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Abstract
The effect of physical natural aging of nitrile butadiene rubber (NBR) on the degradation of
its viscoelastic properties was investigated in both time and frequency domains. Quasi-static
and dynamic mechanical tests were conducted on virgin and naturally aged NBR speci-
mens to analyse their structural integrity for damping applications. The generalized Maxwell
model was used to fit the Dynamic Mechanical Analysis (DMA) experimental data to de-
termine the deterioration of the constitutive viscoelastic parameters with age. Fourier trans-
form infrared spectroscopy (FTIR) was used to investigate the aging of functional groups
in NBR. Thermogravimetric Analysis (TGA) was performed to estimate the changes in the
activation energy and frequency factor with age to estimate the shelf life of the NBR. The
structural damping characteristics of the NBR were analyzed using an unconstrained sand-
wich beam with NBR and aluminum as the base material. According to experimental re-
sults, the mechanical properties deteriorated by approximately 43%. With age, constitutive
viscoelastic properties, such as the storage modulus (52%), loss modulus (66%), loss factor
(31%), and damping coefficient (31.25%) deteriorated. The relaxation strength and modu-
lus decreased by 41.2% and 43.9%, respectively. The activation energy at higher conversion
rates decreased from 529.77 kJ mol−1 to 280.15 kJ mol−1 for aged NBR. After two years,
the damping ability of the aged NBR sandwich beam decreased by 8, 34, and 22% at the
first three natural frequencies compared to virgin NBR sandwich beam.

Keywords DMA · FTIR · Maxwell · NBR · TGA

1 Introduction

Nitrile Butadiene Rubber (NBR) is a widely used polymer in damping and sealing applica-
tions due to its good mechanical and physical properties. It is polymerization of acryloni-
trile and butadiene (40/60). However, over time and under certain environmental conditions,
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NBR can degrade and lose its viscoelastic properties. Estimating the degradation in NBR’s
damping effectiveness with age and temperature is crucial in damping applications (Peng
et al. 2019; Bendjaouahdou and Bensaad 2018; Feng et al. 2014; Choi and Kim 2012; Lyu
et al. 2018; Ge et al. 2021; Vašina et al. 2018). Viscoelastic materials deform in shear mode
during vibration dampening and dissipate energy in the form of heat to create an opposing
force (Lakes 2009). The viscoelastic properties of NBR can be measured using Dynamic
Mechanical Analysis (DMA), which measures the loss modulus, an indicator of energy dis-
sipation. According to viscoelastic fundamental principles, under cyclic loading, energy is
dissipated by the viscous elements, and thus the applied stress and resulting strain have the
same frequency with a certain phase lag (Jones 2001). Studies have been conducted to inves-
tigate the degradation of viscoelastic properties of naturally aged polymers under no-load
conditions.

The physical aging of polymers has been extensively studied by Struik (1978) and ex-
perimentally analysed the changes in their engineering properties with age. Ko and Forsman
(1980) modified the Weissenberg rheogoniometer to estimate the loss and storage mod-
ulus of viscoelastic solids under free and forced vibrations. Woo et al. (2010) predicted
the useful lifetime of NBR and EPDM materials using an accelerated aging technique in
a thermo-oxidative environment. The results showed that the polymer stiffness increased
with age and the activation energy varied with time and temperature. NBR exhibited greater
changes in constitutive viscoelastic properties than EPDM. Rajesh et al. (2021) investigate
the changes in the dynamic mechanical properties of NBR with nylon 6. The experimental
results showed that the curing agents had a greater influence on the dynamic mechanical
properties. Jung et al. (2020) estimated the frequency-dependent viscoelastic material prop-
erties below room temperature in shear mode. Ranaei and Aghakouchak (2022) investigated
the dynamic mechanical properties of elastomeric materials under harmonic loading. The re-
sults showed that the dynamic properties of viscoelastic materials are frequency- and strain-
dependent. Qian et al. (2018) conducted aging tests on an NBR submerged in transformer
oil under compressive loads at different operating temperatures and predicted its shelf life.
Musil et al. (2020) in their research paper proposed a continuum mechanical model to predict
the deterioration of dynamic mechanical properties of the NBR in air and oil environment.
Nait Abdelaziz et al. (2019) worked on new developments in the area of fracture of rubbers
and the influence of aging on mechanical properties. The stress limiter and energy limiter
approaches were used to determine the failure stress and strain in elastomers under uniaxial
tension. Esmaeeli and Farhad (2020) measured the viscoelastic properties of SBR using the
new HFDMA technique in the range of 100 Hz–5 kHz. The experimental results were 5–7%
more accurate than those of normal conventional methods. Liu et al. (2016) concluded that
aging is caused by the surface damage of NBR, which makes the material inhomogeneous.
Polukoshko (2016) estimated the damping properties of elastomers using mathematical and
analytical models under harmonic excitation. Şen et al. (2020) investigated the effects of ion-
izing radiation on the mechanical properties of NBR/lignin elastomers and concluded that
lignin protected the mechanical properties of NBR elastomers against irradiation. Gupta
et al. (2004) investigated the degradation of thermoplastics with temperature and oxygen
using Wall and Flynn techniques. Zhang (2020) summarise various kinetic methods for es-
timating the activation energy from TGA experiments. Chakraborty et al. (2007) proposed
a method for identifying the functional groups of nitrile rubber using FTIR.

