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ABSTRACT

Inspired and benefited by its controllable and field-dependent stiffness/damping properties,
there has been an increasing research and development on magnetorheological elastomer
(MRE) for mitigation of unwanted structural or machinery vibrations using MRE isolators or
absorbers. The main aim of this research work was to determine the behaviour of MRE using
Nickel and Cobalt and to compare the magnetorheological effect between them. Most of the
research work have been done on MREs using carbonyl iron as filler material, so this study
aimed at observing any change in characteristics of MREs using Nickel and Cobalt as filler
particles. The use of nickel and cobalt has been increasing in magnetic appliances in every field
and their magnetic properties at micro level are almost similar to carbonyl iron. So, the ClI
particles were replaced with Ni and Co particles. The research work methodology comprised
of characterization of metallic powders to determine size of particles and check for impurities,
then casting was done following it was the micro-image analysis of casted MREs and then the
dynamic shear testing on the casted samples and finally the analysis of obtained results. The
outcome of this research work was that for Nickel and Cobalt higher MR effect was observed
at lower filler percentages and also higher MR effect was observed for Nickel based MRESs
than for Cobalt based MREs.
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CHAPTER 1: INTRODUCTION

1.1 General:

Earthquake is the shaking and vibration at the surface of the earth resulting from the
underground movement along a fault plane or from the volcanic activity. Pakistan geologically
overlaps both the Eurasian and Indian tectonic plates. Seismic activity in this region is a result
of collision between the two plates. Due to this seismic activity, Pakistan has been under
continuous threats and devastations of the earthquake. Several major earthquakes including the
2005 Kashmir, Balakot earthquake which was the toughest and the most distressing one have
damaged the infrastructure of Pakistan including more than a million buildings. So, in order to
negate the effect of these earthquakes, structures resistant to such shakings and vibrations
should be built. Recent advancements in the field of civil engineering have made it possible to
protect the structure from earthquake forces. Many techniques have been in use and base

isolation technique using smart materials is now catching the attention.
1.2 Base Isolation:

“Base isolation” is a technique that separates the structure and its components from the
dangerous earthquake ground motion Base isolation is achieved by mounting the superstructure
on the system of supports that are stiff and strong with respect to vertical forces and are showing
low stiffness in the horizontal direction. The main purpose of base isolation is to reduce the
story drifts and floor accelerations to protect not only the structure but also its contents from
damage. This technique works by deflecting and dissipating the seismic energy, lowering the
natural frequency, and increasing the time period of the structure. In this way, base isolation
minimizes the acceleration response and amplitude of the horizontal movement of the structure
and protects its structural integrity. Conventional base isolators come under the category of
passive vibration control systems. These passive base isolators are vulnerable against the strong
ground motions generated at the near-fault and far-fault locations. So, to overcome the issues
faced by the passive base isolators many researches and modifications have been done in order
to get more efficient base isolators for buildings and bridges. There are several systems that are
capable of reducing the seismic demand of the structure which includes elastomeric rubber

bearings, ball bearings, roller bearings, and springs.



Figure 1. 1: Base Isolator and its section view showing layers of steel and
elastomers.

1.3 Magnetorheological Elastomers:

Magneto-rheological (MR) materials belong to a category of so-called smart materials whose
rheological properties can be modified by an externally applied magnetic field. There are two
broad categories of MR materials MRFs (Magneto-rheological Fluids) and MREs (Magneto-
rheological Elastomers). In MR fluids, magnetic particles are suspended in a non-magnetic
fluid such as silicon oil, and these fluids are known for large stress enhancement. Initially, MR
fluid base isolators were used to overcome the issues related to the conventional base isolators.
But there are some flaws like contamination of the environment, sedimentation of particles due
to large density mismatch in MR Fluids. So, to address these issues MR Elastomers were
introduced in order to counter the drawbacks of MR Fluids. MR elastomers are composed of
micro-sized ferromagnetic particles dispersed in an elastomeric matrix. The distribution of
magnetic particles in the elastomer can be either homogenous (isotropic) in the absence of an
external magnetic field or a chain-like structure (anisotropic) in the presence of an external
magnetic field during the curing process. The ability of MR elastomers to adjust their stiffness
or rigidity under the wide range of magnetic field, loading frequency, and amplitude has made
them a suitable candidate material to be used as a basic material to develop seismic base
isolators for civil engineering applications. The results of the recent researches have also shown
that the suggested system has the ability to surpass the conventional method of reducing the

responses of the structures during earthquakes.



Magnetic Flux =0 Magnetic Flux # 0

OEDOOIXTIOD
Viscoelastic
——t— polymeric
Viscoelastic matrix
polymeric
matrix
Magnetic
Magnetic | particle
particle
OCEEXEXDEXEXDD
(a) (b)

Figure 1. 2: Schematic of MREs (a) Isotropic (b) An-Isotropic
1.4 Application of MREs:

There are many engineering applications MREs such as:

e Vibration absorbers.
e Base Isolators.
e Vibration Dampers.

e Actuators for valves.
1.5 Problem Statement:

This research will develop mechanisms and alternatives for existing materials and practices in
order to bring an improvement to the structural integrity of structures. Many studies have been
done on MRE using carbonyl iron as a filler material. So, there is a need to find the alternative
of carbonyl iron (ferromagnetic material) to use in MRE as a filler material.

1.6 Objective:
The objective of this research is:

e To study the effect of using micro sized Nickel and Cobalt particles as filler materials
on the dynamic shear properties of Magnetorheological Elastomers.

e To study the Magnetorheological Effect of MRE using different ratios of filler particles
under Shear Loading.

e To compare the Magnetorheological Effect between the MREs reinforced with Nickel
and Cobalt.



