Technological University Dublin

ARROW@TU Dublin
Doctoral

Engineering

2017

The Evaluation and Implementation of Magnetic Fields suitable
for Biaxial Cyclic Testing of Magnetorheological Elastomers
Dave Gorman
Technological University Dublin, david.gorman@tudublin.ie

Follow this and additional works at: https://arrow.tudublin.ie/engdoc
Part of the Mechanical Engineering Commons

Recommended Citation
Gorman, D. (2017) The Evaluation and Implementation of Magnetic Fields suitable for Biaxial Cyclic
Testing of Magnetorheological Elastomers. Doctoral thesis, DIT, 2017.

This Theses, Ph.D is brought to you for free and open
access by the Engineering at ARROW@TU Dublin. It has
been accepted for inclusion in Doctoral by an authorized
administrator of ARROW@TU Dublin. For more
information, please contact arrow.admin@tudublin.ie,
aisling.coyne@tudublin.ie.
This work is licensed under a Creative Commons
Attribution-Noncommercial-Share Alike 4.0 License

The Evaluation and Implementation of Magnetic Fields suitable for
Biaxial Cyclic Testing of Magnetorheological Elastomers

A thesis submitted to The Dublin Institute of Technology in conformity with the
requirements for the degree of Doctor of Philosophy
by
David Gorman, BA (mod).

Supervisors: Dr. Niall Murphy, Dr. Ray Ekins, and Prof. Stephen Jerrams

School of Mechanical and Design Engineering
College of Engineering and Built Environment
Dublin Institute of Technology
February 2017

Abstract
This thesis addresses the current lack of specification of magnetic fields
currently used in the physical testing of Magnetorheological Elastomers MREs
as well as providing the first comparative test results for MREs subject to both
biaxial and uniaxial cyclic loading in the same magnetic field.
In order to design an electromagnetic array capable of generating a suitable
magnetic field for the cyclic biaxial testing of MREs, a review of currently used
magnetic fields for uniaxial testing of MREs was carried out and a suitable array
was modelled and evaluated with both 2D and 3D FEA software. Once the FEA
analysis of the modelled arrays was completed, a final electromagnetic array
was proposed and constructed.
A detailed field map of the magnetic field generated by the constructed array to
determine the overall magnitude, direction, and uniformity of the flux density is
presented. This physically measured and mapped magnetic flux density is
compared to both 2D and 3D FEA models highlighting the need for actual field
mapping as well as modelling of magnetic fields.
Currently there is no standard accepted method for specifying the magnetic
field applied during MRE testing. This thesis presents a proposed standard
method for specifying an applied magnetic field.
This study also provides the first comparative results for MREs tested under
both uniaxial and biaxial high strain fatigue conditions using the same applied
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magnetic field. This high strain data for both test conditions is important as
mathematical and FEA modelling of elastomers requires comparative inputs for
a range of test modes, and no previously published study has provided both for
the same samples tested in the same magnetic field. This also allows a direct
comparison between the biaxial results and the uniaxial results under a number
of different strain and flux conditions as well as allowing a comparison of these
results with previously published uniaxial results of other authors.
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Nomenclature
MRE

Magnetorheological Elastomer

MR

Magnetorheological

ER

Electrorheological

NR

Natural Rubber

MRF

Magnetorheological Fluid

NMR

Nuclear Magnetic Resonance

FEA

Finite Element Analysis

ATVA

Adaptive Tuned Vibration Absorber

NI

Ampere Turns

AC

Alternating Current

DC

Direct Current

IC

Integrated Circuit

EMF

Electromotive force
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1 INTRODUCTION

1.1 Thesis Purpose and Aims

The purpose of the research described in this thesis is to design an
electromagnetic coil array to produce verifiable (flux density) magnetic fields
used for the physical testing of magnetorheological elastomers (MREs) and
determine the magnetorheological (MR) effect of the material under cyclic
biaxial loading conditions using the bubble inflation method [1]. The array and
magnetic fields produced are also used to carry out cyclic uniaxial tensile
testing of the same material for the purpose of comparison with biaxial test
results, and uniaxial results from previously published tests carried out on
MREs.

Bubble inflation and uniaxial tensile cyclic tests are used as these allow for a
direct measurement of the change in modulus (MR effect) of the MRE when the
magnetic field is switched on or off during a cyclic test. An electromagnetic
array was proposed for two reasons. Firstly, it allows for a range of flux
densities to be applied to a test sample, and secondly, it allows for the field to be
switched on and off during a continuous test on a single sample so that a direct
MR response can be measured in real time. The use of two different samples
could give different results due to different material properties even when
samples are sourced from the same batch. Use of a field which can be switched
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on and off during a test is the most practical way to directly measure the MR
response of an MRE sample subjected to cyclic loading.

1.2 Background

In this section a background to the two fundamental parts of the theory is
provided. Section 1.2.1 describes MRE materials while section 1.2.2 introduces
the magnetic field.

1.2.1 Background to MREs
A smart material is defined as any material which changes properties in
response to changing the environment in which they function. For example, the
characteristics of MREs and all magnetorheological (MR) materials are altered
by the application of an external magnetic field. Other types of smart materials
ER (electrorheological materials) undergo changes following the application of
electric fields, and shape memory alloys return to a pre-defined shape above a
certain temperature.

MRE’s undergo changes in physical characteristics in the presence of a magnetic
field. These changes are due to ferromagnetic particles (usually iron carbonyl)
embedded in the elastomer moving to align with the applied magnetic field.
MREs consist of two main components; the elastomeric matrix and
ferromagnetic particles. For a large portion of MRE research to date the
elastomers used are mostly soft silicone based rubbers and this softness allows
high particle mobility [2], Nevertheless, some interesting results have recently
been published for more rigid matrix materials such as natural rubber (NR)[3].
2

In recent years there has been an increase in interest in MREs and smart
materials in general due to their potential practical applications [2];

for

example, as a vibration damping material in similar roles to those found for
Magnetorheological Fluids (MRFs); variable dielectrics which can be used to
produce variable capacitors [4], and tuneable elastic modulus dampers [5].

1.2.2 Magnetic Field Requirements

The two properties used to define a magnetic field are; its flux density
(magnitude) measured in Tesla and the direction of the field lines. Creating a
magnetic field of uniform strength over a large volume such as that required for
bubble inflation testing is quite challenging as magnetic field strength decreases
at a rate proportional to the inverse of the square of the distance from the
magnetic source (1/r2) [6]. Magnetic fields can be produced using either
permanent magnets or electromagnetic arrays.
A Halbach cylinder is a permanent magnet array which produces a uniform field
(in one direction) inside the cylinder with a zero field outside. In research by
Coey [7], such an array was used to create a uniform field inside a cylinder as
shown in figure 1.1. A Halbach cylinder can produce a field of uniform strength
and field lines in the required direction (field lines parallel to each other) but
the fixed flux density limits its use as an effective testing apparatus. The field
also cannot be applied and removed during continuous cyclic testing.

3

Figure 1.1 Halbach Cylinder [7] Arrows show the Directions of North Poles of the Sections internal
diameter 140mm

An open Halbach array was created by Hills et al [8] for nuclear magnetic
resonance (NMR) analysis. However, this approach reduced field strength and
uniformity. Figure 1.2 shows a schematic of the field produced by Hills et al [8].
The strength of the field produced by the open access arrangement was 88.8 ±.2
mT in a 1 cm3 volume.
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Figure 1.2 B.P Hills Array [8] each magnetic is 18mx18mmx200mm 18mmx18mm area shown in figure
and the overall array is 74mmx74mmx200mm 74mmx74mm cross-section shown

There are difficulties with the use of electromagnets instead of permanent
magnets, such as the high levels of electric power required to generate the flux
density and the need to cool the system. However, these are offset by the ability
to instantly switch the magnetic field on and off and the ability to adjust the flux
density by varying the current input. For these reasons an electromagnetic
array was chosen for this research. Therefore, a secondary aim of this research
is to produce a magnetic field similar (in uniformity of flux density and direction
of the field lines) to that shown in figure 1.2 using iron core electromagnets.
This was achieved using finite element analysis (FEA) of the magnetic fields
produced by electromagnetic arrays to identify the optimum physical
arrangement and number of electromagnets. This optimal arrangement was
constructed and tested to allow comparisons with modelling predictions for
field strength and uniformity.
5

1.3 Description of the Test Program

The test program was divided into two parts, the first was the mapping of the
magnetic field produced by the array, and the second part is the test program
for the MREs themselves.
For evaluation of the magnetic field, a detailed 3D map of the flux density over
the entire sample volume without the presence of the sample is required, as this
is the only magnetic field which can be stated as being applied to all samples as
each MRE sample will alter the applied magnetic field in different ways. This
mapping was carried out using a test bed for the position coordinates and a 3
axis Hall probe and Gaussmeter to give the flux density in 3 axis directions,
allowing for a map of the field direction and uniformity to be produced.
The second part of the test program deals with the testing of MREs under the
influence of the applied magnetic field. The same magnetic field will be used to
test MREs under similar strain conditions obtained by both biaxial bubble
inflation and uniaxial cyclic tension tests. This was achieved by using the same
flux densities and stretch ratios on the same material via two different test
methods. MREs were tested under both bubble inflation and uniaxial conditions
in the following circumstances;
1. Fixed stretch ratios, and varying applied flux density
2. Low strain conditions with a fixed flux density,
3. High strain conditions with a fixed flux density
4. High strain conditions with a pre strain (low amplitude of oscillation)
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1.4 Aims and Objectives

The aim of this study was to design an electromagnetic array suitable for the
testing of MREs under bubble inflation and uniaxial tensile testing conditions
and to measure the magnetic response of the material.
In current MRE research there is a lack of information on the applied magnetic
field (uniformity directionality and location at which flux density was recorded)
which makes it impossible to fully replicate the tests of others with any degree
of certainty. Therefore one of the objectives of this study will be to propose a
standard method of reporting the magnetic field applied during the testing of
any MRE in future tests.
To measure the change in properties of an MRE due to the added presence of a
magnetic field, a test which can determine the modulus of the MRE is required.
Both uniaxial tensile tests and bubble inflation for biaxial testing are suitable for
this as both record the load or stress and the strain, allowing for the modulus to
be calculated. While this study allows for a comparison between the two test
methods it was only possible to compare trends and not direct values as stress
values for a given strain in a uniaxial test differ to the stress value for the same
strain value recorded in biaxial testing, given that the material is subject to the
applied strain in mutually perpendicular directions in the biaxial case. This
study will be the first to test the same material using both methods with the
same applied magnetic field.
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1.5 Leitmotif of the Thesis Chapters

This section contains a brief outline of the chapters of the thesis. Chapter 2, the
literature review, contains a summary of published work on the current testing
of MREs including details of the current standard of magnetic fields used during
their testing. Also included in Chapter 2 is information on magnetic field
generation and modelling, and current elastomer testing. Based on this
information, chapter two concludes with a stipulation of the ideal field
parameters for testing MREs under bubble inflation conditions and describes
why the proposed specific MRE tests are proposed by the author.
Chapter 3 details the design of an electromagnetic array based on the
parameters detailed in Chapter 2. The field requirements and the construction
of an FEA model to meet these requirements are outlined. The model is refined,
evaluated and verified and concludes with a final proposed design.
Chapter 4 details the construction of the array including its power and cooling
requirements and the materials used in the construction of the array. In Chapter
5, details of the evaluation of the array, including the test procedure employed
to produce a 3D plot of the magnetic field produced by the array are given.
These results are then compared with the results from models presented in
Chapter 3.
Chapter 6 details the test program for MREs using the magnetic array evaluated
in Chapter 5. The results presented in Chapter 6 are for both uniaxial and
biaxial testing and a comparison between the two sets of results is made.

8

The final Chapter contains a summary of the results from Chapters 5 and 6 as
well as a proposed “further work” section which details suggested
improvements for further MRE testing and potential MRE based devices.
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2 LITERATURE REVIEW

2.1 Magnetorheological Elastomers

A magnetorheological elastomer (MRE) is a type of smart material which
undergoes a change in its physical properties (modulus) in the presence of an
external magnetic field [9]. These changes are caused by the movement of
ferromagnetic particles within the elastomer matrix which align in the direction
of the applied magnetic field [2]. MREs consist of two main components which
are the elastomer matrix and the ferromagnetic particles. MREs can also be
broken down into two sub categories, isotropic and anisotropic. Isotropic MREs
contain a homogeneous distribution of particles while anisotropic MREs contain
aligned particle chains. The alignment of the particle chains in anisotropic MREs
is imposed by the presence of a magnetic field during the curing process [5].
Up to now the most commonly used elastomers in MRE fabrication are silicone
oil based elastomers [2, 4]. These have been used as the change in properties of
the MRE caused by an applied magnetic field requires free movement of the
magnetic particles. Silicone oil based MREs have a higher particle mobility
which results in a greater MR effect. Other elastomers such as Urethane have
also been used to manufacture MREs [10]. Chen et al [3] have also fabricated
MREs using natural rubber since conventional soft MREs do not have good load
bearing properties. However, MREs fabricated using natural rubbers or nitrile
rubber undergo lower relative changes in properties (MR effect) [3].
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Current testing of MREs is carried out predominantly under uniaxial loading
conditions. Tensile stress-strain curves obtained by Steponov et al [2] are
reproduced in figure 2.1 and illustrate an increase in the tangential Young’s
modulus (E(ε)) visible for flux densities of 90mT. However this effect was
obtained using very soft elastomers as can be seen from the stress values in
figure 2.1, making them unsuitable for applications such as adaptive tuned
vibration absorbers (ATVAs).

Figure 2.1 tensile testing of MREs by Steponov et al [2]

Deng and Gong [11] tested MREs for use in adaptive damping applications. In
this study an ATVA was constructed using an NR based MRE. The principle of
the ATVA is that the application of a magnetic field changes the modulus of the
MRE and therefore the natural resonant frequency of the ATVA. Furthermore
for effective use as an ATVA, the elastomer must have good fatigue properties
which are a characteristic of natural rubbers [12]
While many studies have been published on MREs and their properties, the data
on the applied magnetic fields is almost always poorly defined and makes the

11

exact replication of the testing of MREs difficult. It also undermines confidence
in results. This aspect of MRE testing is explored further in section 2.4.3

2.2 General Testing of Elastomers

This section outlines current methods used to test elastomer properties many
of which are not exclusive to MREs. Section 2.2.1 deals with current uniaxial test
methods while section 2.2.2 discusses biaxial loading of MREs using stretch
frames and bubble inflation methods.

2.2.1 Uniaxial Testing of Elastomers

Though Cadwell et al [13] originally described a dynamic fatigue test for rubber
“as a sample being constantly vibrated resulting in crack growth and failure”.
The standard definition is cyclical deformation between minimum and
maximum stress or strain limits. There are many types of physical deformation
procedures used to measure the hyperelastic material behaviour of elastomers.
Most tests are performed on standard uniaxial dumb-bell specimens [14].
There are two main types of uniaxial testing methods, constant strain amplitude
and constant load amplitude. In constant load amplitude tests such as those
carried out by Abraham in 2001 [15], the load is kept constant while strain (Δl)
increases as the test progresses. André et al in 1999 [16] used constant strain
amplitude during the tests while the load applied decreased due to stress
softening. Both methods present difficulties which must be taken into account
when choosing a test control method. Constant strain amplitude fatigue tests
are subject to the decreasing load required to maintain a constant strain value
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as the test progresses. This can result in inordinately long tests. With constant
load amplitude tests, the sample elongation increases in successive cycles and
there is the risk of the required elongation being greater than the capacity
(exceeding the maximum stroke) of the test machine. These two problems are
indicative of the difficulty in producing reliable fatigue data for elastomers.
Frequencies of the order of 1Hz are usually chosen for fatigue tests on
elastomers so that failure occurs due to the initiation and growth of cracks and
not due to significant increases in temperature caused by internal friction
(thermal breakdown) [17]. The fatigue life stress-strain plots obtained by these
tests are similar to those obtained by running cycles at constant strain
amplitudes. Cadwell et al [13] suggested that fatigue life under constant load
amplitude conditions can be calculated from the data obtained from constant
strain amplitude fatigue data, providing changes in sample length are taken into
account. However, correlation between methods of loading is not easily
achieved [12].
Treloar [18] observed the kinematic equivalence of uniaxial tension and
equibiaxial compression states. As rubber can be considered incompressible to
a first approximation [19], hydrostatic stress does not affect the state of strain
and hence can be added arbitrarily to enforce boundary conditions without
effecting equilibrium. For this reason uniaxial tension and compression are
equivalent to equibiaxial compression and tension. This equivalence is
illustrated in figure 2.2 (a) and (b), see Charlton et al [20].
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Figure 2.2 Tension Compression Equivalence [20]

2.2.2 Biaxial Testing of Elastomers

A common method for testing elastomers under biaxial conditions in a standard
tensile test machine is the use of stretch frames.
Biaxial loading is achieved using a mechanical stretch frame with a mechanism
for applying a load in two perpendicular directions simultaneously. An example
of a stretch frame is shown in figure 2.3.
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Figure 2.3 Equi-biaxial stretch frame [20] where l is 30-50mm

Stretch frames are mainly used in uniaxial test machines, or occasionally the
equi-biaxial extension is provided by two mutually perpendicular lead screws.
Thus, simple biaxial tests are performed on elastomers by simultaneously
stretching a square membrane of rubber in two perpendicular directions. For
those incorporated into uniaxial test systems, stress values are obtained
directly from the uniaxial machines load cell [21], whereas two load cells are
employed for twin lead screw systems. There are a number of limitations
associated with stretch frames. Friction and the inertia of the clamping
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mechanism results in errors in stress measurement while localised stress
concentrations occur at the clamping points. Equi-biaxial extension only takes
place at a central region of the specimen and the greater part of the load is used
to overcome local deformation at the clamps. The stress ratios obtainable via
stretch frames are limited by the ratio of the sample edge length to the frames
maximum size. This limitation cannot simply be overcome by increasing the
frame size, as a larger stretch frame would have greater friction and inertia
losses and, though providing an increased stretch ratio, would also create
difficulties in clamping the sample to the frame due to material thinning and
slippage at the clamps. For these reasons stretch frames are best suited to tests
requiring low stretch ratios. As homogeneous equi-biaxial strain only occurs in
the centre region of the test specimen, equi-biaxial stretch ratios can only be
observed using an optical measuring system [21]. The main advantage of using
a stretch frame is that it can be used in existing uniaxial tensile testing
machines. However they are not suitable for cyclic loading due to hysteresis
effects caused by frictional and mechanical losses [21].
Another method where equi-biaxial tension can be achieved is via bubble
inflation see figure 2.4 [1] which involves the application of either hydraulic or
pneumatic pressure to one face of a disc shaped membrane which causes the
disc to expand like a bubble. For inflation, the specimen needs to be fixed at the
circumference allowing deformation at its centre. The unstrained specimen has
a plane surface [14].
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Figure 2.4 bubble inflation [1] P is pressure t sample thickness t0 initial sample thickness r radius of the
bubble σeng is engineering stress and λ is stretch ratio

Bubble inflation is considered to comply with theory for applying pressure to a
thin shell structure possessing negligible bending stiffness, alternatively
described as membrane theory. Stresses and stretch ratios at the pole region of
the bubble (centre of uninflated disk) can be determined from the local radius,
applied pressure and local strains [22]. In the Dynamet system developed by
Johnson et al [23], an optical system is used to record the movements of specific
points on the surface of the sheet during this deformation. The stress values
calculated from the applied pressure and bubble geometry are combined with
the strain data from the optical system to provide multi-axial stress-strain
relationships in the bubble pole region.
According to Johannknecht et al [14] the advantages of using bubble inflation to
achieve biaxial loading in testing are:

17

1. The minimisation of variations in stress distribution towards the
specimen centre
2. Unwanted stress concentration at the grips is avoided in the test-piece
since failure invariably occurs at the pole of the bubble
3. The effects of inertia and friction inherent in stretch frames are avoided
4. Greater stretch ratios can be achieved

Pressure is applied to the sample to inflate the bubble and from the
measurement of the pressure P, the sample thickness t, the radius of curvature
of the bubble r, and the stretch ratio λ, the circumferential stress at the pole can
be calculated from equation 2.1 [24]

=

(2. 1)

Equation 2.1 is obtained by taking the force required to separate by tension a
hollow sphere of wall thickness t into two identical hemispheres. The force
required is F, and the area which resists separation can be calculated as 2πr
(circumference of the sphere) multiplied by t (wall thickness). The engineering
stress is calculated according to equation 2.2 where F is the pressure times the
area over which the force acts, (πr2 for a circular disc sample).
=

(2. 2)

Substituting the values into equation 2.2 gives:
=
18

(2. 3)

This simplifies to:
=

(2. 4)

However as the sample being tested is an elastomer and r will vary as a function
of the applied pressure, equation 2.4 cannot be used without modification.
Murphy et al [24] showed the radius r of an inflated bubble to be ro λ where r0
is the initial radius. Substituting this into equation 2.4 gives:
=

(2. 1)

Where r is the initial radius r0.