Previous studies (Tang and Zhang 2014; Xiong et al. 2013; Nakagawa et al. 1992; Zheng
et al. 2017; Plota and Masek 2020; Maxwell et al. 2005; Ozawa 1965; Hussain et al. 2020;
Abdullah et al. 2022; Li et al. 2021; Pertin et al. 2020) have used different accelerated aging
techniques to study how environmental conditions affect polymers. This study specifically
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examines the natural aging of NBR under no-load conditions in a laboratory setting for
two years. It compares the virgin samples with the same chemical, physical, and mechani-
cal properties. Mechanical properties such as tensile strength, young’s modulus, elongation
break, density, and hardness were evaluated for both virgin and aged NBR samples. DMA
and thermogravimetric analysis methods were used to determine the viscoelastic properties
of NBR. FTIR tests were performed to identify the changes in functional groups that occur
with aging. The study also used an unconstrained sandwich beam to measure the degra-
dation of mechanical, modal parameters (natural frequency, damping, frequency response
functions) of the NBR and to determine the damping characteristics of the virgin and aged
NBR.

1.1 Theory of viscoelastic damping

The stress-strain response of polymers is time-dependent (Lakes 2009). For example, in
damping and sealing applications, if a compressive load is suddenly applied and held at a
fixed value, the strain will begin from zero, unlike at a rapid rate in elastic solids. The cyclic
shear load and its response (Jones 2001) can be written as

τ (t) = Gφ (t) ± Gη

√
φ2

o − φ(t)2 (1)

where τ (t) is shear stress, φ (t) is shear strain, φo is the maximum amplitude of the strain
response in a cycle. For steady-state sinusoidal harmonic load, the response of shear strain
can be written as

φ (t) = φo sin (ωt) (2)

Where ω is sinusoidal frequency in rad/sec, and substitute the equation (1) in equation (2)

τ (t,ω) = τ0 sin(ωt + δ) (3)

τ (t,ω) = φ0

[
G′(ω) sin(ωt) + G′′(ω) cos(ωt)

]
(4)

τ (t,ω)

φ0
= [

G′(ω) sin(ωt) + G′′(ω) cos(ωt)
]

(5)

G∗ (ω) = G′ (ω) + iG′′(ω) (6)

Where G∗ (ω) is the complex modulus, G′ (ω) is storage modulus that represents elastic
behaviour and G′′(ω) is the loss modulus, which represents viscous behaviour. The ratio of
loss modulus to storage modulus gives a loss factor η

η = G′′

G′ = tan δ (7)

When polymers are used as vibration isolators, the dynamic response of a single degree
of freedom of viscoelastic materials subjected to external dynamic forces in the time domain
is a function of phase lag δ and can be written as (Jones 2001)

η = tan δ = 2ξ (8)

The damping ability of a viscoelastic isolator depends on the damping ratio (ξ ) and spe-
cific damping capacity (�), which are functions of phase lag (δ) in the viscoelastic material
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response. In steady-state harmonic excitation, the factors damping ratio (ξ ) and specific
damping capacity (�) represent the damping ability of the viscoelastic material, which is
defined as the ratio of energy dissipation to energy stored in a cycle. These constitutive
damping parameters can be estimated using the 3 dB method at resonance frequencies (ω0)

by considering two offset frequencies with amplitudes
√

2 on either side of the resonance
frequency (ω1 < ω0, ω2 > ω0) (Martinez-Agirre and Elejabarrieta 2011; Zhang and Hoshino
2019). For linear systems, specific damping capacity can be written (Graesser and Wong
1991)

� = 2π tan δ = 2π
ω2 − ω1

ω0
(9)

Along with the damping ratio (ξ ) and specific damping capacity (�), other dimensionless
parameters that describe the damping characteristics of viscoelastic materials is logarithmic
decrement (
), and quality factor (Q), which are also function of phase lag (δ). Logarithmic
decrement gives the relative degree of the energy dissipation or damping of the material that
represents the rate at which the amplitude of vibrations decays, and it can be written as in
Corsaro and Sperling (1990). The quality factor indicates how well the oscillations at the
resonance frequency can be dampened by releasing energy. This is inversely correlated with
the damping capacity. It is reciprocal of loss factor.

The damping ratio, specific damping capacity, and logarithmic decrement of a viscoelas-
tic material are directly proportional to the loss factor (η), which is constitute viscoelastic
property that is significantly influenced by time and temperature.

1.2 Mechanical models of viscoelastic materials

Viscoelastic materials can be modelled using spring-dashpot systems, which consist of a
spring representing elastic behaviour and a dashpot representing viscous behaviour. The
Maxwell model and the Kelvin-Voigt model are the two basic models used to understand the
time-dependent behaviour of viscoelastic materials. However, these models have limitations
and cannot fully capture the dynamic behaviour of viscoelastic materials. For example, the
Maxwell model focuses on viscoelastic fluid relaxation, while the Kelvin-Voigt model is
simpler and only considers viscoelastic solid behaviour. Both models are also limited to a
narrow frequency range, as they only examine relaxation with one relaxation time (Funk
et al. 2009; Roylance 2001). To overcome these limitations, a Generalized Maxwell Model
(GMM) is used in the present work, which combines an infinite number of elements to
represent the relaxation behaviour more accurately at multiple frequencies. The GMM is
a more robust model that can be fitted to experimental data to derive the time-dependent
relaxation modulus G(t) using Equation (10).

