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ABSTRACT

To provide adaptability to passive seismic isolation devices the magneto-rheological
elastomers are used. In this research, the synergistic behavior of magnetorheological
elastomers containing nickel and cobalt along with iron particles as magnetically
polarizable fillers is examined experimentally under dynamic shear loading. Two
different types of magnetorheological elastomer were fabricated having equal proportions
of iron and nickel in one kind, and iron and cobalt in the other. The concentrations of
magnetic particles in each type are varied from 10% to 40% and investigated for several
frequencies, displacement amplitude, and magnetic field values. A test assembly with
moveable permanent magnets was used to vary magnetic field density. Force
displacement hysteresis loops were studied for the dynamic response of MREs. It was
observed that MREs showed a linear behavior at low strains while nonlinearity increased
with increasing strain. The percentage filler content and frequency increased the MRE
stiffness whereas it decreased with displacement amplitude. The computed maximum MR
effect was 55.56 percent. While MRE with iron and cobalt gave the highest effective

stiffness, MRE with iron and nickel gave the highest MR effect.

Keywords:  Magneto-rheological elastomers; iron; cobalt; nickel; shear mode; high

strains; percentage filler content
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CHAPTER 1: INTRODUCTION

There are two methods to control the effect of vibration in a structure i.e. vibration
damping and vibration isolation. Base isolation is the most common and efficient
technique of vibration isolation of a structure. With innovation in materials and
techniques, the limitations of adaptability along with low frequency, and high amplitude

performance can be improved.

1.1 Introduction

Base isolation history dates back to 19th century. It has been extensively used over
the last decades for the seismic protection of buildings and bridges [1]. Passive base
isolation (PBI) installed in buildings not only suppresses vibrations, but also ensures safe
use of the buildings after earthquakes [2]. These systems decouple the components of
building from direct contact with the horizontal displacements of the ground so, the
transmission of vibration to the primary structure is reduced [3,4]. Horizontally flexible
devices are used which possess sufficient vertical rigidity to ensure stability and to limit
vertical deformations, and high horizontal flexibility to allow displacements during
seismic event to occur at system isolation level [5]. Thus, significantly decreases the

relative displacements and absolute acceleration of the structure [2].

The mechanism of an isolation system is explained as follows, by providing the
flexibility of the support the natural period of the structure can be increased [6] this
elongation of natural period helps in shifting the fundamental frequency of the structure

away from the dominant frequencies of the ground motion [7]. Hence, protecting it



against detrimental effects due to resonance of structure [8]. This technique also provides
energy dissipation to reduce the force demands so that the relative displacements are
controlled [6]. Base isolation provides (ample) rigidity against unnecessary motions due
to wind or other ambient vibrations [1] and enables the designers to adjust damping and

structural periods [8]

Base isolation has limitation in its use in low frequency ground motions and once
installed its properties cannot be altered. To provide adaptability to a passive base isolator
smart materials like magnetorheological elastomers are used [9,10]. Base isolators with
MRE layers are shown in Figure 1.1. MREs can undergo raid and reversible stiffness and
damping changes in the presence of magnetic field [11]. they consist of polarizable
particles embedded in rubber matrix. Upon application of magnetic field, the attraction
between the particles grows and they align themselves in chains which results in stiffness
changes of elastomers [12,13]. The properties of the elastomers are highly affected by

filler type, shape, size, and percentages added.

Top plate
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Figure 1.1 Base isolators with magneto-rheological elastomer (MRE) layers [14,15]

Although used by many researchers’ iron particles are difficult to handle while

casting due to their corrosive nature and poor oxidative stability. Cobalt and nickel



particles have also been extensively used in recent years either in their pure form or in the
form of their ferrites. They have excellent properties like oxidization stability, good
corrosion resistance and electrical properties. Two increase their MR effect iron particles
are added with them. The dynamic properties of magnetic particles have been studied in

detail at high frequencies and amplitude.

1.2 Problem Statement

To target a filler material that does not oxidize easily, have better corrosion

resistance and more MR effect.

MREs with cobalt and nickel as fillers provide resistance to oxidization and
corrosion along with good electrical properties but their MR effect is considerably
reduced. Hence this research aimed at the improvement of MR effect of MREs

incorporated with Co and Ni particles by adding iron particles with them.

1.3 Objectives

e To fabricate magneto rheological elastomers using nickel and cobalt particles

along with iron particles as polarizable filler.

e To study different composition ratios of these hybrid fillers at large strains under

shear loading (and compare their dynamic properties.

e To study the magneto rheological properties/performance of Co-Fe and Ni-Fe

MRES.)

e To study and compare the dynamic and magneto rheological properties of Co-Fe

and Ni-Fe MREs.



1.4 Research Significance

A lot of research has been carried out to develop Magneto rheological Elastomers
using cobalt and nickel as magnetizable filler particles. They added to the MREs in their
pure form and in the form of their ferrites. Several tests are performed to evaluate their
dynamic properties. The effect of their shape morphology and size on mechanical
properties is also studied. However, those researches lack the study of varying filler
percentages of cobalt and nickel particles in MREs, along with their performance at low
frequencies and high amplitudes. Also, the magnetic rheological properties of these
MREs are affected. This research aims to perform a detailed study on the effect of their

volumetric concentrations on dynamic properties and increasing their MR effect.

