stage, a
higher crystallinity corresponds to a larger proportion of crys-
talline regions, increasing the probability of acoustic interac-
tion with crystalline regions and enhancing acoustic reflec-
tion caused by acoustic impedance mismatch. Detailed de-
scriptions of the statistical homogenization assumption and
the construction of the block unit model are provided in ESI.

To verify this view, two EUG materials (1 and 2 phr S) with
extremely similar macroscopic acoustic impedances were se-
lected for sound wave reflection testing. The sound wave re-
flection coefficients of the 1 and 2 phr S EUG materials are
shown in Fig. 7(a). The ratios of crystallinity and average re-
flection coefficients for the two materials were calculated, as
shown in Table 3. The ratio of crystallinity (1.349) is very close
to the ratio of the average reflection coefficient (1.389). How-
ever, variations in the sulfur content of EUG not only affect its
crystallinity but also alter its crosslinking density. Further re-
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Fig. 5 AFM images of EUG samples with different sulfur contents: (a) 0, (b) 1, (c) 3, and (d) 5 phr S; Crystal size distributions of EUG samples with

different sulfur contents: (e) O, (f) 1, and (g) 3 phrS.
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and 6 phrS.

search is needed to investigate the effect of crosslinking den-
sity on sound wave reflection. Two types of EUG with van-
ished crystals (5 and 6 phr S) were selected for comparison of
their acoustic reflection coefficients. The experimental results
are shown in Fig. 7(b). The ratio of the average reflection coef-
ficients was calculated, and the ratio was 1.012, as shown in
Table S2 (in ESI). Within the relatively limited range of
crosslinking density investigated in this study, the crosslink-
ing density has almost no effect on the acoustic reflection
performance of EUG, whereas the crystal content exhibits an
approximately linear correlation with the acoustic reflection
coefficient. This proves that the impedance mismatch at the
microscopic interface is an important factor affecting the
acoustic wave transmission.

To further enhance the understanding of this model, the
characteristic acoustic impedances of the amorphous and
crystalline regions in the micro-aggregate structure of EUG
were quantitatively compared by combining acoustic theory
formulas. The first method involves linearly fitting the mea-
sured sound velocity of EUG at different crystallinities to ob-
tain the sound velocity at 100% crystallinity, which is the
sound velocity of the crystalline region. The linear fitting re-
sult is shown in Fig. 8(a), where the sound velocity of the crys-
talline region is 2583.84 m/s. According to Eq. (5), the density
of the crystalline region is also required to calculate the
acoustic impedance. The densities of the amorphous and
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(a) Comparison of acoustic reflection coefficients of EUG with 1 and 2 phr S; (b) Comparison of acoustic reflection coefficients of EUG with 5

Table 3 Relation between acoustic reflection coefficient and
crystallinity of EUG with 1 and 2 phr S.
S (phr) w, (%) AverageR  Zx10° (g/(cm?s))
1 22.81 0.1736 1.839
2 16.90 0.1250 1.831
Ratio 1.349 1.389 1.004

crystalline regions were decoupled by measuring the density
of EUG at different crystallinities. The mass crystallinity w, ob-
tained by Eq. (4) is the mass fraction of the crystalline region.
The volume fractions ¢. and ¢, of the crystalline and amor-
phous regions were obtained by Egs. (7) and (8), respectively.

Ve W Wewe pew )
=V TV oV P
/A W, W-w, p-w,

0= = = = (8)
Vi p,cV pyrV Pa

where V. and V, are the volumes occupied by the crystalline and
amorphous regions, respectively; V is the total volume of the
material; w, is the mass fraction of the amorphous region; W,
and W, are the masses of the crystalline and amorphous re-
gions, respectively; W is the total mass of EUG; p. and p, are the
densities of the crystalline and amorphous regions, respectively;
and p is the density of EUG. When EUG is added for 4 phr S, crys-
tallization completely disappears at room temperature, and p, is
determined to be 0.9905 g/cm?. Based on the relationship be-
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EUG.

tween ¢ and g, in Eq. (9), the density of the crystalline region
can be calculated.

Pt g, =1 9)

The calculation results are shown in Table 4. The average
density of the crystalline region is 1.0517 g/cm3. The charac-
teristic acoustic impedance of the crystalline region calculat-
ed by this method is 2.72x10° g/(cm?s). The second method
is to obtain the microscopic material parameters by AFM and
then calculate the sound velocity of the crystalline region.
The Young's modulus of the crystalline region of EUG mea-
sured by AFM is 7.82 GPa, as shown in Fig. 8(b). The sound ve-
locity of the crystalline region is calculated using Eq. (10).