G(t) =
n∑

i=1

Gie
−t/τi (10)

For viscous materials, when t = 0, relaxation modulus G(t) = 0, and for elastic materials
t = ∞, relaxation modulus is a finite value G(t) = Ge . However, for viscoelastic materials,
which have both viscous and elastic components, and after a long time, the macromolecules
flow and the stresses relax, resulting in elastic behaviour and the relaxation modulus is a
finite value and can be estimated from Equation (11) (Ferry 1980; Williams et al. 1961)

G(t) = Ge +
n∑

i=1

Gie
−t/τi (11)
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The parameters, Ge , Gi , and τi in Equation (11) are known as Maxwell parameters,
popularly known as Prony Series. Estimating the Maxwell model parameters (Ge, Gi , τi )
in the time domain is difficult, therefore the time-domain equation can be written in the
frequency domain for the storage modulus (G′ (ω)) and loss modulus (G′′ (ω)) separately
and is given by Tschoegl (1989).

G′ (ω) = Ge +
n∑

i=1

Giω
2τ 2

i

1 + ω2τ 2
i

(12)

G′′ (ω) =
n∑

i=1

Giωτi

1 + ω2τ 2
i

(13)

The Maxwell model parameters Ge , Gi and τi evaluated in the frequency and time do-
mains were the same. To obtain precise curve fitting for the experimental data at lower
frequencies, the first, second, and third order were taken (i = 3) (Baumgaertel and Winter
1989) in the present work. From these Maxwell model constants, another parameter, called
relaxation strength (∇), can be calculated using Equation (14). It is the ratio of relaxation
stiffness to relaxed stiffness and is a dimensionless parameter.

∇ = Gi

Ge

(14)

1.3 Model-free kinetic methods

Modal-free kinetic methods are promising for determining the activation energy in poly-
mers. In the present work, the Kissinger-Akahira-Sunose (KAS) and Ozawa-Flynn-Wall
(OFW) models were used. These models do not follow any kinetic model, assuming that the
thermokinetic reaction is a function of temperature at any given constant conversion rate.
OFW and KAS follow a first-order isothermal kinetic degradation process, which requires
conducting TGA experiments with at least three heating rates. The kinetic reaction rate,
which depends on the conversion rate

(
dθ
dt

)
, and is a function of temperature (T ) and was

selected from the TGA experimental data (Zhang 2020).

dθ

dt
= α

dθ

dT
= K (T )h(θ) (15)

where, T is the decomposition temperature in Kelvin, h(θ) is the isothermal kinetic model, θ
is the heating rate in °C/min, and K (T ) is the Arrhenius rate constant, which is temperature-
dependent and can be determined using the Arrhenius law from Equation (16).

K (T ) = Ae
−

(
Ea
RT

)
(16)

where A is the pre-exponential or frequency factor, Ea is the activation energy, and R is the
real gas constant (8.314 J/mol K).

From Equations (15) and (16), by applying the boundary conditions; θ → 0 at T → T0

becomes

H (θ) =
∫ θ

0

dθ

h (θ)
=

∫ T

T0

A

α
e

−
(

Ea
RT

)
dT = AEa

θR
P (χ) (17)

In Equation (18), χ is equal to the exponential factor in Equation (16) Ea

RT ; different isother-
mal kinetic models are provided by the P (χ) solution (Zhu et al. 2015).
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1.3.1 Ozawa-Flynn-Wall (OFW) method

OFW method follows Doyle’s approximation (Doyle 1965) that follows first-order isother-
mal kinetics and by which P (χ) can be achieved as

ln (P (χ)) = ln

(
Ea

RT

)
∼= −2.315 + Ea

RT
(18)

From Equations (16) and (18)

ln (α) = ln

(
AEa

H (θ)R

)
− 2.315 − 0.4567

(
Ea

RT

)
(19)

The Equation (19) can be re arranged as

Ea = − R

0.4567

[
d (lnα)

d (1/T )

]
(20)

Equation (20) gives the activation energy from OFW method and can be obtained from slope
of lnα vs. 1/T plot at different heating rates (Ozawa 1965; Flynn and Wall 1966).

1.3.2 Kissinger-Akahira-Sunose (KAS) method

KAS method follows Coats–Redfern approximation (Kissinger 1956; Akahira and Sunose
1971) to find the isothermal kinetic model P (χ) and can be can be achieved as

P (χ) ∼=
(

Ea

RT

)−2

e
−

(
Ea
RT

)
(21)

From Equations (17) and (21)

ln
( α

T 2

)
= ln

(
AR

EaH (θ)

)
− Ea

RT
(22)

The Equation (22) can be re arranged as

Ea = −R

[
d

(
ln

(
α

T 2

))

d
(

1
T

)
]

(23)

The slope of ln
(

α

T 2

)
vs 1/T plot gives the activation energy from the KAS method at differ-

ent heating rates and provides accurate results for complex thermal decomposition reactions
(Zhang 2020).

1.4 Life estimation

Shelf-life prediction and the estimation of polymers in damping applications are very im-
portant. The activation energy obtained from isothermal modal free kinetics was used at
different conversation rates. At the given operating temperature (Tf ) of 40 °C, the expected
lifetime (tf ) of NBR is estimated from Toop’s (Toop 1971) table by using Equation (24)

log
(
tf

) = Ea

2.303RTf

+ log

(
Ea

Rα
× P (χ)

)
(24)
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Fig. 1 Dog-bone Specimens of
NBR

2 Experimental section

This study examines the aging of NBR beams over a two-year period under natural lab-
oratory conditions, with no load applied, at an average temperature of 32 °C and relative
humidity of 50%. The study compares virgin NBR samples with the same chemical compo-
sition as the aged samples. Three samples were collected from different locations to ensure
accurate results. The mechanical properties were evaluated using static structural tensile
tests. DMA tests were used to analyze the viscoelastic properties of the beams. FTIR spec-
troscopy was used to identify changes in functional groups with aging. TGA tests were used
to determine the activation energy and pre-exponential factor, which were used to estimate
the NBR’s shelf life. An unconstrained sandwich beam with an aluminum base was used to
conduct damping tests.