1.5 Research Scope

e To increase MR effect by adding iron particles with nickel and with cobalt

particles.

e MREs with filler percentages of 10, 20, 30, and 40 % by volume of elastomer are

fabricated.

e Shear mode dynamic tests are performed for the test parameter of 0.5, 1, 2, 3, and
5 Hz frequencies, 4.2, 7, and 9.8 mm displacement amplitude and 0, 0.1, 0.2, 0.3

and 0.4 Tesla magnetic field.

e Dynamic and MR properties are evaluated and compared for nickel-iron and

cobalt-iron composites of MREs, and conclusions are drawn.

1.6 Relevance to national needs

Pakistan lies on the boundary of three interacting tectonic plates i.e., Eurasian,
4



Arabian and Indian plates, which makes it highly susceptible to earthquakes. Looking at
the historical patterns of damage that they caused, there is a need to achieve seismic
resilience in Pakistan. Base isolation is an effective seismic protection technique that has
been used for decades to minimize loss of lives and infrastructure as it surpasses ground

motion vibrations caused by earthquakes.

Base isolation is a passive technique as it is not capable to handle varying
frequencies. To enhance versatility; MRE’s has been introduced to the base isolation
technique. MRE’s are smart materials that provide varying stiffness and damping on the
application of magnetic field which makes them adaptable to wide range of frequencies.
Innovation and improvement in MR fillers help us improve the properties of MRE’s to

achieve desired results.

1.7 Thesis organization

Chapter 1 describes the background of the work with a brief introduction of base
isolators and magnetorheological elastomers (MRES). It includes the hypothesis and
objectives we aim to achieve with this research. It also explains the significance of the
work performed and its relevance to our national needs. The scope of work is defined,
and its advantages are discussed. Further, the applications of this research and the use of

MREs in various devices are also discussed.

Chapter 2 contains a literature review explaining MREs in detail and the effect of
their components on mechanical properties. It discusses the filler particles used in MRESs
and previous works on cobalt and nickel particles as polarizable fillers, their test
parameters, and their properties.

Chapter 3 is the discussion of materials and methods used in this research. It
5



contains the description of the procurement of materials, calculations for proportions

used, and the procedure applied for the casting of MREs.

Chapter 4 is about experimental investigations. The material characterization tests

are discussed, and dynamic test parameters and mechanism is explained.

Chapter 5 discusses the results obtained from dynamic testing. It elaborates the
effect of each parameter on the MRE properties. Results are presented and discussed in
both tabular and graphical form. Hysteresis loops and stiffness graphs are discussed along

with MR effect.

Lastly in chapter 6 conclusions are drawn and recommendations are given for

further research. Also references for research are added in bibliography at end.



CHAPTER 2: LITERATRE REVIEW

Magneto-rheological (MR) phenomenon was invented back in the late 1940s and
because of the intelligent nature and functionality of MR materials; investigations on the
material, fabrication, characterization and dynamic properties are still ongoing [16,17].
The most renowned MR materials include MR fluids, MR elastomers, MR grease, and
MR foams. Magnetorheological Elastomers (MRESs) are one of these smart materials
which when subject to an external magnetic field tend to change their mechanical and
rheological properties such as stiffness, natural frequency, and damping capacity [18-21].
The controllability of mechanical and rheological properties of MRE makes them
resilient over a wide range of disturbance frequencies [22,23]. MRE might have a slower
response as compared to Magnetorheological Fluids depending on the type of matrix
used, but they do offer more manageable rapid and reversible changes in stiffness as well
as damping [16,24]. They also have the additional benefits of less sedimentation and

leakage issues as compared to MR fluids [25,26].

2.1 Composition of MREs

The composition of MREs usually contains a non-polarizable solid-state viscous
material for matrix, polarizable filler material for MR effect, and additives to gain certain
properties [18,24,27]. MREs are fabricated by mixing the desired percentages of
ferromagnetic particles in the elastomeric matrix with or without the additives. They are
then cured in the presence of an external magnetic field for anisotropic MRE, having
filler particles arranged in columnar chainlike structures [28,29]. And for isotropic
MREs, the filler particles are homogeneously distributed in the matrix as no external

magnetic field is applied [12,30]. After curing the particles are fixed in their respective
7



positions in a solid matrix and upon application of an external magnetic field, the
particles are polarized, causing them to align themselves in chains, this is known as the
MR effect [16,31,32]. This MR effect is attributed to changes in shear modulus (G),
young’s modulus (E), and stiffness (K) of MRE [18,19]. Which varies with the different
parametric characterization of MREs such as type of matrix material, use of additives,
type, percentage content, size, shape, and distribution of magnetic particles, and the

external stimuli such as amplitude and direction of a magnetic field [11,33].
2.1.1 Matrix material for MREs

The carrier matrix for MREs is usually a vulcanized polymeric viscous material
such as natural rubbers, vinyl rubbers, thermoplastic elastomers, silicone rubbers, and
polyurethane rubbers [11,28]. When choosing a matrix for MREs softer rubbers like
silicone rubbers are preferred [26] because when subjected to an external magnetic field,
soft elastomeric matrixes provide less resistance against particle movement which allows
particle distribution to change vastly [25]. In other words, the softer matrixes lead to a
greater MR effect. Another advantage of silicone rubber is its resilience towards heat and

chemical attacks [26].
2.1.2 Additives

Another optional component in MREs fabrication is additives. Additives in MR
elastomers are added for several reasons like improving its mobility, softening the
elastomeric matrix, and decreasing the viscosity, damping ratio, and storage modulus
[22]. Silicon oil is quite commonly used as an additive in MREs for preventing
agglomeration and forming a homogenous filler particle distribution. It also increases the

MR effect by helping in forming a softer polymeric matrix [33].



