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Abstract

For good mechanical design, damping is often still an invisible requirement. Nitrile Butadiene Rubber
(NBR) has a wide range of applications as a damping and sealing material. To offer the long-term
service of NBR, it is important to estimate the degradation of modal properties under complex
mechanical and environmental loading. The present work aims to correlate the experimental data with
generalized higher-order Maxwell models and curve fitting techniques to find the damping
characteristics of NBR in low-frequency ranges with age. Nitrile Butadiene Rubber (NBR) is assumed
to be homogeneous and isotropic, and it is allowed to age naturally in the oxidative environment with
no load. Mechanical tests are performed to find hardness, true stress-strain behavior, and failure stress
of virgin NBR and the naturally aged NBR. Deterioration of damping ability of NBR is studied by
Dynamic Mechanical Analysis (DMA) tests to relate the complex properties of naturally aged material
at an operating temperature of 40 °C, with virgin material in the frequency domain. The developed curve
fitting techniques are well acceptable with experimental data and higher-order maxwell models.
Relaxation modulus in shear mode is calculated for virgin and aged NBR. Based on experimental
results, it has been observed that the Mechanical properties, such as yield strength, tensile strength,
Elastic modulus are deteriorated with natural oxidative aging. Modal properties of NBR namely storage
modulus by 52%, loss modulus by 66%, loss factor by 31%, relaxation modulus by 43.9%, and damping
coefficient by 31.25%, as well as damping ability has deteriorated with age.

Keywords: Damping, DMA, Frequency, Maxwell model, NBR.

INTRODUCTION

Viscoelastic materials, due to their versatility in nature, are having a wide range of applications. The
nitrile butadiene rubber (NBR) is one of the most serviceable viscoelastic materials due to its good
mechanical and physical properties. It is
manufactured by emulsion polymerization of
butadiene and acrylonitrile and is widely used as a
sealing element to prevent leakage and avoid
transferring vibration to sensitive components at
low natural frequencies. Apart from many other
physical ~ damping  mechanisms,  isotropic
homogeneous  viscoelastic  materials  exhibit
damping behavior which is a function of time and
temperature. During the service period, NBR is
subjected to complex mechanical loading and
environmental conditions. However, to ensure
reliability and safety during the long-term process,
it is inevitable to estimate the degradation of
mechanical characteristics [1] such as tensile
strength [2, 3], elongation break [4], Hardness [5],
and damping performance [6, 7]. Especially in
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damping applications used in the mounting of
electronic components, deterioration of NBR’s
viscoelastic nature with aging will raise to loss in
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performance which leads to devastating failure of the components. When the material is subjected to
external loading, the viscous portion in the material utilizes the energy to deform in shear mode and
create an opposing force by dissipating the heat energy [8]. Complex shear modulus G’ is a measurement
that describes the energy dissipation of viscoelastic material in shear or compression mode and is
determined by dynamic mechanical tests. From the fundamentals of viscoelasticity, it is fact that, when
the viscoelastic material is subjected to harmonic stress, the resulting strain is also harmonic by the
same frequency with a phase lag [9]. It is because of the dissipation of energy during deformation by
viscous element. In recent years very little research is originated to study the degradation of damping
characteristics of viscoelastic materials with ambient oxidative aging.

Y. S. Ko et al. [10] modified the Weissenberg rheogoniometer to estimate the loss and storage
modulus of viscoelastic solids under free and forced vibrations. C. S. Woo et al. [11] predicted the
useful lifetime of NBR and EPDM rubbers by accelerated aging technique in the thermo-oxidative
environment from various temperature and time ranges. The results show that the stiffness of polymers
increases with aging time. The activation energy also changes with time and temperature and the
polymeric properties of NBR changes highly than EPDM. M. Vasina et al. [7] work is focused on the
dissipation of heat energy during cyclic loading and its relation with damping. It is observed that the
loss factor significantly affects the excitation frequency for rubbers. Y. Qian et al. [12] investigated
NBR aging tests systematically under compression at operating temperatures in transformer oil and
proposed an evaluation index to predict the service lifetime. B. Musil et al. [13] in his research paper
proposed a continuum mechanical model to predict the aging behavior of the NBR in air and oil
environment. Nait et al. [14] worked on new developments in the area of fracture of rubbers and the
influence of aging on mechanical properties. The stress limiter and the energy limiter approaches are
used to find the failure stress and strain in elastomers under uniaxial tension. J. Liu et al. [15] concluded
that aging is caused for surface damage of NBR and makes the material inhomogeneous [6].