2.1 Static structural tests

2.1.1 Tensile test

Dog-bone shape (ISO 37:2011) specimens, as shown in Fig. 1, were used to conduct ten-
sile tests on a universal tensile testing machine (UTM: SDTRX-10 KN, Deepak Poly Plast,
India) at a rate of 50 mm/min to determine the elastic modulus, elongation break, %of elon-
gation, tensile strength, and maximum tensile strength. The load-cell accuracy was ± 0.5%
of the total applied load at room temperature.

2.1.2 Hardness test

The surface hardness of the virgin and aged NBR was measured using a Shore – A hardness
tester (ISO 7619-1:2010). Tests were conducted on the surface of the samples at different
locations, and an average was taken to obtain accurate data.

2.1.3 Density tests

With age, the crystalline and amorphous phases of the polymer change, which results in
crosslink density and, hence, specific gravity. Specific gravity tests (Deepak Poly Plast, In-
dia) were conducted according to ISO 1183-1:2019 using a digital density meter. Pure water
with a density of 1000 kg/m3 was used as reference. The accuracy of the digital density
meter is 0.1 kg/m3.
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2.2 Dynamic Mechanical Analysis (DMA)

DMA tests were used to determine the frequency-dependent constitutive viscoelastic prop-
erties of virgin and naturally aged NBR. The frequency domain data were fitted in the gen-
eralized Maxwell model (i = 3 in Equation (12)) and converted to the time domain using
Equations (11) and (12). Because the response of the viscoelastic material during vibra-
tion absorption is in the shear mode, the tests were carried out in the compressive mode.
Cylindrical samples with diameters of 5 mm were carefully cut from virgin and naturally
aged beams. The storage modulus

(
G′), loss modulus

(
G′′), and loss factor (tan δ) in shear

mode were measured using a Dynamic Mechanical Analyzer (EXSTAR 6000, Seiko Instru-
ments Inc., Japan) at various frequencies and sweep temperatures. The testing temperature
ranged from 30 °C to 108 °C with frequencies of 0.1 Hz, 0.5 Hz, 1 Hz, 5 Hz, and 10 Hz. The
oscillation amplitude is ± 0.5 mm.

2.3 Fourier Transformed Infrared Spectrophotometry (FTIR)

FTIR spectroscopy was used to describe the functional groups of the polymers. A germa-
nium ATR (Cary 630 FTIR Spectrometer, Agilent, USA) was used to capture 64 spectra at
the center of the beam cross section. Tests were performed in the 650 cm−1 to 4000 cm−1

wavelength range at room temperature.

2.4 Thermogravimetric Analysis (TGA)

The thermal decomposition of the polymers follows first-order kinetic (Toop 1971). To ob-
tain the degradation regions, the polymers were heated at different heating rates using TGA
(Q600 SDT, TA Instruments, USA). To avoid oxidation, the samples (10 mg ∼ 15 mg) were
heated in a nitrogen environment at rates of 5 °C/min, 10 °C/min, 15 °C/min, and 20 °C/min
with a purge flow of 100 ml/min. The testing temperature range is up to 700 °C from room
temperature. The derivative weight percentage was calculated using Equation (25).

Derivative weight %ge =
[

wo − wf

wi − wf

]
× 100 (25)

where wo is the actual weight of the sample, wi is the initial weight, and wf is the final
weight (mg).

From the TGA experimental data, model-free kinetic methods (see Sect. 1.3) were used
to calculate the frequency factor or pre-exponential factor and activation energy at different
conversion rates, and shelf life was estimated using the Toops equation (Equation (24) in
Sect. 1.4).

2.5 Damping tests

The study aimed to investigate the degradation of NBR material’s damping capacity over
time by conducting damping tests on an unconstrained sandwich beam made of virgin and
naturally aged NBR, with aluminum as the base material. The beam was mounted on an
electrodynamic shaker (Sdyn SEV 360, Saraswati Dynamics Pvt. Ltd., India) and tested in
a frequency range of 20 Hz to 1000 Hz with different levels of base amplitude excitation
as shown in Fig. 2. Acceleration was measured using an accelerometer, and the responses
were captured at three different locations. To ensure accuracy, three trials were conducted
for each sample, and the data were analyzed using Fast Fourier Transformation.
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Fig. 2 (a) Electrodynamic shaker with cantilever fixture (b) Unconstrained Viscoelastic sandwich beam

Table 1 Mechanical Properties of NBR

Parameter Virgin NBR Naturally
aged NBR

%ge of
deterioration

Tensile strength (MPa) 5.26 ± 0.51 3.03 ± 0.43 42.39

Maximum tensile strength (MPa) 11.35 ± 0.08 6.65 ± 0.54 41.41

Elastic Modulus (MPa) 2.18 ± 0.15 1.17 ± 0.16 46.33

%ge of Elongation break 478.2 ± 16.92 424.16 ± 25.08 11.30

Hardness (Shore – A) 84.6 ± 1.14 83.4 ± 1.15 1.42

Density (kg/m3) 1417.3 ± 23.4 1252.3 ± 26.12 11.64

Fig. 3 Stress vs Strain of NBR

3 Results and discussion

3.1 Static structural tests

The mechanical properties (static) of the naturally aged NBR and virgin NBR were evaluated
using the uniaxial tensile test, shore – A hardness test, and digital density meter, as shown
in Table 1.