This was further developed by Murphy et al [25] to include the relationship of
true stress to engineering stress. It is critical to indicate whether the stress
values quoted when testing hyperelastic materials are for engineering stress or
true stress when comparisons are made between different loading methods.
When testing materials which undergo small linear elastic deformation, the
difference between engineering stress and true stress is negligible [25].
However, this is not the case for hyperelastic deformation in elastomers.
Equation 2.5 gives the relationship between true and engineering stress for
both uniaxial and equi-biaxial tension
=

λ
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`

(2. 5)

This Dynamet system, described by Murphy et al [21, 25], and developed by
Johnson et al [1, 23] is the testing system used for all biaxial MRE testing
presented in this study.

2.3 Magnetic fields

This section outlines the characteristics and generation of magnetic fields.
Section 2.3.1 describes the physical methods used to generate a magnetic field.
Section 2.3.2 discusses the power supplies required and section 2.3.3 outlines
methods used to model magnetic fields using FEA techniques.

2.3.1 Generation of Magnetic fields

There are two main sources of laboratory induced magnetic fields; those
created by electromagnets and those due to permanent fixed strength magnets.
The first laboratory electromagnet was used by Oersted in 1819 [26] to deflect
a compass needle. The field strength of this electromagnet would have been just
enough to compete with the Earth’s magnetic field. Oersteds discovery related
magnetism to electricity. The next development of electromagnets came when
Ampère wound wire into a helix that he called a solenoid. This produced a
stronger magnetic field [26] which resembled the field of a permanent bar
magnet and based on this similarity, Ampère deduced that permanent
magnetism is due to internal circulating currents. Sturgeon obtained higher
magnetic fields by magnetizing a horse shoe shaped soft iron core with a
solenoid wound around it [26] and Ruhmkorff developed (patented in 1851)
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the electromagnet in its current shape with yoke (core) and pole pieces which is
still used today. The peak field which can be achieved by an electromagnet is
limited by the saturation of the core material and is usually restricted to
approximately two Tesla for magnetic soft iron. For fields in excess of two Tesla
the iron core is removed and a high current air core electromagnet is used with
a power input of several megawatts [27]. Electrical current passing through a
solenoid magnet results in large heat build-up and removing this heat is
important to avoid a reduction in field strength due to reduced current caused
by increased coil resistance. Breakdown of the insulating coating of the wires
due to heating can result in shorts, which will also cause a reduction in field
strength along with the possible destruction of the magnetic coil.
There are three classifications of electromagnets based on the intensity of the
field produced. The iron core electromagnet used for fields of up to two Tesla is
the most commonly used as it is more economical than either of the other two
options. For fields between two and fifteen Tesla, a superconducting air core
magnet is the most economically viable option. For fields above fifteen Tesla,
there is currently no further alternative to normal conducting air-cored
magnets. There is some overlap in these classifications, for example iron core
electromagnets are often employed for fields a little above two Tesla [28].
Rare earth permanent magnets are ideally suited to generating magnetic fields
comparable to their spontaneous polarization Js (surface current). Near square
hysteresis loops and large values of the coercivity and anisotropic fields
simplify magnet design as each magnet block is effectively transparent (relative
permeability µr=0) to the magnetic fields produced by other magnetic blocks in
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any rare earth permanent magnet assembly [7]. The main advantage of a
permanent magnet assembly over an electromagnetic array is that the field
does not require continuous input of energy to maintain its magnetic field. Rare
earth permanent magnets are competitive with electromagnets for fields up to
two Tesla and can produce fields of up to five Tesla in small volumes.
Magnetic fields can be uniform, non-uniform or time varying and have many
applications as shown in table 2.1. Variable or time varying magnetic fields are
produced by displacing or rotating the magnets[7].

22

Table 2.1 Uses for Magnetic Fields[7]

Summary of permanent magnet applications
Field

Magnetic effect

Type

Examples

Uniform

Zeeman splitting

Static

Magnetic resonance imaging

Uniform

Torque

Static

Alignment of magnetic powder

Uniform

Hall effect,

Static

Sensors, read-heads

magnetoresistance
Uniform

Force on conductor

Dynamic Motors, actuators,
loudspeakers

Uniform

Induced emf

Dynamic Generators, microphones

Non-

Force on charged particles

Static

uniform
Non-

Beam control, radiation
sources

Force on magnet

Dynamic Bearings, couplings Maglev

Force on paramagnet

Dynamic Mineral separation

Varying field

Dynamic Magnetometers

Force on Iron

Dynamic Switchable clamps, holding

uniform
Nonuniform
Time
varying
Time
varying
Time

magnets
Eddy currents

Dynamic Metal separation, brakes

varying

To observe the altered modulus of an MRE, a uniform static magnetic field is
required as the MR effect is due to the alignment of ferromagnetic particles
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which happens in the same manner as the alignment of a magnetic powder. The
field required for testing of MREs should be uniform and static.

The magnetic field produced by a point dipole of moment m is quite non
uniform with the magnitude and direction of H (magnetic field A/m) dependent
on both r and θ. H can be determined by considering the following relations
where r, θ and ϕ are standard polar coordinates and m is the momentum of a
point dipole.

=

/4

(2.6)

=

!" /4

(2.7)

#

=0

(2.8)

However the field due to an extended line dipole of moment λ is different

=%

/2

(2.9)

= % !" /2

(2.10)

=0

(2.11)

#
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In this case, the magnitude of H is independent of θ [7]. A uniform field can be
created by assembling long cylindrical magnetic segments around a bore; such
devices are known as Halbach cylinders although this concept was originally
suggested by Mallinson [29]. A Halbach cylinder can be used to create a
magnetic field of approximately uniform flux density in a single direction over a
specified volume [7]. A Halbach array is an arrangement of permanent magnets
that augments the magnetic field on one side of the array while cancelling the
field to near zero on the other side. These arrays were originally used to focus
the beams of particle accelerators [30]. The Halbach cylinder is a cylindrical
arrangement in which an intense magnetic field is confined entirely within the
cylinder and with zero field produced outside. The flux density in the air gap of
such a cylindrical array is given by equation 2. 12.

' = ' ln( + / )

[2.12]

An open access Halbach cylinder array was produced by Hills et al [8] for NMR
imaging as shown in figure 1.2. This, like other Halbach cylinders, was
comprised of Neodymium (NdFeB) rare earth permanent magnets. The open
access design was produced using four separate magnets instead of the
traditional enclosed cylinder. The open access nature of the array produced by
Hills results in lower field intensity and uniformity but the open access of the
design allows access for other probes to analyse the sample.
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The Halbach cylinder creates a uniform magnetic field of a specific strength. To
obtain a variable strength field an electromagnetic array is required. As
magnetic fields arise from electric currents, the relationship between current
and field is of critical importance and, as electromagnets are usually created
using numerous loops of wire, the field due to a single current loop is a useful
starting point for understanding the phenomenon [31]. If a loop of wire has
current (I) and radius (a), the field on the axis of such a loop is given by
equation 2.13 shown in figure 2.5 [31] where x is the distance along the axis
from the centre of the loop.

Figure 2.5 position of dB due to current element dI on loop of current
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(2.13)

Both a and x are in cm and H is calculated in Gauss (1G is 10-4 T). Equation 2.14
is obtained by applying the Biot-Savart law [32] which relates magnetic fields to
currents and states that the magnetic field at a point p with position vector r,
with respect to the origin 0, is comprised of elements dB from elements of
length dl at a point Q. The contribution from each element dl is proportional to
the current carried in each element and inversely proportional to the square of
the distance from the element dl and p. The position vector at the point Q is r’.
The direction of dB from the element dl at point Q is perpendicular to vector dl
which is in the direction of the current flow in element dl and perpendicular to
the vector (r-r’), which is in the direction of the line joining P and Q as shown in
figure 2.5. dB is in the plane OPQ.

When all properties used are combined dB can be written as
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(2.14)

The total field at point P is obtained by integration around the complete circuit s
and is given by

'( ) =

.56
7

∮A

9: - ( ; <)
| ; >|^

(2.15)

When the Biot-Savart law is applied to a current loop as shown in figure 2.6 the
field at point P is zero in the y and z directions as the opposite halves of the
current loop summate to zero in those directions.

Figure 2.6 current loop showing point P with lengths x and a
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Given the field flux density B in Tesla and a and x are distances in metres

4'- =

'- =

.56
7
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1 9:

(1 2- )
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(1 2- )

3

3

(2.16)

(2.17)

The Biot-Savart law can be extended to a sheet of loops all carrying an electric
current which is commonly known as a solenoid. In normal conductors as
opposed to superconducting magnets it is essential to determine the amount of
power required to generate a given magnetic field [31]. If a coil of length 2b
inner radius a1 and outer radius a2 is considered, the power can be written for
an elemental cross section and integrated over the coil. The current density j
and the resistivity are considered to be constant over the entire volume.

Integrating over a current sheet of loops is illustrated in figure 2.7 [31],
provides equation 2.18 which gives the magnetic field Hx where NI are ampereturns per centimetre.
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Figure 2,7 current sheet parameters [31]
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Cosθ0 can be rewritten in terms of the current sheet dimensions to give:

C

/

=

D

(+2D )

E

(2.19)

This equation can be further integrated to obtain the expression for a finite coil
of uniform current density as shown in figure 2.8 [31]
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Figure 2.8 uniform current density solenoid parameters [31]

This produces the field current relationship for a solenoid equation 2.20 where
λ is a space factor equal to the volume of the conductor divided by the volume of
the coil.

- (0)

= FG+ λ

7πβ
+/

IJK(7L2θ /

ln H IJK(7L2θ6/ H

(2.20)

M

The geometric terms can be written in terms of α and β and the above equation
2.20 becomes

- (0)

= FG+ λ

7πβ
+/

ln(

α2(α 2β )
+2(+2β )
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E

)

(2.21)

In equations 2.20 and 2.21, j is the surface current density in amperes per cm2
and distance a, is in cm. The latter part of equation 2.20 is completely geometry
dependent and is defined as the field factor F shown in equation 2.22

N(O, Q ) =

πβ
L

ln(

α2(α 2β )
+2(+2β )

E

E

)

(2.22)

Contours of constant F as a function of α and β were given by Montgomery in
1963 [31] and are more commonly used in the design of super conducting
magnets. Equation 2.21 evaluates the magnetic field strength and can be written
in terms of ampere turns NI if the current density (j) is known in ampere turns
assuming a uniform current density.

F=

B.

1E D(R;+) λ

(2.23)

Substituting this term for j into equation 2.21 produces equation 2.24 for the
magnetic field Hx in terms of NI
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)

(2.24)

In the design of normal conducting magnets it is useful to know the magnetic
field to power relationship for a given solenoid. This derivation in 2.25 was
presented in a review by Montgomery [31].

U = V 4W = F X V 4Y

(2.25)

Equation 2.25 can be rewritten by integrating over the volume of the solenoid
as the current density j and the resistivity are considered to be constant over
the volume of the coil

U = F X2 Q(O − 1)%G+

(2.26)

Where j current density is:

F=

+

D(R
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The geometry dependent terms are defined as the J factor (current density
factor) and relate the current density to the total power, which provides
equation 2.28 where

+

^=

(2.28)
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)

E

(2.29)

As the current density is defined in ampere turns, the work done in the solenoid
can also be expressed in terms of ampere turns

U=

(B.) ] (R2+)

(2.30)

1E λ β(α;+)

The relationship between the field and the work done in the solenoid can be
obtained by substituting equation 2.29 for current density into equation 2.24
for the magnetic field producing

- (0) = (

πβ E +
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ln(
L

α2(α 2β )
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13
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E

(2.31)

Fabry in 1898 [31] proposed that magnetic fields be represented in terms of
pure geometry and power using the geometry term G (α, β) shown in equation
2.32. These are the geometric terms which influence the field in equation 2.31
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The magnetic field can be expressed as a function of power per unit length for
very long solenoids where end effects are neglected [31]. The units of W’ are
watts per metre and ρ is in ohm per centimetre.
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The G factor contours first produced by Cockcroft in 1928 [31] for uniform
current density show a value of α and β for which G is a maximum of 0.179 [31]
and a coil having an α value of 3 and a β value of 2 will produce the strongest
field for the least power. The existence of this optimum cross section can be
qualitatively predicted as a certain number of ampere turns are required to
generate a desired field and the Biot-Savart field from a single loop equation.
This would suggest that the closer the loops are to the centre (lower radius), the
stronger the field they would generate. However, unless the loops are spread
over an adequate volume, excessive power is required to drive the current
through the loops (equation 2.26)[31]. Relationships between field current and
power for other current distributions can be derived in a similar manner.
However such distributions are less common and include Bitter discs, Gaume
distributions, and Kelvin distributions.
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There are four common types of electromagnet which can be directly cooled by
fluids at low power levels. The choice between them is arbitrary until
mechanical stress and heat transfer limits are approached. For higher magnetic
fields and therefore higher power consumption, short mechanically strong
cooling passages, which will not deform due to the stress caused by the
magnetic force with large surfaces for cooling discs and tapes, become more
desirable [31].

Wire wound solenoids which have the advantage of a known current path allow
the linearity and homogeneity of the field to be calculated precisely. There is
some inefficiency due to the fact the current density is uniform throughout the
coil but it results in relatively lower local power usage and provides a more
uniform heat distribution. It is not necessary to keep the current density
constant and the number of turns in each layer can be varied.

2.3.2 Power Supplies

DC power supplies are used to drive the current through solenoids and generate
magnetic fields. Rectifiers are usually the most economical way of providing
direct current by filtering an alternating voltage power supply. There are two
basic types of rectification; half wave and full wave. In half wave rectification
only the positive or negative half of the AC signal is transmitted while the other
half is blocked. In full wave rectifiers both the negative and positive forms are
transmitted with the same polarity. Full wave rectifiers are more efficient but
require more complex circuits. Neither of these methods provides a constant
smooth dc voltage directly which is required to generate a uniform magnetic
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field. To obtain a constant smooth DC voltage from a rectified AC signal, a
smoothing circuit or filter is required. A smooth DC supply is required for static
magnetic field generation, as a change in voltage results in a change in current
which results in changing field strength and increased heating. Suitable
smoothed DC power is easily obtained from correctly specified stabilised power
supplies.

2.3.3 The Magnetic Circuit
Due to the non-existence of magnetic monopoles predicted from Maxwell’s
equations [6], all generated flux lines must return to their source by a closed
loop. The path taken by the flux lines is determined by the magnetic reluctance
with flux favouring the path of least reluctance (Hopkinson’s law) [32]. Based
on this, magnetic circuits are used to control the direction of magnetic flux by
creating this path of least reluctance. They are used in test apparatus to guide
the magnetic field from the coil which is producing the field through the
required air gap in the magnetic circuit containing the sample and back to the
coil. In previous tests on MRFs [33], the sample was placed in the air gap of a
magnetic circuit. To ensure that the maximum magnetic flux travels through the
sample, as stated, the path through the air gap should be on the path of least
reluctance. As magnetic reluctance is the reciprocal of magnetic permeability
which is the ability of a material to support a magnetic field, materials with a
higher magnetic permeability are magnetized more when a magnetic field is
applied. Iron, nickel, and cobalt, are materials with high permeability and are
termed ferromagnetic. This magnetic permeability is due to a quantum
mechanical interaction at the atomic level which causes the spins of unpaired
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electrons to line up parallel to each other in a region called a domain. The
magnetic field of each individual domain is strong but the bulk material is
usually unmagnetised as the domains are randomly orientated. When an
external magnetic field is applied, the domains will align in the direction of the
magnetic field. This happens in the core of an electromagnet, due to the
alignment of the domains, resulting in the magnetic field being increased by a
factor known as the relative permeability of the material. Ferromagnetic
materials have much lower reluctance than air and therefore can be used to
provide a path of least reluctance and create a magnetic circuit to control the
direction of magnetic flux.
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2.3.4 Modelling of Magnetic Fields

The FEA modelling software used in this programme is Finite Element Method
Magnetics (FEMM4.2) created by Meeker[34]. This software solves simplified
versions of Maxwell’s equations in which the fields are time-invariant. The basic
equations governing the field intensity (H) and flux density (B) are:
∇×H = J

(2.34)

∇·B = 0

(2.35)

B = μH

(2.36)

and

Where J is current density

For each material

Where μ is the magnetic permeability
If a material is nonlinear (e.g. saturating iron), the permeability, is a function of
B:
μ =B/H(B)

(2.37)

The problems are solved by finding a field that satisfies 2.34-2.36 using a
magnetic vector potential approach.
Flux density is written in terms of the vector potential, A, as:
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' = ∇×b

(2.38)

A is a vector with three mutually perpendicular components (i,j,k), this
definition of B always satisfies equation 2.35. Then, equation 2.34 can be
rewritten as:

+

∇ × c5(d) ∇ × be = ^

(2.39)

For a linear isotropic material (and assuming the Coulomb gauge[35], ∇.A = 0),
equation 2.39 reduces to:

+

− 5(d) ∇ b = ^

(2.40)

However, in the 2-D planar and axisymmetric cases, two of these three
components are zero, leaving just the component in the z direction. The
advantage of using the vector potential formulation is that all the conditions to
be satisfied are combined into a single equation. If A is found, B and H can then
be deduced by differentiating A. Equation 2.40 is in the form of an elliptic
partial differential equation, these common in the study of many different types
of engineering phenomena e.g. Poisson equation. There are a large number of
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mathematical tools and software that have been developed over the years to
solve this particular problem such as MatBasic 1.2 and Concepts 2.1 [34].

2.4 Testing of MREs

Section 2.4 discusses the current testing and development of MREs. This section
is sub divided into four sections. Section 2.4.1 discusses the current materials
and methods used in the manufacture of MREs while 2.4.2 outlines the different
test methods used to evaluate their properties. Section 2.4.3 reviews the
current methods of describing the magnetic field applied during the testing of
MREs and the final section, 2.4.4, outlines the current methods for showing how
the MR effect is reported.

2.4.1 Magnetorheological Elastomers and Manufacturing Methods

As stated in section 2.1, the most commonly used elastomers in MRE fabrication
are silicone oil based elastomers (Stepanov et al [2] and Bica [4]) due to their
higher relative increase in modulus when a magnetic field is applied. Chen et al
[3], Gong et al [36] and Deng et al [11] have tested MREs using natural rubber
as the matrix material since the superior physical (modulus) and fatigue
properties of natural rubber offer more potential applications e.g. in Adaptive
Tuned Vibration Absorbers (ATVAs)[11].
Chen et al prepared two different MREs with different elastomers used for the
matrix material but with the same ratios of iron particles, plasticizers and
matrix rubber. One MRE was based on silicone rubbers, while the second was
fabricated using NR as the base material. The same study also fabricated NR
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based MREs under different conditions in an attempt to produce an MRE with
good load bearing properties while maintaining the MR effect. The
manufacturing process for these MREs can be sub-divided into three stages;
mixing, forming pre-configuartion and sulfuration. An external magnetic field
applied during the pre-configuation stage was the first process in the
fabrication to be varied in the study by Chen et al [3]. The application, or not, of
a magnetic field during the manufacturing stage leads to two sub categeries of
MREs independent of any other variation in the composition of the MRE (matrix
elastomer, magnetic particle, size of magnetic particles and concentration of
magnetic particles)). An applied magnetic field during curing will produce
anisotropic MREs which contain aligned particle chains in the MRE. The absence
of a magnetic field during the curing process will result in Isotropic MREs which
have a homogeneous distribution of particles in the MRE these can be seen in
figure 2.9.

