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Abstract

This study focuses on the constitutive model including temperature and pressure effects to
investigate the dynamic, mechanical and acoustic properties of elastomers in frequency domain
under different underwater conditions. The developed constitutive relation is based on
Harvriliak-Negami (H-N) model by implementing experimental Young’s modulus data and by
using Williams-Landel-Ferry (WLF) shift function for relaxation time calculation. The H-N
model accurately captures the dynamic mechanical modulus for wide range of frequencies for
constant temperature and pressure based on measured DMTA (dynamic mechanical thermal
analysis) data. Since the WLF shift function is related with the relaxation time for different
temperatures and pressures, the proposed model represents a simple and accurate prediction of
dynamic modulus for varying external conditions. Relationship between Young’s modulus and
acoustic properties of the rubber structure can be established by investigating the hydro-wave
propagation process. The predictions from the proposed model are verified by comparing with
mechanical and acoustic experimental data at different temperatures and pressures.
Additionally, the parametric study is conducted to investigate the effect of H-N parameters on
mechanical and acoustic properties of elastomer materials. The proposed model can be used to
predict the mechanical and acoustic properties in different environmental conditions accurately.
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[ . INTRODUCTION

Elastomer materials with large internal friction and good damping capabilities are able to
effectively absorb incident acoustic energy, thus usually being utilized as underwater anechoic
tile for acoustic insulation.! Due to the viscoelasticity of elastomers, the acoustic performance
depends on the temperature, pressure, and frequency. Currently, the broad-band acoustic
performance of elastomers in different external conditions is difficult to implement by
laboratory methods and in-situ measurements, especially in low-frequency range.

Acoustic performance of elastomers can be predicted based on dynamic mechanical response
in different underwater environmental conditions.> Constitutive models are implemented to
describe the mechanical response of elastomers. Generalized Kelvin model and Maxwell liquid
model are usually used to calculate frequency-dependent mechanical properties, such as the
storage modulus and the loss factor.® The viscoelastic fractional relaxation models have better
contribution to dynamic response measurements,*> hence the generalized high-order models
such as Kelvin-Voigt model and Zener model have been widely developed and applied.>®
Besides, the measuring techniques for dynamic mechanical properties are investigated by using
different techniques. Linear viscoelastic modulus of complex fluids can be obtained by optical



measurement based on generalized Langevin equation for Brownian motion.” Nanoindentation
on viscoelastic material is another advanced technique involving displacement data from nano
indenter. The test data is used to obtain viscoelastic modulus properties as a function of
frequency.® The nano indentation continuous stiffness measurement technique based on
hereditary integral operator develops complex viscoelastic modulus functions with better
accuracy compared to conventional data from DMTA.’ Flat punch nanoindentation is another
technique to measure the complex modulus of linear viscoelastic solid in relatively lower
frequency range (0.01-50Hz).!° Those measured data must be representative of steady-state
harmonic motion and linear viscoelasticity under constant temperature and pressure.

The numerical master curve for mechanical response can be fit by Sigmoidal function,!! but
it cannot provide high accuracy in some frequency range. Havriliak-Negami model shows an
empirical function for the dynamic mechanical response of viscoelastic materials,'?
accurately describing the mechanical behaviors in frequency domain. Jeffrey et al. proposed a
numerical curve-fitting method to analysis DMTA data,'> which can be described by H-N
model.'* The H-N model is established by determining four temperature-independent
parameters and one temperature-dependent parameter. Furthermore the mechanical parameters
in wide frequency range can be obtained by using H-N model. The curve-fitting method for H-
N model is then improved by Dong Hao et al.!® and validated by carbon black filled rubbers.
Parameter identification method for H-N model are widely utilized in mechanical analysis of
viscoelastic materials, such as asphalt concretes,'®!"!8! epoxy composites®® and
multifunctional viscoelastic structure.?! Effect of frequency and temperature on dynamic
mechanical parameters and the identification process for H-N constants are considered by
previous researchers.? 2