Fig. 3 depicts the stress vs strain of the NBR. The mechanical properties of NBR dete-
riorate significantly after two years of natural aging. The tensile strength, maximum tensile
strength, and elastic modulus of NBR decrease by approximately 43.4%, 41.4%, and 46.3%,
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Table 2 Dynamic Mechanical Properties of NBR at 40°C

Sample Frequency,
Hz

Storage
Modulus (G′),
MPa

Loss Modulus
(G′′), MPa

Loss factor
(tan δ)

Virgin NBR 0.1 7.863 1.215 0.154

0.5 9.708 1.535 0.158

1 10.713 1.746 0.163

5 14.148 2.376 0.167

10 15.496 2.680 0.172

Aged NBR 0.1 4.524 0.472 0.104

0.5 5.008 0.528 0.105

1 5.226 0.570 0.109

5 5.835 0.717 0.122

10 6.113 0.807 0.132

respectively. However, the percentage of elongation break only decreased by 11.3%. The
density decreased by 11.6%, and the surface hardness did not change much.

The mechanical properties of NBR deteriorate with aging due to changes in the polymer
crosslinking degree. The changes in crosslinking degree cause for decrease in elongation
break, although not significant, is a result of natural oxidative aging. The loading rate during
testing, conducted at a slower rate of 50 mm/min, also affects the elongation break. The
surface hardness remains mostly unchanged, but major mechanical properties such as ten-
sile strength, maximum tensile strength, and elastic modulus decrease by over 40% after two
years. This is caused by an increase in crosslink density, which leads to a decrease in the mo-
lar mass between crosslink points and chain mobility, resulting in stress concentration and
decreased basic mechanical properties. The density of the material may also change slightly
due to volumetric relaxation and rearrangement of molecular structures in the amorphous
phase during aging (Liu et al. 2016; Zhao et al. 2015).

3.2 Dynamic Mechanical Analysis (DMA)

The strength and stability of polymeric materials cannot be fully determined through static
tests alone. The dynamic viscoelastic properties of the materials that change with frequency
were evaluated using DMA and the results are shown in Table 2. The data collected was then
fit in GMM using a curve-fitting technique. The storage modulus data was used specifically
for this purpose as the loss modulus value was relatively small in comparison and the loss
factor values were close to zero. By using the storage modulus data, it was possible to
approximate the Maxwell constants well. The third-order Maxwell equation provided the
best fit for the data, with R (Bendjaouahdou and Bensaad 2018) value of 0.99. The results
were then used to determine the Maxwell constants and relaxation strength. Figs. 4 and 5
show the changes in the storage modulus and dynamic mechanical properties of virgin and
aged NBR at 40 °C, respectively. The constants of the third order Maxwell model are listed
in Table 3.

The variations in the dynamic mechanical properties with temperature are shown in
Figs. 6 and 7. The loss modulus (G′′) and loss factor (tan δ) of the naturally aged NBR
decreased up to 80 °C and then increased again. In contrast, the dynamic mechanical prop-
erties of virgin NBR decreased continuously even after 80 °C. It can be observed from Fig. 6
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Fig. 4 Storage Modulus vs frequency of (a) Virgin NBR (b) naturally aged NBR at 40 °C

Table 3 Maxwell constants with I = 3 (G: mPa, τ : sec) at 40 °C

Sample Ge G1 τ1 G2 τ2 G3 τ3

Virgin NBR 7.660 3.077 0.419 4.236 0.045 1.291 0.028

Naturally Aged NBR 4.443 0.941 0.034 0.611 0.601 0.289 0.191

that a small inflection point is formed at 80 °C, resulting in a change in the slope of the loss
modulus line. This indicates that the aged NBR becomes more softer after 80 °C and molec-
ular motions increase, but the complete flow is hindered by the chemical crosslinks, leading
to an increase in the loss factor and damping properties. The changes in crosslinking degree
observed in aged NBR are the cause for the property changes, which do not occur in virgin
NBR.

The relaxation modulus of virgin and naturally aged NBR was calculated using Equation
(12) and plotted in Fig. 8. It was observed that when a load was applied for a longer duration,
the relaxation modulus tended to Ge. The virgin NBR took less time to relax at 80 °C, and
more time to relax at temperatures below and above 80 °C. On the other hand, the naturally
aged NBR took less time to relax at temperatures below 100 °C, but took longer to relax at
higher temperatures. This was attributed to a slight change in the surface hardness caused
by aging.

3.3 FTIR

The FTIR tests were carried out at room temperature to capture waveband spectra of func-
tional groups. Fig. 9 depicts how NBR wavebands change with age.

