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Abstract:

The vibrations generated by onboard machinery can adversely impact stealth of marine
platforms. Designers typically mitigate the source of vibration; however additional pas-
sive anti-vibration mounts have to be used for isolating equipment above a specific
frequency threshold. This study focuses on the development, testing, and comparative
evaluation of composite anti-vibration mounts incorporating short carbon fiber rein-
forcement in an NBR matrix. Three damping elements designs were optimized based on
the stress-strain properties of five NBR compositions with varying short-fiber loading.
The research involved designing and testing the mounts, FEM of the materials, FEA of
the mounts, and experimental validation. Among the tested designs, model-2 with 2 parts
per hundred rubber (phr) fiber loading demonstrated superior vibration damping per-
formance for low-frequency applications.
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1 Introduction

The vibrations generated by onboard machinery in ships and submarines can have
detrimental effects on crew well-being, reduce equipment lifespan, and critically inter-
fere with the vessel’s communication systems, thereby compromising its stealth
capabilities. Mitigating vibrations at the source is the primary objective of system
designers. However, due to the complexity of integrating multiple systems on board,
the use of additional vibration isolation solutions is often necessary.

In such scenarios, passive anti-vibration mounts serve as an effective method to
mitigate the adverse effects of vibrations produced by various machinery [1-6]. A high
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static stiffness and low dynamic stiffness with S shaped legs for improved vibration
damping and isolation was discussed by Hung Vu et al. [7]. The development of these
mounts involves diverse design and material considerations, depending on factors such
as load rating, type of loading, required isolation frequency, and the working environ-
ment [8]. Chai et al. discussed various quasi-zero stiffness systems with high-static
and low-dynamic stiffness to attenuate low-frequency vibration [9]. The synergistic
effect of graphene nanoplates and carbon black within styrene-butadiene rubber to
enhance both mechanical properties and vibration damping characteristics was report-
ed by Chandramohan et al. [10]. Utilization of glass and carbon fiber in engine mounts
was discussed by Jaiswal et.al [11]. Literature on composite anti-vibration mount
based on short carbon fiber in nitrile rubber is scarce. A composite anti-vibration
mount, developed in this study using short carbon fiber reinforced nitrile rubber, was
designed to support a load rating of 220 kg and effectively isolate vibrations at fre-
quencies above 25 Hz. Our literature review revealed that no such studies were made
previously.

The design process begins with modeling the mount using computational tools,
incorporating constraints such as load capacity, dimensional limitations, permissible
static deflection, and desired isolation frequency. The use of Mooney-Rivlin model
constants to analyze anti-vibration mounts and predict deflections under various com-
pressive loads was studied by Suryatal et al. [12]. The selection of materials and fiber
loading, based on damping requirements, hardness, and the environmental conditions
in which the mount will operate, has been discussed elsewhere [13-15]. In this study,
a rubber matrix was used as the primary material, reinforced with short carbon fibers
at varying loading percentages.

Material testing was conducted to determine the mechanical and damping proper-
ties, which were subsequently used for material modeling in finite element analysis
(FEA) [12, 16]. The uniaxial tensile mechanical behavior of randomly distributed
short-cut CF/NBR composites reported by Zhao et al. [17] is of relevance to present
study. The static deflection and harmonic behavior of the designed mount were ana-
lyzed using FEA. Following the analytical phase, the mounts were fabricated and
subjected to mechanical and dynamic testing to evaluate their vibration transmissibil-
ity, isolation characteristics, and energy dissipation (hysteresis loss). These
evaluations facilitated a comparative study of the performance of the developed
mounts.

2 Design of Vibration Isolation Mounts

Mount design is based on several critical factors, including geometric constraints, load
rating, required static deflection, resonance and isolation frequencies, damping re-
quirements, and environmental conditions [8, 18]. The geometric constraints for the
mount include footprint requirements, height, and overall size limitations, determined
by the equipment mounted on top of the mount. The load rating for the mount was set
at 220 kg.

The objective was to develop a mount with the dimensions of
(150 x 120 x 60) mm, achieving a resonance frequency of less than 20 Hz at the speci-
fied load while providing effective vibration isolation above 25 Hz. The allowable
deformation under a 220 kg load was specified as (1.0 + 0.2) mm.