Figure 2.9 Force, Field, and Particle Chain Alignment [5] for Isotropic and Anisotropic Elastomers
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To quantify the effect of different flux density (strength) magnetic fields, four
NR based MREs with the same composition (60% iron particles 20% natural
rubber 20% plasticizers by weight) samples where prepared, and subjected to
four different flux densities of 0, 300, 600, 900mT during their pre
configuration stage. Chen et al [3] reported that the shear storage modulus of all
four samples increased when tested under an external magnetic field and that
the samples cured under higher magnetic fields underwent a greater increase.
The same effect was investigated by Varga et al [5] who studied the effect of the
direction of the applied magnetic field during testing relative to the alligned
particle chains. This showed the direction of the applied field with respect to
the aligned particle infulenced the MR effect for anisotropic MREs.
The effect of the magnetic field used during the curing process was also
determined for softer MREs fabricated using urethane as the matrix material by
Boczkowska et al [9]. Three different samples were prepared and cured under
magnetic fields of 0, 100, and 300mT flux densities. Again the test results
showed that those samples cured under higher flux densities showed a greater
increase in their mechanical properties, when all other variables where kept
constant. The highest increase in storage modulus was observed for samples
cured under the 300mT magnetic field and tested under a 300mT magnetic
field. No higher flux density was applied during this testing. It is clear from the
studies of Boczkowska et al [9] and Chen et al [3] that applying a magnetic field
during the curing process increases the mechanical properties of an MRE
sample and that the increase is proportional to the flux density of the applied
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field. These results were observed for MREs of different particle concentrations
and different matrix rubbers.
Variables other than the flux density of the field applied during the curing
process also affect the mechanical properties of any MRE sample. In the same
study, testing the effect of the magnetic field during the curing process, Chen et
al [3] prepared four MRE samples using the same NR matrix and concentration
of particles and cured under the same flux density magnetic field. These four
samples were cured at different temperatures; 60, 80, 100, 1200C. It was found
that the sample cured at 800C produced the MRE with the largest increase in
mechanical properties. The temperature dependent properties of the MRE are
due to the temperature dependent properties of the matrix elastomer, in this
case NR. NR behaves like an elastomer at room temperatures but when heated
changes to a viscoplastic fluid while at higher temperatures it hardens again
due to chemical cross linking. At a specific temperature (in the region of 80°C in
this case), the particle mobility is greatest allowing ordered particle chains to
form, resulting in a mechanically stronger MRE. As silicone oil based rubbers
are created from liquids mixed and cured at room temperature, no increased
temperature is required to increase particle mobility. The MR effect is based on
particle mobility at both the curing and testing or operational phase as reported
by Gong et al [36]. Those MREs based on soft silicone rubbers undergo a much
higher relative MR increase in storage modulus (modulus calculated with
applied magnetic field compared modulus with no magnetic field applied) as
the external magnetic field strength is increased. A high increase in the modulus
with no magnetic field present is reported for soft matrix silicone based MRE’s
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by comparison with the increases for NR samples. For NR based MREs cured
under magnetic fields of different flux density at 800C, most of the increase in
shear modulus was observed for flux densities between 0-400mT while no
further increase was observed above 500mT due to particle saturation.
The ferromagnetic particles used in MRE fabrication can be varied in both
concentration and size during the manufacturing process. To date all reported
MREs have used iron as the ferromagnetic particles however nickel or cobalt
could also be used as magnetic particles. The reason iron is used is due to its
superior magnetic properties (higher magnetic permeability µr=200) and lower
toxicity and cost. Studies have been carried out in which the percentage of iron
particles added to the matrix material during the curing process was varied. To
study the effect of varying the particle concentration Gong et al [36] prepared
MRE samples using NR which were cured at the same temperature and with the
same magnetic field applied but with varied particle concentrations. The
different MRE samples contained between 60% to 90% iron particles in
increments of 10% per weight (this corresponds to a volume per volume
fraction of 18-57%). Samples based on silicone rubber were also prepared
containing different amounts of iron particles. The silicone based MREs
contained 50-80% iron particles per weight again increasing in intervals of
10%.
For the NR based MREs, the higher concentration of iron particles increased the
zero field modulus of the samples. The overall MR effect was lower for the
sample containing 90% iron particles than that of the sample containing 80%.
The same study reported similar results for the silicone based samples with an
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increase in the particle content causing an increase in the zero field modulus of
the samples. However there was no observed decrease in the MR effect for the
higher particle concentrations in the silicone based samples due to the
increased particle mobility associated with the softer elastomer matrix [36].
Boczkowska et al [37] carried out a similar study using samples containing
1.5%, 11.5%, and 33% per volume iron particles in urethane elastomer based
MREs. In experiments, a deflection, which is analogous to three point bending,
was applied “to change the orientation of particle paths” (direction of aligned
particle chains) in the material. When the magnetic field was applied the sample
straightened and this was measured by a displacement sensor. The deflection
(displacement measurement) of samples in an applied field was found to be
highest for samples with 11.5% particles volume per volume. The reason for the
samples with 11.5% particle content performing better than those containing
33% was due to the formation of linear particle chains during the curing
process in the 11.5% sample. The higher percentage of iron particles results in
the formation of more complex structures similar to 3D matrices. In further
studies [9], stress-strain curves for samples using different volume fractions of
Iron particles showed that the 11.5% volume fraction sample had a greater
increase in modulus than the 33% sample when the magnetic fields were
applied as in the 33% as the increased amount of iron particles resulted in the
formation of 3D structures.
Stepanov et al [2] studied the effect of particle size by using two different
mixtures of particles, the first containing iron particles between 2-4µm in
diameter and the second contain particles between 2-70µm. Isotropic MREs
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were prepared using just the smaller sized iron particles and using a 50-50
mixture of the two particle types. Stress-strain curves obtained for these two
samples showed that the sample with the smaller particles had a greater
Young’s modulus when no external magnetic field was applied post curing.
However, when an external field was applied, a greater relative increase in MR
effects was observed for the sample with only 2-4µm particles and was thought
to be due to the greater mobility of the smaller particles through the elastomer
matrix.
The rheological properties of an MRE sample can be increased by improving the
particle matrix interaction; this can be achieved by the introduction of a
coupling agent during the curing process to modify the iron particle surface
[38]. The effect of the particle matrix interaction on the overall MR effect was
tested by Y. Wang et al [38] by preparing three identical silicone based MRE
samples, two with different coupling agents and the third without any added
coupling agent. No magnetic field was applied during the fabrication process
therefore allowing the effect of applying the magnetic field during the testing
process to be isolated. It was shown that the introduction of the coupling agents
caused an increase in the ultimate tensile strength (modulus at the failure point
during uniaxial elongation tests) of the MRE by 0.35MPa from 0.75MPa failure
strength without the coupling agent to 1.10 MPa with the coupling agent added
(silane KH-550) and by 0.58MPa to 1.33MPa with a different coupling agent
(silane AH-151). The different coupling agents both improved the iron particle
distribution and the tensile strength of the samples. Although the percentage
elongation at failure was different for the three cases, making a direct
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comparison of modulus is difficult since this is a function of strain for
elastomers.
The difference in the MR effect caused by the different coupling agents can be
explained by looking at the interaction of the iron particles with the magnetic
field applied in more detail. The iron particles were randomly distributed
throughout the sample, but when a magnetic field is applied, the iron particles
will align in the direction of the field deforming the elastomer matrix resulting
in a change in the modulus (the MR effect). It can be deduced from the
mechanism of particle alignment that the MR effect will be improved by the
dipole-dipole interaction of larger particles making alignment with the
magnetic field easier. Lokander and Stenberg [39] demonstrated this effect, and
furthermore showed that, the softer the matrix, the higher the particle mobility
through it, again increasing the MR effect. The iron particle-elastomer
interaction is also important. If voids exist between the particles and the
elastomer matrix the particles will move without distorting the elastomer and
this will have a reduced effect on shear modulus. The improved distribution of
the particles due to the addition of the coupling agent decreases the size of the
particle clusters. The increase in the MR effect caused by the KH-550 coupling
agent was deemed to be due to a plasticizing effect leading to softening of the
elastomer matrix, as well as the improvement in particle-matrix interaction.
Using differential scanning calorimetery, a lower Tm (melting temperature) was
observed indicating the plasticising effect of the coupling agent. This was also
highlighted by the sample with the KH-550 coupling agent having a much lower
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zero field modulus 0.70MPa compared with that of the sample with no coupling
agent of 1.02MPa or that with the AH-151 agent of 1.01MPa.
In conclusion, there are many factors during the fabrication and curing phase
which have an effect on the magnetorheological and mechanical properties of
MREs. These include whether or not an MRE is cured in a magnetic field; this
leads to two different types of MREs; anisotropic and isotropic. With anisotropic
MREs the flux density of the magnetic field and its directionality will both effect
the particle alignment in the MRE and therefore the MR effect. The particles
themselves can be varied either in size or quantity to vary the microstructure as
well as use of coupling agents to improve the elastomer-particle interactions.
Another variation comes from the elastomer matrix chosen; with softer
elastomers allowing for a greater increase in mechanical properties when
magnetic fields are applied. Those with an NR matrix exhibit a smaller MR effect
but their general mechanical properties are superior.

2.4.2 Physical Testing of Magnetorheological Elastomers

As stated in section 1.1.2, current testing of MREs is carried out predominantly
under uniaxial tensile loading. Tensile stress-strain curves obtained by
Steponov et al [2] were shown to be almost linear when no magnetic field was
applied to the samples, as reproduced in figure 2.1.
The same MREs when tested under an external magnetic field no longer
produced a linear stress strain relationship. Instead the stress increased much
more rapidly for smaller elongations compared with higher elongations (figure
2.1). A tangent modulus (a tangent to the stress-strain curve at a point on the
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curve) is introduced and defined as E=dσ/dε. This tangent modulus is higher
than the assumed Young’s modulus for the sample when no field is applied and
is much higher at low deformations compared with larger deformations. The
same study also tested MREs using static and dynamic shear tests. A shear
modulus test measures the shear stress - shear strain relationship. The shear
modulus increases when the applied magnetic field is increased and the change
in behaviour of the samples under shear testing is similar to the change in the
elastic modulus of the samples tested in tension. Dynamic stress-strain curves
were produced for the sample by cyclic loading and unloading. When an
external field was applied during this experiment, the stress-strain curves
exhibited pronounced hysteresis, while with no external magnetic field applied,
the sample showed almost a linear elastic response. Figure 2.10 shows these
stress strain curves for two different applied flux densities.

Figure 2.10 stress strain curves with applied field for a silicone matrix MRE [2]

The area under the hysteresis curve increased as the external field intensity
was increased. The hysteresis curves of the MREs in the presence of an external
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magnetic field showed a marked residual deformation of the samples when
unloading and deformation remains almost unchanged for some time after
unloading. The deformation was no longer evident once the magnetic field was
removed [2]. This pseudo-plasticity or shape memory effect was caused by the
alignment of the particles into chains under the applied magnetic field causing
the deformations in the matrix between the particles to increase. Dipole-Dipole
interactions resulted in the particles adopting positions with a minimum local
energy. When the applied force was enough to break the initial chain of
particles, the magnetic field caused the formation of new particle chains in a
new energy minimum state. When the magnetic field was switched off the
dipole-dipole interactions decreased and the initial shape of the sample was
restored.
In dynamic shear tests, the samples were tested on a rotating plate between the
magnetic surfaces shown in figure 2.11. Under this set up, the storage modulus
behaved similarly to the elastic and shear moduli. However the loss modulus
(reduction in stored energy) increased with applied field due to the pseudo
plastic effects. The highest magnetic field used in this study was 350mT and the
main results of the study showed increases in elastic modulus with applied
field, pseudo plastic effects and increases in the loss modulus [2].
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Figure 2.11 dynamic shear test [2]

In the study carried out by Gong et al [36], the static properties of the MREs
where tested using “an electronic pull machine” using a magnetic field from 0400mT. In the same study dynamic testing of MREs was also carried out by the
application of a periodic stress and measuring the resultant strain. Experiments
were conducted with both single and multi-frequency periodic stresses applied
to the sample. A magnetic field of up to 1100mT was applied to the samples
during dynamic testing, however results showed no further increase in the
shear modulus of the samples occurred above 500mT. The same equipment that
was used to measure the shear modulus can also be used to measure the
damping factor at different frequencies and different magnetic fields. The
damping factor is calculated from the complex dynamic stiffness (obtained from
the periodic stress and resultant strain) and is the ratio of the real and
imaginary parts of this stiffness. It was observed that the strong magnetic field
used in the curing phase resulted in a higher loss factor. Samples based on NR
and silicone rubbers were both tested dynamically with fields of up to 1100mT.
The shear modulus was measured for NR samples cured under different
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magnetic fields and a range of magnetic field strengths were applied during the
tests.
The results of the dynamic tests showed an increase in the shear modulus to the
point where the iron particles reached magnetic saturation and those samples
cured under higher magnetic fields showed a greater MR effect. The increased
curing field also led to an increase in loss modulus. The dynamic testing of
MREs was also carried out using different frequencies and strain amplitudes
and it was shown that the frequency had little influence on the MR effect. The
variation of strain amplitude applied during testing showed that MREs behaved
as classical viscoelastic materials (modulus decreased with increasing
amplitude).
MREs are normally subject to small deformations in the pre-yield regime of the
linear viscoelastic region and are intended to be used as structural materials in
applications were the load is often dynamic. Boczkowska and Awietjan [9]
carried out cyclic dynamic loading tests with the MREs being deformed and
returned to their original form during one cycle. The oscillating force was
varied with different amplitudes and different angular frequencies. With MREs,
like all viscoelastic materials, some of the deformation energy is stored and
recovered in each cycle and some is converted into heat (exact proportions
depend on loading conditions). The storage modulus represents the ability of
the material to store energy. Both the storage and the loss moduli were
measured as a function of angular frequency under different magnetic fields of
up to 200mT. The samples were in the form of discs of 2mm thickness and
20mm in diameter. The storage modulus increased as the frequency increased;
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increasing the applied magnetic field led to higher storage moduli for all angular
frequencies. An MRE sample with 11.5% per volume iron particles and cured
under a magnetic field of 300mT was tested over time with a varying magnetic
field of up to 600mT, the field being increased in steps of 100mT but turned off
and returned to zero field before being increased to the next field strength. The
loss and storage moduli were measured over time as the applied magnetic field
was varied (changes in flux desnity). Both the loss and storage moduli increased
as the field increased and both returned to their initial values every time the
field was reduced to zero. Compression tests on MRE samples were carried out
in the same study and it was shown for all MREs that an applied magnetic field
during compression caused an increase in the modulus of the sample.
Zsolt Varga et al [5] tested the effect of the alignment of the magnetic field
applied to an MRE sample during testing. This was achieved by having the
direction of the magnetic field both parallel to the applied force and
perpendicular to the applied force in different tests. With isotropic MREs the
direction of the aligned particle chains was also considered resulting in five
possible geometric arrangements for isotropic MREs and two for anisotropic
MREs as shown in figure 2.9.
Different magnetic setups were used to generate the parallel and perpendicular
fields resulting in a higher magnetic field being applied in the perpendicular
case. The field for the perpendicular case was produced by two magnetic poles
19cm2 in area and 4cm apart which provided a field of up to 400mT. The field
for the parallel case was generated by having the sample inside the coil of an air
core electromagnet which reduced the maximum field that can be generated to
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a value of 100mT. Results obtained from testing on isotropic samples showed
very similar results between samples with the force applied parallel to the
direction of the magnetic field and those with the force applied perpendicular to
the magnetic field and any differences can be attributed to sample variation
showing that the geometric relationship between applied magnetic field and
applied force is only critical for anisotropic MREs. In both cases the presence of
an external magnetic field produced a slight increase in the elastic modulus. The
results obtained from the anisotropic sample show that the geometric
alignment of particle chains, applied force, and the direction of the magnetic
field, play a critical role in the MR effect. In the three cases where the applied
force was perpendicular to the particle chains the greatest increase in modulus
occurred when the applied magnetic field is parallel to the particle chains. This
result was observed with samples containing 10, 20 and 30% iron weight per
volume.
When the field was applied perpendicular to the chains, in the first case parallel
to the applied force, and in the second case perpendicular to the applied force,
the increase in modulus caused by the magnetic field was similar to that of the
anisotropic samples with neither arrangement offering a clear advantage.
The final two geometric arrangements were for the force being applied in the
direction of the aligned particle chains. A greater increase in the elastic modulus
was observed when the field was also applied parallel to the aligned particle
chains and this arrangement produced the highest MR effect (increase in elastic
modulus) of all seven cases. It must be noted that the zero field modulus
(55kPa) in the force and particle chains parallel case was also much higher than
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the zero field modulus (26kPa) for the force applied parallel case for samples
with 30% weight per volume of iron this shows the anisotropic nature of the
material.
Deng and Gong [11] tested MREs for use in adaptive damping applications. In
this study an adaptive tuned vibration absorber (ATVA) was constructed using
an NR based MRE. A dynamic mass was connected via the MRE to a static mass
as shown in figure 2.12.

Figure 2.12 Adaptive tuned vibration absorber [11]

The principle of the ATVA is that the application of a magnetic field changes the
modulus of the MRE and therefore the natural resonant frequency of the ATVA.
A theoretical analysis of the change in natural frequencies of the ATVA is
outlined in equations 2.41 –2.44 [11]. The shear modulus of the MRE (G)
consists of two parts; the zero field shear modulus (G0) and the magnetically
induced shear modulus (GM) Equation 2.41
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_ = _/ + _g

(2.41)

The natural frequency of the ATVA can be expressed in terms of the zero field
frequency (f0) plus the magnetically induced change in frequency(∆ig ).
i = i/ + ∆ig

i/ =

∆ig =

+

+

k

(2.42)

k

6
j lm

6
j lm
n (j 1 +

(2.43)

ko
k6

− 1)

(2.44)

Using equation 2.43, the initial natural frequency of the ATVA can be designed
to match the primary system and equation 2.44 shows that the frequency shift
capacity is not only related to the MR effect but also to the initial shear modulus.
A large initial modulus with the same MR effect will cause a wide frequencyshift bandwidth. To analyse the frequency shift property with an applied
magnetic field, a modified magnetic dipoles model, takes account of the
interaction between all particles in the chain. The distance between two
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particles in the chain is d before deformation and θ is the shear angle. For small
deformations θ goes to zero. The magneto-induced modulus can be expressed
as

_g = 3qrl r/ Q

s
/ (9 )

n t(c

+/

+

d

e+

7uDv s
3

( ) )
9

(2.45)

Where 3β is the effective susceptibility and it approaches 3 for ferromagnetic
particles. µ0 and µm are the permeability of free space and the relative
permeability of the matrix respectively. φ is the volume fraction of the particles.
R is radius of the particles with A, B, and t as defined below.
b = 1 − 4Q
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If the shear strain is termed (ε) the magnetically induced modulus GM is given by
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(2.49)
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Where G = (1 + ƒ ); and „ = Qt(9 ) . From equation 2.45 it is shown that the
natural frequency increases with increasing magnetic field. In the initial stage
the natural frequency increases rapidly and then the rate approaches
stabilisation before saturation. Using equation 2.49, the influence of shear strain
on the shift frequency can be obtained. If the magnetic field is fixed, equation
2.49 predicts that the natural frequency will decrease as the strain increases
until stabilisation when shear strain is 100%. As the strain has a high influence
on the shift frequency, the amplitude of the vibration (Δε) of the ATVA must be
considered. ATVAs using MREs should operate at a relatively high frequency to
overcome this problem.

Physical tests were also carried out on an MRE based ATVA (figure 2.13 [11]).

Figure 2.13 Model of ATVA with primary system [11]
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To test this device a beam was used with both ends supported with the ATVA
placed at the centre of the beam. White noise generated by an exciter was
applied to the beam with accelerometers placed on both the oscillator and the
base beam to measure their responses. The measured natural frequency of the
ATVA agreed well with that calculated from the theoretical model and a relative
frequency change of 155% was achieved during testing. The system used to
measure the change in the natural frequency of the ATVA was modified by the
addition of an impedance head to measure the vibration absorption. The
impedance head was connected to both the beam and the exciter. The exciter
provided sinusoidal excitation to the beam with a linear frequency scan. The
base point impedance with different applied magnetic fields was measured. The
vibration absorption capacity was calculated from the log of ratio of base point
impedance HA with a magnetic field applied and that of H0 with no magnetic
fields applied to the device (γ):

ˆ

γ = 20 log( ˆ‰)
6

(2.50)

The data obtained from Gong et al [36] shows that when the ATVA was in a
tuneable frequency band it had superior absorbing effects than when in passive
mode (no magnetic field applied).
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Research by Zsolt Varga et al [5] attempted to explain the MR effect using a
theoretical approach. This was done by considering a cube (side h0) of ideal
rubber material without an external magnetic field. If a force is applied along
the x direction, the length of that side becomes hx resulting in a deformation
ratio along the x axis of λx=hx/h0. The same is true along the y and z axis. The
strain energy density function Wel for an ideal network is:

+

U : = _/ (λ- + λŠ + λ‹ − 3)

(2.51)

Where Go is the elastic modulus. If it is assumed that the deformation is
performed at constant volume where λxλyλz=1 and for unidirectional
compressions λy=λz and both deformation ratios reduce to λ-;+/ . Equation 2.51
can be expressed in terms of G0 and λx.

+

U : = _/ (λ- + λ − 3)
Œ

(2.52)

The nominal stress can be obtained by differentiation of Wel with respect to λx

:
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(2.53)

From the above equation the elastic modulus G0 can be expressed as

+

_/ = limλŒ→+ (
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(2.54)

For small strains the experimental data can be approximated using Hooke’s law
with Young’s modules E=3G0 and using the following expression for σel

:
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Equation 2.54 for G0 can be rewritten in terms of Wel instead of σel
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(2.56)

When an external magnetic field is applied to the sample the overall energy
density can be expressed as the sum of the magnetic and elastic energy
functions

U = Ug ( ) + U : (λ- )

Where H is the effective magnetic field strength. The magnetic energy is
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(2.57)

Ug = r/ •( )

(2.58)

Where the M(H) function denotes the magnetization curve and r/ is the
permeability of free space. Deformation of the MRE results in a change in the
particle distribution on the network, as when the MRE undergoes deformation
the iron particles move. This will have an effect on WM as WM(λx,H) requires
more energy to deform an MRE in a magnetic field as both the change in
magnetic and elastic energy must be overcome. This magnetic effect is shown as
an increase in the measured shear modulus. The shear modulus can therefore
be expressed as the sum of the shear modulus and the magnetically induced
modulus (GM).

_ = _/ + _g

(2.59)

Based on equation 2.56 the magnetically induced modulus (GM) can be
expressed as

+

_g = limλŒ→+ (
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The magnetic polarization which causes this increase in observable elastic
modulus is a rapid process resulting in the almost instantaneous stiffening and
return to G0 when the field is turned off (approximately 1-2 seconds). This
conclusion is supported by the data presented by Boczkowska and Awietjan [9]
who applied a variable magnetic field to an MRE. However the magnetically
induced modulus (GM) remains difficult to calculate as Ug ( ) cannot be
represented in an analytical form.