The researchers also investigate the acoustic properties for elastomers for various structures.
242526 Elastomers have the characteristics of both elastic solid and viscous fluid. Therefore,
microscopic chains of elastomers always cause acoustic energy loss by internal friction and
resonance”” ?® which are affected by temperature and pressure especially for underwater
conditions. Underwater acoustic measurement methods have been developed to determine the
absorption and transmission performance of polymers, and relevant test systems have been
established.?’ Impulse method and transfer function method for acoustic measurement in water-
filled tubes are comparatively sophisticated, and have been improved by many researchers.*%!
Free field method, which is similar to real underwater conditions, is usually implemented in
in-situ tests, but measurement accuracy of the method needs to be improved.**** Underwater
acoustic response is also simulated numerically by Fulei Zhou et al.3* They established acoustic
tube by using COMSOL solid mechanical and acoustic module, in which the absorption
boundary is simulated by using PML.?*> Another numerical method to calculate the acoustic
performance of elastomers is by inversing mechanical parameters such as bulk and shear
modulus. These parameters are used to find reflection and absorption coefficient via
mathematical models.*®3”-*® However the acoustic boundary is not taken into account in this
method.

In this study, mechanical and acoustic performance of elastomers in different temperatures
and pressures are investigated. Frequency dependent viscoelastic material model is suggested
for more realistic underwater conditions. In the proposed model, a fitting method for H-N
parameters for a wide range of frequency is used. Direct calculation of relaxation time from
improved WLF shift equation which considers both temperature and pressure effect is
developed. Furthermore, the developed model can be used to predict absorption performance
based on the relation between acoustic and mechanical performance. The sensitivity analysis
for H-N parameters provides better basis for practical application of elastomer structures for
different underwater conditions. The proposed model is easy to implement to DMTA data for
a single test condition. The verification of the proposed model is shown by comparing with the



experimental data.

II. THE ESTABLISHMENT AND APPLICATIONS OF H-N TEMPERATURE-
PRESSURE MODEL

Viscoelastic H-N model builds a relation between complex modulus, rubbery modulus and
glassy modulus. The normal expression of H-N model can be represented as®
1+ (iwr)*)  ~

where E” is the complex modulus, E, is the rubbery modulus in low frequency stage, E

0

E(w,7)= (1)
is
the glassy modulus in high frequency stage, & is the parameter related with loss peak width,
[ is the parameter related with loss peak symmetry, and 7 is the relaxation time. It should be
noted that the parameters E,, E_, a, B are independent of environmental conditions, on the
other hand the parameter 7 depends on temperature and pressure field.

The complex modulus can be described by the storage modulus E' and the loss modulus E”
as

E*=E’+iE" (2
with
(E, — E_)cos(B0)
[1+2(w7)* cos(ar / 2) + (w7)** 1"
(E, — E,)sin(B0)

[1+2(w7)” cos(ar / 2) +(w7)** "
The relation between storage modulus E' and the loss modulus E” are defined through loss
factor, tanS as

E'=real(E")=E_ +

3)

E"=imag(E") =

“)

fan s — E"_ (E, — Ey)sin(S0) )
E' E_[1+2(wr) cos(ar/2)+(wr)**1"* +(E, - E,)cos(36)
in which @=arctan (a”)a sin(a7/2) .
1+ (@7)" cos(a/2)

A. The calibration of viscoelastic H-N model

The relation between the storage modulus and the loss factor can be represented by the
Wicket figure®® based on the thermal rheological properties of elastomers. By using Egs. (3-5)
the loss factor as a function of storage modulus for elastomer is represented in Fig. 1. The

Wicket curve for elastomer is obtained by using E,=1 MPa, E,=3MPa and a=$=0.5. As it

can be seen, the shape of the Wicket figure is same for different relaxation times. This is also
observed by previous researchers. %2
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Fig. 1 Wicket figure for viscoelastic material in different relaxation times.