S e (10)

p(1=2¢)(1+¢)

wherein, E is Young's modulus and € is Poisson's ratio. In this cal-
culation, the Poisson's ratio of the crystalline region is approxi-
mately considered to be 0.029.%8! The sound velocity of the
crystalline region of EUG is calculated to be 2693.24 m/s. The
characteristic acoustic impedance of the crystalline region is cal-
culated by Eq. (5) to be 2.83x10° g/cm?s. The characteristic
acoustic impedance of the amorphous region is considered to
be the same as that of 4 phr S EUG that has disappeared at
room temperature, with a value of 1.60x10° g/cm?s. The rela-
tive error between the characteristic acoustic impedance ob-
tained by the first calculation method and the second method
based on experimental data is 4.06%, and the two methods can
be mutually verified.

For a normally incident acoustic wave, the theoretical re-
flection coefficient R at the crystalline/amorphous interface
can be expressed as
Z. -7,

k= Z +2Z,

(m

Table4 Calculation results of density in the crystalline region.

p (g/cm?) W w, Ca lé“/'gfg)j Pc A\(’S;Zl%% )Pc
0.9946 0.2798 0.7202 1.0053
1.0012 0.2281 0.7719 1.0392
1.0045 0.1751 0.8249 1.0765 1.0517
1.0028 0.1401 0.8599 1.0857
0.9905 0 1 /

where Z, represents the characteristic acoustic impedance of
the crystalline region and Z, represents the characteristic acous-
tic impedance of the amorphous region. Based on the above
parameters, the theoretical reflection coefficient at the crys-
talline/amorphous interface was calculated to be approximate-
ly 0.278, indicating that the crystalline/amorphous interface can
generate effective acoustic reflection due to the apparent
acoustic impedance difference between the two phases. This
result provides a quantitative basis for understanding the role of
acoustic impedance mismatch at microscopic crystalline/amor-
phous interfaces in acoustic propagation.

Acoustic wave propagation mechanism

Based on the block unit model, this section only considers the
propagation of sound waves within all block units. Sound waves
propagate within a material because molecules or molecular
chains vibrate outwards, causing adjacent molecules or chains
to move accordingly. Media such as gases, liquids, and metals
are typically composed of basic units at the atomic or molecular
level, while rubber is composed of long-chain polymers, result-
ing in a highly complex internal structure. The internal structure
of rubber materials can be divided into two parts: a cross-linked
network and molecular chain segments. Due to the difference in
wavelengths of sound waves at different frequencies, a scale ef-
fect exists in the propagation of sound waves in rubber materi-
als. Sound waves propagate through both the elastic cross-
linked network and the molecular chain segments with viscous
damping effects. For low-frequency sound waves with longer
wavelengths, most propagation occurs through large-scale
cross-linked networks dominated by elastic vibration. For high-
frequency sound waves with shorter wavelengths, propagation
occurs through both, as shown in Fig. 9.

During the propagation of high-frequency sound waves,
the elastic vibration of the cross-linked network and frictional
loss between the molecular chain segments are in competi-
tion. At a large scale, an increase in the number of crosslinked
networks reduces the amount of free polymer chains outside
the network, resulting in decreased dissipation of sound
waves during propagation. The changes in the sound trans-
mission properties of EUG materials were explained using a
two-factor competition effect comparison diagram (as shown
in Fig. 10). The two upward arrows 11 represent competitive
relationships. One upward arrow and one downward arrow
11 represent synergistic effects. The loss between molecular

https://doi.org/10.1007/510118-026-3854-8
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chain segments is characterized using the loss factor frequen-
cy spectrum curve measured by DMTA (Fig. 11). As shown in
Fig. 11(a), with the increase of sulfur content in EUG, the glass
transition frequency gradually shifts to lower frequencies, and
the loss peak area gradually increases, indicating that the
ability of molecular chain segments to move gradually in-
creases after the crystallization gradually disappears. The loss
factor of EUG with different crosslinking densities in the cor-
responding acoustic test frequency range (1-30 kHz) is shown
in Fig. 11(b). During the transition from region 1 (Fig. 3) to re-
gion 2 (Fig. 3), the number of cross-linked networks contin-
ues to increase, and sound waves are transmitted through
these cross-linked networks, which are dominated by elastic
response. As shown in Fig. 11(b), the loss factor of 1-3 phr S
EUG remains almost unchanged in the 1-30 kHz frequency
range. The loss of molecular chain segments remains stable
during this process and is therefore shown as "—" in Fig. 10.
An increase in the density of elastic cross-linked networks,
coupled with a constant loss factor and a reduction in crys-
tallinity, reduces internal acoustic reflections within the mate-
rial, ultimately enhancing the sound transmissivity of EUG,
with the high-frequency average transmission coefficient