2.4.3 Magnetic fields used to test MREs

This section provides a summary of different magnetic fields used during
testing of MREs. Most published information on MRE testing provides the
direction and strength of the magnetic field only, with no field diagram or
strength at various points over the sample. This lack of field specification makes
it impossible to fully replicate the tests of others. The field direction is often
stated as a straight arrow over the entire sample with no local deviations in
direction included. While these approximations may be adequate over the small
sample volumes required for uniaxial testing of MREs, the biaxial case under
investigation in this thesis is more complex.

A study on the effect of alignment of applied force, particle chains and the
applied field by Zsolt Varga et al [5] showed a schematic representation of their
set up used to generate the different applied field directions (figure 2.14).
However no field diagrams or measures of uniformity were produced.
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Figure 2.14 Magnetic array testing schematic [5]

When the field was applied perpendicular to the applied force, the set up
required a 40mm gap between two poles of electromagnets (left schematic
figure 2.14). This setup provided an almost uniform field which is
unidirectional. The parallel setup with the sample enclosed within an air core
electromagnet also produced an almost unidirectional field but with variations
in flux density (right schematic figure 2.14). With no field diagrams available or
details of field strength over the entire sample volume, it is difficult to obtain an
accurate picture of the field, force and particle chain alignment which play a
very significant part in the MR effect.

A study into NR based MREs by Chen et al [3] provided a schematic drawing of
the electromagnetic arrangement used during both the curing and testing of
MREs. For the curing of MREs, two coils wound and connected in the same
direction are shown and the field is seen to be running in straight parallel lines
from one coil to the other as depicted in figure 2.15.
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Figure 2.15 MRE curing arrangement up [3]

Such a setup will have local deviations from the parallel lines indicated in the
schematic and will not be uniform except over a relatively short distance. This is
due to the drop-off in the magnetic field strength with distance which varies
as1/r2.

The schematic for the field used in the test set up shows the sample in the air
gap of an iron core and iron magnetic circuit. This set up provided a field
perpendicular to the surface of the sample. There is no field diagram or
measure of uniformity provided.

A recent method to overcome the 1/r2 drop-off in the magnetic fields has been
tested by Miao Yu and Siqi Wang [40] in which the MRE contains an embedded
copper coil which generates the magnetic field. To facilitate this arrangement,
an MRE made from silicone rubber is prepared with a magnetic coil placed in
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the mould during curing. After the curing process the coil is locked inside the
MRE. For comparison another MRE was made from the same materials and in
the same mould but without an embedded coil. A 50mT field was used during
fabrication of the MRE without the embedded coil. A 2amp current, (producing
a field of 47mT) was passed through the embedded coil during the curing
process. Optical microscopy at a magnification of 2000x showed the MRE with
the embedded coil had a more pronounced chain like structure [40]. Stressstrain curves where produced for both MREs. The MRE with the embedded coil
had superior mechanical properties, particularly shear modulus, and the shear
modulus increased due to the increased magnetic field as the current through
the coil was increased.

Mazlan et al [33] designed a system to test MRFs under various magnetic fields.
The test set up was designed using FEMM 4.2 [34] software for calculating
magnetic field strength and direction and the model was compared with results
obtained experimentally. The circuit was designed to produce the correct
magnetic flux density across the volume of an MRF sample. Analysis of the
magnetic field produced across the air gap was carried out using FEMM [34]
and validated using a Gauss-meter and Hall probe. The magnetic field strengths
obtained by direct measurement and simulation were in close agreement,
however this was through a magnetic material (MRF), rather than air, and over
a short range. The magnetic field lines penetrated the air gap and were in
straight lines for a distance of 24mm from the centre after which the value of
magnetic flux decreased as tangential magnetic flux values increased. The
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tangential values were minimal compared with the actual (designed) magnetic
field values and were neglected in the study.

In their study of an adaptive tuned vibration absorber using an MRE, Deng and
Gong [11] carried out an analysis of the magnetic circuit using ANSYS software.
This provided a 2D field line diagram of the magnetic field applied to the MRE
as well as stating the current through the coil and a flux density value of the
magnetic field through the MRE. However, the distance between the poles of the
magnets was not specified in the field diagram and there was no measure of the
uniformity of the flux density over the sample area while the flux density values
were based on the models output and were not verified by measurement with a
Hall probe.
Stepanov et al [2] in their investigation of a homogeneous magnetic field on the
viscoelastic behaviour of magnetic elastomers used both permanent magnets
and electromagnets to carry out both static and dynamic static (elongation)
tests. For each of the tests it was stated that the magnetic field was uniform
with an accuracy of 97% throughout the sample volume but no map of the flux
density was provided. While the sample volumes were provided the spacing
between the poles was missing from the schematics of the fields used in the
tests. There are flux density values stated but whether this was with or without
the sample present is unclear.
Bica [41], in a study on using MREs as a dielectric in a flat capacitor, provided a
schematic of the electromagnet which includes the sample position and the
position of a Hall probe. In this case the position at which the flux density is
measured was clearly stated (beside the sample with the sample present).
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However the presence of the sample would have provided a pathway for the
flux density lowering the reading on the Hall probe. This distance between the
poles was not stated but the dimensions of the sample and capacitor were
given. There was no overall map of the flux density so there was no way of
knowing how uniform the magnetic field was and the direction of the field was
stated with a simple arrow without the use of field lines.
In a study by Chen et al into NR based MREs [3], schematics of the magnetic
array in which the sample was cured and tested were provided. The sample
volumes were stated but the distance between the poles was not. The method
for verifying the flux density was stated as using a Tesla gauge to measure the
flux density outside the MRE for the curing process. The schematic for the field
applied during the testing has not given indication of the position of a Tesla
gauge or if the flux densities in the results section were measured with or
without the sample present.
Boczkowska et al [42] in a study of the microstructure of urethane based MREs
provided a schematic diagram of the samples between the poles of an
electromagnet. Three different tests were performed. The test modes were
deflection, compression, and one to measure the rheological properties of the
MREs. In all three cases a range of flux densities achievable was stated however
the schematic of the magnets only provided information for the deflection tests.
Again it is unclear at what position the magnetic field readings were recorded
or how uniform the flux density was over the sample volume.
In their study of magnetic field sensitive functional elastomers with tuneable
elastic modulus, Varga et al [5] investigated the effect of the direction of the
magnetic flux with respect to the applied force and also the direction of the
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particles (for anisotropic MREs). These different arrangements of field force
and particle chains are shown in Figure 2.12. In the same study two different
electromagnetic arrangements were used to apply the field and a schematic
representation of each arrangement was provided. For the case where the force
and magnetic field were applied perpendicular to each other, the distance
between the poles and the pole area were both stated. While it is stated that the
flux was measured with a Teslameter, the point at which the flux density was
measured was not indicated and no map of the flux density between the poles
was provided. Whereas, when the field and the force were applied in parallel,
the sample was shown in the centre of an air core electromagnet again with no
map of the flux inside the coil.
A composite MRE embedded with a copper coil (Yu and Wang [40]) in which the
MRE was both the core of the electromagnet (inside the windings) and
surrounds the copper coil (encasing the windings). A detailed FEMM [34]
model of the magnetic field inside the MRE was provided as well as specifying
the coil dimensions. The same study stated that the flux density values where
verified using a HT700 digital fluxmeter. However it is not stated how these
readings were taken as a Hall probe would be unable to measure the field
strength inside a solid material. While the accuracy of FEMM to predict the
correct flux density in the air gap between the poles of an electromagnet is
discussed in Chapter 5 it is also shown to predict the flux density and saturation
in the electromagnets iron cores and the correct flux very near the pole pieces.
In the majority of studies on MREs [10, 38, 39, 43, 44], the magnetic field is only
specified by the use of a flux density strength and an arrow indicating direction.
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As outlined in this section and Sections 2.3 and 2.4, MREs have been tested
under a wide variety of magnetic fields with no defined standard magnetic field
used in testing and it is clear that the majority of the MR effect is achieved by
fields of 400mT or less. For fields above 400mT saturation of the ferromagnetic
particles is reached and almost no increased MR effect is observed as the field is
increased above this value. As previously stated, both uniformity in terms of
magnetic flux and directionality of flux lines are important to maximise the MR
effect as the amount of magnetic flux affects the mobility of particles in the
matrix and the direction of the field determines the direction of particle
alignment. Based on these requirements, to fully replicate the range of tests
carried out on uniaxial samples it is necessary to produce an electromagnetic
array capable of generating a variable magnetic field of up to 400mT. The field
strength should be virtually uniform over the sample volume and have a
constant direction. Current methods for generating magnetic fields to test
MREs have involved the use of only two coils. Such arrangements are unsuited
to supplying uniform magnetic fields over the required volumes for bubble
inflation tests, and it is proposed that a uniform field of variably flux density
between 0-400mT be adopted to fully test MREs.

2.4.4 Results and presentation of the MR effect

From Sections 2.4.1 and 2.4.2 the MR effect is presented as an increase in
modulus reported as a percentage of the modulus without an applied magnetic
field (zero field modulus). This increase in modulus is usually reported with the
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applied flux density stated (e.g. 133% at 200mT). However the definition of
modulus varies from test to test with elastic, shear, tangential, and storage
modulus commonly used and not clearly stated which was used. Another
difficulty highlighted in Section 2.4.3 is the field which a flux density value
represents is difficult to replicate. The same flux density applied in a different
direction will give a different value for the MR effect. To accurately report the
MR effect, both how the modulus is calculated and a map of the magnetic field
needs to be supplied to allow for a comparison between different test methods
and results.

2.5 Discussion

This section contains a brief discussion on material selection and the field
specification required for potential MRE applications.

2.5.1 Material Selection

From previously published results outlined in Sections 2.4.1 and 2.4.2 it is clear
that while softer MRE’s have a greater MR effect than those based on NR they
are too soft for many potential practical applications. It has also been shown
that anisotropic MREs cured in the presence of a magnetic field show a higher
MR effect than their isotropic counterparts. The need to apply a magnetic field
in their production increases the complexity and cost of manufacture and they
cannot be manufactured by current commercial [45] means as well as
introducing an extra variable to sample properties (the field used during the
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curing process). Isotropic natural rubber MREs currently offer the best
possibility for practical applications due to their superior fatigue properties and
lower manufacturing costs [45].

2.5.2 Existing Field Specification

At present there is no accepted standard method for describing a magnetic field
applied to an MRE. One of the main focuses of this study is to propose a
standard method of describing a magnetic field. Firstly, as the presence of the
sample will change the applied field and two different samples will give two
different fields, the only quoted field which can be applied to both samples is
the one measured without the sample present. Secondly, a full map of the flux
density and the direction of the field lines over the sample volume are also
required as a single value and direction will not provide an accurate picture of
the field. Where a single value for the flux density is required this should
include a measure of how much it varies over the test volume.
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3 FEA MAGNETIC ARRAY DESIGN

This chapter examines and evaluates the use of FEA modelling of the
electromagnetic arrays used in MRE test apparatus and investigates if any of the
arrays currently used for the physical testing of MREs under uniaxial loading
conditions can be adapted for biaxial loading using the bubble inflation method.
An FEA model suitable for testing MRE’s via bubble inflation is then proposed
and verified using a prototype of the array.

Current methods for generating magnetic fields to test MREs have used only
two coils with the sample placed between the pole pieces. Such arrangements
are unsuited to supplying uniform magnetic fields over the required volumes
for bubble inflation tests as the overall flux density will decease due to the extra
space between the poles and the uniformity in both flux density and direction
will also be reduced.

3.1 Considerations for Biaxial Bubble Inflation Testing

From Section 2.4, it is clear that even when schematics of the magnetic field
testing set ups are provided, the information is not sufficiently complete to
allow an accurate replication of the applied magnetic field. This is due to the
lack of accurate maps of the flux density over the volume in which the magnetic
field is applied. This is compounded by a lack of information about the position
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of the probe when a single value of flux density is reported or if the sample is
present or not when the value is recorded.

Figure 3.1 Uniaxial test model showing small air gap (2mm)

Figure 3.1 shows an FEA model of the standard 2 coil model used in most MRE
testing with a small gap between the poles for the sample whereas figure 3.2
shows the same model with the air gap expanded to accommodate the larger
bubble inflation sample. Both models where generated using FEMM 4.2 [34]
which was used and verified by Mazlan et al [33] to model fields used to test
MRFs.
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Figure 3.2 Uniaxial test model with expanded air gap (60mm)

The simple arrangement shown in figure 3.1 produces an almost uniform field
between the coils. However when such an arrangement is expanded to
incorporate the larger volume required for biaxial bubble inflation tests as
shown in figure 3.2, the model reported reduced uniformity. The gap between
the coils has been extended to 60mm and it can be seen that the field is
distorted at the edges and no longer travels in a uniform direction over the
entire volume.
Therefore for testing MREs under bubble inflation conditions a simple two coil
arraignment cannot merely be expanded to accommodate the larger sample
volume.
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3.2 Ideal magnetic Field Specifications for Bubble Inflation Tests

Based on MRE test results discussed in Section 2.4, to allow for an accurate
replication and comparison of biaxial bubble inflation results with the currently
published data, a comparable magnetic field needs to be generated. Any
magnetic field has three properties to ensure it is uniform; its flux density or
strength, its direction, and how uniform the strength is over its volume.
In respect of flux density, a magnetic field used for biaxial tests should be able
to provide the same flux density ranges as those used for standard uniaxial
testing and as MREs showed very little increase in modulus for flux densities
above 400mT and no changes above 600mT. The maximum field required is
600mT but a field of 400mT would allow for a direct comparison with most
tests.
The second property of any magnetic field is the direction of the flux lines. In
previous tests the field lines have been orientated with respect to the direction
of the aligned particle chains (anisotropic MREs) with the force applied either
parallel or perpendicular. This directionality alignment is important for
anisotropic elastomers, whereas isotropic MREs do not have aligned particle
chains. The field lines should be parallel to each other and run horizontally
across the sample as this allows for both perpendicular and parallel testing to
be achieved in bubble inflation by rotating anisotropic samples through 900 to
change the orientation of the particle chains with respect to the field lines. To
fully replicate the parallel directional alignment, which yields the capacity for
greater variability in properties of the MRE for magnetic fields of the same flux
density, the flux lines must ideally be parallel to the bubble surface. The particle
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chains will be in the direction of the bubble surface in anisotropic samples as
the bubble inflates. The direction of the flux lines should ideally be in the
direction of the surface of the bubble to observe the highest increase in modulus
for the same applied flux densities.
However, with reference to figures 1.1 and 2.4, true equi-biaxial conditions are
only reached at the pole region; this is the predicted region of failure in a fatigue
test using bubble inflation, and the area in which stress strain data is recorded.
Therefore, it is only required that the magnetic flux lines be parallel to the
sample surface at the polar region of the bubble for anisotropic MREs. This is
not critical with isotropic MREs as they don’t contain aligned particle chains.
The magnetic field flux density should be uniform over the entire volume of the
sample. This presents a significant and difficult challenge as the volume of a
sample used in bubble inflation is larger than those currently used in uniaxial
testing. This increase in volume results in the electromagnets being further
away from each other as an increased air gap is required to accommodate the
larger samples and clamp. The uniformity of the flux density is adversely
affected by this gap and this is why a simple scaling up of arrays previously
used in uniaxial testing fails to provide a solution for a suitable magnetic field in
the equi-biaxial case as shown in Section 3.1.

3.3 Possible Configurations for a suitable electromagnetic array for
Bubble Inflation Testing

As previously stated by Coey [7], a Halbach cylinder can be used to provide a
unidirectional field which has a uniform flux density inside a cylinder. A model
of a rare earth Neodymium (NdFeB) Halbach cylinder, magnet was created
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using FEMM4.2 [34] and is shown in figure 3.3 with a 100mm internal diameter
and each section is 50mm in thickness. The entire array fits into a 200mm x
200mm square.

Figure 3.3 FEA model of a Halbach Array showing uniform magnetic field array 200mmx200mm (internal
diameter 100mm)

The graph in figure 3.4 shows the uniformity of the flux density of a magnetic
field provided by the FEA Halbach array and it is clear that a Halbach array can
provide a field which meets all 3 requirements for equi-biaxial testing of MREs.
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However as the flux density provided by a Halbach array is fixed and cannot be
varied it is unsuitable as a testing array.
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Figure 3.4 Magnetic field through the centre of the modelled Halbach array of figure 3.3

However a Halbach cylinder can only provide a field with a single fixed flux
density (in one plane) the flux density will vary in the z axis. To overcome this
limitation, an electromagnetic array based on the open access Halbach model
suggested by Hills et al [8] is proposed. The open access version was preferred
to the fully closed cylinder model for two reasons. Firstly, electromagnets
interact with each other as a current in one causes a changing magnetic field in
that electromagnet which will induce a current in nearby electromagnets if they
are in close proximity to each other in accordance with Faraday’s law. This
causes a changing electric field resulting in an induced emf in nearby coils[6].
This would only be an issue when powering the array on and off. Secondly, the
open access design is favoured because the bubble inflation tests require
external optical observation since loads cannot be determined from a load cell
as is the case with uniaxial tensile tests.
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Figure3.5 Electromagnetic array based on an open access Halbach Array gap between central coils 80mm
coil length 100mm

As an open access array is required to allow the vision system to record the
stress strain data for the bubble inflation tests and to reduce the interaction of
the electromagnets with each other, an electromagnetic array based on Hills [8]
design was produced. This array as modelled is presented in figure 3.5. The test
sample is placed in the centre of the array. The graph shown below shows the
flux density along the centre line in the air gap. All the electromagnets proposed
are iron core with 1500 turn coils and set to draw a current of 15amps. A
15amp current is used as it saturates the core at 2 Tesla at the chosen number
of coils.
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Figure 3.6 Magnetic flux density of the open access Halbach electromagnetic array shown in Figure 3.5

The data presented in figure 3.6 when compared with figure 3.4 clearly shows
that this open access design causes a reduction in the uniformity of flux density.
The performance of such an array could be improved by providing a magnetic
circuit to allow the magnetic flux lines to return by a path of lower reluctance.

82

Figure 3.7 Electromagnetic array with a magnetic circuit. Magnetic circuit added to reduce reluctance of
the return pathways of the field lines.
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Figure 3.8 Flux density of Electromagnetic array with magnetic circuit from figure 3.7

It can be seen in figure 3.7 and figure 3.8 that the addition of the magnetic iron
circuit to provide a return path of lower reluctance causes an increase in the
flux density, but the uniformity of flux density remained unsatisfactory with
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large variations from 0.8T at either electromagnet to 0.45T in the centre of the
array, 40mm from the electromagnets.
Two additional pole pieces of 10mm thickness, 60mm diameter iron discs were
added to the ends of the central electromagnets. The addition of the pole pieces
provided a more uniform flux distribution over the sample volume but a lower
maximum flux density. The pole pieces were placed with their flat sides facing
the sample. The central coils were also elongated as Montgomery [31] stated
that turns of lower radius produce a more efficient magnetic field due to the
lower radii having a reduced length of wire and thus lower resistance. As the
generated flux density is dependent on NI ampere turns, shorter length turns
provide the same flux density for less power. This effect was achieved by using
electromagnets having a longer length, meaning the same amount of turns were
wound onto the core using less wire reducing the resistance of the
electromagnet and producing the same field for less power. The model shown
below doubled the length of the magnets from 80mm to 160mm but maintained
the same current through each coil.
To improve the directionality of the magnetic field, the electromagnets
positioned either side were retained at their original shorter length covering
the original air gap. The resultant magnetic field due to the addition of the pole
pieces and elongated central coils is shown in figure 3.9 and the flux density is
plotted in figure 3.10. The majority of the changes are due to the pole pieces the
elongation of the central coils provides a small rise in efficiency due to lower
resistance for the same number of ampere turns.
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Extended central coils

Pole pieces

Figure 3.9 Array with central coils extended to 240mm and pole pieces. Overall length of array 900mm
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Figure 3.10 magnetic field of model in figure 3.9 through centre of air gap

The array presented in figure 3.9 has the constant directionality required and
the magnetic flux density to produce a magnetic field suitable for testing MREs
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under biaxial loading conditions as the variation of the flux density over the
60mm distance required to accommodate a bubble inflation sample is similar to
a Halbach array which is considered uniform [7]. Figure 3.11 shows the
uniformity of the magnetic flux density.
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Figure 3.11 Magnetic field of FEA model in figure 3.9 flux density at centre of xy plane 450mT

The data presented in figure 3.11 shows that the array will produce a field of
required uniform flux density when a current of 15amps is maintained
throughout the array. The same field and flux density plots are shown for a
current of 1amp in each coil in figures 3.12 and 3.13.
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Figure 3.12 Array presented in figure 3.9 with current of 1 amp per coil
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Figure 3.13 Plot of flux density for array in figure 3.12 flux density at centre of xy plane 60mT
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Figure 3.12 and figure 3.13 show that the array maintains its uniformity of
direction and flux density at lower flux density values when subjected to a
lower power input and is suitable for generating a range of magnetic fields for
the testing of MREs using bubble inflation and has a flux density of above
400mT allowing for a full replication of the range of flux densities (no additional
MR effects were observed for flux densities above 400mT) used in uniaxial
testing.