1.7 Scope of Work:

The main aim of this research work is to determine the behaviour of MRE using Nickel and
Cobalt and to compare the magnetorheological effect between them. Most of the research work
has been done on MREs using carbonyl iron as filler material, so we aimed at observing any
change in characteristics of MREs using Nickel and Cobalt as filler particles. The use of nickel
and cobalt has been increasing in magnetic appliances in every field and their magnetic
properties at the micro level are almost similar to carbonyl iron. So, we replace the CI with Ni

and Co particles.
1.8 Thesis Layout:

A brief introduction of research is presented in 1% chapter of this thesis which describes the
background, aims and scope of research. 2" chapter contains literature review on MREs, 3rd
chapter discusses about the materials and equipment used, 4™ chapter discusses methodology
used for the preparation of samples, experimental work is summed up in 5" chapter, 6 chapter

deals with discussion on results and 7" chapter provides conclusions and recommendations.



CHAPTER 2: LITERATURE REVIEW

2.1 MRE:

It is a device to use as base isolators in the event of an earthquake overcome the destructive
vibration and forces of earthquake. Recently, MRF (Magnetorheological fluids) isolators have
also been used, but MRF has shortcomings of their own, in order to address those shortcomings
this device was made. Some of the disadvantages of using MRF are particle deposition,
environmental contamination, and capability of being only One DOF system etc., due to these
issues it was replaced by MRE (Magnetorheological Elastomers) [1]. The property of a
substance to change its stiffness when magnetic field is applied is known as
Magnetorheological effect [2]. MRE are included in the category of smart materials [3,4].

2.2 MRE composition:

MRE are composed of mainly two types of material; a ferromagnetic filler which is
magnetically polarizable and a non-ferromagnetic matrix [5]. The ratio of each mixing material
is dependent on the stiffness, hardness and curing of the sample. After curing the
ferromagnetic material have a fixed position in the material. After the magnetic field is
applied the particles re-align to form a chain-alike structure, that changes the mechanical
properties of the material [6,7]. This type of effect is also present by changing the stiffness
[8]. Researchers have used different kind of materials Graphene Nano particles, Fe nanowires
and Nickel [9,10,11].

2.3 Matrix material:

The usual rubber matrix material used are silicone rubber [12], polybutadiene rubber [13],
nitrile rubber[14], and polyurethane (PU)[15]. Due to this solid matrix material MRE are
referred to as solid state magnetorheological fluids [16,17]. Selection of matrix material
drastically affects the production of MRE for research purposes [9]. Matrix material also
significantly affects the thermal stability of MRE [9]. Temperature dependent nature of MRE

is due to thermal properties of the matrix elastomer [18].



2.4 Filler Particles:

Other than the matrix, the other composite used in the MRE is filler particles, most common
filler used is carbonyl iron [23] because it matches the requirement of fast de-magnetization
meaning there will be less magnetic effect retained by the material whenever magnetic field is
removed. It also passes the requirement of high permeability, that is magnetization of a material
under applied magnetic field. These two properties combined increases the particles interaction
with matrix material [5,18-20].

2.5 Content of Filler particles:

In previous researches, it was shown that using filler content enhances the MR effect and
reinforces it [5]. Higher filler content also (specifically iron) results in larger ratio of flux
density to field density [21]. It has been noted that with increased amount of filler ultimate
strengths have increased provided that filler diameter used is small [22]. With 1-9um 25-30%
of filler particle produces ideal MR effect [23]. Also, by Von Lockette, using filler content 30-
40% can increase stiffness up to 50% [24]. A higher content of carbonyl iron particle can
increase the initial stiffness modulus (i.e., the stiffness without magnetic field) but not the MR

effect.
2.6 Additives:

With the matrix material and filler particles different other materials are also used to enhance
the properties of MRE, among the list are, silicone oil, graphite powder and micro metal
powders to enhance the mechanical as well as chemical properties of MR elastomer [25]. With
the addition of Silicone Qil, it was noted SO disperses fillers well without agglomeration [26].
A researcher has also used Carbon nanotubes as an additive, it proved to increase the dynamic
stiffness, it increased by 37% [36]. The addition of gamma-ferrite additive in CI/NR composite
elastomer resulted in higher modulus in strain sweep test [37].

2.7 MRE testing:

The mechanical properties of magnetorheological elastomer can be characterized by using
dynamic test, for this a variety of parameters and modes can be selected [27,28]. Earthquake
forces are most of the time in shear mode, reason being for the testing of MRE in shear mode
[27]. These tests and modes are categorized by displacement direction (direction of force) and

the applied magnetic field direction, if the magnetic field applied with the help of any source



is parallel to the displacement of the MRE, then it is in squeeze mode and if it is perpendicular,
then the mode is called Shear mode [29]. Increasing of elastic Moduli with increasing strain
rate and flux was observed. Furthermore, testing is also performed with on less strain
amplitudes with the range of 1 - 50% of strain [30,31].

2.8 Particle Shape and Size in MRE:

Particle size is distribution is very important to characterize the MRE. In a paper published by
Q Jin [32], influence of particle size on rheology of MRE is studied, it was concluded, samples
with smaller dia particles had larger initial shear modulus (i.e., without application of magnetic

field) and with larger dia showed smaller initial shear modulus.