Low frequency sound waves

Number of elastic

cross-linked networks

ver

sus

reaching 0.944. From region 2 (Fig. 3) to region 3 (Fig. 3), the
two influencing factors again exhibit a competitive relation-
ship (Fig. 10). The complete disappearance of crystallinity in
EUG increases the mobility of molecular chains, and the fric-
tional loss between molecular chain segments becomes dom-
inant. Even if the internally reflected acoustic waves com-
pletely disappear, the cliff-like decline in sound transmission
performance remains unavoidable. The detailed explanation
for the abrupt decrease in high-frequency transmission coeffi-
cient from 4 phr to 4.5 phr S EUG is further discussed in the
ESI based on DSC results and acoustic testing conditions (Fig.
S2in ESI).

From region 3 (Fig. 3) to region 4 (Fig. 3), the two influenc-
ing factors show a synergistic effect (Fig. 10). As shown in Fig.
12(a) and Table 5, the results indicate that the T, tané peak
value, and tané peak area of EUG exhibit significant varia-
tions with increasing crosslinking degree. In particular, the
tand peak value and peak area reach their maximum values
around 5 phr S, corresponding to the structural state where
the crystalline regions of EUG have almost completely disap-
peared. Due to the weakened restriction of crystalline re-
gions on molecular chain motion, the molecular chain seg-

High frequency sound waves

@ A chain segment consisting of n link units

A4

Frictional loss between
molecular chain segments

Fig.9 A schematic diagram of the sound wave propagation mechanism in rubber materials.
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Fig. 10 Comparison diagram of the two-factor competition effect of EUG sound transmission performance.
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ments possess enhanced dynamic mobility, resulting in
stronger energy dissipation capability. When the sulfur con-
tent is further increased, the chemical crosslinked network is
further strengthened, and the motion of the molecular chain
segments becomes restricted, leading to a subsequent de-
crease in the tand peak value and peak area. This indicates
that excessive crosslinking reduces the dynamic response ca-
pability of molecular chain segments. The crystalline regions
in the 5, 6, and 10 phr S samples had already disappeared;
therefore, their acoustic propagation behavior was mainly
governed by the combined effects of the crosslinked net-
work state and the dynamic dissipation behavior of the
molecular chain segments. Among these samples (Fig. 12b),
the 5 phr S EUG sample exhibited an average sound absorp-
tion coefficient of 0.61 in the high-frequency region (10-30
kHz), whereas the corresponding values for the 6 and 10 phr S
samples were 0.54 and 0.25, respectively. With further in-
creases in crosslinking density, the acoustic attenuation capa-
bility gradually decreased, which is consistent with the re-
stricted molecular chain segment mobility observed from the
DMA results. The high-frequency sound transmission perfor-
mance increases again owing to the synergistic effect of both
factors.

Due to the uniform dispersion of sulfur within the EUG ma-
trix, the vulcanized crosslinked network can be considered as
a continuous structural unit extending throughout the
macroscopic material scale. The acoustic response of rubber
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(a) Loss factor versus temperature curves of EUG with different sulfur contents; (b) Sound absorption coefficients of EUG samples with 5, 6

Table 5 Glass transition temperature (Tg), tand peak area, and tané
peak value of EUG samples with different sulfur contents.

Sulfur content (phr) T,(°C)  Peakarea  tand (peakvalue)
1 -50.1 5.16 0.12
3 -48.4 10.41 0.27
5 -47 34.30 1.75
6 -45.9 28.84 1.49
10 -42.05 28.64 1.37

materials exhibits a frequency-dependent structural scale ef-
fect, in which effective molecular chain segment units with
different characteristic scales participate in dynamic respons-
es under different acoustic excitation frequencies. At relative-
ly low acoustic frequencies, where the acoustic wavelength is
much larger than the characteristic scale of the material mi-
crostructure, acoustic propagation is mainly dominated by
the elastic response of the crosslinked network, while the
contribution of molecular chain segment dissipation is rela-
tively limited. With increasing acoustic frequency, more
molecular chain segment units with smaller effective scales
participate in the dynamic responses, resulting in an in-
creased contribution of viscoelastic dissipation and en-
hanced acoustic energy loss during propagation. Therefore,
for the same EUG material, the sound transmission coeffi-
cient in the low-frequency region is generally higher than
that in the high-frequency region. A detailed description of
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the effective molecular chain segment units and the frequen-
cy-dependent structural scale effect is provided in ESI.