3.4 Test Array Model Verification Process

To verify the model presented in section 3.4 (figure 3.9) a physical version of
the array was constructed. This physical array is shown in figure 3.14. The
construction method is discussed in more detail in sections 4.2 and 4.3.
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Figure 3.14 Test Array

The magnetic field of the array was measured using a 3 axis Hall probe and
Gauss meter to map the magnetic flux over the entire sample volume. The
results of this are shown in figure 3.15. The mapping procedure used is
discussed in detail in Section 5.3.
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Figure 3.15 Flux density of the physical array in figure 3.14. Flux density 78.7mT at centre point (current
15amps per coil)

On comparing the field strength values in figure 3.15 with those in figure 3.13
(note x and y axis are swapped: the flux density travels along the x axis in figure
3.15 compared to along the y axis in figure 3.13) it is clear that the FEA model
and the physical results do not correspond with the flux density at the actual
centre point of the array being 78.7mT compared with the 420mT predicted by
the FEA model when both had a load of 15amps per coil applied. The FEA model
correctly predicted the saturation current of the iron cores and this can be seen
in figure 3.16 and so simply increasing the current would not generate the
required magnetic flux density for a suitable testing program as MR effects are
not observed below flux densities of 100mT.
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Figure 3.16 Flux density at centre point v current per coil in physical array

3.5 2D FEA Model versus physical model.

2D modelling is used in a variety of different magnetic applications such as
motors and transformers. For these applications, the area of interest is mainly
the field within the core and not the surrounding field. If the field in the core is
correctly calculated as suggested by the graph in figure 3.16 and as magnetic
field lines form a continuous loop (Maxwell 1862 [6]), this would result in a
compression of the flux density into a smaller volume as the extra return paths
available in 3D are not available in the 2D model. To determine if this is the
case, a single coil (side coil) was constructed and powered up and a 2D FEMM
model of the same single coil was created. This model is shown in figure 3.17.
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10cm red line flux density values figure 3.18

Figure 3.17 Single Side coil FEA model from figure 3.9. Flux values along 10cm red line shown in figure
3.18

A plot of the flux density from the side of the coil in figure 3.17 along the
horizontal line on the right hand side of the image was plotted and is shown in
figure 3.18 when a current of 15amps was flowing through the coil.
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Figure 3.18 Flux density along red line in figure 3.17

The data from figure 3.18 shows a flux density of 20mT at 10cm from the side of
the coil which is much greater than the 2-3mT measured with the Gauss meter
10cm from the physical coil.
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This compression of the magnetic flux is due to the model having a simulated
depth of 1cm [34] and as the equations in section 2.3.2 solve for the magnetic
flux density with magnetic field lines having no beginning or end [6], the field in
the core must complete a full loop resulting in this over estimation of the field in
the air gaps.
Two methods are proposed to calculate the field compression compared to the
actual array. The first of these was to consider the area of the physical pole
pieces and their calculated area in the model. As the magnetic field disperses
from the core into the pole pieces before travelling through the air gap, the
increase in the area of the poles will increase the volume over which the field is
dispersed, thus reducing the flux density. This dispersion reduction can even be
seen in the model in figure 3.9 where the field exits the core and enters the pole
pieces. In the physical array the pole pieces have a diameter of 5.16cm which
results in an area of 20.91cm2 whereas a rectangle 5.16cm by 1cm has an area
of 5.16cm2. From this calculation it can be seen that the area of the pole piece is
4.05 times greater than the pole area in the model. Hence, the field in the model
is compressed by a factor of 4. The graph in figure 3.19 is the output from the
model in figure 3.9 multiplied by a factor of 1/4.05 to account for the
compression of the field in the model.
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Figure 3.19 Adjusted flux density area method for model in figure 3.9

The second method to calculate field compression is to calculate the reduction
in the number of return pathways due to the reduced volume. For this method
the number of return paths available in the model as a percentage of the
number in the array is calculated by calculating the angle of a wedge as a
percentage of 1800. Figure 3.20 shows the angle x to be calculated (length is in
cm). The angle x is given by tan-1(1/2.58) which is 21.1800. This implies that the
flux is compressed into two channels of 21.1800 in the model or 23.5% of the
number of return paths in the array.
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Figure 3.20 Calculation of angular compression of flux

The output from the model shown in figure 3.9 modified by the radial method is
shown in the graph in figure 3.21

Figure 3.21 Adjusted flux density radial method for model in figure 3.9

By comparing the magnetic field produced by the array in figure 3.15 with that
calculated by the model in figure 3.9 it can be seen that while the magnetic field
has the same shape profile the overall flux density predicted by the model is 4-5
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times that measured via a Gauss meter for the array. Apart from the overall flux
density the model and the array are in good agreement with each other in terms
of form and directionality. When the output from the model is adjusted to take
into account the difference between the 2D and 3D methods, both methods
predict a flux density which is very similar to the actual flux density produced
by the array. The adjusted flux densities of the model are still slightly higher
than that of the arrays but such a small difference is most likely down to
impurities in the iron causing saturation at a flux density slightly below 2 Tesla.

3.6 Revised design of Array based on model verification

In this section a modified array design is presented with the aim of producing a
higher overall flux density across the design volume. As shown in Section 3.4,
comparing the flux densities produced from the models in figure 3.7 and figure
3.9, the addition of the pole pieces caused a reduction in the overall flux density
but an increase in the uniformity of the flux density through the air gap and
hence the sample. Based on this and the requirement to keep the flux density
relatively uniform over a wider area, a model with a magnetic circuit and
central core diameter of 50mm, increased from 19.1mm, was proposed. The
expanded core diameter gave a higher magnetic flux in the air gap similar to
that in figure 3.7 when compared with figure 3.9 as the flux density will not
diverge into the pole pieces and disperse.
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3.6.1 2D FEA model of Revised Design

This revised design is shown in figure 3.22 and is an up-scaled version of that
modelled in figure 3.9 and the array pictured in figure 3.15 with some
modifications. The side coils are the same side coils as used in the previous
model whereas the central coils and the magnetic circuit were remanufactured
using 50mm diameter low carbon steel. Other than the expanded diameter the
other noticeable difference is that the central coil windings have been moved
away from the air gap and are now further from the sample but the magnetic
circuit continues beyond the windings to the same position as the pole pieces
on the previous version. This is to enable the side coils to remain at the same
distance from the test sample as in the model using 20mm diameter circuits.
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Figure 3.22 Modified array 50mm diameter magnetic circuit

Using the methods outlined in section 3.6 to take into account the difference
between the 2Dmodel and physical model. The flux density of this model is
shown in figure 3.23 and figure 3.24 when a current of 15A was flowing through
each of the 4 coils. This required the same current as before but more power as
the radius of the turns in the windings was increased.
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Figure 3.23 Flux density of model in figure 3.22 adjusted by area

Figure 3.24 Flux density of model in figure 3.22 adjusted by angle
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The array modelled in figure 3.22 calculates a flux density of 155mT (angular
adjustment) to 163mT (area adjustment) at the centre of the sample area
(position of the bubble pole).
To measure the effect of switching from pure iron to low carbon steel the model
presented in figure 3.22 was regenerated using 50mm cores and circuit in pure
iron which gave an almost identical flux density (difference of 1mT at the
centre) to the low carbon steel model. In a physical array pure iron is likely to
provide a slightly higher field because of its higher saturation point due to
fewer impurities in the metal.

3.6.2 3D FEA model of Revised Design

From the results presented in Section 3.5 it is clear that 2D modelling does not
give an accurate flux density value in the air gap sample region. In this section a
3D Ansoft Maxwell FEA model of the array presented in figure 3.22 will be
examined and compared with the 2D model, the adjusted 2D models. This 3D
model is shown in figure 3.25.
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Figure 3.25 3D model of the array

The image in figure 3.25 shows the geometry of the 3D model, which is similar
to the 2D model presented in figure 3.22. The larger 50mm cores of the central
coils and the extended magnetic circuit are modelled as low carbon steel
whereas the 20mm cores of the outer side coils were modelled as before in the
previous version as the same side coils where used. The loads applied to the
coils were a current of 22500ampere turns (1500 turns x15amps) per coil
(identical to the 2D model from figure 3.22). A plot of the magnetic field
calculated by Ansoft Maxwell at the central plane of the model (Z=0) is shown in
figure 3.26.
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Figure 3.26 Flux Density Output from model shown in figure 3.25

By comparing the result presented in figure 3.26 with the adjusted results from
the model in figure 3.22 which are shown in figure 3.23 and figure 3.24, it can
be clearly seen that the two different models calculate different values for the
overall flux density. The direction of the field in the 3D model can be seen in the
vector plot in figure 3.27.
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Figure 3.27 Field vector direction plot 3D model

Apart from the difference in the overall flux density, 600mT at the centre point
for the 2D versus 35omT for the 3D model the 2D and 3D

are in good

agreement with each other on the overall field profile and direction. This can be
seen by comparing the contour diagram in figure 3.26 with that in figure 3.22.

3.7 Final Design Specifications

In Sections 3.4 3.5 and 3.6 it has been clearly established that it is not feasible
without using excessive power of large air core electromagnets or
superconducting magnets to design an electromagnetic array suitable

for

bubble inflation testing of MREs which will be fully able to replicate the flux
densities which are applied to uniaxial tested samples. However, based on the
model verification process from Section 3.5 applied to the revised model in
figure 3.22, it was considered possible to provide a field of up to 150mT with
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the required uniformity of flux density, and direction. Such a field would allow
for testing of samples in a region where an MR effect has been observed for
uniaxial tests [2-5, 9-11, 36, 37]. The proposed array is that based on the
models in figures 3.22 and 3.25. Details of its construction are presented in
Chapter 4.
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4 MAGNETIC ARRAY CONSTRUCTION

This chapter discusses the construction of the electromagnetic array, based on
the final FEMM model presented in Section 3.6. The development of an actual
magnet to meet the model specifications must take account of practical
considerations such as, power supply, materials used, cooling issues and
mounting on the test machines. These points are each discussed with regard to
specific design and manufacture of a magnetic array for use in biaxial testing of
MRE’s using bubble inflation.

4.1 Magnetic Field Design Specifications

The first consideration for the design of the magnetic array is the volume
required to accommodate a sample undergoing biaxial loading by bubble
inflation. As the sample is a 50mm disc, clearance for the clamp housing which
holds the sample must be provided. As the distance between the pole pieces will
have a direct impact on the overall flux density, this distance is required to be
minimised in order to maximise the flux density. It was fixed at 60mm.

To fully define the required volume of the magnetic field the next dimension
that needed to be specified was the area of the pole pieces. As the sample was a
50mm disc inflated through a 35mm diameter orifice, the pole pieces were fixed
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at 50mm diameter to ensure the sample remained within the limits of the poles
while being inflated to full height during test cycles.

Within the inter polar volume the properties of the magnetic field need to be
specified with respect to flux density, direction of field lines and uniformity of
the flux density. From the adjusted 2D models presented in Section 3.6.1, the
flux density of the array at the centre of the air gap was calculated to be
approximately 160mT. The flux density increased towards the pole pieces on
either side and was relatively uniform over the sample volume. The model also
shows the field lines running parallel to each other from pole to pole.

4.2 Block Outline of the Magnetic Array

In this section the geometric arrangement of electromagnets, the materials used
as well as the power required to generate the magnetic field and cooling
arrangements necessary are discussed.

4.2.1 Block Outline

The electromagnetic array consists of 4 main components.

1) The magnetic cores and circuit which contain the magnetic field
2) The copper wire windings which carry the current to generate the
magnetic field
3) The cooling channels between the cores and windings
4) The endplates for the electromagnetic coils.
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Figure 4.1 Block outline of array showing the magnetic circuit windings, endplates and cooling channels

Figure 4.1 shows the physical outline of the array with the four main
components colour coded. The red sections are the magnetic cores and circuit
for the magnetic field. The light blue section shows the positions of the copper
wire windings. These are wound onto polyvinyl chloride (PVC) cylindrical pipes
instead of directly onto the magnetic cores. This provides space for the water
entry cooling channels shown in dark blue. The water then flows through the
windings (light blue) to cool them. The green sections show the positions of the
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aluminium endplates which seal the electromagnets between the core and the
outer PVC cylindrical pipes housing the windings.

4.2.2 Materials

The magnetic cores were manufactured from a low carbon steel (97.3% iron)
for the larger diameter 50mm sections and 20mm magnetic soft iron (99.8%)
for the side coil cores. The difference in the magnetic performance of the
materials was modelled in Section 3.6 and was shown to have a negligible effect
on the overall flux density (1mT). For this reason, low carbon steel was chosen
over the magnetic soft iron for the 50 mm sections. Grooves were machined into
the 50mm sections to accommodate O rings to seal between the non-magnetic
endplates and the cores, since they extend beyond the endplates in these
sections.
The windings were constructed from 1mm diameter copper wire with a
polyester insulating coating rated for temperatures of up to 473K (2000C). PVC
plastic piping was used to create space between the windings and the core as
well as for the outer casing of the electromagnets. PVC piping was used as it is
water tight, non-magnetic, and an electrical insulator. The endplates for the
electromagnets as well as the base plate and all mounting brackets used to
attach the magnetic array to the base plate were made from aluminium. This
was used as it is non-magnetic and would not distort the magnetic field. Finally
two different types of screws were used in the assembly. Low carbon steel
(ferrite) screws were used to attach the magnetic cores to each other as these
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would be magnetic and have similar properties to the magnetic core for
mounting the array on the base plate. Stainless steel (austenitic) screws were
used to attach the endplates to the base plate as these are non-magnetic and
thus would not distort the magnetic field.

4.2.3 Power and Cooling requirements

In this section the power and cooling requirements of the array are outlined.
From the model outputs presented in section 3.6, a load of 22500 ampere turns
(15amps in 1500 turns) was required to saturate the iron cores of the
electromagnets at a flux density of 2T. Assuming 15 amps per coil with 1500
turns and 200 turns per layer in the main central coils starting with a radius of
0.027m, this gives a resistance of 6.7 Ohms for 1mm diameter copper wire
(taking the resistivity of copper to be 1.68x10-8Ωm). The two central coils
wired in parallel to each other have a resistance of 3.35 Ohms. For 15amps to
flow through each central coil the voltage necessary was 100.5 Volts requiring a
total current output from the power supply of 30amps. The resistivity value for
copper is proportional to its temperature. As temperature increases the supply
voltage would needed to increase to maintain a constant current as the
resistance increases. A similar calculation for the smaller side coils with 110
turns per layer starting with a radius of 0.014mm gave a resistance of 4.92
Ohms requiring a voltage of 73.8 Volts to drive the same current. A DC power
supply with a 5000W power output (variable output voltage of 0-150V ±25mV
and maximum current of up to 34A) was selected (Agilent technologies
N8760A). Minimal ripple voltage is an essential specification in any power
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supply for generating static magnetic fields as any change in current would
cause a change in the magnetic field and induce a back EMF in the surrounding
coils, causing excess heat build-up which will increase the resistance of the
coils, lowering the current and therefore lowering the overall magnetic field
produced. The 25mV of the Agilent technologies N8760A is low enough to not
cause problems traditional associated with changing voltages usually half signal
ac voltages in electromagnets. This power supply was capable of providing a
current of 15A to two electromagnets connected in parallel as shown in figure
4.2.

Electromagnets

DC Power supply

Figure 4.2 Circuit diagram for two coils of array

The central coils are powered by one power supply while the side coils are
powered from a second. This is to ensure the same current flows through each
coil as the central and side coils have different resistances which would result in
different current flow if a central and side coil were wired in parallel.
Up to approximately 99% of the energy in an electromagnet is converted into
heat [32]. For the purpose of cooling system specifications, it was assumed that
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100% of the power was converted into heat energy. Based on the voltage and
current calculations earlier in this section, the total power when the array is at
maximum current, and therefore magnetic field output, is 5.26kW (P=VxI)
delivered by two 5kW supplies. The array itself is water cooled as air cooling
was found to be insufficient to keep the temperatures steady. Using –— = — Δ™
the required mass flow rate for water cooling can be calculated. With the
magnets operating at 800C (assumed safe operating to prevent localised
evaporation) and water entering the system at 200C, this gives a ΔT value of
600C. The specific heat capacity of the water is 4190J/kg0C. Therefore at
maximum power input 5.26kW (Q/t=5260J/s) solving for m resulted in a
required flow rate of 0.021Kg/s of water to cool the array. This is the equivalent
of 1.25litres per minute. This resulted in steady state operating temperatures
of 590C and 610C in the two side coils and 670C and 690C for the two centre
coils.

4.3 Physical Dimensions of the Array

In this section the physical dimensions of the array are outlined with respect to
the physical dimensions of fitting the array onto both the Dynamet bubble
inflation machine and a Zwick uniaxial tensile testing machine.

4.3.1 Mounting of Array onto the Test Machines

The first physical dimension that needed to be specified was the gap between
the pole pieces, as the gap between them directly affects the overall flux density.
This was kept at a minimum. From Section 4.2.1 this gap was fixed at 60mm to
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allow the bubble inflation sample to fit between the poles and leave space for
the clamp which holds the sample.
It would be possible to have the pole pieces closer together and have a higher
flux density for testing uniaxial samples in the tensile test machine. However, as
such a field could not be applied to both testing methods this was not done.
Another limiting factor was the physical size of the overall magnetic array. The
physical size of the array needed to be specified in such a way that allowed it to
be used on both testing machines. The maximum allowable length of the
magnetic circuit (y axis figure 4.3) was 1000mm in order to fit onto the bubble
inflation system. As this was a lower limit than that for the Zwick uniaxial
tensile test machine this was set as the upper limit for the size of the array. On
the coil side of the array with the air gap for the sample, this 1000mm length
needed to include the sample gap, both the centre coils, and the connection
between the coils and the rest of the magnetic circuit. The outer casing of the
coils was 104mm in diameter (4 inch 101.6mm internal diameter PVC pipes)
and to allow the side coils to be mounted as close as possible to the sample
volume, the gap between the endplates of the central coils needed to be fixed at
20mm more than the length of the side coils. The side coil to the left of the
sample also needed to fit between the central coils and the rear bar of the
magnetic circuit. This required the length of the side bars (x axis figure 4.3)
which connect the central coils to the rear bar of the circuit to have a minimum
distance of 185mm. Figure 4.3 shows the dimensions of the electromagnetic
array.
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Y axis
overall
length
820mm

250mm sample centre
to edge of rear bar

X axis overall
length 275mm

Figure 4.3 physical dimension of array y axis 820mm x axis 275mm

The external dimensions of the array were constrained by the volume available
on the uniaxial and biaxial test machines on which the array was to be mounted.
This allowed a maximum 250mm from the centre of the sample gap to the outer
diameter of the rear bar if the array shown in figure 4.3 was to be mounted on
the uniaxial test machine, fixing the total with of the side bars and rear bar and
centre core diameter at 275mm (centre of air gap is a centre of core 275mm25mm=250mm). This distance was fixed at the maximum to reduce the amount
of field lines that travel from the core of the side coil nearest the rear bar to the
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rear bar directly and bypass the rest of the magnetic circuit this bypassing can
be seen in figure 3.22. The overall length of the array was fixed at 820mm to
accommodate the central coils, sample cap and magnetic circuit connections
this is lower than the maximum possible of 1000mm and allowed for the array
to be mounted on both testing machines.

4.3.2 Coil and Housing Design

In this section the physical sizes of the coils themselves are taken into account.
The first criterion that needed to be determined when calculating the space
required for housing the windings was the number of turns. From modelling
and power requirements this was fixed at 1500 turns (Section 3.6.1). The next
value required was the diameter of the wire. A stated in Section 4.2, 1mm
diameter copper wire with a polyester coating was used. As the winding needed
to be enclosed within the PVC casings, the number of layers was fixed. Layers
with higher radii have longer lengths of wire and therefore higher resistance
which requires more power to obtain the same current and flux density.
As the coils were water cooled the standard method of close-packed windings
prevented water flow between the windings resulting in localised hot spots. To
overcome this problem and ensure a more even temperature distribution, the
cold water entered the coils between the core and the windings and flowed
between the windings to the surface of the electromagnet. To facilitate this, a
perforated PVC sleeve (non-magnetic) was placed between the core and the
windings. This provided space for the water to enter below the windings at the
core of the electromagnets. To allow the water to flow through the windings to
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the outside of the coil, voids were created between the winding coils. The voids
were produced by adding regular corrugations or kinks into the wire by passing
the wire between shaped rollers as the wire was wound onto each coil (figure
4.4).