The Wicket curve can be used for determining four environment-independent parameters. In
DMTA experiment, loss modulus, E” and loss factor, tand are measured as a function of
frequency. The calculated complex modulus is also obtained based on the initial values for H-
N parameters E,, E_, «, f with 7=1. The optimized values of H-N parameters can be
determined based on Levenberg-Marquardt method by using MATLAB optimization toolbox.

According to Levenberg-Marquardt method, new H-N parameters are estimated in a range

specified values at each iteration as 10 for parametera , B and 107 for parameter E,, E_ . The
convergence criteria are specified based on Wicket and Cole-Cole error formulas* as

_ Zf|Er’r'1ea - E!al ’
Fi= " ©)
Zf|Emea
e Z f |10g(tan Orea ) —log(tan &, ) o
2 Zf|log(tan5mea)2

in which F represents the Wicket error formula and F, represents the Cole-Cole error

2

formula ®. E/ . and E[, represent the measured and calculated loss modulus, respectively.
tano,,, and tanJ,, represent the measured and calculated loss factor, respectively. The
convergence tolerations are specified as 10? for objective function F, and 10 for objective

function F,. The procedure for Levenberg-Marquardt method can be summarized in Fig.2

Table 1. Basic relative properties of elastomer specimens

Relative Tensile Tear strength Hardness (Shore Strain energy
. strength y A release rate
properties (MPa) (N/cm) ) (kI/m?)
chloroprene
rubber 0.89 21 71.5 6.69
specimen
neoprene
rubber 1.19 32 73.5 2.07

specimen
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Fig. 2 Flow chart for Levenberg-Marquardt method to obtain H-N parameters.

After finding the H-N parameters, the expression for relaxation time, 7 can be calculated
13

by using Eq.(1) for given complex Young’s modulus E (®) as
{1og(exp(1og((E0 —E,)/(E - Ew))/ﬂ)—l)/a}
®)

w

During DMTA tests, a solid cylinder chloroprene rubber specimen with the diameter of
114.8mm, the height of 48.6mm and mass density of 1463.1kg/m® is used. Relative tensile and
mechanical properties of the chloroprene rubber specimen have been provided in Table 1. The
DMTA data for storage modulus and the loss factor are obtained at different frequency points

under 20°C and room-pressure. Table II shows the initial and optimized values of E, E_, &,

T=-iexp

[ . Substituting the optimized H-N parameters into Eq. (3) and (5) the Wicket curve is obtained.

Fig.3 represents the Wicket curve and its comparison with the experimental data. As it can be
seen from the comparison, the model predicts the experimental data very well.
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Fig. 3 Wicket figure comparison of H-N model and DMTA measuring data.



The mechanical master curves for storage modulus and loss factor are expanded into
continuous frequency range based on H-N model in Eq. (3) and (5). Fig. 4 shows that DMTA
data fits very well with the master curves. The H-N broadband model can be easily expanded
to fit DMTA data.
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Fig. 4 Mechanical parameter expansion in 0-10kHz frequency range by H-N model. (a) the storage
modulus in 20°C (b) the loss factor in 20°C.

B. The improvement of WLF shift function

By using WLF (Williams-Landel-Ferry) shift function, the effect of temperature from T, to
T on H-N parameters will be included by modifying the relaxation time, 7 as

—C,(T-T
g =log(D) == T

in which ¢ is the temperature transfer factor ; T, is the reference temperature; 7 and 7, are

©)

the relaxation times corresponding to T and T, respectively. C, and C, in Eq. (9) are
empirical parameters related to thermal expansion coefficient, only depending on the reference
temperature, 1.