The mount design was developed using SOLIDWORKS™ software and com-
prised several components: the float, elastomeric stack, casing, bottom plate, and
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encapsulation. The details were discussed in an Indian patent that was filed [19]. The
float, casing, and bottom plate were constructed from stainless steel (SS), while the
elastomeric stack was made of a rubber composite with varying fiber loading. The
encapsulation was created using a commercial polyurethane (PU) sealant.

To reduce dynamic stiffness, three different designs for the damping stacks in-
corporating perforations were developed (as shown in Fig. 1). The materials properties
of compositions 1-5 (Tab. 1) were used to evaluate these designs. The design that
exhibited the lowest resonance frequency and deformation within the range of
(1.0+£0.2) mm was selected for final analysis. Figs 1a and 1b illustrate the schematic
views of the selected design and its components prepared for final validation. The
characterization of the materials used for the design was previously detailed by Shaja-
han et al. [10, 20].

5 2

SECTION A-A TOR VIEW
(a) (b)

Fig. 1 Schematic of Design (a) Section View, showing 1: Damping Stack, 2: Float,
3: Casing, 4: Bottom Plate and 5: PU Sealant (b) Top view

3 Materials and Methodology

The float, casing, and bottom plate were fabricated using SS316 stainless steel, as
illustrated in Fig. 1. The elastomeric stack was composed of a nitrile rubber (NBR)
composite with neat and carbon fiber loading, as detailed in Tab. 1. These composites
were prepared using a two-roll mill, as previously studied by Shajahan et al. [20]. The
edge sealing of the mount was achieved using a commercially available ether-based
polyurethane (PU) sealant.

Rubber samples with specific compositions were molded into sheets and button
samples. These samples were cured at 160 °C for an optimal duration, determined
through rheometric studies, and subsequently used for various testing purposes. The
same compositions were also utilized for molding the final damping elements in the
composite anti-vibration mount.

Tab. I Mount samples

NBR Compound Comp.1 | Comp.2 | Comp.3 | Comp.4 | Comp. 5

Carbon Short Fibre

23 mom [phi] - 0.5 1.0 2.0 4.0

3.1 Material Testing

Material characterization was performed to evaluate properties such as density, hard-
ness, modulus of elasticity, ultimate tensile strength (UTS), tear strength, and
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compression set, following ASTM standards [21-24]. Tensile properties were evaluat-
ed using dumbbell shaped Type-C specimens with a speed of 500 mm/min as per
ASTM D412. The mean values of 5 specimens were reported. The density of the ma-
terials was measured using a densimeter, while hardness was determined using
a Bareiss fully automatic rubber hardness tester Digitest II, Shore A module. Tensile
and tear specimens were punched from 2 mm thick sheets using a die, prepared ac-
cording to ASTM standards, and tested on a universal testing machine. The data
obtained from these tests were used to determine mechanical properties such as ulti-
mate tensile strength, percentage elongation, modulus of elasticity at various
elongations, and tear strength, as shown in Tab. 2. The details were discussed in [20].

Tab. 2 Physical and mechanical stress-strain properties [20]

Property, standard, Unit Comp. 1 | Comp. 2 | Comp. 3 | Comp. 4 | Comp. 5

Hardness, ASTM D2240, Shore A 72.38 73.5 73.81 75.68 80.15

Density, ASTM D4052, g/cm? 1.226 1.273 1.257 1.274 1.272

Tensile strength, ASTM D412, 12.80 12.54 13.03 13.53 12.25
MPa

M100, ASTM D412, MPa 3.26 3.46 3.75 4.03 4.68
M200, ASTM D412, MPa 6.47 6.77 7.28 7.42 8.33
M300, ASTM D412, MPa 9.74 10.06 10.48 10.64 10.76
EB, ASTM D412, % 444 432 418 411 391

The glass transition temperatures (7g) of the compositions, measured using dif-
ferential scanning calorimeter (DSC) and dynamic mechanical analysis (DMA), are
presented in Tab. 3. These values correspond to standard literature values. Additional-
ly, the tan delta values of all compositions are also listed in Tab. 3. Fig. 2 illustrates
the tan delta versus frequency plot for all compositions obtained through DMA-TTS
(Dynamic Mechanical Analysis — Time Temperature Superposition). The maximum
tan O value of 1.2736 was observed for the 2 phr loading, which was subsequently
chosen for the final molding of the mount. It seems the critical fiber loading for in-
creased tand O ceases above 2 phr fiber loading. The critical fiber loading due to stick-
slip phenomena in short fiber composites was reported by Treviso et. al. [25]. The
values of tan J increase with fiber incorporation was reported by Geethamma et. al.
[26]. The glass transition temperature obtained from DSC remained largely unchanged
with increasing fiber loading, which aligns with findings from earlier studies [27-29].