Tuitial shear modulus / MPa
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Figure 2. 1: Initial Shear Modulus of MRE samples with different diameter
particles [35].
In a research published by J. Winger [33], dependence between size fraction and
magnetorheological effect was found to be a factor of two. The effect of shape and volume
fraction was also observed by C. Sarkar [34], Large sized particles with low volume fraction
with flaky shapes perform better at low shear rates, whereas, at moderate shear rates, large
sized particles at low volume fraction perform better as compared to ‘small sized’ and ‘mixed
size’ particles. At moderate volume fraction, best results were obtained by ‘mixed size’
particles. Although with the increase in volume fraction, ‘mixed size’ particles show the best
performance. Approaches for hybrid mixtures of nano and micro sized fillers has also been
made [5], It was seen that instead of using micro or nano fillers has a whole produced less MR
effect than using materials in conjunction with each other. A stiffness increases of up to 40%

was reported as compared to initial state modulus. Demchuk showed that magnetorheological



elastomer with particle size less 3um showed less magnetizing effect as compared to particles

with 13um, researcher recommend using a size of greater than 3um [35].
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Fig. 3. Accumulation modulus of an unoriented formoplast-based magnetor-
heological elastomer (a) and of an oriented one (b) vs. magnetic field intensity:
1) particle diameter is 3.5 and 2) 13 pm.

Figure 2. 2: Accumulation modulus of and unoriented formoplast-based
magnetorheological elastomer (a) and of an oriented one (b) vs. magnetic field.

(1) Particle dia 3.5um (2) 13um [35].

2.9 Research Gap:

It can be concluded that MRE’s are a vast field and despite the previous research, a lot of work
is needed to be done. Perhaps, the most important research topic may be the ‘Design of MRE”’,
No formal procedure is present for the design, we may understand of how the MRE may work
but the knowledge required to predict the performance of MRE is still less. One other research
area is by changing the filler material and moving away from carbonyl iron and finding more

alternatives, that are cheap to produce and simultaneously feasible.



CHAPTER 3: MATERIAL & EQUIPMENTS

3.1 Cobalt and Nickel particles:

The percentage of nickel and cobalt filler particles as shown in Table 3.1 were decided on basis
of trial. As the MREs at higher percentage were very rough on the surface and stiff as can be
seen in Figure 3.1 so after the new percentages that were selected are shown in Table 3.2 shows
that MREs obtained with these percentages gave better smooth surface and were soft on

pressing as can be observed in Figure 3.2.

Table 3. 1: Percentages of Cobalt and Nickel Powder

Particles Percentages
Sr. No. _
Cobalt (%) Nickel (%0)
1. 5 5
2. 10 10
3. 15 15

Table 3. 2: Percentages of Cobalt and Nickel Powder

Particles Percentages
Sr. No. _
Cobalt (%) Nickel (%0)
1. 2.5 -
2. 5 5
3. 75 75
4, 10 10
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Figure 3. 2: MRE Samples (a) Nickel 5% (b) Cobalt 5% (c) Nickel 10%
3.2 Silicon Rubber and Silicon Oil:

The silicon elastomer has more advantage over conventional rubber matrix, moreover
magnetorheological phenomena is more prominent in silicon elastomers. Silicon oil as an
additive is added in elastomer matrix to increase Magnetorheological effect by making a soft
MRE. Figure 3.3 shows that silicon elastomer was imported from Shenzhen Rongxingda
Polymer Material Co., Ltd. from China through Alibaba to use in MRE as matrix material, it
has two parts (part A and part B) to be mixed in 1:1. Silicon oil was imported from Miingcheng
Group Ltd. Dongguan, Gaung Dong, China as an additive in MRE. Properties of Silicon

Elastomer and Silicon oil are shown in Table 3.3 and Table 3.4, respectively.

Table 3. 3: Parameters of Silicon Elastomer

Translucent Silicone (A:B = 1:1)
Sr. No. Parameter Value
1. Hardness 5 +/- 2 Shore A
2. Tensile Strength >=2.5 Mpa
3. Viscosity 5000 +/- 500 mPas
4. Elongation >=550%
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5. Shrinkage Rate <0.1%
6. Tear Strength >12 MPa
7. Pot Life 30-40 mins
8. Curing Time 3-5h
Table 3. 4: Parameters of Silicon Oil
Sr. No Parameter Value
1 Item No. MC-100
2 Vapor density <1 (vs. Air)
3 Vapor Pressure <5 mmHg (25 °C)
4 Viscosity 100 ¢St (25 °C)
5 Density 0.96 g/ml at 25 °C

Figure 3. 3: Silicon Rubber (Part A & B) and Silicon Qil

3.3 Electronic Top Loading Balance:

Digital weighing balance was used to measure weights of materials less than 1kg. The

specifications of weighing balance are as following:

Table 3. 5: Parameters of Digital Weighing balance

Sr. No Parameter Value
1 Model no. 321-64503-72
2 Capacity 620 carats
3. Brand Name Shimadzu
4 Temperature range 5/40°C

11



Figure 3. 4: Electronic Loading Balance

3.4 Ultrasonic bath Sonicator:

An ultrasonic bath Sonicator as can be seen in Figure 3.5 is used for homogeneous mixing, de-

agglomerating and dispersing of nanoparticles. Parameters are shown in Table 3.6. It digitally

displays temperature and timer.

Figure 3. 5: Ultra-Sonic Bath Sonicator

Table 3. 6: Parameters of Sonicator

Sr. No. Parameter Value
1 Model no. DSA150-SK2
2 Capacity 57L
3 Material Stainless steel
4 Temperature 60 °C
5 Frequency 20kHz
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3.5 Steel Mold:

A steel mold consisting of two plates was prepared for the casting of MRE samples. The

thickness of both plates was kept 14 mm, one plate consisting of rectangular and square slots
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R A "_lL Steel

'Fi.gure 3. 6: Steel Mold and its Plan View

of different sizes were fixed with bolts and nuts above the other plate, which serve as a base of
mold. The dimensions of different slots are mentioned in Figure 3.6.