Nevertheless, many studies [16-23] are there with accelerated aging techniques under various
environmental conditions, very rare studies are found on damping performance degradation of naturally
aged NBR and comparison with virgin material. In this paper, to investigate the performance
degradation of NBR, it is allowed to age naturally for about two years in the laboratory in oxidative
environmental conditions. A virgin sample of the same mechanical, physical, and chemical properties
is taken for comparison. Mechanical tests are conducted to get elongation break, tensile strength, elastic
modulus, and hardness of virgin and naturally aged samples. Complex dynamic properties of the
naturally aged and virgin samples are obtained by conducting DMA tests at low frequency ranges. Prony
series values are evaluated from DMA data to define viscoelastic material characteristics (used in
Computer Aided Engineering (CAE) software tools) for dynamic analysis of NBR material further.
Nonlinear curve fitting is also carried out to fit with experimental data in frequency and time domain.

Theory of Viscoelastic damping

For most polymers developed strain by the application of stress is typically dependent on stress time
history [8]. For example, if stress is suddenly applied and held at a fixed value, the strain will begin
from zero unlike at a rapid rate in elastic solids. In the case of cyclic shear loading, the relation between
time-dependent stress-strain [9] can be written as

() = GH(t) + Gy 5 — p(1)? 1)

Where 7(t) is shear stress at time t, G is Shear modulus of the material, ¢ (t) is time-dependent shear
strain, ¢, is maximum strain amplitude in a cycle.

For sinusoidal steady-state harmonic response, strain response can be written as

¢ (1) = ¢, sin(wt) )

Here w is the sinusoidal frequency in rad/sec, and substitute the equation 1 in equation 2
7(t) = Gp(t) + Gn,|cos(wt)] ©)
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T(t) = Gp(t) + -0 @)
T=Go+ 02 (5)

The first term in equation 5 represents elastic nature and the second term represents the rate of strain
or work done by the stress in phase with strain. It also shows the phase lag ‘6’ between stress and strain
with loading frequency and can be represented as follows

T(t, w) = 7o sin(wt + ) (6)
7(t, w) = 7o sin(wt) cos § + 1 cos(wt) sind (7)
(t, w) = ¢o[G'(w) sin(wt) + G" (w) cos(wt)] (8)
T((;':’) = [G'(w) sin(wt) + G"'(w) cos(wt)] 9)
G'(w)=G"(w)+iG"(w) (10)

Where G'(w) is storage modulus and G"'(w) is loss modulus, and the ratio of loss modulus and
storage modulus gives loss factor n

n =GG—,:tan8 (11)

When polymers are used as vibration isolators, the dynamic response of a single degree of freedom
of viscoelastic materials in the time domain can be written as [9]

__ Fexp (i(lwt-n)

Where ‘F’ is excitation force, ‘K’ is stiffness, and ‘m’ is the equivalent mass of viscoelastic material.
Even though, the k and n are frequency-dependent parameters; stiffness can be measured at static
conditions whereas measuring loss factor based on static amplitude may mislead to an incorrect
viscoelastic response. In such cases, the accurate measurement may be estimated at the resonance
frequency (w,) or nearer. The stiffness k and loss factor  don’t vary with frequency rapidly, that is at
low values of n, two different random frequencies (v, < wg, w, > wy) May be taken in such a way
that the ratio (N) of peak amplitude at resonance frequency to the amplitude at operating frequency
should be greater than unity and is used to calculate stiffness and loss factor. The stiffness at resonance

frequency can be calculated by using w, = /k/m, and the ratio of frequency difference (Aw = w, —
w1 ) to the resonance frequency from 3dB method can be written as

S0 [1 4B =1- [1- VW71 (13)

From the above equation, loss factor n can be derived as

_ e

1 NZ-1 (14)

The variation of loss factor (1) with frequency ratio for various values of N is shown in Figure 1. For
low values of n(in the linear zone i—“’ < +/2) the relation between resonance frequency and the
]
operating frequency of viscoelastic material can be written as

n=tans =22 =2¢ (15)
Wo
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Values of loss factor (n) and stiffness (k) of viscoelastic material are known, the amplitude of
vibration at resonance can be measured by using equation 12.