2.1.3 Filler particles

The most influential component in the composition of MREs is ferromagnetic
filler particles as they are responsible for the magnetic field induced response [27].
Commonly and frequently used polarizable material in the making of MREs is carbonyl
iron particles (CIPs) [28,35]. The advantage of using iron is its high saturation
magnetization and permeability (which represents its ease of magnetization) along with
low remnant magnetization i.e., the remaining magnetic effect after the external magnetic
field is removed [22,30,36]. Researchers have considered it quite suitable for MREs and
a lot of studies have targeted the effect of changing the particle concentrations [24,32,37],
size [19,30,38,39], shape [38,40], and distribution [12] on MREs. Having higher
percentages of filler content is desirable, as the distances between particles are reduced
and they become more sensitive and responsive to the applied magnetic field. The
percentages of filler content, that are reported to produce positive results, ranging from
27 percent to 40 percent [13,16,30,41]. Apart from iron fillers, only a few limited choices
are available for a selection of polarizable particles for MRESs, and among them, cobalt,
and nickel are reported to be the particles that have this potential [42]. Ni and cobalt are
ferromagnetic materials which unlike iron do not easily oxidize and have corrosion
resistance [43,44]. They are also used in MREs for their good electrical properties
[36,45]. They have considerable literature as their use in MRE in pure form and in the

form of their ferrites [36,45-47].
2.2 Testing of MREs

The vast applications of MREs in the engineering world make it necessary to
obtain thorough information about the magneto-dynamic characterization of MREs

[25,48]. The goal is the study of their mechanical properties under dynamic loading in
9



both the presence and absence of a magnetic field with varying strain amplitude and
excitation frequency [38]. Several tests that can be performed based on their mode of
operation and direction of the magnetic field include uniaxial and biaxial tension-
compression tests and shear tests [11,31]. It is preferred to test MREs in a shear mode
more specifically for their practical use in vibration absorbers and base isolators [22] as
the earthquake forces tend to have a dominant effect in shear mode [30]. Schubert et al.
[49] performed tests on MREs for loading conditions of uniaxial compression, uniaxial
tension, and pure shear. Gordaninejad et al. [50] studied the behavior of thick MREs
under static compression and double lap shear tests. Additionally, Vatandoost et al. [51],
Moreno et al. [25], and Agirre-Olabide [52] studied MRE under compression mode and
Dargahi et al. [22], Norouzi et al. [53], and Jung et al. [48] performed shear tests on

MREs.

2.3 Advantages

Advantages of MREs:

e MREs are more stable and easier to handle than other MR materials, also they

have no leakage and sedimentation issues.

e Variable stiffness and damping properties for several applications of vibration

control.

¢ Innovation and alternate possibilities in the choice of a filler

e better and desirable control of mechanical properties by optimizing the polarizable

filler in magnetorheological elastomers.

e Achieving a filler that does not easily oxidize and has corrosion resistance along
10



with an increased MR effect.

e Detailed analysis of performance at various volume percentages, frequencies, and
high amplitudes. (Detailed behavior known for design requirements)
e Their use in base isolators for seismic protection of structures and bridges

2.4 Area of application

Magnetorheological Elastomers have several applications in

e Vibration isolation and vibration damping devices

e Adaptive stiffness devices

e Sensors

e controllable semi-active vibration control devices i.e., adaptive tuned vibration

absorbers (ATVAS),

e various mechanical devices like variable damping beams and sandwich beams

e devices with the requirement of stiffness or modulus tunability
2.5 Research Gap

MREs with cobalt and nickel have relatively less MR effect so in order to
enhance the magnetic properties of MRE; addition of iron particles along with nickel or
cobalt particles is proposed in this study. Considering permeability of iron is higher than
nickel and cobalt [40,43], mixing it with them can deliver a higher MR effect. Moreover,
a detailed study of their stiffness and MR effect at different filler percentages of cobalt
and nickel particles with iron in magneto-rheological elastomers needs to be explored

11



along with their performance at high amplitudes.

For this study, two hybrid formulations of MREs were prepared: one by adding
iron and cobalt together as a filler and the other one having iron and nickel. Equal
quantities of cobalt and iron powders were added for Co-Fe MREs and equal quantities of
iron and nickel powders were added as a filler for Ni-Fe MREs. To make a better
comparison based on the percentage filler in MREs, the varying percentages of filler
material ranging from 10% to 40% by volume of MRE were studied. The dynamic
behavior of MREs with hybrid filler was characterized along with its effects on stiffness
and magnetization. Each elastomer was added with 10% silicone oil to improve particle
dispersion and reduce the hardness of the matrix. PSA and SEM material characterization
tests were carried out to investigate particle size, shape, and dispersion in the matrix. To
investigate the effect of magnetic flux, frequency, and strain amplitude on the hysteresis
and stiffness of MREs, a series of dynamic double lap shear tests were performed. Co-Fe
MREs are reported together with Ni-Fe MREs to evaluate and compare their dynamic

properties.