If the reference temperature T, is chosen as glass-transient temperature, the approximate

41

values of empirical C, and C, parameters are provided by Williams,*' otherwise these

parameters need to be recalculated. The empirical parameters are recalculated based on new
reference temperature. It is assumed that the previous reference temperature is glass-transient

temperature, T, and the new reference temperature isT,, =T, +AT . The empirical parameters

C/ and C, with respect to T,, are obtained as **

Cr — C1C2
'C+AT (10)
C,=C,+AT

It is worth noting that the empirical parameters in WLF shift function can be transformed
with respect to reference temperatures. The values of C[, C, for the different reference

temperatures, I, can be calculated by using Eq. (10) in whichC,, C, are determined at a

certain reference temperature T, (such as glass-transient temperature Tg ).

Additionally, pressure has also significant effect on the mechanical properties of elastomers.



This phenomenon has been well explained by Losi and Knauss.* It is based on the free-volume
theory of elastomers. The higher pressure leads to the less available free volume, which means
the thermal response of the elastomer is much closer to that at the glass transition temperature.

The transfer factor in Eq. (9) can be modified by including the effect of pressure, P and
temperature, T as

~C/(T-T,, -0(P)
C,/ +T-T, -0(P)
where Ty, is the reference temperature; C/, C, are the empirical parameters at temperature
Ty, -

log¢T,P =

(11)

C. The establishment of H-N temperature pressure model

The thermal response of the elastomer highly depends on temperature and pressure. Based
on DMTA data of the storage modulus and the loss factor at constant temperature T,, and

pressure B, (P, is usually specified as room-pressure), the relaxation time 7 (T,,,P,, ) in this

condition can be calculated by using Eq. (8).
The relaxation time (T , P) for different temperatures and pressures can be determined by

r(T,P)zr(TM,PM)(Iir’P (12)
in which ¢ , is the transfer factor from (T,,, P, ) to (T,P).

Similarly, the storage modulus for different temperatures and pressures can be obtained by
modifying the relaxation time 7 as

E'[,7(T,P)]=E [@,7(Ty, Py )¢ 5] (13)
The effect of pressure on glass-transient temperature can be expressed as*®’
Tgp =T, +KXAP (14)

in which T, ;) is the glass-transient temperature at pressure P, and T; is the glass-transient

temperature at room-pressure. Generally, x=0.25K/MPa* for most rubber-like material.

Therefore, Eq. (14) becomes
-

(9.P)

=T, +0.25x AP (15)
According to WLF equation, the transfer factor, o for environmental condition (T ,P)

can be determined by following equation
ogdh - Ci(T—Tigp) _ C/(T-T,-025x4P)
"G+ (T =Ty,) C+(T-T,—025xAP)

(16)

in which C, and C, are empirical parameters at temperature T . On the other hand, if the
DMTA measurement temperature T,, is chosen as the reference temperature, the transfer factor,
¢ , for environmental condition (T ,P') becomes

C/(T-T, —0.25xAP)
C,+(T-T, —0.25xAP)

Here C| and C, are empirical parameters at temperature T,, and can be evaluated by Eq. (10),

logg, , = (17)

since the effect of pressure on WLF empirical parameters is ignorable. Hence, the H-N
temperature-pressure model for any environmental condition (T , P ) can be derived based on

the mechanical response under the condition (T,,, PR, ) as



_ C{(T-Ty —025*AP)

E'(@,7(T,P)) = E[w,z(T,,, P, )10 & T 0274 (18)

[II. RELATION OF MECHANICAL AND ACOUSTIC PERFORMANCE

A. The relation of physical parameters and mechanical properties

The relation between complex Young’s modulus and loss angle & can be represented as
E" =E(cos@+isiné) (19)
where p is the material density, C is the wave speed amplitude and E = pC’ is the amplitude

of complex Young’s modulus. The storage modulus represents the real part of complex
Young’s modulus as

E' = pc’ cosé (20)
Therefore, the longitude wave velocity can be determined as
c=+E'/(p-cosh) (1)

The complex wave number can be represented in terms of wave frequency, complex Young’s
modulus and material density as *

k=0(£)" =0 £__
E E(cosf +1isin )

e o]

—K'—ip
where £ is the attenuation coefficient and it can be defined as
B= a)(%o,sg)l/2 -sin% (23)

B. The relation of physical parameters and acoustic performance

Fig. 5 represents the acoustic performance test by water-filled tube. During the test, the
elastomer specimen is placed in the terminal of the water-filled tube.
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Fig. 5 Wave propagation process in elastomer specimen.