From Figure 1, at i—“’ = +/2, there is an abrupt change in trend and is difficult to find the damping
0
ratio & and loss factor n to define the type of system.

Loss Modulus, n
—_ N
N | N |
zZzZzZz2=z=Z
T T T T
N ==
ook

o

T T T T T T T T
0.0 0.5 1.0 1.5 2.0
Frequency Ratio, Aw/w0
Figure 1. Loss factor vs Frequency ratio of viscoelastic material.

For i—‘“ < +/2 conditions, i.e at lower frequency applications, without performing any vibration tests,
0

the equation can be used to determine whether a viscoelastic damping system is underdamped,
overdamped, or critically damped.

In steady-state harmonic excitation, Specific damping capacity (¢) is the factor that measures the
damping ability of the viscoelastic isolator, defined as the ratio of energy dissipation to energy stored
in a cycle. Specific damping capacity at any frequency for steady-state linear inertia systems can be
written as [24]

@ = 2mtan (6) (16)

The above equation 16 is In the absence of reliable data, equation 16 will help the design engineer to
select and design a suitable viscoelastic isolator.

Models of viscoelastic behavior

Maxwell and Kelvin-Voigt models are two basic mechanical models that are used to predict the
viscoelastic behavior of polymers, which are represented with spring (elastic nature) and dashpots
(viscous nature) as shown in Figure 2. In the present work, the generalized Maxwell model [25] in
which elements are connected parallel is used to determine the relaxation modulus which is a function
of time and given by the equation

G(t) =¥, Ge Tu (17)

For elastic materials t — oo, G(t) = G, a finite value; whereas for viscous materials t — 0, G(t) = 0;
and for viscoelastic materials, the equation 17 can be written as [26]
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G(t) = Go + X1y G /i (18)

J WL W

Maxwell Element

Kelvin - Voigt Element

Figure 2. Viscoelastic Mechanical Models.

The above equation is used to define viscoelastic behavior in CAE software popularly known as
Prony Series. Estimating the maxwell model parameters (G,, G;, t;) in the time domain is difficult, so
the above time-domain equations can be written in the frequency domain for storage modulus (G'(w))
and loss modulus (G"(w)) separately and is given by Tschoegl et al. [27].

2.2
G'(@) = G + Tjy T (19)

=194 @272

G”(a)) —_yn GiwT; (20)

=114 w272

The model parameters G, G; and t; evaluated in the frequency domain and time domain are the same.
To get precise curve fitting for the experimental data at lower frequencies, first, second, and third-order
are taken (i=3) [28] in the present work.

EXPERIMENTATION

NBR sheet is supplied by Kumar rubber moulding Pvt. Ltd., Hyderabad, India with a thickness of
5mm. The samples are cut into 30mm wide by 300mm long beams and aged naturally in the laboratory
for two years under no-load conditions. Virgin samples of the same specifications and compositions are
taken to conduct the experiments for comparison.

Tensile and Hardness Tests

Dog-bone shape specimens as shown in Figure 3. are punched from the aged and virgin (of same
composition and hardness) beams as per ISO 37:2011 Tensile tests are performed at KELVN Labs,
Hyderabad (NABL certified) at a rate of 50mm/min at room temperature to find elastic modulus,
elongation break, %of elongation, tensile strength, and yield strength. Shore — A hardness tests are
performed as per ISO 7619-1:2010 to find the hardness of naturally aged NBR and virgin NBR at five
different locations and an average is taken to get reliable results.

Escma F—=37)

Virgin NBR Naturally aged NBR

Figure 3. Dog-bone Specimens of NBR.

Dynamic Mechanical Analysis (DMA)

The majority of viscoelastic material behavior tests are performed in the frequency domain, because
interpreting the results in time-dependent behavior is difficult and requires advanced equipment. The
vibration response of viscoelastic materials is affected by shear history, hence the tests are carried out
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in compression mode. DMA (SI1 EXSTAR 6000) tests in compression mode are performed to measure
storage modulus (G"), loss modulus (G'") and phase lag (tan §) at an operating temperature range of
40°C with a frequency range of 0.1hz, 0.5hz, 1hz, 5hz, and 10hz, and £ 0.5mm amplitude of oscillations.