3.6 Permanent Magnets:

Pair of Permanent Neodymium magnets were imported from China through
importers/traders/wholesalers Fair Deal Enterprises, Lahore, Pakistan. These magnets were
used to test field-dependent properties of MRE. The properties of Magnets are mentioned in
table 3.7.

Table 3. 7: Parameters of Permanent magnets

Sr. No Parameter Value
1. Grade No. N52
2. Size 50x50x40 mm
3. Coating Nickel
4. Tolerance +/- 0.5 -1mm
5. Max. Working temperature 80 °C
6. Gauss Power 5500+/-100

13



3.7 Gauss Meter:

Gauss meter as shown in figure 3.7 is a digital display meter for the measurement of
electromagnetic wave in Gauss (G), miliGauss (mG), miliTesla (mT) or microTesla (UT) units
having technical parameters mentioned in table 3.8. Magnetic flux values were measured
physically during experiment at different distances on design assembly, in such a way that two
points on top and bottom, and one at the middle was selected on sample parallel to the line C-
D (figure 4.2) and for each point three readings were observed for averaging using Gauss meter,

same technique was used for line parallel to A-B.

Table 3. 8: Parameters of Gauss Meter

Sr.No Parameter Value
1. Model DX-102
2. Minimum Resolution 0.1mT
Better than 1% (+/- 1000mT)
3. Accuracy Better than 2% (1000mT +/—2000mT)
Better than 3% (2000 mT +/- 3000mT)
4, Gauss Range 30mT, 300mT, 3000mT three gears

GALSSMETER

Figure 3. 7: Gauss Meter
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CHAPTER: 4 METHODOLOGY

The methodology for experiment involves preparation of design assembly for performing test,

preparation of samples, characterization of samples and determining properties of samples.
4.1 Design Assembly

For dynamic test the assembly used was the same as prepared by Sadia Umer Khayyam [1]
using FEMM software, the results of which are shown in table 4.1. The samples were glued to

1=N52 Magnet
2=Aluminum Strip
3=Steel Frame
4=MRE sample
5=Screws to move
magnets

Figure 4. 1: Design Assembly for MRE testing with a MRE samples and
Permanent Magnets [5]

L shaped aluminum strips using a strong glue and then the aluminum strips along with glued
samples were screwed to the apparatus at its appropriate place. A straight aluminum strip was
also introduced between the two elastomeric samples with its free end extruding so it can be
clamped with the upper moveable jaw of the cyclic loading machine, the samples were also
attached to it using glue. Aluminum was introduced so to concentrate the magnetic field lines

in MRE samples as aluminum is a non-magnetic material.
4.2 Finite Element Magnetic Model

Finite Element Method Magnetics (FEMM) Software deals with electromagnetic problems.
Software offers various tools to specify different parameters analyse them and provides suitable
solution to suit our requirement. Figure 4.2, shows FEMM model of design assembly. The
encircled red line parallel to line C-D in figure 4.2 is the line along which magnetic flux
variation has been plotted in figure 4.3, the top of red line is 0 mm distance and bottom is 24
mm distance. Flux values were confirmed using FEMM software with only a 5.8 % maximum
variation (Table4.1). FEMM analysis shows a decrease in flux values with an increase in
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distance between magnets (line A-B) and an exponential decrease in flux from the centre to

edges of elastomers across the assembly along the line C-D. (Figure 4.2).

Table 4. 1: Comparison of Magnetic Flux Observed during Experimentation
with FEMM Model Results [5]

Case Distance Observed Magnetic flux Difference
Magnetic Flux from FEMM
(Gauss Meter)  Model (Peak

Value)
A 61 mm 04T 0.388 T -3%
B 67 mm 03T 0.302T +0.2%
C 77 mm 02T 0215T +1.5%
D 87 mm 01T 0.158 T +5.8%

=T

A Aas A’

[ o e SR S el
13 Read as 67mm 55

Magnet
2=Aluminum
Strip

3=Steel Frame
4=MRE sample
S=Alr

Figure 4. 2: Distance between aluminium plate and face of magnet is 0 mm
(61mm as per scale on assembly) [5].

0.39
18], Testa

o s 0 is 20
Length, mm

Figure 4. 3: Magnetic Flux variation across line C-D [5].

16



4.3 Preparation of particles:

The powdered particles were imported from an online material store in China named as
“Hurricane Magnets & Materials” through Amazon and the images of the materials are as
shown below, (These sample were discarded as it had interacted with air and their high chances

of oxidation which could alter of experimental results).

P

Figure 4. 4: Cobalt powder Figure 4. 5: Nickel powder

4.4 Characterization of Particles:

Characterization of magnetic particles was done to determine the particle size and morphology
and to check the presence of any unwanted material in our powder material which could have

worse effects on our results. The Characterization techniques performed were:

e PSA (Particle Size Analysis test)
e SEM (Scanning Electron Microscopy Test)
e EDS (Energy Dispersive Spectroscopy Test)

4.4.1 Particle Size Analyzer:
The size of Nickel and Cobalt particles were analysed using PSA (Horiba Laser Scattering

Particle size distribution Analyzer LA-920) and the resulting graphs are as shown:

“)'““7 - 100.0

Q(on %)

q(%)

2z

,,.,.,,...,mile'l”..HH H“Im. R ¥

0.020 0. 100 1.000 10.00 100.0 1000 2000

Dinmeter (pum)

Figure 4. 6: Particle size analysis of nickel powder
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Figure 4. 7: Particle size analysis of cobalt powder
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Graph for cumulative percentage passing and particle diameter was plotted to obtain mean sizes

of nickel and cobalt and from the results of the analysis we can confirm that the particles sizes

are in micro range which are 12.39um and 7.35um respectively.