12



CHAPTER 3: EXPERIMENTAL INVESTIGATION

3.1 Materials

The components used for the fabrication of MREs were silicone rubber, silicone
oil, and powders of iron, cobalt, and nickel. Silicone rubber RTV1505 produced by
Shenzhen Rongxingda Polymer Material Co.Ltd was sourced from China in the form of
part A Rubber and part B hardener. The values of hardness, viscosity, elongation, and
tensile strength are 5 +/- 2 Shore A, 5000 +/- 500 mPas, > 550% and > 2.5 Mpa
respectively. Silicon oil is produced and provided by Miingcheng Group Ltd. Dongguan,
G Dong, China. It is used as an additive in the MRE. Iron particles in the size of 3-5
micrometers were procured by Gongyi City Meiqi Industry & Trade Co., Limited. Cobalt
and nickel powders were also procured from China. The particle sizes chosen for all three

fillers were in micrometers.
3.2 Material Characterization

For material characterization, several tests including PSA and SEM were

performed.
3.2.1 Particle size analysis

Particle size analysis was performed for all three filler materials i.e., iron, cobalt,
and nickel using Horiba Laser Scattering Particle size distribution Analyzer LA-920. This
laser diffraction technique works by matching the scattering patterns i.e., the size of the
sphere that scatters like the particle under test is reported. The results gave the mean
diameters of iron, cobalt, and nickel to be 4.778, 7.3503, and 12.3966 micrometers. The

findings revealed that iron particles are the smallest while nickel particles are the largest
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in this study.
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Figure 3.1 (a) Iron, (b) Cobalt, and (c) Nickel Particle size analysis (PSA)

PSA graphs for all three filler particles are plotted with cumulative passing on the
y-axis and particle diameters on the x-axis. The particle size distribution is depicted in
Figure 3.1; the diameter value obtained by cutting the cumulative curve at 50%
cumulative passing represents the median. Half of the particles in the distribution have

diameters greater than this value, while the other half have diameters less than this value.

14



The median value observed on the graph for iron is between 4 and 5 micrometers, cobalt
IS be-tween 7 and 8 micrometers, and nickel is about 10 micrometers. The exact values
are 4.52, 7.25, and 10.06 micrometers for iron, cobalt, and nickel respectively.

The highest peak of the histogram represents the Mode of distribution, it is the bin
with the largest population of particles. In simple terms, most of the particles in the
sample were of this diameter. Mode values for iron, cobalt, and nickel are 4.75, 8.21, and

12.39 respectively.
3.2.2 Scanning Electron Microscopy

Figure 3.2 shows the Scanning electron microscope (JEOL JSM-6490A) images
of cobalt and nickel particles. The size and morphology of the particles are compared at 5
micrometers and 5000 magnifications. Cobalt particles can be seen to have a more
defined shape than nickel particles, but both particles have irregular morphology.
According to the literature these irregular morphologies of filler particles contribute to

the stiffness of MREs.

N P x 2057 T Vi A
10kV  X5,000 5pm 20kV  X5,000 Sum SCME NUST

Figure 3.2 Scanning electron microscopy (SEM) images for (a) cobalt, (b) nickel and (c) iron

particles

3.3 Sample preparations

For the fabrication of MREs of size 23.62x12.5x14 mm, the concentration of each

component is calculated along with 15% wastage, as shown in Table 3.1. Volume of
15



sample obtained after including the waste percentage is multiplied by percentage content
of component of that specific mix to obtain the quantity of the component. Like for 80%
rubber in the mix, 80% is multiplied with volume of sample including wastage to obtain
the quantity of rubber, it is then converted into ml. For calculating the quantity of filler in
the mix the volume including wastage is multiplied by percentage content of filler which
is then multiplied by the density of the filler and divided by thousand for conversion. The
apparent densities of filler particles were used which were 3.1, 1.765 and 3.2 g/cm3 for

cobalt, nickel and iron particles respectively.

Table 3.1 Sample ratios and quantities

0,
Y6 of Filler () Rubber  Silicone oil
. . o, No. of partcicles _
Designation Composition (Co-Feor A=B by 10% vol
Samples by Volof ;' poy (ml) of MRE (ml)