RESULTS AND DISCUSSIONS
The mechanical properties of naturally aged NBR and virgin NBR are evaluated from a Uniaxial
tensile testing machine and shore — A hardness tester, the results are shown in Table 1.

Table 1. Mechanical Properties of naturally aged NBR and virgin NBR.

Material Property Naturally aged NBR Virgin NBR

Yield tensile strength (MPa) 3.03 5.26
Maximum tensile strength (MPa) 6.65 11.35
Elastic Modulus (MPa) 1.17 2.18
%ge of Elongation 424.16 478.2
Shore — A Hardness number 83.4 84.6

Table 1 shows that mechanical properties deteriorate significantly with age, even at no load oxidative
environment. With aging, the yield tensile strength of NBR decreases by about 43.4%, the maximum
yield strength decreases by about 41.4%, the elastic modulus decreases by about 46.3%, the percentage
of elongation break by about 11.3%, and hardness do not decrease significantly.

With aging, changes in viscoelastic properties are largely controlled by crosslink reactions and
crosslink density; as the rubber ages at no load, there are no significant changes in polymer crosslink
reactions, resulting in a minimal drop in hardness. The percentage of elongation breaks has decreased,
but not significantly; due to natural oxidative aging, there are few changes in chain orientation; on the
other hand, testing has been done at a slower rate, allowing the material to relax. Major mechanical
properties such as yield tensile strength, maximum tensile strength, and elastic modulus deteriorate by
more than 40% after two years of age. This implies that the crosslink density of NBR increases with
age and reaches a critical value, at which the molar mass between two adjacent crosslink points
decreases, as does the effective mobility of chains, resulting in stress concentration and a decrease in
basic mechanical properties viz. tensile strength and elastic modulus [15, 29].

For structural damping applications, to find the structural integrity, the frequency-dependent modulus
is necessary and can be obtained by DMA. Variation of loss modulus (G’), storage modulus(G’’), and
loss factor (tan &) at lower frequencies of naturally aged NBR and virgin NBR. Nonlinear curve fitting
analysis is carried out using power function [26] to fit the data and compared with experimental data
and maxwell models (n=1,2,3) are shown in Figures 4 and 5.

6.25
s
6.00 = m
<
; 5.75
:‘:: Variable
@] LT L 2 Experiment Data
~ 5.50 T B - Maxwell Model(n=1)
z Rt ---#-- Maxwell Model(n=2)
= A— Maxwell Model(n=3)
—»—- P Model
E 5'25 & ) ower ode
= 7
) B
&' 5.0 i
:_5 ,‘\ i
£ i (n
4.75 ! V’J
Ly
i
4.50 ‘é
] 10 20 30 40 50 60 70

Frequency, rad/sec

Figure 4. Storage Modulus vs frequency of Naturally aged NBR at 40°C.
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Figure 5. Storage Modulus vs frequency of Virgin NBR at 40°C.

Figures 4 and 5 show the variation of storage modulus of naturally aged NBR and virgin NBR with
frequency at 40°C and reveal that the experimental data are well-matched with maxwell models and
power models. Nonlinear Curve fitting is carried out by minimizing the sum of the square of residuals
(SSR). Table 2 shows that the value of R? (correlation coefficients) converges to unity as the order of
the Maxwell model increases. However, because the loss modulus values are very small in comparison
to the storage modulus, and tand values are also closer to zero, a good approximation of prony series
values may be obtained from the storage modulus data of order 3 and this is taken into account in the
current work.

Table 2. R? (correlation coefficients) of Maxwell models, Power model vs. experimental data.

Sample Maxwell model Power model
n=1 n=2 n=3

Naturally Aged NBR R? 0.966 0.976 0.999 0.995

Virgin NBR 0.974 0.989 0.999 0.990

Table 3. Maxwell parameters with n =3(G:MPa, t:sec).