Figure 4.4 Corrugations in the wire to provide cooling channels

These corrugations in the wire had 3 effects. Most importantly, they increased
the surface area of the wire in contact with the water improving the cooling
effect, however they also increased the length of wire required and the volume
required to accommodate a given number of turns.
Apart from the increased resistance requiring more power to generate the same
magnetic field, the introduction of the corrugated wire had no effect on the
ampere turns to magnetic field relationship. The magnetic field generated by
current flowing in an electromagnet is the sum of the field produced by each
loop in the electromagnet. The effect of the change in direction of the current
caused by the introduction of the corrugations could be calculated.
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Figure 4.5 Magnetic field due to a current loop

The magnetic field due to the current I in the element of wire dL at the point z is
dB shown in figure 4.5.
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In the case for the corrugated wire, the element dL consists of dLz and dLy
components. The dLy components will cancel each other out as each corrugation
in the wire has a positive and negative component and hence will not affect the
magnetic field produced by the coil.
With the outer casing of the electromagnets fixed at 101.6mm due to the size of
the casings, the outer radius of the winding layers was fixed at 49.8mm
(50.8mm -1mm for wire diameter). For the central coils the first layer of the
windings were wound on a 50.8mm (2 inch) internal diameter PVC sleeve, This
gave a radius for the first layer of windings of 27mm, a further 2mm higher in
radius for each subsequent layer (As a worst case estimate 2mm is to account
for the diameter of the lower layer of wire and less close stacking due to
corrugations in the wire ). At 250mm in length for the layers of wire and with
200 turns per layer and 100 in the outer layer (as 7x200+100=1500turns) the
outer layer had a winding radius of 41mm and fitted comfortably into the
housing. For the side coils, a length of 120mm was provided for the windings
and the first layer was wound on a 25.4mm (1 inch) internal diameter PVC
sleeve. Given that the first layer had a radius of 14mm and taking a similar
approach to the central coils (each layer had a radius of 2mm higher), 100 turns
per layer resulted in the outer layer of the windings having a radius of 42mm
again fitting comfortably in the housing.
The main advantage of the space between the upper layers of the windings and
the housing case was that the outflow for the cooling system was above the
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windings and reduced the chance of localised hot spots in the outer layers of
wire.

4.4 The Assembled Electromagnetic Array

All endplates were attached to the steel magnetic cores using low carbon steel
screws. A PVC sleeve was positioned around the steel cores to support the
windings and created space for the water to enter the system between the cores
and the windings of the electromagnets. An outer PVC sleeve was fitted between
the endplates to form the cooling enclosure. All joints were sealed using rubber
O-rings. All coils were mounted to the base plate using l shaped brackets
mounted on the endplates. The end plates of the central coils differed from the
side coils as the core continues through the endplates.
The windings were wound onto the PVC sleeves with space left between the
windings to allow the water from the cooling system to flow through them. The
electromagnets from the test array without the water tight casings are shown in
figure 4.6.
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Figure 4.6 Electromagnets with casings removed test array from chapter 3

The cooling system and the array itself were completed by the addition of
thermocouples and the water tight casings.
The 900 joints in the magnetic circuit were connected using low carbon steel
screws to avoid any increase in magnetic reluctance and reduction in overall
flux density of the array.
The cooling water entered the system from a mains supply into a manifold
shown in figure 4.7 subdividing the water inflow into four ensuring each of the
four coils of the array was supplied with cold water which entered the coil
between the core and the windings. It left through outputs at the top of each coil
before it returned to the second manifold which combines the four outflows
into one and exited the array. This prevented water which had already been
used for cooling from entering another coil and ensured all four coils were fed
with cold water. The two power supplies were connected to the array at a
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junction boxes as each power supply was used to power a pair of coils
connected in parallel. 6mm diameter wires were used to connect two 30A loads
to the junction box where each of the 30A loads were divided using connector
plugs into two loads of 15A and sent to each of the 4 coils in the array. The
temperature of each of the four coils was recorded individually by type K
thermocouples and were connected to a six channel digital thermocouple meter.
The thermocouples are located at the edge of the windings to monitor the water
temperature at the highest point of each coil with maximum current 15 amps
per coil these read 590C and 610C for the side coils 670C 690C for the central
coils. The assembled array is shown in figure 4.7.

Figure 4.7 assembled final array
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5 THE MAGNETIC FIELD

5.1 Introduction

In this chapter, measurement and evaluation of the magnetic field generated by
the test array presented in Chapter 4 is described. The specifications of the
required field are outlined, followed by the test methodology of how the
magnetic field was mapped and reported. These results are then compared with
both the 2D and 3D FEA models of the test array described in Chapter 3.

5.1.1 Magnetic field requirements

Based on the results of other authors discussed in Section 2.4.2, the majority of
the detectable change in properties of MRE test samples caused by the MR effect
is achieved using fields of 400mT or less. This is due to the saturation of the
ferromagnetic particles within the MRE sample and almost no increased MR
effect is observed as the field is increased beyond this value.
As discussed in section 2.4.2 the uniformity of the magnetic flux density over
the sample volume and directionality of field lines also influence the MR effect.
It is desirable that the flux density remain constant for the duration of any test.
An increase in temperature of an electromagnetic array will result in increased
resistance of the coils causing lower currents and lower flux density for the
same applied voltage if cooling arrangements are not put in place.
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In order to fully replicate the full range of uniaxial tests previously carried out
via bubble inflation biaxial testing; a variable magnetic field of up to 400mT was
ideally required. Current methods for generating magnetic fields to test MREs
have involved using a two coil array. However such arrangements are unsuited
to supplying uniform magnetic fields over the required volumes for bubble
inflation tests due to the necessary increased distance between the poles as
shown in section 3.1.

5.2 Test Procedure

In this section the equipment used to map the magnetic field is discussed along
with the test methodology for the field mapping procedure.

5.2.1 Flux Density Test Equipment

The flux density produced by the test array was measured using a Lake Shore
Model 460 3-axis Gaussmeter and 3 axis Hall probe. The Hall probe is capable of
measuring the field in the x y and z axis to an accuracy of 0.1mT and consists of
three orthogonally mounted Hall generators in a probe structure with a
separate output channel for each axis on the Gaussmeter which allows field
direction to be calculated using vector addition.
The centre point of the air gap in the electromagnetic array was designated as
point (X0, Y0, Z0). The pole region of the bubble traverses vertically in the Z axis
at the point X0, Y0 during cyclic inflation and deflation shown in figure 5.1.
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Figure 5.1 Bubble inflation with flux direction pole region and inflation direction

The array and Hall probe where mounted on a test bed and the position of the
probe could be altered along each axis and its position recorded to an accuracy
of +/- 0.1mm, see figure 5.2.

Figure 5.2 3 Axis experimental set up to map magnetic field
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5.2.2 The Test Procedure

The magnetic flux density of the field was mapped by moving the Hall probe in
increments of 0.5cm along one axis and recording the resulting values on the
Gaussmeter. The field was first mapped in an xy plane with a fixed z value. On
completion of one xy plane, the probe was moved along the z axis by 0.5cm and
another xy plane map was produced. The field was mapped for +/-2.5cm in the
x and y axis and +/-2cm in the z axis to provide a plot of the magnetic flux
density over the sample volume without the presence of a magnetic sample. All
field values quoted in the results sections of this and further chapters are for
the point (X0, Y0, Z0) with no sample present, unless otherwise stated.
To show how the presence of a sample affects the overall flux density of the
field, measurements were taken with an MRE sample surrounding the Hall
probe. A 50mm diameter biaxial sample disc was punctured at the centre point
of the sample and placed around the Hall probe tip. The resulting field was
measured for different current values at the centre point of the array. This was
then compared to readings with the same currents and at the same point
without the sample present. The results are shown and discussed in Section
5.3.1

5.3 Results

This section contains the results of the characterisation of the magnetic field
produced by the electromagnetic array constructed in Chapter 4. Firstly the
overall flux density of the field was mapped. Secondly, the uniformity of the
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field direction was measured by comparing the Bx flux density with the overall
flux density recorded by the Hall probe and finally, the effect on the flux density
due to the presence of an MRE sample was investigated.

5.3.1 Results of Flux Density Mapping

The graph shown in figure 5.3 shows the range of possible flux densities the
array can generate.

Flux Density (B) in mT

250
200
150
Flux density v
Current

100
50
0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Current per Coil in Amps
Figure 5.3 Flux density of array v current per coil no sample at (X0, Y0, Z0)

It can be seen that the maximum flux density available was 206mT at a current
of 15 amps per coil. This set the upper value of the flux density available to test
MRE’s with the bubble inflation method using the proposed array and
configuration. The current reported on the x axis is the current in each coil. It
can be seen that the iron cores of the magnetic array become saturated with
increasing applied current by the reduction in the rate of increase in flux
density at higher current values. This implies that the magnetic field cannot be
increased above the saturation region by simply increasing the current.
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To determine the uniformity of the magnetic field, the flux density was recorded
for the array in five xy planes with differing values of z. The results are shown in
figures 5.4 to 5.8. These plots were recorded for z values in the order, 0, 1, 2, -1
and -2. The field mapping was carried out at 7amps current per coil due the
long duration of the mapping procedure to reduce the current load and
therefore heat-build up in the coils. The current only effected the magnitude of
the flux density, not the direction or uniformity of it [32].

Figure 5.4 Flux density plot 7amps per coil z=0
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Figure 5.5 Flux density plot 7amps per coil z=1

Figure 5.6 Flux density plot 7amps per coil z=2
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Figure 5.7 Flux density plot 7amps per coil z=-1

Figure 5.8 Flux density plot 7amps per coil z=-2

From figures 5.4 to 5.8 it can be seen that the flux density was greatest near the
pole pieces of the array and dropped off towards the centre. In uniaxial tests,
the sample is stretched along the z axis shown in figure 5.9.
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Figure 5.9 Uniaxial flux density and extension direction

From the z axis flux density results in table 5.1, a drop off of approximately 15%
in the flux density was recorded at z=-2 and z =2 compared with the flux density
recorded at the centre point of the field z=0. This is a 15% drop of in flux
density for a distance of 40mm.
.
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Table 5.1 Flux density at x= y= 0

Z value in cm relative to
centre
0

Flux Density in mT

1

155.3

-1

156.6

2

137.1

-2

140.0

161.3

In biaxial testing, the sample is stretched in the xy plane. From the xy plane flux
density values presented in table 5.2 for a 400mm2 area (20mm x20mm sides),
it can be seen that the variation of the flux density ranged from 176.6mT at its
highest point to 153.5mT at its lowest point. This area represents the maximum
test area captured by the vision system [1] (2 cameras which record data)
which corresponds to the pole region of the sample where equi-biaxial strain
occurs. All of these values were within 8% of the centre point value over the
entire 400 mm2 area. As the pole region of the bubble test sample spends the
entire duration of the test in this region, this represents the maximum variance
in flux density the sample test region will experience during testing.
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Table 5.2 Flux density x y plane

X position in cm relative to

Y position in cm relative to

Flux density in mT

centre

centre

0

0

161.3

0

1

159.5

0

-1

153.5

1

0

176.6

1

1

172.7

1

-1

173.8

-1

0

167

-1

1

161.5

-1

-1

163.8

5.3.2 Results of Field Line Direction Mapping

To show the uniformity of the field direction (field lines) over the area of
interest during sample testing, the flux density reading on the x axis of the Hall
Probe was compared with the overall flux density. The results of this
comparison can be seen in table 5.3.
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Table 5.3 Flux density x y plane measure of field direction

X position in cm
relative to centre

Y position in cm
relative to centre

Bx Flux density
in mT in x axis
direction

Bx as %Bt

161.3

Bt Flux density
in mT total
vector addition
of all 3 axis flux
densities
161.3

0

0

0

1

159.5

159.5

100

0

-1

153.5

153.5

100

1

1

172.3

172.7

99.77

1

0

176.5

176.6

99.94

1

-1

173.2

173.5

99.83

-1

-1

163.8

163.8

100

-1

0

166.9

167

99.94

-1

1

160.8

161.5

99.57

100

As shown in table 5.3, the field in the Bx direction over the region of interest
during the testing program varied by less than 0.5% from the Bt value. This
implied uniformity of field direction over the region of interest. This is
important for both the testing of isotropic and anisotropic MRE samples as the
direction of the field lines relative to the applied force and particle chains
influences the overall MR effect [5].

5.3.3 Effect of the Presence of a Sample on Flux Density

As stated in Section 5.2.2, it was proposed to test the effect that the presence of
a sample would have on the overall flux density of the magnetic field.
This was done by creating a break at the centre point of a sample and placing
the tip of the Hall probe into this void and repeating the experiments shown in
figure 5.1 with the sample present. The results of this test are shown in figure
5.10. The blue line represents the flux density with the sample present while
the red line is the flux density data from figure 5.1 with no sample present.
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Flux Density (B) in mT

250
200
150
100
50
0
0

1

2

3

4

5

6

7

8

9 10 11 12 13 14 15

Current per Coil in Amps

Figure 5.10 Flux density of array with (blue line) and without MRE sample present (red line).

From figure 5.10 it is shown that the presence of a sample altered the flux
density of the applied magnetic field. In this case, an increase of 29mT was
observed with the maximum field recorded being 235mT up from 206mT
without the presence of a sample.
Different test samples will have a differing quantities and distributions of
magnetic particles and each sample will produce different field distortions. It is
impossible to map the flux density throughout the volume of a solid sample. For
this reason, the only field which can be verified to be repeatable for a range of
tests is a field mapped without the presence of a sample.
Throughout this study, all field values stated are for point (x=0,y=0,z=0) with
no sample present unless stated otherwise.
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5.4 Measured Array vs. Model outputs

In this section the 2D and 3D FEA models from Chapter 3 will be compared with
the mapped magnetic field described in Section 5.3. The fields from the array
and the model ae compared for flux density profiles and overall values of flux
density, as well as for the direction of the field lines.

5.4.1 Comparison of Array Output with the 2D Model

The 2D modelling output for the array described in Chapter 4 using FEMM4.2
[34] is shown in figure 5.11 .

Figure 5.11 2D model of the array
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When compared with the results shown in Section 5.3 for the prototype test
array, it can be seen that the 2D model overestimates the magnetic flux through
the air gap. This is due to the fact that the 2D modelling software only has a
simulation depth of 1cm [34] and is therefore compressing the total magnetic
flux into a reduced volume and thus giving an increased value for flux density
within this reduced volume as shown in Section 3.5. A 2D model of the array
was produced using FEMM4.2 as this was shown by Mazlan et al [33] to provide
a good match between the predicted values of the magnetic flux density and the
recorded values of magnetic flux density for a field used to evaluate MRFs.
Two methods were used to verify this adjustment to the 2D models output
values. Both methods are discussed in Section 3.5. The first method was to
adjust the flux density by comparing the actual area of the 50mm diameter pole
pieces with that of a 50mm x 10mm rectangle. The results of this comparison
are shown in figure 5.12 with 15amps flowing through all coils ensuring the
cores are fully saturated.

Figure 5.12 Method 1 Area adjusted output for 2D model in figure 5.8
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The second method used to reconcile the difference between the 2D model and
the 3D measured results was to compare the angle into which the model is
compressing the total magnetic flux with a full 360o distribution as described in
Section 3.5. The results of this radial adjustment are shown in figure 5.13.

Figure 5.13Method 2 Radial adjusted output for 2D model in figure 5.8

The plots in figures 5.12 and 5.13 show a flux density of 163mT and 155mT at
the centre point for a current of 15amps in each coil. This flux density value is
lower than the actual value reported in Section 5.3 of 206 mT. A full map of the
x y plane for the zero z position of the physical array is shown for comparison in
figure 5.14.
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Figure 5.14 Measured flux density 15 amps per coil

5.4.2 Comparison of Array Output with the 3D Model

A 3D model of the array was also constructed using Ansoft Maxwell 14.0. This
was done to test the mathematical adjustment of the 2D models and see if 3D
modelling provided a better prediction of how the magnetic flux density
dispersed through the air gap.

As can been seen from the results presented in Section 5.4.1, 2D modelling did
not give an accurate flux density value where large air gaps are spanned. In this
section, a 3D model of the array presented in figure 5.14 was examined and
compared with the 2D model, the adjusted 2D models and the actual flux
density values measured for the array. (See Sections 5.3 and 5.4.1)
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Figure 5.14 3D model of array in Ansoft Maxwell

The image in figure 5.14 shows the geometry of the 3D model again similar to
the 2D model presented in figure 5.11. The larger 50mm cores of the central
coils and the extended magnetic circuit are modelled as low carbon steel
whereas the 20mm cores of the outer side coils were modelled as pure iron. The
coils were modelled with a current of 22500 ampere turns (1500 turns
x15amps) per coil (similar to the 2D model from figure 5.11). This also utilises
equal current values applied to the physical array to produce the graph in figure
5.14.
The magnetic field calculated by Ansoft Maxwell at the central plane of the
model Z=0 is shown in Figure 5.18
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Figure 5.16 Flux Density Output from model shown in figure 5.12

By comparing the result presented in Figure 5.14 with the unadjusted results
from the model in figure 5.11, which is shown in figure 5.15, it is apparent that
the two different models give different values for the overall flux density.
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Figure 5.17 Result from model in figure 5.8

The flux density of the 3D model is less than that calculated by the 2D model,
however, it is still higher than the actual measured flux density from figure 5.13.
The flux density predicted by the 3D model is almost twice as high as the
physically mapped flux density shown in figure 5.13 with a value of 350.0mT at
the centre of the array compared with 206.5mT recorded for the physical array.
A full plot of the flux density from the 3D model is shown in figure 5.18.
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Figure 5.18 Flux density plot of figure 5.13

Apart from the difference in the overall flux density the 2D and 3D are in good
agreement with each other on the overall field profile and direction. This can be
seen by comparing the contour diagram in figure 5.16 with that in figure 5.17.
The direction of the field in the 3D model can be seen in the vector plot in figure
5.19 and is again in good agreement with the field lines presented in figure 5.17.
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Figure 5.19 Field vector direction plot 3D model

Both the 2D and 3D models are in good agreement with the results presented in
table 5.3 for the direction of the field lines (comparison of Bx to Bt) of the
physical array with all 3 showing the field pathways parallel to the axis
direction between the central coils. This shows the accuracy of the models in
calculating field direction.

5.5 Discussion of the Magnetic field

The final array is capable of generating a magnetic field of up to 200mT at its
centre point. This is below the 400mT at which most maximum MR effects are
observed but in the range where changes in material properties have been
reported. This reduced field value is due to the larger spacing required between
the pole pieces of the electromagnet necessary to accommodate bubble inflation
tests.
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The direction of the field lines run horizontally between the pole pieces. This
results in the field and force being applied perpendicular to each other for
uniaxial tensile tests and parallel to each other for biaxial bubble inflation tests.
This is acceptable in the case of isotropic samples Varga et al 2006 [5].
While both 2D and 3D models produced an over estimation of the flux density in
the air gap which will contain the sample, they remain useful tools in magnetic
field design as they successfully describe the flux density profile with the same
areas of higher and lower flux densities over the volume along with the
direction of the field lines. As many uses for electromagnets rely on the field
strength in the cores, and as both 2D and 3D models predict the saturation field
at the correct current, they provide useful information even when the flux
density in the air gap is required, which they do not correctly calculate. The
comparison between the flux density for the physical array and the 2D and 3D
models from the centre of the one pole to the other is shown in figure 5.20. It
can be seen in figure 5.20 that the 2D model 3D model and the flux density of
the array have the same profile (drop in flux density towards the centre) and
only differ by the actual flux density value. The higher flux density calculated by
the 3D model cannot simply be explained by the lack of field return pathways
available as was the case with the 2D model. For predicting the flux density the
adjusted 2D models are in close agreement with the physically measured flux
density however they show a much flatter profile.
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Figure 5.20 Flux Density of array and models

In conclusion it is possible to apply a field which is uniform in direction and
uniform in flux density values (15% drop in X0, Y0 value, from Z=0 to Z=±2)
with an overall flux density of up to 200mT to a biaxial bubble inflation test
specimen or a uniaxial tensile test specimen and with this four electromagnet
array. In standard bubble inflation tests the total distance the bubble pole
travels in the z-axis is 2cm which is from the z is -1cm to z is +1cm planes
corresponding to a 3% change in flux density at the pole and an 8% change in
the xy planes for the polar region. (see tables 5.1 and 5.2)
The only field which can be mapped fully and the only flux density values which
can be guaranteed to be the same for each test sample is the flux density
mapped without the presence of a sample as the presence of the sample will
alter the magnetic flux density as shown in figure 5.10. For this reason it is
proposed to adopt this as the standard method for reporting magnetic fields
applied to MRE samples. This will be discussed further in Chapter 7.
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6 MRE TESTING RESULTS
6.1 Introduction

In this chapter the testing program for MREs is discussed. The matrix material
used is Natural Rubber with homogeneously distributed iron particles. In order
to confirm that the material exhibited a detectable MR effect when tested in a
magnetic field, the same electromagnetic array described in Chapter 5 was used
to provide a magnetic field during both uniaxial and biaxial testing.

The

uniaxial tests were carried out to check the effect of the magnetic field on the
sample properties in similar tests to those carried out in other investigations as
outlined in Section 2.4. Biaxial tests were undertaken to establish if the changes
in properties were detectable using a novel biaxial test method.
Data from uniaxial and equi-biaxial tests cannot be directly compared, as strain
values in equi-biaxial testing correspond to a much greater stress for the same
numerical value of strain in a uniaxial test. This is discussed in more detail in
section 6.4. However, the effect of flux density and applied strain is expected to
have a similar influence on the MR effect in both uniaxial and biaxial tests.
All tests on MREs described in this chapter were carried out under conditions of
constant strain control (ΔL). Constant strain control was chosen over constant
load control, as the application of the magnetic field causes an increase in the
modulus of the MRE and such a change is easily detectable on the load cell for
uniaxial tests and also on the change in calculated stress values for biaxial tests.
Cyclic tensile tests were carried out on MR samples in which the following
parameters were varied while all other test conditions remained constant for
both uniaxial and biaxially loaded samples
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1. The applied magnetic flux density.
2. The maximum strain value with a fixed minimum strain value
3. The minimum strain value with a fixed maximum strain value

To investigate the effect of changing the applied magnetic flux density on the
MR effect, a magnetic field was applied to a sample under cyclic loading for
fixed numbers of consecutive cycles and removed for the same number of
subsequent consecutive cycles. Cyclic tests were carried out at low strain
amplitudes and low maximum strains. A low strain value was chosen while
varying the magnetic flux density as the MR effect is caused by the alignment of
the iron particles in the magnetic field. At higher strains, the particles will be
further apart and less able to screen each other from the applied field which in
turn will lower the MR effect. At lower strains the MR effect should be
detectable at lower flux densities. To show the effect of changing the strain
applied to the test samples with different upper and lower strain limits, these
tests were conducted under the maximum possible magnetic flux density of
200mT. This was done to increase the strain range over which the MR effect
remained detectable on the load/stress readings.
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6.2 Test Procedure and Materials

In this section the properties of the MRE samples as well as the test methods for
both the uniaxial and biaxial testing of MREs are outlined along with the
conditions in which the flux density is applied to the samples during testing.