MREs

40% Co-Fe Co & Fe 2 20-20 5.89-6.08 2.38 0.95

40% Ni-Fe Ni & Fe 2 20-20 3.36-6.08 2.38 0.95

30% Co-Fe Co & Fe 2 15-15 4.42-4.56 2.85 0.95

30% Ni-Fe Ni & Fe 2 15-15 2.52-4.56 2.85 0.95

20% Co-Fe Co & Fe 2 10-10 2.95-3.04 3.33 0.95

20% Ni-Fe Ni & Fe 2 10-10 1.68-3.04 3.33 0.95

10% Co-Fe Co & Fe 2 5-5 1.47-1.52 3.8 0.95

10% Ni-Fe Ni & Fe 2 5-5 0.84-1.52 3.8 0.95

To acquire the desired percentage of filler in an MRE, half of the iron particles
and the other half of either nickel or cobalt powder are added. The particles are measured
using a sensitive weighing balance and are then mixed with part A rubber and 10%
silicone oil. Using a bath sonicator of model DSA150-SK2, size: 5.7 |, the mixture is

sonicated for homogeneous mixing and particle de-agglomeration. After half an hour of
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sonication with intervals of hand mixing the part B rubber is added as a hardening
catalyst. Rubber parts A and B are used in a one-to-one ratio. The mixture is then poured
into the molds and allowed to cure for 24 hours at room temperature. Following this
process, 8 pairs of MRE samples with dimensions of 23.62mm 12.5mm x 14mm were
fabricated with filler percentages of 10, 20, 30, and 40%. Four of these pairings have fore
mentioned concentrations of iron and cobalt as polarizable fillers, while the other four
have varying quantities of iron and nickel. For instance, a 40% Co-Fe MRE was created
by adding 40% filler content, which is 20% iron and 20% cobalt. Just like that if total
filler content in an Ni-Fe MRE is 20 percent then it holds 10% iron and 10% nickel by
volume of MRE. The quantities of filler material according to percentage content were

calculated based on their apparent densities.
3.4 Sample characterization

Figure 3.3 represents the SEM images of the MR Elastomers, the overall
dispersion of filler particles in the matrix can be seen. The MREs with 10% filler content
are compared with the MREs with 40% particles for both Ni-Fe and Co-Fe kind.

To characterize the composition of elements in the Elastomer EDS was performed
(Figure 3.4). The figure represents energy in KeV (kiloelectron volts) on X-axis and the
peak intensity on Y-axis. The silicone peak, which is the highest, represents the
elastomer's silicone matrix. The EDS of cobalt and iron shows nearly equal amounts of
cobalt and iron; however, the EDS of nickel and iron shows a smaller peak than iron,
which could be due to the limitations of spot analysis, x-ray overlapping or surface layer

penetration.
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Figure 3.3 SEM images for MR Elastomers comparing 10% and 40% filler particles (a) 40% Ni-Fe

(b) 40% Co-Fe (c) 10% Ni-Fe (d) 10% Co-Fe
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Figure 3.4 EDS (a) 40% Co-Fe (b) 40% Ni-Fe
3.5 Experimental Setup

Dynamic shear testing was performed for the mechanical properties’

characterization. The same assembly was used for this study as used by Khayam et al.
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[30] in their research work. The assembly consists of two grade N52 Neodymium
magnets of size 50mm x 50mm x 40mm that can move forward and backward on the
mild steel frame, based on the extent of the magnetic field needed. The elastomers are
placed between the nonmagnetic aluminium strips with the help of superglue, the upper
end of the common middle strip is attached to the machine which moves in shear during
testing. A specific distance between magnets represents a specific avg flux value
calculated using gauss meter and FEMM model. The assembly can provide a magnetic
field of up to 0.4 Tesla. Figure 3.5 represents the Finite element methods magnetics
(FEMM) model used to analyze design assembly. It was designed to ensure fairly
uniform flux line distribution. Also, the non-magnetic aluminum strip helps with

concentrating the magnetic lines within the MRE sample.
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Figure 3.5 FEMM model for uniformity of flux [30]
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Figure 3.6 Experimental assembly and set up for dynamic testing (a) magnetic assembly holding
magnets and elastomers (b), (d) experimental assembly fixated in the dynamic testing machine (c)

Zwick/Roell Servohydraulic testing machine used for dynamic loading.

3.6 Dynamic Testing

Dynamic shear tests on MR Elastomers were performed using the Zwick/Roell
Servo-hydraulic testing machine (HC 25) at Zwick lab in National Textile University
Faisalabad, Pakistan (Figure 3.6c). The tests were performed for frequency values
ranging from 0.5Hz, 1Hz, 2Hz, and 3Hz against displacement values of 4.2mm, 7mm,
9.8mm for 30, 50, and 70% strain. The magnetic field density was varied between values
of OT, 0.1T, 0.2T, 0.3T, and 0.4T. The test on every sample was performed for each of
the frequency, amplitude, and magnetic flux values. The tests with 5Hz frequency were

also performed against all magnetic flux values but only 4.2mm amplitude as the machine
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cannot work for high frequencies and high amplitude simultaneously. The frequency and

amplitude values are provided in the machine while magnetic flux values are changed

manually by rotating the knob on the steel strips holding the magnets (Figure 3.6a). The

flux values were calculated/confirmed using Gauss meter and were marked on the scale

strip pasted on the frame below. Figure 3.6b and Figure 3.6d shows the magnetic

assembly fixed inside the dynamic testing machine. To exterminate the Mullins’s effect

few cycles from the start and end of the test were eliminated from the calculation. The

data for each test is acquired via the data accusation system and is stored within the

system.