In order to get a relation between the physical parameters and acoustic performance, it is



assumed that the specimen, water and air are semi-infinite and homogeneous media. It is also
considered that the plane sound wave is incident toward the specimen surface through the water.
The  characteristic  impedance  of the water can be  expressed as

Z, = Proster * Coter =1-480x10° Pa -s/m*, the characteristic impedance of the elastomer specimen

i8S Z, = Pygciven "Cypecimen~ and the  characteristic ~ impedance  of the air is

Z, = p,, -Cy=415Pa-s/m’, respectively.

After multi-reflection and transmission between front and rear layers of the specimen, the
internal spatial sound pressure P,, the particle vibration velocity, V, and the input impedance

Z,,, of the specimen can be represented as*

P — p2 iwt — (Ae—ikz + BeikZ)‘eiwt (24)
___I_dt___.%. iot
iop ot
K (25)
=——(B |kz Ae |k2) em)t
wp
1+E
2in " pZ(X)|x0 = (A+B)_Zz' A (26)
v, (X) A-B - B
A

According to sound pressure and impedance continuity criteria at the interface at X =0, the
complex coefficients of sound reflection and transmission are determined as*
_Z,(Z,-Z,)coskd + i(Z; -Z,Z,)sinkd

—3 ; 27
Z,(Z,+Z,)coskd +i(Z; +Z,Z;)sinkd
22,2,
= Py - (28)
Z,(Z,+Z;)coskd +i(Z, +Z,Z,)sinkd
Finally, acoustic absorption coefficient can be expressed as®
a=1-r’—t (29)

IV. THE PERFORMANCE PREDICTION RESULT FOR AN ELASTOMER
SPECIMEN

A. The mechanical and acoustic performance prediction in different external condition

A neoprene rubber specimen with the diameter of 118.2mm and the thickness of 45.1mm is
used in mechanical and acoustic experiments. The specimen is fabricated by periodically
arraying conical air cavities in the neoprene rubber matrix with lattice constant a =34.55mm
as shown in Fig 6. The air cavities in the specimen have diameter of 20.0mm, height of 30.0mm
and the tip angle of 18.5°. The mass density of neoprene rubber is 1457.9 kg/m®. Relative

tensile and mechanical properties of the neoprene rubber specimen have been provided in Table
L.
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Fig. 6 Schematic diagram of the specimen B: (a) the structure of the specimen with periodical air cavities in
the neoprene rubber, (b) the cross section of the specimen.

The storage modulus, the loss factor and the absorption coefficient data are obtained at room-
pressure and at various temperatures: 10°C, 20°C, 30°C, 40°C. The storage modulus and loss
factor are measured by DMTA experiment, while absorption coefficient is measured by water-
filled tube experiment using transfer function method. 46

The H-N model is established based on the DMTA data including storage modulus and loss
factor measured at 20°C and at room-pressure. The H-N parameters are obtained by using
MATLAB optimization toolbox as described in Section II. A. Table II summarizes the initial
and optimized values of four environment-independent parameters. The relaxation time for this
environmental condition is derived by using Eq. (8). After calculating the H-N parameters, the

empirical parameters for WLF shift function are calculated by using Eq. (10) as Cl' =21.3 and
C, =423,

Table II. Initial values and optimized values of model parameters

Parameter E, (Pa) E,(Pa) a B
chloroprene Initial Value 3.0x10 3.0x10° 0.5 0.5
rubber Optimized ; )
specimen Value 2.118x10 4.806%10 0.711 0.462
neoprene Initial Value 3.395x10’ 6.292x10° 0.288 0.628
rubber Optimized ; ;
specimen Value 2.779x10 4.994 %10 0.486 0.639