4.4.2 Scanning electron microscope (SEM)

The size and morphology of as received cobalt and nickel particles was observed using SEM

(JEOL JSM-6490A) images.
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Figure 4. 9: SEM images of nickel particles
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From Figure 4.6 and 4.7 we can see that there is no presence of other size particles in the
powder material though the particles were of irregular shape but this is what we get from the
supplier and also, we can see that at the same magnification nickel particles are larger than

cobalt particles which conforms to the result of PSA test.

4.4.3 EDS (Energy Dispersive Spectroscopy)
The powders were tested under EDS machine to check the presence of any unwanted material.

The results are shown in fig 4.8 and 4.9 and table 4.3 and 4.4

T T T T T T T T T T
0 2 4 1= = 10 12 14 18 12 20
Full Scale 2454 cts Cursor: 0000 ke’

Figure 4. 10: EDS spectrum for Nickel powder

Table 4. 2: EDS test result for Nickel

Element Weight (%0)
O 0.49
Ni 99.51
Total 100

T T T T T T T T T T
o prs 4 L3 &8 10 12 14 16 18 20
Full Scale 813 cts Cursor: 0.000 ke’

Figure 4. 11: EDS spectrum of Cobalt powder
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Table 4. 3: EDS test result for Cobalt

Element Weight (%0)
O 3.57
Co 96.43
Total 100

From the results EDS test, we can see that both the Nickel and Cobalt powders don’t contain
any unwanted materials. There are traces of oxygen (3.57 % by weight) found along with cobalt

particles but this small percentage doesn’t have any major effect on our final test results.
4.5 Sample Preparation

To prepare the samples first the required volume of silicon rubber part A was mixed with the
required volume of oil. Then the required amount of magnetic powder was added to the mixture
followed by the hand mixing for five minutes. The mass was measured using the electronic
balance. After five minutes of hand mixing the beaker was placed in the Ultrasonic cleaner
bath Sonicator for one hour of sonication. Sonication was done for homogenous mixing of the
mixture and to disperse the filler particles in the mixture to avoid agglomeration. Sonication
was done in two batches each batch lasted for thirty minutes and each batch was followed by
five minutes of hand mixing. After sonication Silicon rubber Part B was added and the liquid
sample was then hand-mixed for ten minutes after which it was poured into the slots of a mold
in layers along with slight tapping on the mold to prevent any bubble formation. Curing was
done at room temperature for almost 24 hours and the samples were removed from the mold

after they had cured properly.

: Sicet Rubber Electronic Balance
Nickel Powder Cobalt Powder Part A & Part B Silicon Oil

Mixture of powder, Silicon

Steel Mold Ultrasonic Bath Sonicator Rubber part A & Silicon oil

Figure 4. 12: Steps for casting of magnetorheological elastomers
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The Magnetorheological Elastomers that were casted were of size 23.62 x 12.5 mm and had a
thickness of 14mm (figure 4.11). Three MRE samples were casted for a specific composition

and of these three two were used for dynamic shear testing and one sample was used for sample
micro-image analysis.

Figure 4. 13: MRE samples with Dimensions.

After casting and curing of samples SEM test was performed on the samples to observe the
dispersion of magnetic particles in the matrix and to check if there are any agglomerates present
or not along with the voids. The SEM images for Nickel 5%,7.5% and 10% are shown in
fig4.12, fig 4.13 and fig 4.14 respectively and SEM images for Cobalt 2.5% and 5% are shown
in fig 4.15 and fig 4.16 respectively.

20V X5000  Spm SCME NUST 20KV  X1000  10pm SCME NUST

Figure 4. 14: (a) SEM image for Nickel 5% at X5,000 magnification. (b) SEM
image for Nickel 5% at X1,000 magnification

206V X5000  Spm SCME NUST X1.000  10pm SCME NUST

Figure 4. 15: (a) SEM image for Nickel 7.5% at 5000 magnifications. (b) SEM
image for Nickel 7.5% at 1000 magnification
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06V X5000 Spm SCME NUST 20kV  X1,000 Gp—n} SCME NUST
Figure 4. 16: (a) SEM image for Nickel 10% at X5,000 magnification. (b) SEM
image for Nickel 10% at X1,000 magnification

0kV  X5000 Spm SCME NUST 206V X1,000 1% SCME NUST

Figure 4. 17: (a) SEM image for Cobalt 2.5% at X5,000 magnification. (b)
SEM image for Cobalt 2.5% at X1,000 magnification

\

200V X1,000 10pm SCME NUST

Figure 4. 18: (a) SEM image for Cobalt 5% at 5000 magnification. (b) SEM
image for Cobalt 5% at 1000 magnification.

206V X5000 Sum SCME NUST

A total of seven compositions were prepared and for each composition, three samples were
prepared. Two samples were used for testing and one sample was used for SEM imaging. SEM
images for cobalt 7.5% and 10% were not included because these MRE samples didn’t cure
properly even after giving them a plenty of time. Also, we could not perform shear testing on

these two samples. The compositions are summarized in Table 4.5
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Table 4. 4: Composition of MRE samples

Sample Size (ISO — 1827): 23.62 mm x 12.5 mm x 14 mm

S/No. | Particle | No. of Samples | Particle % % of % of

Name for each by Volume | Elastomer | Silicon
Composition | of Sample oil
l. Ni 3 5 85 10
2. Ni 3 7.5 82.5 10
3. Ni 3 10 80 10
4. Co 3 2.5 87.5 10
5. Co 3 5 85 10

23



CHAPTER 5: EXPERIMENTATION

5.1 Testing Parameters

To study and characterize dynamic behavior of MRE, it is important to consider different
parameters based on previous research and testing machine limitations. Table 5.1 summaries

the input parameters, their range and total number of test trials.