Table 3.2 Test parameters

Test parameters

Cases / Variations

iron + 10%, 20%, 30%,40%
% Filler nickel (Each having 50% iron and 50% nickel particles)
content iron + 10%, 20%, 30%, 40%

cobalt (Each having 50% iron and 50% cobalt particles)
Flux 0T, 0.1T, 0.2T, 0.3T, .4T
Frequency 0.5Hz, 1Hz, 2Hz, 3Hz, 5Hz

4.2mm (30% strain), 7mm (50% strain), 9.8mm (70%

Disp. Amp

strain)

This data is extracted and filtered to remove noise and bias using Matlab

software. The filtered data is then stored and used for plotting force-displacement

hysteresis loops, also the effective stiffness values were calculated using this data. The

formula used for effective stiffness is mentioned in equation (3.1). Form effective
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stiffness data the MR effect was calculated as percentage increase of effective stiffness

from zero flux to maximum flux i.e. 0.4T.

f max—f min

Effective stiffness =Keff = (3.1)

d max—d min
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CHAPTER 4: RESULTS AND DISSCUSSIONS

The data from the double lab shear test was utilized to investigate the dynamic
characterization of MREs as well as the effect of different parameters on MRE behavior.
Analyzing the obtained data revealed a considerable reliance of the hysteresis and
dynamic properties on changing frequency, strain amplitude, and magnetic field density.
Each of these impacts is described in greater depth in the following sections. The MRES'
hysteresis and viscoelastic behavior were linked by force-displacement characterization
based on experimentally collected data. The shape and slope of the hysteresis loop
revealed a lot about the stiffness, damping, energy dissipation, and peak force. And all
these characteristics were influenced by the changes in the displacement amplitude, strain

rate, and magnetic flux.
4.1 Effect of amplitude

Figure 4.1 shows the force-displacement characteristics for the MRE containing
40% filler particles tested at different strain amplitudes for 3 Hz frequency and 0.4 T
magnetic field. The slope of hysteresis loops can be seen decreasing with increasing
strain amplitude, this implies that the stiffness of MREs decreases with amplitude
increase as equivalent stiffness is interpreted as the slope of the major axis of the
hysteresis loop [54]. Literature attributes this decrease in stiffness to Payne’s effect [42].
This strain-softening phenomenon has been frequently observed for particle-filled
rubbers as the extensibility of polymer chains are affected when filler particles are
present causing the bond between the rubber matrix and the filler particles to be
weakened. This can also be observed by shape changes in the hysteresis loop from almost
symmetrical and elliptical at low strains to non-elliptical at high amplitudes [51]. This
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non-linearity and asymmetry in the force at high amplitudes is explained by the large
changes produced in the spacing between the filler particles during the loading and
unloading of MREs at high strains. The area of the loop also corresponds to the energy
dissipation which is considered as an effect of damping implying at high amplitudes the

large areas of the hysteresis loop signify more energy dissipation and damping [16].
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Figure 4.1 Comparison of amplitude effect on 40 % filler at maximum and

minimum flux (a) 40% Co-Fe at 0.4T (b) 40% Ni-Fe at 0.4T (c) 40% Co-Fe at 0T

(d) 40% Ni-Fe at 0T
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Now when we compare the effect of strain amplitude with maximum and
minimum magnetic field in Figure 4.1 (b & d), the area of loop increases on the
application of magnetic field offering an increase in energy dissipation with an increase
in magnetic field density. The force-displacement graphs also characterize the increase in
force with an increase in strain amplitude irrespective of the strain rate (frequency) and
magnetic field density. The increased nonlinearity and asymmetry seen in Figure 4.1 (c)
could be because on the application of magnetic field particles interact and arrange
themselves but in the absence of magnetic field there is less interaction between the
particles and when strain is applied it creates more spaces between them resulting in
increased nonlinearity.

For effective stiffness and amplitude graphs, the trend of mostly decreasing
stiffness with amplitude can be seen Figure 4.2; this trend intensifies for high filer

percentages, high frequencies, and increased magnetic field.

(a) 40% Co-Fe 3Hz (b) 40% Ni-Fe 3Hz
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Figure 4.2 Effect of changing amplitude and flux at maximum filler and maximum

frequency on the stiffness of (a) Co-Fe MRE (b) Ni-Fe MRE.
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But in some cases where the values of these parameters are low, the constant
stiffness can be seen and for some rare cases, it also tends to increase. This could be
because of specific interactions between particles that does not break at high amplitudes.
As in Figure 4.3 (a) for a sample of higher filler content, the value of stiffness decreases
with the amp at high frequency and high magnetic field going from 0.0073 to 0.0062 in
the case of Co-Fe and from 0.0062 to 0.0057 in the case of Ni-Fe. But in Figure 4.3 (b),
the case of the sample with low filler content and comparatively low magnetic field the
value of stiffness goes from 0.0035 to 0.0034 in the case of Co-Fe and 0.0029 to 0.003

for the Ni-Fe sample.