The peaks observed at 2914.7 cm−1 in the FTIR spectrum of NBR correspond to the
C–H stretching vibrations of aliphatic groups found in the butadiene segments of the poly-
mer. The peak at 1722 cm−1 is associated with the C=O stretching vibrations of the nitrile
groups (–C≡N) present in the acrylonitrile segments of the NBR polymer. The peak at
1423.84 cm−1 is due to the C–H bending vibrations of the aliphatic groups found in the
butadiene segments. The peak at 1654.9 cm−1 is attributed to the C=C stretching vibrations
of the conjugated double bonds in the butadiene segments. The peak at 1110.74 cm−1 cor-
responds to the C–N stretching vibrations of the nitrile groups (–C≡N) present in the acry-
lonitrile segments. The peak at 961.65 cm−1 is related to the C–H bending vibrations of the
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Fig. 5 Variation of viscoelastic
properties with frequency of
virgin and aged NBR at 40 °C
temperature
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Fig. 6 Variation of viscoelastic properties with temperature of virgin NBR
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Fig. 7 Variation of viscoelastic properties with temperature of naturally aged NBR
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Fig. 8 Relaxation modulus vs time for (a) virgin NBR (b) naturally aged NBR

Fig. 9 FTIR spectra of virgin and
aged NBR

aliphatic groups found in the butadiene segments, and this peak intensity did not change sig-
nificantly with natural aging in an oxidative environment. Finally, the peak at 1259.84 cm−1

is assigned to the C–N bending vibrations of the nitrile groups (–C≡N) present in the acry-
lonitrile segments of the NBR polymer.

As NBR ages, it undergoes various chemical reactions, such as oxidation, hydrolysis, and
crosslinking, which can alter the chemical composition of the material and lead to changes in
the peak intensities. These reactions can lead to the formation of new chemical groups, such
as carbonyl or carboxyl groups, and can also lead to the degradation of existing groups, such
as the C=C double bonds in the polymer backbone. These changes can result in new peaks
appearing in the FTIR spectrum or changes in the intensity of existing peaks, depending on
the specific chemical reactions that take place (Zhao et al. 2013; Sadeghalvaad et al. 2019;
Azevedo et al. 2018).

3.4 Thermal analysis

TGA tests were performed in a non-reactive nitrogen environment to estimate the shelf life
of the NBR. The activation energy calculated from the TGA spectra was used to calculate
shelf life. The samples in this study were heated at four different rates: 5 °C/min, 10 °C/min,
15 °C/min, and 20 °C/min. To prevent oxidation during heating, a purge flow of 100 ml/min
of nitrogen is supplied to the heating chamber. TGA provides thermogravimetric (TG) and
Derivative Thermogravimetric (DTG) decomposition profile curves for naturally aged NBR
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Fig. 10 TGA and DTG spectra for virgin NBR

Fig. 11 TGA and DTG spectra for naturally aged NBR

and virgin NBR. NBR’s TG and DTG profiles of NBR are shown in Figs. 10 and 11, re-
spectively. The peak degradation of NBR occurred at two temperatures: PDT1 and PDT2.
At a heating rate of 5 °C/min, the virgin NBR lost 5.75% of its weight and aged NBR lost
7.57% at PDT1. This is because the volatile compounds and additives in NBR evaporate.
For the same heating rate, the substantial weight loss for the virgin NBR is 35.64%, and that
for the aged NBR is 28.34% at PDT2. This was due to polymer pyrolysis and carbon black
combustion.

For all heating rates, PDT1 ranges from 215 °C to 285 °C for both virgin and aged NBR,
whereas PDT2 ranges from 415 °C to 495 °C for virgin NBR and 385 °C to 485 °C for aged
NBR. Figs. 10 and 11 illustrate how aged NBR loses weight at lower temperatures than
virgin NBR at PDT1 owing to the early vapor of volatile components. Aged NBR, on the
other hand, exhibits less weight loss at 700 °C than virgin NBR owing to the formation of
new crosslinking point with aging. Nonetheless, at higher heating rates, that is, 20 °C/min,
aged NBR degrades nearly identically to virgin NBR. These findings are consistent with
those of FTIR spectroscopy.

3.4.1 Activation energy

The activation energy can be used to characterize polymer degradation and durability. The
activation energy was calculated in this study by plotting the logarithm of the heating rate
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Fig. 12 OFL plots of (a) virgin NBR (b) naturally aged NBR

Fig. 13 KAS plots of (a) virgin NBR (b) naturally aged NBR

Fig. 14 Variation in activation energy vs conversion rate of (a) virgin NBR (b) aged NBR

vs. the reciprocal of temperature, using model-free kinetic methods such as Ozawa-Flynn-
Wall (OFW) and Kissinger-Akahira-Sunose (KAS) (Ozawa 1965; Zhu et al. 2015; Flynn
and Wall 1966; E37 Committee 2018). The slopes of the plots are shown in Figs. 12–13 and
fitted to be linear to calculate and activation energy using Equations (20) and (23). Table 4
lists the frequency factors (log (A), min−1) and activation energies calculated using model-
free kinetic methods at various conversion rates.

The variation of activation energy in virgin NBR and aged NBR with conversion rate is
shown in Figs. 14 and 15. The two modal free kinetic methods, OFW and KAS, used in the
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Table 4 Activation energy and frequency factor of virgin and aged NBR

Conversion
factor

Ozawa-Flynn-Wall (OFW) Kissinger–Akahira–Sunose (KAS)