6.2.1 The MRE samples

The MRE samples used for all tests presented in Sections 6.3 and 6.4 are
isotropic NR MREs with 15% volume iron particles
As the purpose of this study is specifically to observe the change in physical
properties of MREs due to the application of a magnetic field, the consistency of
the samples under test was important to reduce the effect of sample variations
on the test results. Isotropic samples were used throughout all of the tests to
maximise sample consistency. While anisotropic samples have been shown to
exhibit increased MR effects, the curing of an anisotropic MRE can result in
variations within the sample due to the non-uniformity of the magnetic flux
density during the curing process. This is similar to the non-uniformity of the
magnetic flux density during sample testing as discussed in Section 5.3.

NR was chosen as the matrix material due to its stability during cyclic testing,
even though it exhibits less of an MR effect than softer rubbers Chen et al
2007[3]. This stability was specifically suited to the test employed which
depended on stable repeated cycles in which the application and removal of a
magnetic field was the only variable. This facilitates the isolation of the MR
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effect from any change in the mechanical properties of the rubber during
testing. While the use of relatively hard NR samples results in lower particle
mobility and a lower MR effect, the ability to detect the effect in a NR sample
implies that it should also be detectable in softer MRE samples.
For uniaxial tests, a sample size of 70mm x 20mm x 1mm was used with the
strain applied along the 70mm length of the sample (ie zero strain l=70mm)
with the cross sectional area of the sample being the 20mmx1mm face.
For equi-biaxial bubble inflation tests, the samples were 50mm diameter disks
with a nominal sample thickness of 1mm. All samples were taken from the same
batch again to ensure variation in test results due to inconsistencies in sample
production methods was minimised.

6.2.2 Test Programs

In this section details on the test program for both uniaxial and biaxial tests are
outlined along with the field applied in both cases.
During all tests the magnetic field was applied for a number of cycles and
turned off for the same number of subsequent cycles with this pattern being
repeated for the duration of the test. For the uniaxial tests this was done every
50 cycles and the cycle numbers and corresponding field condition are as
shown in table 6.1.
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Table 6.1 Uniaxial testing field settings

Cycle numbers

Magnetic field

1-50

Off

51-100

On

101-150

Off

151-200

On

201-250

Off

251-300

On

301-350

Off

351-400

On

401-450

Off

451-500

On

For the biaxial tests the field was switched after every 20 cycles and the cycle
numbers and corresponding field condition are shown in table 6.2.
Table 6.2 Biaxial testing field settings

Cycle numbers

Magnetic field

70-90

Off

91-110

On

111-130

Off

131-150

On

The use of different numbers of cycles in each test case is due to the difference
in the frequency of the cycles which were, 1hz for uniaxial and 0.2hz for
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equibiaxial bubble inflation tests. The lower number of cycles in bubble
inflation tests is linked to the increased number of data points collected per
cycle by the vision system as well as to minimise additional fatigue effects
associated with biaxial testing. These additional fatigue effects also cause the
Mullins effect [46] (an instantaneous and irreversible softening of the stress–
strain curve that occurs whenever the load increases beyond its previous
maximum value) to settle after less cycles when compared with uniaxial testing.
The lower frequency for the cycles in the bubble inflation tests was to decrease
the risk of the maximum strain value being exceeded which would result in a
higher modulus due to increased strain and a reduction in the ability to isolate
the increase in modulus due to the application of the magnetic field. Samples
were tested under three different strain conditions. The first of these was low
strain with small pre strain and low strain amplitude (λ=1.08-1.04). This low
strain test program was chosen to determine if the MR effect was visible with
the maximum magnetic flux strength which could be applied to a biaxially
loaded test sample dictated by the increased air gap (pole separation) caused by
larger sample volumes. The second of these strain conditions was high strain.
These tests used the same low pre-strain as in the low strain tests but with
increased strain amplitude. The purpose of these tests was to illustrate how the
MR effect is dependent on the strain amplitude. The third type of strain
condition applied to the samples was low strain amplitude with high pre-strain.
Under these testing conditions the upper strain limit was the same to those
used during high strain conditions and the strain amplitude was increased (pre
strain amount lowered). This would show whether maximum strain, or the
strain amplitude had a greater effect on the MR properties of the sample.
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6.2.2.1 Uniaxial Test Program

In this section the uniaxial testing procedure will be described in detail. All
uniaxial tests were carried out on a Zwick uniaxial tensile tester with a 2.5kN
XForce HP load cell and controlled using workbench software. The magnetic
flux was applied for 50 cycles at a time in a direction perpendicular to the
applied force and perpendicular to the 70mm x 20mm surface of the sample.
The stretch ratios were calculated using the initial sample length of 70mm plus
the upper/lower stroke over the sample length in this case 76/70 and 73/70
giving stretch ratios of 1.08 and 1.04. The magnetic field was turned on and off
at predefined cycle numbers as shown in table 6.1. The field was switched on
and off during the tests on each individual MRE sample to ensure any changes
in properties observed were solely due to the application of the magnetic field.
If results from two different tests, one with an applied flux density and the other
without, were carried out on two separate samples, any detected change in
properties could be caused by differences between the individual sample
properties. Tests on a single sample where the field is alternately switched on
and off eliminated this potential source of error.

To observe the effect of overall flux density applied to the sample, fields of
between 100mT and 200mT were employed. These fluxes were applied to a
sample oscillated at low strain between a stretch ratio of 1.08 and 1.04 (strain
0.08 and 0.04). No MR effect was observed for flux densities below 100mT. The
maximum flux density of 200mT was used as this was the maximum value (due
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to distance between the poles) which could also be applied to samples tested
under biaxial conditions.
Modulus was calculated based on equations 6.1-6.3
=

eqn (6.1)

=%

eqn (6.2)

Ÿ=

” ¡¢Ž
£

eqn (6.3)

Where F is force in Newton’s, A cross sectional area of the sample in square
metres, σeng is engineering stress in Pascal, σtrue is true stress in Pascal, λ is the
stretch ratio, E is elastic modulus in Pascal, and ε is strain
To show the effect of increased strain amplitude on the MR properties of the
material, tests were carried out between the stretch ratios shown in table 6.3
under a magnetic flux density of 200mT applied in a sequence based on table
6.1.

Table 6.3 High Strain Test program

Stretch ratio

Magnetic flux applied

1.08-1.04

200mT

1.14-1.04

200mT

1.28-1.04

200mT

1.42-1.04

200mT

1.57-1.04

200mT

To determine whether the high strain value or the strain amplitude had the
greater effect on the MR properties of the material, uniaxial tests with the same
strains but different strain amplitudes (pre-strain) shown in table 6.4 where
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carried out under a magnetic flux density of 200mT applied in the sequence
shown in table 6.1.
Table 6.4 Low strain amplitude high pre-strain test program

Stretch ratio

Magnetic flux applied

1.57-1.04

200mT

1.57-1.14

200mT

1.57-1.3

200mT

1.57-1.42

200mT

1.57-1.47

200mT

6.2.2.2 Biaxial Test Program

In this section the biaxial test procedure will be described in detail. The
equibiaxial test were carried out on the DYNAMET equi-biaxial bubble inflation
test machine developed at The Dublin Institute of Technology [47]. All tests
carried out under biaxial conditions were strain controlled. The lower
frequency of the bubble inflation tests outlined in Section 6.2.2 was to prevent
the strain value overshooting the upper limit and ensure that any observed
change in properties was solely due to the applied magnetic field. The magnetic
field was applied parallel to the force and switched on and off at predetermined
cycles as shown in table 6.2.
The test program was designed to observe the same trends as those described
in Section 6.2.2.1 even though the strain values for uniaxial and biaxial cases are
unrelated as a stretch ratio of 1.1 in biaxial testing corresponds to a much larger

153

strain than in uniaxial testing (as the biaxial loaded sample is stretched in two
directions). This is addressed in the discussion Section 6.5 of this chapter.
The effect of the magnetic flux density on the MR effect was investigated by
applying flux densities of between 100mT and 200mT to a sample oscillating
between a stretch ratio of 1.4 and 1.1. Modulus was calculated as true stress
divided by strain as shown in equation 6.3.
To investigate the effects of increasing the strain amplitude, a series of tests
with an applied flux density of 200mT was carried out between the stretch
ratios shown in table 6.5 and the magnetic flux densities applied according to
table 6.2.
Table 6.5 Biaxial high strain test program

Stretch ratio

Magnetic flux

1-1.1

200mT

1-1.2

200mT

1-1.3

200mT

1-1.4

200mT

1-1.5

200mT

To establish if the maximum strain or the strain amplitude contributed more to
the MR effect, a second series of tests with the same strain values but increased
pre-strain where carried out as shown in table 6.6. As before the flux density of
200mT was applied according to table 6.2.
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Table 6.6 Low strain high pre-strain test program

Stretch ratio

Magnetic flux

1.5-1

200mT

1.5-1.1

200mT

1.5-1.2

200mT

1.5-1.3

200mT

1.5-1.4

200mT

6.3 Results of MRE Testing

In this section the results for the test program outlined in section 6.2.2.1 are
presented. Section 6.3.1 contains the results for the tests investigating the effect
of varying the applied magnetic flux density with the effect of increasing the
strain presented in Sections 6.3.2 and 6.3.3, showing the results for increasing
the pre-strain therefore reducing the strain amplitude applied to high strain
samples.

6.3.1 Results data processing and error estimates

In this section the analysis of the raw data and how the data is presented will be
outlined. Figure 6.1 shows the raw data for a uniaxial test carried out with a
high magnetic flux density of 206mT at low strain conditions.
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Figure 6.1 Raw data load v cycles Flux Density 206mT
Stretch ratio 1.08 to 1.04

From the raw data in figure 6.1 it can be seen that there is a very small but
visible increase in the recorded load when the field was applied at cycles 360
and 460 and a corresponding drop in the recorded load at cycle 410 showing
that the effect is reversible and not due to strain crystallisation or stress
softening. To convert the reading on the load cell to stress, the load was divided
by the cross sectional area of the sample to get the engineering stress (σeng) and
from this result, the true stress and modulus where calculated according to the
equations presented in eqn 6.1-6.3.The graph in figure 6.2 shows the true stress
v cycles for the same data as shown in figure 6.1.
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Figure 6.2 True stress v cycles Flux Density 206mT
Stretch ratio 1.08 to 1.04 for data in figure 6.1

Figure 6.3 shows the modulus v cycles for the data in 6.1. This illustrates a more
pronounced response to the application of the magnetic field. As modulus is the
property that varies with the application of the flux density, this presentation
method was selected to focus on a statistical change in the average modulus to
demonstrate the change in properties of the MRE material. This can be seen in
figure 6.4 which shows the last 200 cycles from the test data from figure 6.3.
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Figure 6.3 Modulus v cycles Flux Density 206mT
Stretch ratio 1.08 to 1.04 for data in figure 6.1
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Figure 6.4 Final 200 cycles from figure 6.3 with block average modulus in red

The red line in figure 6.4 shows the average modulus for all points in the block
(50 cycles with either the field powered on or off). Cycles310 to 360 and 410 to
460 show the average modulus with the field turned off for all points per cycle
whereas cycles 360-410 and 460 to 510 show the average modulus for cycles
with the field applied.
Figure 6.5 plots the running average along with the average modulus per cycle
shown in blue and the standard error on the mean value for the average
modulus shown by the red error bars. As there is no overlap in the error bars it
can be shown that there is a statistically significant difference in the average
modulus between the cycles where the field is applied to the sample and those
where no field was applied. Machine errors, if applicable, are present in both
cycle blocks. There is also a clear increase in the average modulus of the
individual cycles also shown in figure 6.5. As figure 6.5 represents the clearest
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way of displaying the MR effect for a MRE sample all tests in the results section
will be presented in the same format as that shown in figure 6.5
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Figure 6.5 Average modulus and errors uniaxial test 206mT
0.04-0.08 strain

It is also possible to produce standard stress-strain curves based on the data
presented in figure 6.1 and an example of these are shown in figure 6.6. The
increase in the average modulus visible in figure 6.5 (when comparing cycles
310-360 with 410-460 and 360-410 with 460-510) is due to the sample
undergoing strain crystallization [12,18].
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Figure 6.6 Stress stain curves from figure 6.1 uniaxial red field (206mT)
blue no field

The data presented in figure 6.6 is that for the last 100 cycles of the test shown
in figure 6.1. The blue plot represents the average of the stress and strain
readings of the 50 cycles without the magnetic field applied to the sample. The
average points are calculated taking an average stress-strain point for a strain
range of between 0.05 and 0.06 on the loading portion of the cycles with errors
represented statistically by the standard error. This is repeated for strain values
between 0.06 and 0.07 on the upward cycle and so on in intervals of 0.01 strain
until the maximum strain values are reached and repeating this process for the
downward/unloading portion of the cycles.
Figure 6.6 again shows a statistically significant increase in the stress values
recorded when the magnetic field is applied to the sample. As modulus is the
property used to calculate the MR effect which changes with the application of
the magnetic field and is calculated as a function of strain according to equation
6.3. A similar graph to that in figure 6.6 was produced plotting modulus vs
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strain instead of stress vs strain as it shows the MR effect more clearly see
figure 6.7.
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Figure 6.7 Modulus v strain uniaxial red field (206mT) blue no field

6.3.2 Results of Testing of MREs with Varying the Flux Density

The effect of the magnetic flux density on the modulus of an MRE was
investigated by performing uniaxial tensile tests with the same upper and lower
strain limits and recording the load. The electromagnetic array was switched on
or off every 50 cycles with no magnetic flux applied for the first 50cycles
followed by the application of the magnetic flux for cycles 51-100. No field was
applied for the next 50 cycles and so on ending with the magnetic flux applied
for cycles 451-500 which were the final cycles for a uniaxial test. The frequency
for these tests was 1 Hz.
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Figure 6.8 Low strain high flux density uniaxial tests 206mT
0.04-0.08 strain

The graph shown in figure 6.8 (which represents a repeat of the experiment
shown in figure 6.5) is that for a tensile test of a unixailly loaded MRE sample.
There is a visible increase in the average modulus per cycle and the average
modulus for the 50 block cycle when the magnetic flux is applied. The increase
visible at cycle 360 on the x axis is from 1.325MPa to 1.413MPa and increase of
approximately 6.5% in the average modulus of the 50 cycle block. This change
was shown to be reversible as the modulus dropped back at cycle 410 when the
magnetic field was switched off and increased again at cycle 460 when the field
was re-applied.
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Figure 6.9 low strain low flux density uniaxial tests 112mT
0.04-0.08 strain

The same test was repeated with lower flux densities applied to the sample
operating within the same strain limits. As the flux density was lower the MR
effect was reduced. This is shown in figure 6.9 for a flux density of 112mT.
While there is still a visible increase in the load/modulus recorded when the
field was applied compared to when it was switched off, the effect is not as clear
as that for higher flux densities and there is an overlap in the error bar regions.
The increase at cycle 360 is from 1.242MPa to 1.268MPa which corresponds to
an increase in modulus of 2.1%

On comparing the graphs in figures 6.8 and 6.9 it is clear the MR effect (increase
in modulus) is dependent on the size of the magnetic flux density applied to the
sample with the higher flux density giving a greater increase in the modulus of
the MRE sample.
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Similar tests to those shown in figures 6.8 and 6.9 were carried out to
investigate the effect of the magnetic flux density on the modulus of an MRE
under biaxial loading conditions. This was investigated by performing biaxial
bubble inflation tests with the same upper and lower stretch ratio limits and
recording the resulting stress values. The electromagnetic array was switched
on or off every 20 cycles with no magnetic flux applied for the first 20 cycles
followed by the application of the flux for cycles 21-40, with no field applied for
the next 20 cycles and so forth up until the test was concluded with the final 20
cycles having the magnetic field on. The frequency for these tests was 0.2 Hz.
To test the effect of the overall flux density on an MRE sample undergoing
bubble inflation, the tests where preformed using a fixed upper and lower
stretch ratio with different flux densities applied.
The graph shown in figure 6.10 is that for a biaxially loaded sample which was
produced by the same method as that shown in figure 6.5 in average modulus vs
cycles format as discussed in section 6.3.1 The relative error on the block
average is lower for biaxially loaded samples due to the increased number of
possible data points recorded by this test method.
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Figure 6.10 Low strain high flux density biaxial tests flux density 198mT
Strain 0.1-0.4

The increase in the modulus recorded at cycle 90 is from 3.92MPa to 3.954MPa

Modulus MPa

corresponding to an increase of 0.8% in the block average modulus.
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Figure 6.11 Low strain low flux density biaxial tests 112mT flux density
Strain 0.1-0.4

Figure 6.11 shows the results for a biaxially loaded sample with a low flux
density of 112mT applied. While there were some visible changes in the raw
data again, similar to that in figure 6.9 for the uniaxial results at low fields, there
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was less of a statistically significant difference. This can be clearly seen in figure
6.11 as the cycles from 70 to 90 have a higher average modulus than those from
90 to 110. The increase at cycle 130 is from 3.764MPa to 3.771MPa or
approximately 0.13%. Again as was the case in uniaxial testing, the MR effect is
proportional to the flux density applied to the sample and cannot be clearly
detected at this lower flux density of 112mT.
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6.3.3 Results of Testing of MREs for Varying the Upper Strain Limit

The effect of increasing the upper strain limit on the MR effect was investigated
by cycling between different strain amplitudes with a magnetic flux density of

Modulus MPa

200mT applied to the samples during the on cycles.
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Figure 6.12 High strain high flux density uniaxial tests Density 206mT
Strain 0.04-0.57

The results shown in a figure 6.12 are for a larger strain amplitude than those
shown in figure 6.8 but with the same flux density applied during the testing
process. On comparing the two graphs it is clear that both show an increase in
the average modulus when the magnetic flux is applied to the sample. The
increase at cycle 350 in the block average modulus is from 3.562MPa to
3.591MPa approximately 0.8% which is considerably lower than for the same
flux density and a lower strain amplitude shown in figure 6.8. The MR effect
being inversely proportional to the upper strain limit is due to the fact that the
MR effect is caused by the magnetic particles moving to screen each other from
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the magnetic field; if the strain is increased the particles are further apart and
less screening occurs.
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Figure 6.13 High strain high flux density biaxial tests Flux Density 198mT
strain 0-0.5

The graph in figure 6.13 shows a similar test to that in figure 6.12 but for a
biaxially loaded sample again when this is compared to the graph in figure 6.10
it shows that there is less of an MR effect at high strains for bubble inflation
tests similar to the trends observed in the uniaxial data. The increase in the
block average modulus at cycle 90 is from 3.375MPa to 3.410MPa. Again, this
gives an increase of approximately 1%. This percentage is higher than that for
figure 6.10 but the overall zero field applied modulus values for the sample are
lower.
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6.3.4 Results of Testing of MREs for Varying Lower Strain Limit

The MR effect was also investigated at higher strains with a pre-strain applied.
The maximum strain value was kept at the same value as that shown in figure
6.12 but with reduced strain amplitude

Average Modulus MPa
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500

Cycles
Figure 6.14 High strain with pre-strain high flux density uniaxial tests Flux Density 206mT
Strain0.47-0.57

The results shown in figure 6.14 are for a sample oscillated between a strain of
0.47 and 0.57. This is the same upper strain limit as the results presented in
figure 6.12 but with a higher minimum strain limit (lower strain amplitude). By
comparing the two graphs the step changes in the average modulus can be
clearly seen when the difference between the upper and lower stretch limit is
reduced. The increase observed at cycle 350 was from 3.699MPa to 3.710MPa
which is approximately 0.3%. This percentage increase is of the same order as
that for the sample with no pre-strain. This implies that while the MR effect is
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inversely proportional to the maximum strain, by testing with a pre strain the
effect is more easily detected.
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Figure 6.15 High strain with pre-strain high flux density biaxial tests Flux Density 198.2mT
strain 0.4-0.5

The results presented in figure 6.15 are for a biaxially loaded sample with a pre
strain of 0.4 and a maximum strain of 0.5. When compared with those
presented in figure 6.13 which have the same maximum strain, the effect, while
being of a lower percentage increased from 3.553MPa to 3.570MPa,
approximately 0.4%. The effect is easier to detect in the high strain - low strain
amplitude test when compared to the high strain high strain amplitude tests
similar to the uniaxial case shown in figures 6.12 and 6.14.