(a) 40% filler 0.4T 3Hz (b) 20% filler 0.1T 3Hz
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Figure 4.3 Comparison of amplitude and effective stiffness trends at (a) 40% filler and 0.4T

flux (b) 20% filler and 0.1T

4.2 Effect of frequency

In Figure 4.4 trends for different frequencies are plotted in the form of force-
displacement hysteresis loops. The comparison of Ni-Fe MREs with Co-Fe MREs is
made, representing the filler percentages of 40% and 10% under similar test parameters

of 0.4 Tesla magnetic field and 9.8 mm displacement amplitude. The peak force is mostly
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observed at maximum frequency also the trend for force increase with increasing
frequency is seen. Although at higher frequencies the effect is less prominent. The wider
area of the hysteresis loop indicates an increase in energy dissipation and damping at high
frequencies [51]. The steeper slopes of the hysteresis loop indicate the stiffness increase.
Furthermore, the graph for effective stiffness also gives a trend of increasing stiffness
with in-creasing frequency. In literature, this trend is suggested as a strain rate stiffening

effect [16].
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Figure 4.4 Comparison of force-displacement graphs for changing the frequency at

maximum and minimum filler content for Ni-Fe MRE in (a), (b) and Co-Fe MRE in

(c), (d).
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Figure 4.5 represents the effect of filler percentage on stiffness increase
concerning frequency and magnetic flux at a constant strain amplitude of 7 mm. The
trend of gradual increase in the stiffness values can be seen going towards the higher
filler percentages, as the larger percentages of filler particles contribute towards greater
confinement of matrix delivering more non-linearity and stiffness. the MREs containing
cobalt and iron has higher stiffness values as compared to the MREs with Nickel and iron
under similar conditions. For example, in Figure 4.5 (d) and (f) when a nickel sample
gives the value of peak stiffness 0.0046 and 0.0029; the cobalt sample in Figure 4.5 (c)
and (e) for the same test conditions gives a value of 0.0051 and 0.0035 respectively.
Also, 40% filler content has the highest stiffness values among the graphs in Figure 4.5,
the maximum stiffnesses is 0.0066 for Ni-Fe and 0.0081 for Ni-Co.

This trend of stiffness increase at high frequencies is enhanced with the presence
of a magnetic field, as under the influence of a stronger magnetic field attraction between
the particles increases causing the matrix confinement to increase profoundly increasing
force and stiffness. As it can be seen from Figure 4.5 the most peak values of stiffness
are obtained for high frequencies in the presence of high magnetic field, this effect is

further discussed in the next section.
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(c) 30% Co-Fe 7mm (d) 30% Ni-Fe 7mm
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Figure 4.5 Comparison of % filler content (10, 20, 30 & 40%) between MRE containing
Cobalt and Iron (a), (c), (e), (g) and MRE having Nickel and Iron (b), (d), (f), (h) while

simultaneously studying the effect of frequency and magnetic field on effective stiffness
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The effect of frequency and displacement amplitude on effective stiffness in

Figure 4.6 shows increase in stiffness with frequency and decrease with displacement

amplitude. Thus, the highest values of stiffness are obtained for high frequency and low

amplitude. This trend is more prominent in case of Co-Fe as compared to Ni-Fe.
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Figure 4.6 Effect of frequency and amplitude on effective stiffness at 40% filler content and

0.4T magnetic field on (a) Ni-Fe MRE and (b) Co-Fe MRE.

4.3 Effect of flux

The effect of the magnetic field is represented in Figure 4.7 displaying hysteresis

loops for 30% filler content at 3Hz frequency and 9.8mm amplitude. The trends are in

correspondence with the literature where with the increase in magnetic flux the area of

the hysteresis loop grows bigger and wider indicating high energy dissipation and

damping [16,37,51].
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(b) 30% Ni-Fe 3Hz 9.8mm

(a) 30% Co-Fe 3Hz 9.8mm
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Figure 4.7 Comparison of (a) 30% Co-Fe MRE and (b) 30% Ni-Fe MRE force-

displacement graphs with respect to changing flux.

Force values are also seen to be increasing going towards the high mag field
density and this trend is uniform throughout the samples even though force values for
iron-cobalt are higher than those for iron-nickel at the same parameters. The slopes in the
force-displacement graph tend to get steeper with the growing magnitude of magnetic
flux indicating stiffness increase.

The effective stiffness graphs also portray this trend of stiffness increase with flux
magnitude and though a few outliners can also be seen. In Figure 4.8 maximum stiffness
values of 0.0048 and 0.0059 can be seen at the highest frequency of 3 Hz. and highest

applied magnetic field of 0.4 Tesla for Co-Fe and Ni-Fe samples respectively.
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Figure 4.8 Effect of magnetic field and frequency on effective stiffness of (a) 30% Ni-Fe

MRE and (b) 30% Co-Fe MRE

Figure 4.9 represents an evaluation of effective stiffness concerning magnetic

field and strain amplitude. The graphs show increasing stiffness for increasing values of

magnetic field. As discussed above the decrease in stiffness with increase in displacement

amplitude can also be seen. The comparison of Co-Fe and Ni-Fe MREs shows higher

stiffness values for Co-Fe MREs.
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The MR effect refers to an MRE's sensitivity to an applied magnetic field [32].
The MR effect (%) here indicates the relative MR effect, which is calculated as the
percentage increase in effective stiffness from 0 to 0.4 Tesla using equation (4.1). Figure
4.10 illustrates that the MR effect increases with the percentage of filler particles. This is
due to the obvious reason that having a greater percentage of filler particles minimizes
the gaps between them, which promotes particle interaction and results in a better
response to a magnetic field. The gradual increase with % filler content can be seen in
Figure 4.10 (a) and it’s true for all Ni-Fe samples at all frequencies and amplitudes
except 30% Ni-Fe. The Figure 4.10 (b) shows a representative MR effect trend for Co-Fe
MREs, and this trend of decreasing MR effect for cobalt-iron samples, at high % content
and high amplitude is consistent for all frequencies. The MR effect is shown to decrease
with the large strains, i.e., the MR effect at 9.8 mm is always less than 4.2 mm. The
literature explains this deterioration of the MR effect because of the increased spacing

between the particles at large shear strains [54].
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Figure 4.10 MR effect against every percentage of filler content for (a) Ni-Fe MREs and
(b) Co-Fe MREs.
33