Ea , kJ mol−1 Log (A), min−1 Ea , kJ mol−1 Log (A), min−1

Virgin Aged Virgin Aged Virgin Aged Virgin Aged

2.5% 79.39 78.25 4.24 4.33 75.32 74.26 3.52 3.71

5% 73.33 72.57 3.74 3.95 68.43 67.88 2.48 2.79

7.5% 65.00 56.83 3.21 2.92 59.19 50.63 1.38 0.37

10% 63.36 49.39 3.02 2.48 56.87 42.33 1.01 −0.68

12.5% 100.16 63.75 4.22 2.92 94.99 56.84 3.47 0.28

15% 312.29 128.82 11.78 5.20 317.70 124.72 19.25 5.49

17.5% 529.77 280.15 19.22 10.43 546.26 283.66 34.80 17.51

20% 411.46 331.35 14.79 12.01 421.60 337.33 25.47 21.12

25% 345.78 317.81 12.21 11.24 352.20 322.77 20.15 19.32

Average 237.64 153.21 8.49 6.164 221.39 151.15 12.39 7.767

Fig. 15 Variation of activation energy vs conversion rate by (a) OFL and (b) KAS methods

present study are congruent. In both virgin and aged NBR, the activation energy decreases
marginally up to a 10% conversion rate, and then increases to a 17.5% conversion rate; there-
after, it decreases. This implied that the energy required to break the polymer chains during
the thermal degradation process was between 10% and 17.5% conversion rate. Correspond-
ingly, the maximum activation energies of 530 kJ mol−1 for virgin NBR and 332 kJ mol−1

for aged NBR were observed at a 17.5% conversion rate. The frequency factor, also known
as the pre-exponential factor log(A), determines the frequency of molecular interactions and
thus the polymer groups within reach for thermal decomposition (Batista et al. 2015). The
frequency factor was smaller at the initial stages of the degradation process, indicating that
fewer hydrocarbons were available to participate in the reaction process. Thermal decom-
position of NBR accelerates as it heats up, causing an increase in polymer chain scissions
and, consequently, degradation processes. It was also observed that the frequency factor was
higher when the activation energy was higher. The activation energy and shelf life of poly-
mers are directly proportional (Ammineni et al. 2022). Aged NBR has a lower activation
energy than virgin NBR, which means that less energy is required to initiate the reaction at
high conversion rates. Therefore, the design engineer must not overlook the kinetic parame-
ters of polymeric seals or dampers when designing for long service life. The OFW and KAS
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Fig. 16 First three fundamental frequencies of beams at (a) 0.1 g, and (b) 1 g base excitation

approaches yielded the same range of activation energies. Because the kinetic parameters
tested in the laboratory were in an inert nitrogen atmosphere, the results may vary slightly
in real-time applications (Dhaundiyal and Hanon 2018).

The shelf life of the NBR was estimated using the Toops equation (see Sect. 1.4) at a
conversion rate of 5% (Toop 1971). At an operating temperature of 40 °C, the activation
energy and corresponding shelf life of virgin NBR are 73.33 kJ mol−1 and 17.32 years. The
aged NBR, on the other hand, has an activation energy of 72.57 kJ mol−1 and corresponding
shelf life is 14.63 years. However, the shelf life of an NBR is estimated in an inert envi-
ronment with no mechanical load. Because NBR seals and dampers operate in hazardous
environments with mechanical loads in many applications, their expected life may vary ac-
cordingly. As a result, the environmental conditions and applied loads may accelerate the
pyrolysis process, causing further degradation of the service life.

3.5 Damping tests

A dynamic shaker was used to perform dynamic tests on the cantilever beams. The frequency
response was recorded at three different locations for sinusoidal harmonic base excitation
at 1 g and 0.1 g amplitudes (Fig. 16). The accelerometers capture the frequency responses
of the base beam and the unconstrained sandwich beam with virgin and aged NBR in the
first three modes. Because the maximum amplitude of displacement is at the beam tip, it
was considered for further analysis. The response of the beam at the tip is shown in Fig. 16.
The response amplification values as well as the corresponding natural frequencies, quality
factors, damping ratios, and loss factors are listed in Table 5.

The fundamental frequencies and amplitudes of the vibrations in the base beam are sig-
nificantly reduced owing to the additional contribution of mass and damping by the vis-
coelastic layer. The aged NBR beam had a lower excitation frequency than the virgin NBR
and the base beam. The elastic nature of the NBR decreases with age; thus, the excitation
frequency is lower than that in the virgin NBR beam. The amplitude of vibration is signif-
icantly lower at the first natural frequency by adding aged NBR rather than virgin NBR to
the base aluminum beam, however, at the second and third natural frequencies, the ampli-
tude of vibration is higher for aged NBR rather than virgin NBR layer. Regardless of the
type of beam material, the amplitude of the base excitation had no effect on the fundamen-
tal frequencies, however, the amplification factor was significantly affected by the ampli-
tude of excitation. At 1 g amplitude of excitation, natural frequencies of virgin material are
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Table 5 Modal values of beams for the first three natural frequencies at 0.1 g and 1 g