During the transition from region 3 to region 4 (Fig. 3), the
low-frequency sound transmission performance of the EUG
samples with different sulfur contents initially decreases and
then remains relatively stable. When the crosslinking density
reaches a certain threshold, long molecular chains with large-
scale mobility in EUG are almost completely incorporated in-
to the crosslinked network, resulting in a saturation effect.
Consequently, further increases in crosslinking density exert a
negligible influence on the elastic response of the macro-
scopic crosslinked network and no longer significantly
change the low-frequency acoustic properties of EUG.

The acoustic transmission performance of EUG was bench-
marked against representative underwater acoustic materials,
demonstrating its competitive transmission capability and
tunable mechanical properties. Based on the balance be-
tween acoustic performance, mechanical properties, and
temperature stability, the 2 phr S EUG sample was selected as
the candidate formulation, while the 3 phr S EUG sample rep-
resented the formulation with the highest sound transmis-
sion performance. Detailed comparative analyses of the rep-
resentative underwater acoustic materials and multidimen-
sional performance evaluations are presented in Fig. S3 (in
ESI).

Deformation Analysis of Acoustic Components in
Water Flow Environment

To further demonstrate the mechanical properties of EUG in
practical applications, the strength of the EUG acoustic window
and the commonly used underwater acoustic chloroprene rub-
ber (CR) acoustic window were compared using a fluid-struc-
ture interaction numerical calculation. A structural model of the
EUG fairing was established based on the actual sonar dimen-
sions (Fig. 13a), as shown in Fig. 13(b). This model consists of
three parts: an acoustic window, a connector, and a rear flow
guide structure. The width, height and length are 800, 500, and
1200 mm, respectively, with an EUG shell thickness of 50 mm.
The acoustic window and rear flow guide structure are made of
EUG, while the connector is made of aluminum alloy. The geo-
metric parameters of the flow field model in the fluid-structure
interaction calculation are as follows: length of 8400 mm, width
of 4800 mm, and height of 4000 mm. The flow field model is
shown in Fig. 13(c), with the acoustic window facing the direc-
tion of incoming water flow. To reduce the time cost of the nu-
merical computation for fluid-structure interaction, the mesh
was divided using a cut volume method and locally refined, re-
sulting in a flow field mesh of 4593171. The SST K-Omega tur-
bulence model was selected for the steady-state calculations for

The monitor point

the steady flow field. After the residuals converged, the model
was modified to perform transient calculations of the unsteady
flow field. The inlet velocity was set to 7.716 m/s (approximately
15 knots).

Fluid-structure interaction (FSI) analysis was conducted us-
ing a partitioned solution approach, in which the fluid loads
(pressure and shear stress) were transferred through the flu-
id-structure interface into the structural governing equa-
tions to solve the structural response. The time step was set
to 0.001 s, maximum number of internal iterations was five,
and the maximum physical time was 5 s. The boundary condi-
tion is that the flange end of the fairing is fixed. The material
parameters of the fairing structure are subsequently intro-
duced. The material properties of EUG and aluminum alloy
were modeled using a linear elastic constitutive model, with
Young'’s moduli of 196.94 and 70000 MPa, respectively. The
material properties of CR were characterized using a third-or-
der Ogden hyperelastic constitutive model (Eq. 12):

w=Y" za—[;” (A% 4 A% 4 A% —3) (12)
where W is the strain energy density function; N is the model or-
der; Ay, Ay, and A; are the principal elongation ratios; and a,, and
B, are material parameters. The fitted parameters obtained from
the uniaxial tensile experimental data are as follows: a,=3.2440,
B,=—-0.4193 MPa, 0,=3.7466, $,=0.2034 MPa, a;=—4.7379, and
B3;=1.1683 MPa. Compared with the experimental data, the fit-
ted results exhibited a coefficient of determination (R?) of
0.99987, as shown in Fig. 14(a). The velocity distribution con-
tour of the fairing in a flow field with a water velocity of 7.716
m/s is presented in Fig. 14(d), while the contour of the absolute
pressure distribution on the fairing surface under water flow im-
pact is shown in Fig. 14(e). The maximum pressure acting on the
fairing was located at the center of the acoustic window, where
the local flow velocity was minimal. To compare the mechanical
strengths of EUG and CR more intuitively, a monitoring point
was established at the center of the acoustic window, as illus-
trated in Fig. 13(b). The maximum displacement at the monitor-
ing point of the EUG-based fairing was 2.67 mm (Fig. 14b),
whereas that of the CR-based fairing reached 161.32 mm (Fig.
14c), representing a difference of approximately 60 times be-
tween the two materials. The displacement contour of the EUG-
based fairing at the moment of the maximum displacement at
the monitoring point is presented in Fig. 14(f). The correspond-
ing displacement contour of the CR-based fairing is shown in
Fig. 14(g). Under a water flow velocity corresponding to a sail-
ing speed of 15 knots, the fairing based on EUG was able to
maintain its fundamental structural shape, whereas a pro-
nounced depression appeared in the acoustic window region of
the CR-based fairing, which may adversely affect the normal op-
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Fig. 13 (a) Acoustic components for installing sonar; (b) Fairing model designed according to sonar dimensions; (c) Flow field model of the fairing.
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Fig. 14 (a) Comparison between the Ogden_N3 constitutive model fitting results and uniaxial tensile test data of CR; (b) Displacement versus time