Based on H-N temperature-pressure model described in Section I1.C, the storage modulus is
calculated by using Eq. (18), loss factor is calculated by using Eq. (5) and absorption coefficient
is calculated by using Eq. (29). The predicted and measured mechanical and acoustic properties
as a function of frequency as presented in Fig. 7-9. As it can be seen from the results, the
proposed model predicts the experimental results very well.
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As it can be seen from Fig. 7, the predicted storage modulus compares very well with the
experimental measurements. The maximum deviation between the predicted and experimental
data, observed at 10° Hz at 10°C, is 6.7%. On the other hand, for higher temperatures, the
maximum deviation decreases down to 3.4%.

Similarly, as it can be seen from Fig. 8, in high frequency range, the maximum deviation



between the predicted and experimental data for loss factor decreases from 10.5% to 2.8% with
the increasing of temperature. On the other hand, in low frequency range below 50Hz, the
maximum deviation between the predicted and experimental data for loss factor remain 13%
for each temperature condition. It is also observed that the measured loss factor data are slightly
larger than the model predictions in all frequency range.

For the sound absorption coefficient, model prediction represented by solid lines cover the
whole frequency range from 1-10kHz with similar absorption values of 0.00145 in the origin
points for different temperatures, while the experimental results represented by dash lines with
stars are discretized data which are obtained at 200Hz for 10°C and 400Hz for 20°C, 30°C and
40°C respectively. As it can be seen in Fig. 9, the sound absorption coefficients predicted by
the model are in good agreement with measurement data, especially near the absorption peak
below 3kHz. In the frequency range above 4kHz, there is still a good agreement between
predicted and measured data at 10°C and 20°C. On the other hand, maximum deviation
between the predicted and experimental data is 15% for 30°C and 40°C. As it can be observed
from the figure, the measured data shows instabilities at these temperatures. Two absorption
peaks are observed at around frequencies 2000Hz and 5500 Hz. The air cavities in the structure
cause the friction between the air and neoprene rubber. As a result, two modes of absorption
peaks appear in the observed frequency range. The absorption peak slightly moves to the low
frequency range and the amplitude decreases as the temperature increases.

Furthermore, the mechanical and acoustic responses of the specimen in wide frequency
domain at pressure range 0MPa-30MPa with interval of 10MPa and temperature range 0°C-
40°C with interval of 10°C have been predicted by using the proposed model. As shown in Fig.
10-12. the storage modulus, loss factor and sound absorption depend on temperature and
pressure. As the temperature decreases, storage modulus increases as shown in Fig.10, and
increasing rate of storage modulus is larger in lower pressures.

Meanwhile, the loss peak moves towards low frequency range in higher pressures and lower
temperatures as shown in Fig.11. As for absorption coefficient shown in Fig. 12, pressure rise
leads to absorption coefficient drop, which is more significant in lower temperatures. Those
characteristics are identical to the neoprene rubber performance in practical applications.
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Fig. 10 Prediction of storage modulus at a range of temperature and pressure. (color online)
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Fig. 11 Prediction of loss factor at a range of temperature and pressure. (color online)

>y

- ' | |
L B ””H |H

. B .

E {04
i UM 1 g los

0 {02
N Uy i ' 10
10°
20

5 30 Press p.
Frequency (Hz) 10 ressure (Pa)

Fig. 12 Prediction of sound absorption at a range of temperature and pressure. (color online)

B. The multiple parameters sensitivity analysis of H-N temperature-pressure model

The sensitivity analysis of environment-independent parameters in H-N model is used to
investigate the effect of each parameter on mechanical and acoustic responses which leads to
a better foundation for structural design of elastomers.