Table 5. 1: Summary of Test Parameters

Sr. | Test Parameters Range
no.
1 Filler Nickel 5%, 7.5%, and 10% (by volume of MRE)
Conten
¢ Cobalt 2.5%, and 5% (by volume of MRE)
2 Frequency of 0.5Hz,1 Hz,2Hz & 3 Hz
vibration
3 Amplitude of 4.2 mm, 7mm & 9.8mm (30%,50%&70%
vibration strain)
4 Magnetic field 0T,0.1T,0.2T,03T&04T
Total No. of Samples: 5
No. of Test on 1 sample: 60
Total No. of Test cases: 300

5.2 Testing Equipment

Dynamic testing was performed at National Textile University, Faisalabad, Pakistan using
Zwick/ Roel Servo hydraulic testing machine (HC 25). Machine has the ability of performing
cyclic loading with full control of changing frequency and amplitude at a wide range. It also

has the computer system to record data along with cooling system.
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Figure 5. 1: Zwick/ Roel Servo hydraulic testing machine with data accusation

and cooling system5.3 Mechanism

After carefully centring & gluing the two elastomers with aluminium strip and steel strips of
design assembly. The machine was turned on along with data accusation system & its door was
opened using a hydraulic valve. The design assembly was than fixed from bottom to the lower
grip of machine and the upper aluminium strip which was sandwiched between MRE samples

was fixed with the lower jaw of machine.

Testing was performed for the parameters mentioned in table 5.1. Input data was fed in
computer with software linked with machine as shown in figure 5.2. Readings for 1st sample
without magnetic field were taken by keeping the maximum distance between magnets and
elastomers using adjustable knobs. For other magnetic field values, the knobs were adjusted by
moving magnets closer to samples. The Magnetic flux values were measured using Gauss
Meter. Samples were applied extra cycles of cycling loading to eliminate Mullin’s effect so
that hysteresis loops without any fluctuations can be obtained therefore, 12 cycles were

considered for each test case. [40]

For the 1st test at O Tesla flux the frequency was kept constant and amplitude was varied, till
whole amplitudes were covered (4.2, 7, 9.8 mm). Then process was repeated for 2nd frequency
and so on. After completing all frequencies (0.5, 1, 2, 3) the magnetic flux value was changed.
The process was repeated for all the values of magnetic flux (0, 0.1, 0.2, 0.3, 0.4Tesla),
resulting into 60 tests on one sample of MRE. After completing test on 1st sample the whole
assembly was removed from machine, 2nd MRE samples (S2) was attached with assembly
after properly scrubbing off the superglue from the surface of strips. The same testing sequence
was repeated for all samples yielding 300 test cases in total.



T

Figure 5. 2: Computer system linked with Dynamic testing machine to enter
input data and to extract results.

5.4 Extraction of results

The data for testing was saved in computer after each test in separate folders with different
names. After completion of all 300 tests, the results were extracted from the computer in the
form of time vs. displacement, time vs. force, force vs. displacement, Dynamic stiffness.
Damping values for each individual test.

5.5 Post processing of results

The extracted data from machine software was processed in MATLAB (R2018b) Software to
remove noise or any bias from the test data by using sgolayfilt filter which can be seen in Fig

5.3. Finally, graphs were plotted, and stiffness values were determined from graphs.

In general elastomers are categorized by their stiffness parameters, due to simplicity of its
measurements and its relationship with other mechanical constants such as, shear and elastic

modulus. The effective stiffness is calculated according to author Li et al [38].

Effective stiffness= Kef = (Max Force—Min Force) / (Max Displacement—Min Displacement)

Where:

Max force= It’s the maximum positive value of force on force-displacement loops.
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Min force= It’s the maximum negative value of force on force-displacement loops.
Max Displacement= Maximum displacement value corresponding to maximum force.
Min Displacement= Maximum displacement value corresponding to maximum force.
Disp=T.data(:,7);

Force=T.data(:,10);
ForceFil=sgolayfilt (Force,1,61);
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Figure 5. 3: Comparison of Filtered and Unfiltered Data



CHAPTER 6: RESULTS AND DISCUSSION

For observing the MR effect of MREs filled with nickel and cobalt magnetic particles, dynamic
shear test was performed, and force-displacement data was obtained for 12 cycles. Out of 12
cycles 8 cycles are deducted, 4 cycles from start and 4 cycles from end and middle cycles are

used.
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Figure 6. 1: Hysteresis loops of all 5 samples for highest values of frequency &
amplitude
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As the behavior of MREs cannot be easily discuss from the results obtained from Dynamic
Shear testing, therefore filters in MATLAB were used to make them easily understandable.
The force-displacement plots are basically hysteresis loops with loading and unloading curves.
The hysteresis loops of all samples at highest frequency and amplitude are shown in figure 6.1.

6.1 General Observation

In Fig 6.1 the hysteresis loops of cobalt 2.5% shows increase in steepness except at 9.8 mm
amplitude where it shows decrease in steepness while nickel 5% shows the increase in
steepness with increase in the magnetic flux, firstly the steepness decreases at 0.1 Tesla then
an increase is observed at 0.2 Tesla then again decrease at 0.3 Tesla afterwards shows increase
up to 0.4 Tesla. Nickel 7.5% and Nickel 10% shows decrease in steepness of loops with change
in magnetic flux at constant frequency and amplitude while for Cobalt 5% a decrease in
steepness is observed up to 0.2 Tesla then slight increase at 0.3 Tesla then again decrease at
0.4 Tesla which is more elaborated in Fig 6.9. The stiffness of the force-displacement loops is

calculated according to Li.et.al [38].