Sample Ge G1 T1 G2 T2 Gs T3
Naturally Aged NBR 4443 | 0.941 | 0.034 | 0.611 | 0.601 | 0.289 | 0.191
Virgin NBR 7.660 | 3.077 | 0.419 | 4.236 | 0.045 | 1.291 | 0.028

The obtained maxwell parameters from storage modulus G'(w) for naturally aged NBR and virgin
NBR are listed in Table 3, by substituting these values in equation 19 gives

0.941w?(0.034)? | 0.611w?%(0.601)%? = 0.289w?(0.191)2
1+ w2(0.034)2 1+ w02(0.601)2 1+ w2(0.191)2

G,(w)INaturally aged NBR = 4.443 + (21)

3.077w%(0.419)2 = 4.236w2(0.045)% | 1.291w?(0.028)2
1+ w2(0.419)2 1+ 02(0.045)2 1+ 02(0.028)2

G'()virgin nr = 7.66 + (22)

The same parameters can be substituted in equation 18 gives the relaxation modulus, which is a
function of time.

G(O)|Naturatly aged npr = 4443 +0.941 ¢ 70034 1+ 0.611 ¢ /0601 +0.941 ¢ /0191 (23)
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G(O)lyirgin ngr = 7-66 +3.077 ¢ /0419 4 4.236 ¢ /0.045 + 1291 ¢ /0.028 (24)

The time-dependent relaxation behavior of naturally aged NBR and virgin NBR is plotted in Figure
6. It demonstrates that when a load is applied for a long time, the modulus approaches Ge, It shows that
the load is applied for a long time, modulus tends approaches to Ge, and also observed that natural aged
NBR took less time to relax than virgin NBR on the application of load, due to deterioration in viscous
nature and tends to act as an elastic material.

& 147 Naturally Aged NBR
= —— Virgin NBR
=

£ 12

=

L

&

210

2

S

»

S8

o

o

10 ' s
Time, s
Figure 6. Relaxation modulus vs time for naturally aged NBR and virgin NBR.

To describe the relaxation modulus and evaluate the Prony series, viscoelastic isolators exposed to
low frequencies, the maxwell 3" order model is adequate and the percentage of errors with experimental
data are shown in Table 4. It is also proven that the power model is a quick and convenient method for
obtaining the dynamic parameters at intermediate points of experimental data with a minimum
percentage of error.

Table 4. Error calculation of Maxwell model, power model with experimental DMA data.

Sample Frequency, Storage modulus, MPa % _ mod(DMA — Model)
Hz bge error = DMA
X 100
DMA | Maxwell Model Power Maxwell Model n=3 Power model
n=3 model
Naturally  aged 10 6.113 6.113 6.103 0 0.163
NBR 5 5.835 5.835 5.832 0 0.051
1 5.226 5.226 5.247 0 0.401
0.5 5.008 5.008 5.014 0 0.119
0.1 4.524 4.524 4512 0 0.265
Virgin NBR 10 15.496 15.496 15.465 0 0.203
5 14.148 14.148 13.932 0 1.528
1 10.713 10.7137 10.933 0 2.05
0.5 9.708 9.709 9.849 0 1.453
0.1 7.863 7.864 7.729 0 1.706

To define the viscoelastic behavior of polymers in CAE solvers, Prony series values (gi, ti, and ki)
are required. When the viscoelastic isolators are subjected to harmonic loads with low frequencies,
volumetric changes in the material are negligible. Thus, in CAE packages, the volumetric Prony
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constant (k;) is claimed to be frequency independent. The Prony constants a; and t; are essential to

finding the time-dependent shear response to define the deviatoric behavior of viscoelastic material and

are determined as follows [30]
Gi

ai—GO

(25)

Where G, is relaxation modulus in shear when time t—0. For Naturally aged NBR and virgin NBR,
values of G, are calculated from equations 23 and 24.

Golnaturaity agea ngr = 6.008 MPa; Golyirgin ngr = 14.863 MPa, then the Prony values are
calculated by using equation 25 and shown in Table 5.

Table 5. Prony series for naturally aged NBR and virgin NBR.