Frequency, Hz Amplification, g/g Q ξ η

1 g Amplitude of excitation

Base Material Mode 1 100.93 85.85 70.938 0.0061 0.0123

Mode 2 607.29 55.831 85.07 0.00591 0.0118

Mode 3 930 2.7005 62.986 0.00796 0.0159

Virgin NBR
Sandwich Beam

Mode 1 93.504 77.583 58.911 0.0085 0.0171

Mode 2 573.45 26.867 44.23 0.01144 0.0228

Mode 3 928.22 2.2531 46.12 0.0108 0.0216

Aged NBR
Sandwich Beam

Mode 1 88.802 62.979 62.195 0.0078 0.0157

Mode 2 523.18 38.163 66.979 0.0075 0.0150

Mode 3 821.36 7.0272 59.683 0.00834 0.0166

0.1 g Amplitude of excitation

Base Material Mode 1 101.9 133.7 72.457 0.00716 0.0143

Mode 2 615.46 67.237 90.531 0.00543 0.0108

Mode 3 946.13 2.4042 67.34 0.00746 0.0149

Virgin NBR
Sandwich Beam

Mode 1 94.764 117.96 62.02 0.0082 0.0015

Mode 2 578.95 24.687 38.807 0.0129 0.0259

Mode 3 937.13 2.5905 58.91 0.00819 0.0163

Aged NBR
Sandwich Beam

Mode 1 91.036 107.34 70.13 0.00713 0.0142

Mode 2 533.28 37.762 60.608 0.00806 0.0161

Mode 3 838.81 5.8992 65.783 0.00777 0.0155

Fig. 17 First natural frequency
of base beam at tip

93.504 Hz, 573.45 Hz and 928.22 Hz, whereas aged material has 88.802 Hz, 523.18 Hz, and
821.36 Hz.

3 dB method was used to determine the effective damping constant of the viscoelastic
sandwich beams at resonance frequencies. Fig. 17 shows the peak amplitude of the base
aluminum beam at its first natural frequency. The corresponding 3 dB points were deter-
mined using the peak resonance amplitude and the offset of 1√

2
the peak amplitude at the
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Fig. 18 Relaxation strength, specific damping capacity and quality factor vs temperature of NBR

two sides of the curve from the peak (Ammineni et al. 2022). Equations (8) and (9) can be
used to calculate the effective damping factor (ξ ) and loss factor (η) of the sandwich beam.
As NBR ages, the cross-linking density can decrease and the polymer chains can become
more mobile, which can result in a decrease in the material’s damping ability. Additionally,
exposure to oxidative environment can cause degradation of the polymer chains and cross-
links, further contributing to a decrease in damping ability. At lower natural frequencies,
on the other hand, the material has enough time to relax and exhibit a higher amplitude of
vibrations than aged NBR. For low-amplitude base excitations, aged NBR has no greater
effect on vibration damping than virgin NBR does. Because of the lack of free, entangled
molecular chains in NBR, which prevents it from holding sufficient time to relax at higher
frequencies, the effective damping ratio and loss factor of a virgin NBR sandwich beam
decreased with age by 8% at the first resonance frequency and by 34% at the second res-
onance frequency. The damping parameters listed in Table 5 are actual characteristics that
also consider the base aluminum material.

The temperature has a significant impact on the damping capacity of polymeric mate-
rials. The relationships between the damping parameters, temperature, and age are shown
in Fig. 18. Up to 70 °C, the relaxation strength of virgin NBR was noticeably higher than
that of aged NBR; however, after that point, its values abruptly decreased. Because both
materials soften after 80 °C, the relaxation strengths of virgin NBR and aged NBR were the
same. Temperature had a greater impact on virgin NBR than on aged NBR. Fig. 18 also
shows how the stiffness and damping capacity of NBR materials degrade over time and with
temperature.
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In addition to the relaxation strength, two other parameters that determine NBR’s damp-
ing ability of the NBR are specific damping capacity (�) and quality factor (Q). The spe-
cific damping capacity of the virgin NBR is steady up to 60 °C before rapidly declining with
temperature. The specific damping capability of naturally aged NBR decreased steadily with
temperature. Although its specific damping ability rapidly decreases at higher temperatures,
virgin NBR dampens vibrations more quickly than aged NBR. However, the quality factor
of virgin NBR is almost constant with temperature at resonance frequencies, indicating that
at higher temperatures, virgin NBR dissipates energy more quickly than aged NBR. On the
other hand, the quality factor of naturally aged NBR increases with temperature, implying
that its potential to dissipate energy diminishes with aging and temperature.

4 Conclusions

The present study investigates the effects of time and temperature on NBR’s mechanical
performance degradation of NBR. Numerous static and dynamic mechanical tests were per-
formed to evaluate the deterioration in the mechanical and modal performance. The consti-
tutive viscoelastic properties with time and temperature were obtained by fitting the exper-
imental data with a generalized Maxwell model of higher order. To investigate how NBR
degrades, TGA and FTIR measurements were performed. The following are the most sig-
nificant observations.

• In two years, the fundamental mechanical properties, such as the tensile strength and
elastic modulus, decreased by 40% when there was no load.

• Time and temperature have a significant impact on NBR’s modal parameters of NBR,
which decrease by approximately 50%.

• The modal frequencies and amplitude ratios of the NBR deteriorated by 8% at the first
natural frequency and 30% at higher resonance frequencies.

• According to DMA studies, the constitutive viscoelastic characteristics of NBR are sig-
nificantly influenced by temperature and rapidly decrease above 40 °C.

• The activation energy of aged NBR obtained from TGA and model-free kinetic analysis
was considerably lower than that of the virgin NBR.

• The OFW and KAS model-free kinetic approaches showed good agreement in determin-
ing the activation energy and pre-exponential factors.

• The shelf life of naturally aged NBR is 14.63 years, compared to 17.32 years for virgin
NBR.

• At 40 °C, NBR’s energy dissipation capacity (�) during vibration absorption was reduced
by 34% with age.

• The relaxation strengths of virgin and aged NBR are the same, as the NBR softens above
80 °C.

• The specific damping capacity degraded by 34% at lower excitation frequencies and by
25% at higher frequencies.

• In the temperature range of 40–80 °C, the temperature had little impact on the quality
factor of the virgin NBR.
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