curve of the monitoring point for the EUG matrix fairing at a water flow velocity of 7.716 m/s; (c) Displacement versus time curve of the monitoring
point for the CR matrix fairing at a water flow velocity of 7.716 m/s; (d) Contour plot of velocity distribution in the fairing; (e) Contour plot of
pressure distribution on the fairing surface; Contour plots of displacement distribution at the instant of maximum displacement of the monitoring

point for the (f) EUG matrix fairing and (g) CR matrix fairing.

eration of the overall structure.

CONCLUSIONS

This study systematically investigated the mechanical and
acoustic behaviors of EUG materials with different crosslinking
densities.

(1) Regarding the mechanical properties, the crystallinity of
EUG was regulated by varying its sulfur content. With increas-
ing sulfur content, the mechanical response gradually transi-
tioned from elastoplastic to hyperelastic. At a sulfur content
of 3 phr, the yield behavior disappeared, representing a tran-
sition state between these two regimes. The crystalline re-
gions play a critical role in maintaining the mechanical prop-
erties of EUG.

(2) The sound transmission behavior of EUG exhibited
strong dependence on the crosslinking density and was clas-
sified into four structural regimes: (1) high crystallinity (0-1
phr S), (2) medium-low crystallinity (2-4 phr S), (3) non-crys-

talline state (4.5-5 phr S), and (4) high crosslinking density
(6-10 phr S). The 3 phr S EUG sample exhibited excellent
sound transmission performance, with average transmission
coefficients of 0.980 and 0.944 in the low- and high-frequen-
cy regions, respectively. Based on a continuum assumption, a
“block unit” model was proposed to reveal the role of micro-
scopic acoustic impedance mismatch in sound transmission.
The competitive contributions of the elastic crosslinked net-
works and viscoelastic molecular chain segment dissipation
were further proposed to explain the frequency-dependent
acoustic response of rubber materials. Multidimensional per-
formance evaluation identified the 2 phr S EUG sample as the
candidate formulation with a balanced combination of sound
transmission performance, mechanical properties, and tem-
perature stability, while the 3 phr S EUG sample was identi-
fied as a representative high-transmission formulation.

(3) The stiffness characteristics of EUG- and CR-based fair-
ings were evaluated using a numerical fluid—structure interac-
tion method. The maximum deformation of the acoustic win-

https://doi.org/10.1007/510118-026-3854-8


https://doi.org/10.1007/s10118-026-3854-8
https://doi.org/10.1007/s10118-026-3854-8
https://doi.org/10.1007/s10118-026-3854-8
https://doi.org/10.1007/s10118-026-3854-8
https://doi.org/10.1007/s10118-026-3854-8
https://doi.org/10.1007/s10118-026-3854-8
https://doi.org/10.1007/s10118-026-3854-8

Pan, G. et al./ Chinese J. Polym. Sci. 13

dow in the EUG-based fairing was approximately one-sixtieth
that of the CR-based fairing, demonstrating the superior
structural stability of the EUG-based acoustic components.

Owing to its excellent sound transmission capability and
mechanical performance, EUG shows great potential as an
acoustic material for high-speed underwater vehicles. This
study provides new insights into the sound transmission
mechanisms of semicrystalline polymer materials and offers
guidance for designing polymer acoustic materials with opti-
mized aggregated structures.
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Crosslinking-density-regulated crystallinity governs the sound transmission behavior and mechanical properties of Eu-
commia ulmoides gum, providing mechanistic insights for the design of high-performance underwater acoustic materials.
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