Tab. 3 Thermal analysis results
Property Standard Comp.1 Comp.2 Comp.3 Comp.4 Comp.S5
DSCTg,°C ASTM D3418  -27.27 -2795 2742 -27.04 -27.57
DMA Tg,°C ASTM D4065  -30.01 -27.90 -1147 -11.57 -10.58
DMA Tand ASTM D4065 1.13 0.7519 0.8326 1.2736  1.0783
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3.2 Material Analysis and Modeling Using FEA

Material properties need to be defined properly in the simulation software to accurate-
ly analyze a prototype made from non-linear materials. Non-linear materials, such as
polymer composites, are not typically pre-defined in material libraries. In this study,
polymer composites with hyperelastic and viscoelastic behavior were analyzed. The
hyperelastic properties were defined using strain energy density functions, while the
viscoelastic properties were characterized using the Prony series.

For hyperelastic material modeling, experimental uni-axial tensile test data was
utilized for hyperelastic curve fitting in ANSYS Workbench. The uni-axial test data
was imported into the hyperelastic modeling module, where various hyperelastic mod-
els were fitted to the experimental data. The model with the least fitting error was
selected, and the curve-fitting process was used to derive the hyperelastic material
constants.

The hyperelastic curve-fitted data for the different samples, along with the corre-
sponding strain energy density functions, were used as input for static structural and
harmonic analysis of the mounts. The Mooney-Rivlin two-parameter model was iden-
tified as the most suitable for defining the hyperelastic properties of the elastomeric
samples [30]. The Mooney-Rivlin parameter constants for samples 1-5 are presented in
Tab. 4.

3.3 Mount Analysis Using FEA

Material modeling was conducted as a prerequisite for analyzing the mount prototype
using finite element analysis (FEA) tools. The final mount geometry was created and
imported into the FEA software, where the material properties were assigned to the
various components of the mount. The analysis included static structural analysis,
Eigen frequency (or modal) analysis, transmissibility analysis using frequency domain
studies, and hysteresis analysis using the transient module [31]. Appropriate boundary
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conditions, such as fixed constraints, force constraints, and directional constraints,
were applied. The meshing process ensured a uniform, high-quality mesh with low
skewness.

Harmonic analysis of the mounts was performed using the frequency domain
module in COMSOL Multiphysics [32]. The mount geometry was imported into the
software, material properties were assigned to the respective components, and bounda-
ry conditions were applied. The bottom base plate was fixed, and a predefined
acceleration of 1 g (9.81 m/s?) was applied in the vertical upward direction. To meas-
ure the acceleration transmissibility of the mounts, two accelerometer probes were
attached — one at the top of the weight and the other at the bottom base plate.
A frequency sweep ranging from 1 to 500 Hz was applied to the system, and the re-
sulting frequency vs. transmissibility curve was obtained.

3.4 Molding of Mount

The mounts were fabricated using molds designed to meet the geometric specifications
of (150 x 120 x 60) mm. The matrix material for molding the damping stack consisted
of rubber compounds with varying fiber loading, as detailed in Tab. 1. The damping
elements were manufactured using a transfer molding technique.

The molded damping element, encapsulated with the rubber composition, was
subsequently inserted into a metallic casing. All internal interfaces within the casing
were bonded to the damping stack using a commercial polyurethane (PU) sealant,
which was cured at room temperature for 24 hours. The completed mounts were then
tested for various characteristics.