Sample a T1 a T2 as 13
Naturally aged NBR 0.156 0.034 0.107 0.601 0.048 0.191
Virgin NBR 0.237 0.419 0.285 0.045 0.087 0.028

Prony coefficients as, az, as are dimensionless, and 71, 72, 3 in seconds

Under harmonic excitation, viscous elements in the maxwell model dissipate the energy and subside
the vibrations. As discussed earlier damping behavior of viscoelastic isolators is majorly determined by
viscous elements i.e loss modulus and tand. Detoriaotion of these dynamic parameters with age is shown
in Figures 7 to 9. However, at resonance conditions, the amplitude of vibrations of naturally aged NBR
and virgin NBR is calculated from equation 12.

_..-m

15.0 ,‘,,4/‘/,

/./7‘//
7 —®— Naturally aged NBR

E 12.5 | 7 ~ -~ Virgin NBR
= L
e -
w A
S 10.0 /
= n
< //
z /
: |
=
7 7.5

5.0 /)/‘/.

0 10 20 30 40 50 60 70
Frequency, rad/sec

Figure 7. Storage modulus vs frequency of naturally aged NBR and virgin NBR at 40°C temperature.

Figures 8 and 9 show that the Daming ability of viscoelastic isolators deteriorates with age. The loss
modulus of NBR material deteriorates by 66% and tand by 31% in two years at no-load conditions.
Loss modulus and loss factor increase slightly with frequency in both naturally aged NBR and virgin
NBR, but much less than storage modulus, indicating that at lower frequencies there are no significant
changes in loss modulus and loss factors with frequency even after aging.

Table 6. Variation of specific damping capacity for different frequencies at 40°C.

Sample 0.1Hz 0.5hz 1lhz 5hz 10hz
Naturally aged NBR 0.63 0.64 0.69 0.76 0.81
Virgin NBR 0.96 0.99 1.02 1.05 1.08
© STM Journals 2022. All Rights Reserved 76
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Figure 8. Loss modulus vs frequency of naturally aged NBR and virgin NBR at 40°C temperature.
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Figure 9. tand vs frequency of naturally aged NBR and virgin NBR at 40°C.

Before aging, virgin NBR viscous damping coefficient (&) at resonance frequency is 0.0816 (£<1)
and allowed to aging for two years it is decreased to 0.0561 (E<1). The specific damping capacity of
naturally aged NBR and virgin NBR is given in Table 6. Specific damping capacity of naturally aged
rubbed is deteriorated by 34% at 0.1hz and 25% at 10hz frequency. At lower frequencies, the damping
capacity of aged NBR is deteriorated more and shows less performance. As the maxwell model is the
second-order system, the viscous damping coefficient of NBR is between 0 to 1 (0<&<1), the sensitive
electronic components mounted on NBR isolators will be stable at the resonance frequency. The
proposed method (by using equation 12) suits well to eliminate the difficulty of measuring the amplitude
at the resonance frequencies once the elastic (k) and viscous () quantities under dynamic conditions
are known.

CONCLUSIONS
In this paper, mechanical performance degradation of NBR material in the natural oxidative aging
condition is studied. Several mechanical performance characterization tests including Tensile, hardness,
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dynamic mechanical analysis at low frequency ranges, are conducted on two years of naturally aged
NBR and virgin NBR. Experiment data is well fitted with a higher-order (n=3) of the Maxwell model

an

d power model to obtain dynamic characteristics at lower frequencies. The following are the

significant conclusions:

1. With age, basic mechanical properties such as yield strength (41.4%), tensile strength (43.4%),
and elongation break (11.3%) have deteriorated.

2. The third order of the Maxwell model is sufficient for satisfactory results in low-frequency
applications.

3. Ambient oxidative aging significantly reduces the modal, mechanical properties of NBR, namely
storage modulus by 52%, loss modulus by 66%, loss factor by 31%, relaxation modulus by
43.9%, and damping coefficient by 31.25%, as well as damping ability.

4. Frequency domain DMA testing data is sufficient to obtain time-dependent viscoelastic
parameters, i.e. Prony series, for modeling viscoelastic behavior in CAE software.

5. Power model approximation curve-fitting also offers lesser computation time for obtaining
dynamic parameters between given intervals of testing data.

6. The energy dissipation capacity of NBR material deteriorated significantly with age, as did the
specific damping capacity by 34%.

7. With age, specific damping capacity at low frequencies (34%) deteriorates more than at higher
frequencies (25%).
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