In order to calculate the effect of environment-independent parameters, &, S, E,,E_on

mechanical and acoustic properties, E', tand, a, incremental value of each environment-
independent parameter are successively substituted into H-N model by keeping other
parameters at their optimized values. Table III shows the range of each environment-

independent parameter. Fourth column in Table III represents the optimized values for each
environment-independent parameter.

Next the RMS (root mean square) value of mechanical and acoustic properties are calculated

as
o= /zN: x*(n)/ N (30)

where N represents the total number of frequency points, X represents the response of each



parameter at corresponding frequency point.

Table III. Environment-independent parameters incremental values

Parameter 1 2
a 0336 0.386
B 0.489 0.539
E,(Pa)  1279x10"  1.779x10’
E.(Pa)  3494x10° 3.994x10°

3
0.436
0.589

2.279x10’

4.494 x10°

4

0.486
0.639

2.779 %10’
4.994x10°

5
0.536

0.689
3.279%10’

5.494x10°

6 7
0.586 0.636
0.739 0.789

3.779x107  4.279x10’
5.994x10°  6.494x10°

The RMS curves for mechanical and acoustic properties are shown in Fig. 13. These curves
reflect the change of each mechanical and acoustic property for a range of frequency and

environment-independent parameters. As observed from the results, increasing E_, & and g

leads to larger RMS values of absorption parameter, which means better acoustical absorptivity.

P
0.4 - /
[2]
= o
0.35 P
o
03 -
o
025 * —A—tans
* * —=a
0.2 * E
035 0.4 0.45 05 06 065
o
(a)
B— —e——=
05
0.45 )
AN
.
0 04 ~
= A
o ~ —A—tang
% —=—a
0.35 ) e E
K ~A_
~A
03F ¥
¥ . . . .
1.5 2 25 3 4 45
E x107
(c)

10°

RMS

0.6 [

05
0.45
0.4 f

2

Z 035
03f
025
02f

0.15

RMS

0.65

0.6 [

0.4

0.35 -

—A—tans

45

e

5

(d)

55

6

6.5
%108

Fig. 13 Influence of (a) &, (b) 3, (c) Eo and (d) E_ to the RMS of each target: storage modulus E', loss factor

tan o and absorption coefficient a .(color online)

Furthermore, sensitivity analysis can be obtained by perturbation method based on the RMS

curves.

The sensitivity of each environment-independent parameter to mechanical and acoustic

properties can be expressed as

S, =[0(B, +AB)~o(B)]/ 4B,

(€2))

where x represents the environment-independent parameter, B represents the mechanical and
acoustic property and i represents number of interval (i=1,2,---,7)

The parameter sensitivity for the whole feasible region can be obtained by



5, = [-3s: (32)
nig

The environment-independent parameters sensitivity analysis results are shown in Table IV.
It is found that the parameter £ has significant effect on the storage modulus with respect to

other parameters. The parameter & has significant effect for the loss factor and absorption
coefficient.

Table IV. Sensitivity analysis result of environment-independent Parameters

Storagizpl;/iodulus Loss Factor Absorption Coefficient
a 0.027 0.579 0.124
B 0.418 0.488 0.102
E,(Pa) 6.601x107"° 5.006x10° 7.168x10™"
E, (Pa) 1.131x107 1.251x10™° 1.847x107"

V. Conclusion

The main objective of this study is to develop a prediction model for mechanical and acoustic
performance of elastomers in different environmental conditions. It specially concerns the
improvement of H-N model and WLF shift function. The H-N temperature-pressure model is
expressed based on the DMTA data for limited frequency points and single environmental
conditions. The absorption parameter is determined by using mechanical properties. The
sensitivity analysis for four environment-independent parameters in H-N model is constructed
for a range of storage modulus, loss factor and absorption coefficient. The predicted results for
mechanical and acoustic response concerning different temperatures and pressures are verified
by comparing them with experimental data.

As a further investigation on dynamic performance model, active damping behaviour of
smart magneto-rheological material which can be utilized for anechoic coating and vibration
damping in submarines will be considered.
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