3.5 Testing of Mounts

The final molded prototypes were tested to evaluate their mechanical and dynamic
behavior. Key parameters such as deflection, hysteresis, and creep at the rated load of
220 kg were analyzed using a universal testing machine (UTM). The static deflection
of the mount at the rated load was determined by compressing the prototypes under
a 220 kg load at a loading rate of 5 mm/min during the compression test [33]. Hystere-
sis loss was measured by subjecting the mounts to cyclic loading and unloading
between zero and the rated load for ten cycles. The corresponding hysteresis graph
was plotted, and the damping capability of the mount was determined from the hyste-
resis loss value during the 10™ cycle. Tab. 6 summarizes the properties obtained for
both the damping stack and mounts (Models 1-5) made with Composition 4.

The permanent set value of the mounts was determined by compressing the
mounts to the rated load between two flat plates using a UTM. After maintaining the
load for 72 hours, the load was removed, and the mounts were allowed to relax for
24 hours. The difference between the initial and final heights provided the permanent
set value.

Vibration properties, including natural frequency, peak transmissibility, and iso-
lation frequency, were measured using an electrodynamic shaker [33]. The mounts
were installed on the shaker using a base plate, and weights were applied to the top of
the mounts as shown in Fig. 3. Random and harmonic vibration signals were applied
to the shaker table over a frequency range of 10 - 1 000 Hz. The corresponding proper-
ties were measured, and results for vibration properties under loads of 152 kg (in the x,
v, and z axes) and 190 kg (in the z-axis) are presented in Tab. 7. The table also in-
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cludes attenuation values for velocity between the top and bottom of the mounts at
1000 Hz for comparison.

Long-term creep behavior was analyzed by applying the rated load to the top of
the mounts and recording the deflection over time until the change became negligible.
Ageing studies were conducted using diesel and hot water baths. For diesel ageing, the
mounts were immersed in diesel for 72 hours, after which the weight change was
measured to determine the diesel absorption percentage [33]. The mounts were also
immersed in hot water baths at various temperatures, and changes in water absorption,
deflection, hysteresis values, and vibration properties were studied.

Fig. 3 Vibration test of mount on exciter head with 152 kg dead load in z axis [9]

4 Results and Discussion

Fig. 4a presents the uni-axial stress-strain curves for Samples 1-5, and Fig. 4b depicts
the typical curve-fitting process performed for Sample 2. The Mooney-Rivlin parame-
ter constants determined for each compound are summarized in Tab. 4. The model
gives good agreement with experimental results as reported by other authors [30, 34].

Ansys
= Experimental uniaxial test data
13 = Mooney Rivilin 2 parameter model

Stress (MPa)
Stress [MPa]

S = n oW &, o 9 ® e

2
Strain [mm/mm]

Strain

(a) (b)

Fig. 4 (a) Stress strain curves of compoundsl-5, (b) Curve fitting
of tensile data using Mooney-Rivlin 2 parameter model for compound 4
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Tab. 4 Mooney-Rivlin two parameter constants for different material samples.

SI. No. Material Property [MPa]

Cio=1.553741
Compound 1

Co1 = —0.0988279

Ci0=0.95103
Compound 2

Co1 = 2.46691

Cio = 1.0652049
Compound 3

Co1 = 1.578555

Cio=-0.2949227
Compound 4

Co1 = 5.461627

Cio=32.9476
Compound 5

Co1 =-17.2791

Figs 5-7 present the static analysis results, including von Mises stress distribution
and deformation, for damping stack models 1, 2, and 3, respectively, utilizing Compo-
sition 4. Tab. 5 summarizes the static deflection values under a 220 kg load and the
resonance frequencies for a 152 kg load. The results indicate that Model 2 with Com-
position 4 achieves the lowest resonance frequency while maintaining an acceptable
static deflection of (1 £ 0.4) mm. Similar studies were reported by Keliang et al. [35].
Based on these findings, Model 2 with Composition 4 was selected for further valida-
tion studies.

Figs 8a and 8b compare the simulation results with experimental data for static
deflection under a 220 kg load and harmonic analysis at a 152 kg load, respectively.
The results demonstrate that the FEM-predicted values for static deflection closely
align with the experimental data for the selected mount 4 with deviation of 6.48 %
more than the FEM values. For other mounts the deviations between experimental and
FEM values in deflection varies from 3.57 % to 25.25 %. Fig. 8b depicts the resonance
values obtained for mounts 1-5, with the damping stack composed of Composition 4.
The resonance values also show a strong correlation with the experimental data with
a variation of 0 %-7.41 %, also reported by Suryatal et al. [12].