MR effect is basically the increase in stiffness with increase in magnetic flux i.e., from 0 Tesla
to 0.4 Tesla [1].By closely observe the hysteresis graphs as elaborated in Fig 6.1 it is noted
that increase in stiffness increase (%) is observed with increase in frequency from 0.5 Hz to 3
Hz while decrease in stiffness increase (%) is observed with increase in amplitude except nickel
5% at all frequencies and at 0.5 Hz for other samples where stiffness increase (%) first
decreases then increases at 9.8 mm. Moreover, the area of loops shows the damping effect of
MREs [38]. By observing the hysteresis graphs, it is noted that the damping is increasing with
increase in the filler content (%).

Figure 6.2 shows the max effective stiffness for Nickel and Cobalt MREs. Among nickel
samples, nickel 10% shows max stiffness of 6.39 N/mm which is 43% higher than nickel 7.5%
and 69% higher than nickel 5%. For cobalt samples, cobalt 5% shows max effective stiffness
which is 35% higher than cobalt 2.5%. It can be observed that max effective stiffness increases
with increase in filler content (%). Among nickel and cobalt samples cobalt shows more

stiffness than nickel sample which is 35% higher.
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Figure 6. 2: Plot to compare Max Stiffness values of all samples

6.2 Effect of Changing Amplitude

Figure 6.3 shows the hysteresis plot of force-displacement with changing amplitude. Nickel
5% and Cobalt 5% are considered to represent the MREs. The behavior of MRE with change
in amplitude is easily distinguishable. It shows that with increase in amplitude the force
increases which shows the amplitude dependent nature of MREs. By observing the hysteresis
graphs under constant flux, frequency and changing amplitude the steepness of force-

displacement plots is decreasing with increasing amplitude along with the shape change
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Figure 6. 3: Hysteresis plots of MREs with varying amplitudes under 0.4 T flux
density at 3 Hz frequency for (a) Cobalt 5% (b) Nickel 5%
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showing strain stiffening at high amplitude. Strain stiffening is the phenomenon of limiting the
extensibility of polymer chains which is more pronounce in natural rubber. For MR elastomers
the strain stiffening (non-linearity) is more pronounced at higher flux values indicating more
limiting in extensibility of polymer chains [1]. More strain stiffening observed at 0.4 Tesla than
0 Tesla. Figure 6.3 shows the increase in area of hysteresis loops with increase in amplitude
which depicts MREs have more damping effect at high amplitudes. Through visual observation

cobalt 5% shows more damping effect than nickel 5%.

Figure 6.4 shows the change in effective stiffness with change in amplitude under different
frequencies. It can be seen that highest stiffness is prominent in Nickel 5%. In cobalt 2.5% the
increase in stiffness with increase in amplitude is observed while for nickel 5% trend is not the
same. In Nickel 5% at first decrease in stiffness at 7 mm amplitude then increase is observed
at 9.8mm. Increase in stiffness is observed with increase in frequency for both samples while
more increase in stiffness is observed with change in frequency in nickel 5% as compared to
cobalt 2.5%.“According to literature for MREs with micro particles, stiffness decreases with
increase in strain even for larger strains stiffness decreases with increase in strains
[39,40,41].But in present research for cobalt stiffness is constant up to 50% strain (i.e., 7 mm)
then increases up to 70% strain (i.e., 9.8 mm) while for nickel at first decrease is observed up

to 50% strain (i.e., 7 mm) then increases (i.e., 9.8 mm).

Cobalt 2.5% @ 0.4 Tesla Nickel 5% @ 0.4 Tesla
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Figure 6. 4: Effective Stiffness versus changing Amplitude under different
Frequencies for (a) Cobalt 2.5% (b) Nickel 5%
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6.3 Effect of Changing Frequency

Figure 6.3 shows the hysteresis plot of force-displacement with changing frequency under
constant flux and amplitude. With increase in frequency the steepness of hysteresis loops is
increasing indicating increase in stiffness. Change in shape of loops is very less with increase
in frequency as compared to change in amplitude. The area of loop is also increasing with
increase in frequency indicating more damping effect at high frequencies. Same trend is
observed for flux greater than and equal to 0.2 T while for less than 0.2 T decrease in stiffness

is observed with increase in frequency.
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Figure 6. 5: Hysteresis plots of MREs with varying Frequency under 0.4 T Flux
density at 4.2 mm Amplitude for (a) Cobalt 5% (b) Nickel 5%

Figure 6.6 shows the change in effective stiffness with change in frequency under different
amplitudes at constant flux. It can be seen that max effective stiffness is prominent in Nickel
5%. With increase in frequency decrease in stiffness is observed up to 1 Hz after that a constant
trend is following which shows that effective stiffness depends slightly on frequency. With

increase in amplitude effective stiffness increasing for both samples.

Figure 6.7 shows the change in effective stiffness with change in frequency at 0.4 Tesla. It can
be seen that the increase in stiffness with increase in frequency is observed while for 0 Tesla
decrease in stiffness was occurring. The increase trend is same for 0.2-0.4 Tesla while for 0-

0.1 Tesla decrease trend is followed. As in case of Nickel 5% the stiffness increase in 7 mm is
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not following the trend that may be due to instrument error or loose of bond between MRE and

Aluminum Strip.