Figure 4.11 (a) shows the max MR effect values of all 8 samples. The maximum
value of MR effect i.e., 55.56 at 1Hz frequency and 7 mm displacement amplitude for
40% Ni-Fe. The MR effect for Ni-Fe samples can be seen increasing with the filler
content. The Co-Fe MRE showed maximum MR effect of 30.76% at 20% filler content,
1Hz frequency and 4.2mm displacement amplitude. The max MR effect for Co-Fe MRE
IS more than what was achieved with using only cobalt as a polarizable filler [45].
Although for Co-Fe samples increasing the % filler content decreases MR effect after a
certain percentage. So, the optimum percentage for Co-Fe is between 20 and 30%. Figure
4.11 (b) shows max stiffness values representing Co-Fe having higher stiffness values as

compared to Ni-Fe and maxi-mum stiffness of 0.0107 N/mm.

(a) Max MR effect values (b) Max stiffness values
60 E 12
3 50 g 10
= 40 8
b o
£ 30 o 6
o =
o 20 ﬁ il
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Figure 4.11 Comparison of (a) Maximum MR effect and (b) Maximum stiffness values for

different %filler contents.
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CONCLUSIONS

This article studied the effect of displacement amplitude, frequency, and magnetic field on the
dynamic behavior of proposed hybrid MREs. The two kinds of MREs fabricated for this study
incorporated nickel and cobalt particles along with iron particles as magnetically polarizable
fillers. After the careful examination of the results from experimental testing the following

conclusions can be obtained:

e The. MREs with Co-Fe as filler material have larger Payne effect i.e., the
incremental decrease in effective stiffness of cobalt and iron filled MREs is more
than nickel and iron MREs. This trend of strain-softening is intensified in the case
of higher frequencies and larger magnetic fields.

e The strain rate stiffening effect for both Ni-Fe and Co-Fe was observed to be larger
at small strains. For applied magnetic field the incremental stiffness increase for
Ni-Fe was more than Co-Fe MREs.

e The highest MR effect obtained was 55.56% for nickel and iron filled MRE and
30.76% for Co-Fe MRE. The MREs with nickel and iron particles showed a trend
of increasing MR effect with increasing % filler content; while for Co-Fe MRE the
MR effect increased up to an optimum % and then decreased.

e The MREs with Cobalt and Iron particles gave higher stiffness while the MREs

with Nickel and Iron gave higher MR effect.
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FURTURE RESEARCH RECOMMENDATIONS

e This research shows that nickel particles when used with iron particles can give
promising results in terms of both stiffness and MR effect. There were very less
studies on nickel particles because of their less magnetic permeability. But now there
could be further research carried out exploring the use of nickel particles in magneto-
rheological elastomers.

e Cobalt particles can further be studied for optimum percentages in the elastomeric mix
and for better MR effect.

e Nanoparticles of cobalt and nickel can be researched for their use in MR elastomers.

e Additives for MR elastomers can be explored for desired performance.
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Table 3 MR effect calculations for 20Ni-Fe and 20Co-Fe

MR effect
sample  freq amp katX0 katx0.4 %increasemax
20ni 0.3 4.2 0.0022 0.0026 18.18182 25
1 4.2 0.0023 00027 17.3913
2 4.2 0.0024 0.0027 12.5
3 4.2 0.0024 0.003 25
5 4.2 0.0026 0.0029 11.53846
0.3 7 0.0022 0.002> 13.032630
1 7 0.0023 0.0026 13.04348
2 7 0.0024 0.0027 12.5
3 7 0.0024 0.0029 20.83333
0.5 9.8 0.0024 0.0027 12.5
1 9.8 0.0025 0.0028 12
2 9.8 0.0026 0.0029 11.53846
3 9.8 0.0024 0.003 25
20co 0.5 4.2 0.003 0.0033 10 30.76923
1 4.2 0.0026 0.0034 20.76923
2 4.2 0.0028 0.0036 28.57143
3 4.2 0.0034 0.0037 B.823529
5 4.2 0.0029 0.0037 27.58621
0.5 7 0.003 0.0031 3.333333
1 7 0.0027 0.0032 13.51852
2 7 0.0027 0.0034 25.,92593
3 7 0.0034 0.0035 2.941176
0.5 9.8 0.0034 0.0034 0
1 9.8 0.0029 0.0035 20.68966
2 9.8 0.0032 0.0036 12.5
3 9.8 0.0035 0.0037 5.714286
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