Fig. 9 illustrates the harmonic analysis results, depicting transmissibility as
a function of frequency for mounts 1 to 5. The data indicate that mount 4 exhibits the
lowest resonance frequency, a result that was further validated through experimental
testing.

Tab. 5 Simulation results for static deformation and resonance

Model Static Deformation at 220 kg|Natural Frequency at 152 kg
Model-1 0.475 mm 23 Hz
Model-2 0.851 mm 19 Hz

Model-3 0.692 mm 21 Hz
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Fig. 7 (a) Model-3: Von Mises stress distribution, (b) Static deflection
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The molded damping stacks had initially been tested for static deflection at
a 220 kg load using a UTM, and the results were presented in Tab. 6 and illustrated in
Fig. 10a. The data reveal a linear decrease in deflection as the fiber loading increases
in agreement with reported literatures [10-11]. Once the damping stacks were integrat-
ed into the casing and finished, the mount deflection was reduced to approximately
one-third of the bare stack values which is also normal due to restricted boundary
conditions reported by Wang et. al [36].

The creep values of the mounts decreased up to mount 4, which contained 2 phr
of fiber loading, after which an increase was observed for mount 5, as shown in
Fig. 10b. Notably, mount 4 exhibited creep within the acceptable range, remaining
below 30 %.
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The hysteresis properties of the damping stacks and mounts are summarized in
Tab. 6 and illustrated in Fig. 11a. Among the tested mounts, mount 4 exhibited the
highest hysteresis, indicating superior damping characteristics. Similar study was re-
ported by Qian et al. [37].

Additionally, the permanent set values, evaluated according to [13], were found
to be the lowest for mount 4, which was fabricated with a 2 phr fiber loading was
shown in Fig. 11b.

Tab. 7 presents the dynamic properties of the molded mounts which are illustrat-
ed in Figs 12-14. The vibration-damping properties of the mounts were evaluated
along the x, y, and z axes under an applied load of 152 kg for comparison. Additional-
ly, unfilled and 2 phr fiber-filled mounts were tested under a 190 kg load in the z-axis,
which is the primary axis of application. The results confirmed that the mount with
2 phr fiber loading exhibited the lowest resonance frequency and provided superior
low-frequency isolation as shown in Fig. 12a.
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Tab. 6 Properties of Damping stack and molded mounts

Property Unit |Standard|{Comp. 1{Comp. 2|{Comp. 3{Comp. 4/Comp. 5
Stack Deflection at Custom | 3.74 3.38 3.36 2.86 2.22
220 kg mm
Mount Deflection Custom 1.1 0.99 0.95 0.91 0.56
at 220 kg mm
Mount Creep at . % Custom [33.23 |31.21 |30.14 |28.9 39.7
220 kg for 30 min
Stack Hysteresis | kNmm [Custom | 0.8541 | 1.0283 | 1.0870 | 1.5774 | 0.7133
Mount Hysteresis | kKNmm |Custom | 0.4969 | 0.6623 | 0.7028 | 0.9451 | 0.3688
Mount Hysteresis % 2472 (2579 |26.06  (30.32 [22.71
Mount Permanent % Custom | 0.86 0.84 0.82 0.78 0.96
Set 72 h at 220 kg
Tab. 7 Vibration properties of molded mounts

Mount Reso- Hz |Axis, weight Comp.1 [Comp.2 [Comp.3 |Comp.4 [(Comp.5
nanee z, 152 kg 24 23 22 18 27