Cobalt 2.5% @ 0 Tesla Nickel 5% @ 0 Tesla
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Figure 6. 6: Effective Stiffness versus changing Frequency under different
Amplitude at 0 Tesla for (a) Cobalt 2.5% (b) Nickel 5%
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6.4 Effect of Changing Magnetic Flux

Figure 6.8 shows the change in stiffness with change in magnetic flux under different
amplitudes. It can be seen that with increase in magnetic flux the stiffness is increasing for both
samples except for cobalt 2.5% at 9.8mm. With increase in amplitude the increase in stiffness
can also be observed while for other sample the decrease in stiffness is observed with increase
in flux. The change of stiffness with change in flux shows the influence of magnetic field on

the magnetic filler particles.
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Figure 6. 8: Effective Stiffness versus changing Flux under different Amplitude
at 3 Hz for (a) Cobalt 2.5% (b) Nickel 5%

6.5 Magnetorheological Effect:

Figure 6.9 shows that with increase in amplitude the increase in stiffness decreases linearly for

cobalt 2.5% while for nickel 5% stiffness first decreases up to 50% strain (7 mm) then

increases. For cobalt 2.5% at 0.5 Hz increase in stiffness remain constant up to 50% strain then

increases. Same trends are observed in [5] for nano and hybrid samples.
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Figure 6. 9: Effect of Magneto-rheology on Effective stiffness increase due to
change in amplitude for (a) Cobalt 2.5% (b) Nickel 5%~

Decrease of MR effect with increase in strain is attributed to Payne effect, in which at high

strains rubber molecules start to slide which causes increase in inter-molecular distance due to

which distance between ferromagnetic particles increases and results in reduction of MR effect

[42,43,44]. Fig 6.9 shows that with increase in frequency increase in stiffness increases while

according to the literature for micro-particles the increase in stiffness decreases or remain
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constant with increase in frequency and according to [5] for nano and hybrid samples increase
in stiffness increases with increase in frequency. For sample with cobalt particles, increase in

stiffness first increases up to 1 Hz then remain constant.
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Figure 6. 10: Effect of Magneto-rheology on Effective stiffness increase due to
change in amplitude for (a) Cobalt 2.5% (b) Nickel 5% "
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Figure 6. 11: Maximum values of MR effect for all sample

For more clear understanding, MR effect and effective stiffness with minimum and max flux
of nickel samples at highest frequency and different amplitudes are represented in Table 6.1. It
shows that nickel has max stiffness increase of 5.3% for 5% content while for 7.5 and 10%
max stiffness increase are -1.2% and -0.6% respectively. It can be observed in Fig 6.1 hysteresis

loops that for nickel samples with 7.5% and 10% filler content force at 0 flux is more than with
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Table 6. 1: Stiffness Increase (%) Calculation for Nickel samples at highest
frequency for all three amplitudes (a) 4.2 mm (b) 7mm (c) 9.8 mm

3 Hz Frequency, 4.2 mm Amplitude

% %

0 Tesla 0.4 Tesla )
Sample Content of ) ) Increase in
) Stiffness Stiffness )
Filler Stiffness
3.145532 5.295952
5 2.987325

= 3.476281 3.435409 -1.17574
10 4.5247 4.4987 -0.57462

3 Hz Frequency, 7 mm Amplitude

. 3.089284 3.150576 1.984013
Nickel S e 3.573144 3.201167 -10.4104
4.7063 4.6185 -1.86558
10
3 Hz Frequency, 9.8 mm Amplitude
. 3.611286 3.785164 4.814841
2 4.376534 3.539233 -19.1316
10 6.0557 5.8058 -4.12669

flux. For nickel 7.5 and 10 % content samples, difference of higher to lower flux results into
negative MR effect. Out of nickel samples, samples with 5% filler content shows more better

results for MR effect as compared to 7.5% and 10% samples.

Figure 6.10 shows max MR effect of all samples. It is clear from figure that max MR effect

shown by cobalt decrease with increase in filler content while for nickel MR effect first
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decrease up to 7.5% then slightly increases up to 10%. Both filler materials show better MR
effect at low filler content which suggests the use of filler content at low percentages. From
Figure 6.2 and 6.10 it can be seen that nickel has minimum stiffness and highest MR at 5%
while for nickel 10% has more stiffness than nickel 7.5% and nickel 10% is showing more MR
effect which suggest to do research on nickel with high filler content. In case of Cobalt with
increase in stiffness decrease in MR effect is observed. Out of nickel and cobalt, it is clear that

nickel has 4.8% more effect than cobalt at 5%.
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CHAPTER 7: CONCLUSIONS & RECOMMENDATIONS

7.1 CONCLUSION

The research focus was to understand and characterize the behavior of MRE’s
compose of different type of filler contents under different loading (frequency,
amplitude of vibration) and magnetic flux conditions. Following conclusions can be

obtained from the results.

e For nickel and cobalt based MREs, change in effective stiffness with change in
frequency is in line with the previous researches and less as compared to change in
amplitude which shows amplitude dependent nature of MREs.

e More increase in stiffness is observed at 70% strain as compared to 50% strain which
is a new finding and need further research.

e For nickel and cobalt based MREs, MR effect increases with increase in frequency
which is a new observation with microparticles and requires further research.

e For cobalt based MREs, MR effect with change in amplitude is in line with the
literature. But for nickel based MREs, increase in MR effect is observed at 70% strain
as compared to 50% strain which is a new observation and need more research.

e For nickel and cobalt based MREs higher MR effect was observed for lower filler
percentages which is opposite to the trend observed in literature for carbonyl iron
based MRESs containing microparticles.

e Higher MR effect was observed in case of nickel based MREs compared to cobalt
based MREs which validates the previous researches that with increase in initial
stiffness reduction in MR effect will occur.

e MR effect due to use of carbonyl iron in previous studies observed more than as
compared to nickel and cobalt based MREs this validates that for MREs with high
initial stiffness gives less MR effect.

7.2 RECOMMENDATIONS

e As this research was limited to only one size for both fillers while there is a need of
detailed research on the effect of size of filler particles on the MR effect.



In view of this research, decrease in MR effect with increase in filler content is not
according to literature which needs further research which can be done by decreasing
initial stiffness.

As this research was limited to only filler content less than 10% due to not curing of
samples at high percentage. Research is required at higher filler content by making

samples curable using some admixtures.
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