z, 190 kg 17.7 — — 15 —

x, 152 kg 21 24 26 25 29

y, 152 kg 33 29 36 31 38
Transmissibility | dB z, 152 kg 14.3 13 13 12.7 13
Peak

z, 190 kg 12.7 — — 12.0 —

x, 152 kg 7.5 8 8.6 7.2 8

y, 152 kg 7.8 8.7 8.1 3.1 7
Isolation Hz z, 152 kg 35 33 31 25 39

190kg |25 — — |21 —

x, 152 kg 29 33 37 35 41

y, 152 kg 46 41 51 40 53
Max Isolation dB z, 152 kg =55 -58 -56 -60 =55

2 190kg |67 — —  |-67 —

x, 152 kg -59.1 -58.7 -57.4 -56.5 -54.1

y, 152 kg —46 =57 =55 -60 -54
% Attenuation % z, 152 kg 83.04 88.7 91.52 92.12 81.56
at 1 000 Hz
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Fig. 15a illustrates the load-deflection curves of mount 4 under a 220 kg load,
showing a linear response within the acceptable limits for the intended application
[10-11]. Fig. 15b depicts the hysteresis loop of mount 4, highlighting a hysteresis loop
area of 30 % for the mount with 2 phr fiber loading. Fig. 16a compares the hysteresis
loops of mounts 1-5, fabricated with different compositions, while Fig. 16b presents
a histogram of the hysteresis loop areas for these mounts. These results demonstrate
the superior damping and isolation characteristics of mount 4 with 2 phr fiber loading.

Similar results reported elsewhere also. [36-37].
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Fig. 17 illustrates the vibration transmissibility behavior of mounts 1 to 5 under
a 152 kg load on the Z-axis. It is evident that mount 4, with 2 phr fiber loading, exhib-
its the lowest resonance frequency and the highest damping performance. Fig. 18
compares the vibration transmissibility curves of mounts 1 and 4 under a 190 kg dead
load in the z-axis, further highlighting the advantageous effect of the 2 phr fiber-
loaded configuration in mount 4. Fig. 19 presents the comparison of vibration attenua-
tion at 1000 Hz, in terms of velocity as specified in references [21, 33], for mounts
fabricated with Compound 4 under 190 kg and 152 kg dead loads in the x, y, and z
axes. These results strongly support the effectiveness of mount 4 for low-frequency
vibration isolation applications. Tab. 8 showed the comparative properties of existing
anti-vibration mounts and mount 4. The benefits of the proposed solution, in terms of
cost-effectiveness, performance, and ease of maintenance were clearly evident.
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Tab. 8 Comparative Values of Comp-4 mount with commercial equivalent mounts

Sl. No.|Parameter Mount 4 Existing
1 Dimensions, L x W x H, [mm] 150 % 118 x 60 150 % 118 x 60
2 |Capacity of single mount, [kg] 220 220
3 |[Material Stainless Steel 316 / Mild Steel /
NBR-CF composite Rubber
4 |Weight, [g] 2400 =100 2500 + 300
5  |Deflection at 220 kg, [mm] 1.5+£0.3 1.0+£04
7 |Vibration Transmissibility as per < 14 (peak max) < 14 (peak max)
QAP, [dB]
8 |Resonance peak, single mount, 15+1 33+£3
[Hz]
9 |Isolation frequency, [Hz] from 30 onwards from 55 onwards
10 |Fatigue at 5 Hz > 100 000 cycles na
11 |Shelf Life, [years] >5 <3
12 |Estimated Service Life >9 ~5
13 |Oil/Diesel/Water Resistance Outstanding Limited
14 |Replacement Composite part only Entire mount
15 |[Cost INR20 000/- INR30 000/-

5 Conclusion

* The objective of this project was to develop a mount capable of achieving low-
frequency isolation under a 220 kg load, with specific dimensional constraints
of (150 x 120 x 60) mm. The results demonstrated that the finite element model
values closely aligned with experimental data for both deflection and harmonic
analysis. Model 2 exhibited the lowest natural frequency of 19 Hz under
a 152 kg load, which was corroborated by the experimental value of 18 Hz.
Consequently, this model was selected for investigating the effect of varying fi-
ber loading.

* Among the mounts tested, mount 4, containing 2 % fiber loading, demonstrated
the lowest resonance and isolation frequencies, making it the best-performing
mount. Further increases in fiber loading beyond 2 % were found to be unfa-
vorable, as they resulted in increased resonance and isolation frequencies.
Additionally, the peak transmissibility at resonance remained relatively unaf-
fected by variations in fiber loading.

* In conclusion, mount 4, with 2 % fiber loading, is determined to be the optimal
choice among the five mounts for low-frequency isolation applications for
equipment with resonances above 25 Hz which cannot be achieved by existing
mounts having similar footprints.
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Scope of future study includes extensive environmental testing to evaluate the
long-term durability of the mounts in harsh marine conditions such as exposure
to salt water, extreme temperatures, long-term vibration endurance and fatigue
strength.
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