In conclusion from the tests carried out on MRE samples it is shown that the MR
effect depends on a number of factors
1. The strength of the magnetic field (magnetic flux)
2. The amplitude of oscillation and not only on the upper strain limit
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6.4 Discussion of Results

It is clear from the results presented in Sections 6.3 that the same test
conditions have the same influence on the MR effect in both uniaxial and biaxial
testing.
The results from Sections 6.3.1 show that for both testing methods the higher
the applied magnetic flux density, the greater the resulting MR effect. When
using the same magnetic array on samples loaded using both test methods, the
flux density within the sample is slightly different as the presence of a sample or
samples or differing geometries will distort the magnetic field.
It was also shown that increasing the upper strain limit for both test methods
reduces the MR properties of the samples. This is due to the MR effect being
caused by the iron particles aligning with the magnetic field to screen each
other from the field and adopt a lower energy configuration. If the particles are
stretched further apart, they have less of an ability to screen each other and
therefore the material exhibits lessened MR properties. The results from
Sections 6.3.3 show that it is the distance between the particles (maximum
strain) which governs their MR properties. However, increasing the lower
strain limit (reducing strain amplitude) while having no influence on the MR
properties (increase in modulus) of the samples does make the MR effect easier
to detect as more data points are located near the upper strain limit if the
frequency of cycles is constant between the tests.
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7 CONCLUSIONS

7.1 Thesis Goals

The main aim of this study was the design and construction of an
electromagnetic coil array for the physical testing of magnetorheological
elastomers under biaxial loading using the bubble inflation method. To verify
the biaxial tests it was necessary to conduct uniaxial tensile testing of the same
material using the same electromagnetic array for the purpose of comparison.
Both of the present series of tests results are compared with uniaxial results
previously carried out on MREs by other researchers. The first step was to carry
out a detailed review of previously published work on MREs with a specific
focus on the creation and reporting of the magnetic fields used during testing.
The present contribution began with the specification and design of the array
components and layout of the electromagnets, followed by the evaluation of the
proposed array using FEA modelling of the magnetic field output. As this array
was required for the physical testing of actual MRE samples, it was necessary to
account for this during eventual construction via the accommodating of
specified sample dimensions. It was also critically important to accurately
measure the magnetic flux density output of the array in order to validate the
numerical models. Finally, a testing program was proposed for MREs which was
designed to optimise the detection of changes in the MR effect due to variations
in selected test conditions.
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7.2 Summary of Results

In this section a summary of both the magnetic field and MRE testing results are
presented.

7.2.1 The Magnetic Field

This work has shown it is possible to use an electromagnetic array for the
testing of MREs via the bubble inflation method. However due to the larger
volume over which the magnetic flux must be maintained, it is not possible to
replicate the higher flux density of most previously published work on uniaxial
testing of MRE’s. Although the ideal flux density to highlight MRE effects has
been shown to be of the order of 400mT, changes in modulus have been
observed with flux densities below 200mT.
The largest difficulty encountered in replicating previously published MRE tests
is the absence of a standard method of reporting the actual characteristics of
the magnetic field applied to the test samples. The relevance of this omission
has been shown in Chapters 2 and 3 and further reinforced in Chapter 5 by
detailed field mapping. A single flux density value is insufficient information to
obtain a detailed knowledge of the applied magnetic field. Therefore it is
necessary to define and propose an agreed standard method to describe the
magnetic field applied to any MRE under test. Based on the results from Chapter
5 and the work of others referenced in Chapter 2, a standard for magnetic field
specification is proposed and outlined in this chapter (Section 7.4). It is
essential that for any proposed standard method for describing a magnetic field
applied to an MRE sample, the flux density values should be those recorded
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with a Gauss probe. The reason for this is clear from the results presented in
Chapter 5 which shows that while both 2D and 3D modelling methods give an
accurate picture of the field profile and direction, they both overestimate the
flux density in the air gap between the poles. Both models provide accurate
values of the flux density within the core of the electromagnets. In the case of
the 2D models it was assumed that this over-estimation of the flux density was
caused by the compression of the flux density due to the lack of available
pathways because of an assumed fixed depth of field in the 2D model. A simple
model to account for this was evaluated in Sections 5.2 and 5.3 which produced
a flux density value closer to the physically measured value but not sufficiently
accurate to eliminate the need for a detailed map of the actual flux density. A 3D
FEA model was also evaluated in section 5.4. Again, as in the case of the 2D
model, this provides an accurate picture of the direction of the magnetic field
and the overall field profile but also calculated a flux density far greater than the
actual measured flux density (350mT v 206mT at the centre of the field). This
over estimation cannot be explained by compression of the magnetic flux into a
smaller volume as in the 2D case which resulted in an increased flux density in
the 2D models as it does not apply in the 3D case and highlights the need for
physical field mapping.

7.2.2 MRE testing

The results presented in Chapter 6 provide the first direct comparison between
uniaxially and biaxially loaded MREs in which the sample composition and
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magnetic array used to generate the applied magnetic flux density are the same
for all tests.
The results show that in both cases the field strength (magnetic flux density)
directly affects the modulus of the sample when the magnetic field is applied,
and that no increase in the physical properties of the material (NR isotropic
MREs) was observed below a field flux density of 100mT. This minimum value
at which property changes can be detected will be material dependent as softer
silicone based rubbers will have a lower minimum flux value due to greater
particle mobility.
Given the importance that field strength and direction have on the change in the
physical properties of an MRE, for optimum performance of any MRE based
device, it is critical that the design of the magnetic field and therefore the
magnets themselves be taken into account from the outset and not just
retrofitted onto existing designs of rubber testing devices.
From the results shown in Sections 6.3.2-6.3.4 for uniaxial test conditions and
for equi-biaxial bubble inflation tests, it has been demonstrated that overall
strain and not strain amplitude has the greatest influence on the magnetic
response of an MRE sample subjected to a magnetic field and cyclic loading.
In both series of tests, the largest MR effect was observed for low strain tests.
This is due to the physical phenomenon that is responsible for any MR effect;
the movement of magnetic particles to align with the applied magnetic field and
adopt a minimum energy configuration [32]. As magnetic interactions are
proportional to the square of the distance between the particles [6], this result
is expected given that, at low strain, the particles are closer together than at
high strain.
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For the high strain conditions using both test methods, a similar lower MR
effect was observed when both high and low strain amplitudes were applied
with the high strain amplitude cases showing a slightly higher MR response.
This can be attributed to the fact that in the high strain amplitude tests, the
samples spend a portion of the cycle at a lower strain value with reduced
distances between the particles and, as the MR effect is calculated using an
average modulus, these data points are included in the calculation of the MR
effect. Therefore, for any MRE based product used over a large strain range, the
MR effect will be dependent on the strain and a greater change in modulus will
be achieved for the same applied flux density for the portion of the time it is
operating under low strain conditions (by comparison with high strain
conditions).
For any high strain amplitude application the MR effect will not be constant
over the entire strain range. This demonstrates the importance of stating the
strain limits for any reported MRE test results.
While the high strain, low strain amplitude test showed the lowest MR effect,
they can provide useful data on the high strain performance of MREs and
provide the only way of accurately determining at what strain the MR effect is
no longer present. With high strain, high strain amplitude tests, the low strain
regions of the cycles during testing will cause an MR effect to occur. As the MR
effect manifests itself by an increase in the average modulus, this will therefore
be present even if the MR effect is zero for the high strain portion of the cycle.
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7.3 Discussion

From the results presented in Chapter 6 it is shown that even for high modulus
(hard) NR isotropic MREs which can be produced by commercial methods an
MR effect (increasing in modulus with an applied magnetic field) can be
detected for fields above 100mT for both biaxially and unixaially loaded
samples. The need for a commercially producible rubber is vital for any
potential application as it lowers the cost of production and therefore the
overall cost of any MRE based device. As the MR effect can be detected for
anisotropic natural rubber MREs it is reasonable to assume it is also detectable
with all other types of MREs discussed in Chapter 2 as these have greater MR
responses meaning the proposed array is suitable for bubble inflation testing of
softer, more easily measured, MREs.
For accurate representation of the magnetic flux density over the sample
volume, a full 3D physical measurement is required as both 2D and 3D FEA
software will overestimate the flux density in the air gap while correctly
predicting the core flux density.
Due to the large volume required for bubble inflation tests, it is impossible to
achieve the same flux densities over the full sample volume with a variable iron
core electromagnet. Alternatives, such as permanent magnets, would produce
higher fields, although their fixed values make them unsuitable for testing MREs
as the field cannot be switched on or off during a test, or varied to produce
comparative tests. Superconducting magnets require liquid helium cooling and
the reduced temperatures would bring the rubber below its glass transition

177

temperature as well as being too costly for any potential real world
applications.
The most effective method of increasing the MR effect in an MRE is to increase
the applied magnetic flux density. As the magnetic field is an integral part of any
MRE device, the application of the magnetic field and the design of the magnets
must be considered from the outset of the design process. The best results with
respect to increased flux density are achieved by positioning the MRE as close
to the poles of the magnet as possible, ideally as part of the magnetic circuit
with no air gap between them. This can only be achieved by incorporating the
design of the magnetic field in the initial design process.

7.4 Further Work

In this section potential future improvement in MRE testing and potential
applications will be outlined.

Achieving higher magnetic flux densities for bubble inflation tests requires that
the magnets and the test machine are designed in conjunction with each other,
and using the smallest possible sample for which accurate data can be recorded
by the vision based measuring system. Reducing the distance between the poles
increases the flux densities as the smaller the gap, the higher the magnetic field
strength applied to the samples.
It was shown in Chapter 2 that no standard exists to describe the magnetic
fields applied to MRE testing. In any tests of an MRE a full measured field map
(and not FEA generated) needs to be provided for each different experiment to
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allow for replication of the test and results by others. This mapping should be
done without the presence of the sample and be provided with the results of the
tests. Therefore the following 4 points are proposed as a basis for developing a
standard method for the reporting tests of any magnetic field applied to any MR
sample Gorman et al[45].
1. A magnetic flux line diagram of the applied field is necessary as the
direction of the applied flux with respect to force and particle chains
(anisotropic MREs only) can have different effects on the sample
2. A detailed map of the flux density over the entire volume between the
poles is required. As can be seen from the results (field maps) presented
in Chapter 5, a small change in the position of the probe results in a
change in the measured flux density. The map should be of the actual
measured field as current magnetic models (both 2D and 3D) are not
sufficiently accurate to model the magnetic flux in the air gap between
the poles where the MRE sample is placed.
3. The field mapping measurements should be carried out without the
presence of an MRE sample as the presence of the sample can distort the
magnetic field. This effect is compounded by the fact that two samples
from the same batch can have variations in their iron particle
concentrations and distributions, resulting in a different distortion of the
magnetic field. When field mapping is carried out without any sample
present it is possible to confidently state that the same field can be
applied to different samples.
4. When stating a flux density value, the location at which that value was
recorded needs to be indicated e.g. the centre point of the air gap, since
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this should correspond to the point of interest. More specifically, in
bubble inflation tests the centre point should correspond with the pole
region of the bubble.
As well as improving the MR effect by increasing the magnetic flux density
applied to the samples during testing, the magnetic material in the sample
should also be considered. All MRE samples used in this study, as well as all of
those detailed in Section 2.1 describing the work of others, use Iron as the
magnetic material. Other possibilities include Nickel, Mu-metal, nickel–iron soft
magnetic compounds and other magnetic alloys as the difference in the B-h
curves may result in either a higher internal flux density B for the same applied
magnetic field h, or a higher saturation point for the internal magnetic flux
density.
This use of a different magnetic material and a better understanding of the
magnetic fields applied to achieve an MR effect offer the best chance of
developing any MRE based device without compromising the physical
properties of the matrix rubber, especially if the same increases can be achieved
with lower flux densities using a different magnetic material or higher increases
for the same flux densities.
High strain biaxial data on MREs are required to allow for FEA modelling of
MRE materials in commercial modelling software packages as these require
both uniaxial and biaxial data for the material to be input into the FEA software
to model an elastomer. There is also a need for high strain biaxial data on MREs
for mathematical models such as the Ogden model [48]. Reliable data for FEA
modelling of MREs can be produced using the methods outlined in this thesis
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providing the MRE is subjected to a magnetic field which has been correctly
specified.
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Abstract
Magnetorheological Elastomers (MREs) are “smart” materials whose physical
properties are altered by the application of magnetic fields. In previous studies the
properties of MREs have been evaluated under a variety of conditions, however little
attention has been paid to the recording and reporting of the magnetic fields used in
these tests [49]. Currently there is no standard accepted method for specifying the
magnetic field applied during MRE testing. This study presents a detailed map of a
magnetic field applied during MRE tests as well as providing the first comparative
results for uniaxial and biaxial testing under high strain fatigue test conditions. Both
uniaxial tension tests and equi-biaxial bubble inflation tests were performed on
isotropic natural rubber MREs using the same magnetic fields having magnetic flux
densities up to 206mT. The samples were cycled between pre-set strain limits. The
magnetic field was switched on for a number of consecutive cycles and off for the
same number of following cycles. The resultant change in stress due to the
application and removal of the magnetic field was recorded and results are presented.
Keywords
Magnetorheological Elastomers; Magnetic fields; Uniaxial tension; Biaxial bubble
inflation; Natural Rubber; Fatigue
1. Introduction
Magnetorheological Elastomers (MREs) are classified as smart materials that
undergo a change in their physical properties which is observed as an increase in
modulus when a magnetic field is applied to an MRE [9]. The increase in the
modulus is caused by the ferromagnetic particles which are added to the elastomer
during the curing process, tending to align with the applied magnetic field. The
alignment occurs because the applied field results in dipole-dipole interactions
between the particles which move to screen each other from the field and adopt a
minimum energy configuration [2].
All MREs consist of two key components, the elastomeric matrix and ferromagnetic
particles. MREs can also be classified into two broad groups; isotropic and
anisotropic. Isotropic MREs contain an almost homogeneous distribution of
magnetic particles whereas anisotropic MREs contain aligned particle chains. These
1

chains are formed by the application of a magnetic field during the curing process
[5]. Once the matrix has been cured, the particle mobility is reduced and the aligned
chains remain in position. MREs with aligned particles normally exhibit a greater
magnetorheological effect than isotropic MREs when the magnetic field is applied
parallel to the direction of the particle chains [5].
To date, MRE testing has predominantly been carried out on uniaxially loaded
samples [48]. However the data provided on the magnetic fields prevents an accurate
replication of many tests as the magnetic field is stated as uniform in both flux
density and direction over the entire sample volume. The greater the distance
between the magnetic poles, the less accurate this statement becomes. [48-50].
The focus of this research is twofold. Firstly to provide an accurate representation of
a magnetic field applied to MRE samples during both uniaxial tensile and biaxial
bubble inflation fatigue tests and secondly, to provide the first comparative results
between uniaxial and biaxial cyclic loading testing for an MRE exposed to the same
magnetic field under both test modes.
2. Apparatus and Materials
2.1 Magnetorheological Elastomers
The MRE samples used in all tests reported in this paper consist of isotropic carbon
black filled 1.65% (volume per volume) vulcanised natural rubber with 18.3%
(volume per volume) iron particles Previous studies [2, 4, 5, 9, 10, 37] have focused
on soft elastomer matrix (silicone or urethane) based MREs as these elastomers have
a greater particle mobility and hence undergo a greater increase in modulus when a
magnetic field is applied. Other studies [3, 11, 36] have focused on natural rubber
based MREs as their superior physical (modulus) and fatigue properties offer
potential applications such as Adaptive Tuned Vibration Absorbers (ATVAs) [11].
As the primary goal of this study is to specify a magnetic field and evaluate its effect
on two separate test methods, variations in test results due to sample manufacture or
orientation (particle chains in anisotropic samples) were minimised by use of
isotropic samples produced by a replicable commercial production method.
The samples used in the uniaxial tensile strength tests were 70mm x 20mm x 1mm
strips with the direction of extension being in the direction of the 70mm length. For
the biaxial bubble inflation tests, discs of 50mm diameter and 1mm thickness were
used.
2.2 Electromagnetic Array
All magnetic fields applied in this study to both the uniaxial and biaxial tests were
generated by the same electromagnetic array. A prototype of this array was
described in a previous study by the authors [49] but has since undergone further
modifications to increase the flux density. An FEA model of this modified array is
shown in figure 1. Electromagnets have a number of advantages and disadvantages
when compared with permanent magnets. The main advantage offered by permanent
magnets is that they do not require a constant input of power to maintain the
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magnetic field [7].This is offset by the fact the an electromagnetic array allows for
the field to be turned on and off during a test so that data can be collected with and
without the magnetic field applied for the same sample during a single test. The
same tests can be repeated using fields of different flux density by altering the
current supplied to the coils.
The magnetic array discussed here uses low carbon steel rods of 50mm for the
magnetic core and magnetic circuit. This arrangement is shown in the FEA model
(FEMM4.2 modelling software [34]) in figure 1 and 3D schematic in figure 2.

Fig 1. 2D FEA model of the array used during testing
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Fig 2. 3D schematic showing position of electromagnets

The array consists of four 1500 turn electromagnets with current flowing in one
direction for the two central coils and in the opposite direction for the two side coils
to give the same north and south pole arraignment as the open access Halbach array
used in NMR imaging by Hills [8]. The magnetic circuit is a constant 50mm
diameter for the entire circuit length to maximise the flux density of the field which
can be applied to the samples. The updated array incorporates the same cooling
system power supply and side coils of the prototype [49].
3 Testing methods
3.1 Uniaxial tensile fatigue tests
Uniaxial tensile fatigue tests were performed on 70mm x 20mm x 1mm isotropic
natural rubber MREs with the strain applied along the 70mm length of the sample (ie
zero strain l0=70mm) and the cross sectional area of the sample being 20mm2. These
tests were conducted on a Zwick uniaxial tensile test machine.
All tests carried out were constant strain amplitude tests. The stress was calculated as
true stress from the load cell output.
= where σtrue is the true (Cauchy) stress,
F is the force on the load cell, A is the initial cross sectional area of the sample, and
λ is the stretch ratio (strain+1). All modulus values reported in this study are for
”
Ÿ
= £¡¢Ž where ε is the strain.
The magnetic fields were field was applied perpendicular to the strain direction for
all uniaxial tests. Each test consisted of 500 cycles at 1Hz with the field switched off
for the first 50 cycles and being switched on at the 50th cycle for the next 50 cycles
before being switched off at the 100th cycle. This off/on switching of the magnetic
field continued until the test ended with the field in the on position for cycles 450 to
500.
3.2 Equi-biaxial bubble inflation tests.
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The equi-biaxial tests were carried out on the DYNAMET equibiaxial bubble
inflation test machine developed in the Dublin Institute of Technology by Murphy et
al [22, 51] and further developed by Johnson et al [23]. Both stress (using the
pressure, radius of curvature and strain) and strain are recorded directly using a
vision system. Modulus is calculated in the same manner as in the uniaxial tests
”
= £¡¢Ž.
where Ÿ
The DYNAMET’s vision system comprises two CMOS (complementary metaloxide semiconductor) cameras which recorded values in one axis of strain only. The
magnetic field runs parallel to the applied strain in the axis for which the data is
being recorded for all biaxial tests. Each test consisted of 150 cycles 0.2Hz with the
field initially in the off position for the first 90 cycles and being switched on at the
90th cycle. The field is alternately turned on and off for all subsequent sets of 20
cycles with the test ending with the field in the on position for cycles 130 to 150.
The bubble inflation tests were conducted at a lower frequency than the uniaxial tests
to increase the number of data points per cycle as they are obtained from the real
time vision control system.

3.3 Characterization of the magnetic field
Before any tests were carried out, the magnetic field was mapped using a Lake Shore
model 460 3-axis Gaussmeter and 3 axis Hall probe with no sample present. The
Hall probe is capable of measuring the field in the x y and z axes to an accuracy of
±0.1mT. It consisted of three orthogonally mounted Hall generators in a probe
structure with a separate output for each axis on the Gaussmeter which allows field
direction to be calculated. The centre point of the air gap in the electromagnetic array
was designated as the datum point (0,0,0). The array and Hall probe were mounted
on a xyz translation stage (milling machine) and the position of the probe could be
measured to an accuracy of ±0.01mm in each axis. Figure 3 shows the array on the
test bed during mapping of the flux density.

Fig 3. 3 axis experimental set up to map magnetic field
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The magnetic flux density of the field was mapped by moving the hall probe 5mm in
one axis to a precision of ± 0.05mm and recording the values on the Gaussmeter.
The field was mapped in the x y plane with a fixed z value and when this map was
completed the probe was moved in the z axis and another x y plane map was
produced. The field was mapped for +/-25mm in the x and y axis and +/-20mm in
the z axis to provide a measure of the field over the sample volume without the
presence of a magnetic sample. All flux density values quoted are for the datum
point (0,0,0) with no sample present unless otherwise stated, as the presence of a
sample will alter the magnetic flux density.

4 Results
4.1 Magnetic field mapping results
A previous study on a prototype version of the electromagnetic array used in this
study [49] showed that there was a substantial difference between the field
calculated by the FEA software and the actual values recorded by the Gaussmeter in
the air gap between the pole pieces of the electromagnetic array. Despite this
difference in the flux density values, the 2D FEA modelling provided useful
information in field mapping and design for saturation current values, field line
direction and the profile of the flux density uniformity.
The results presented in figure 4 show the recorded flux density, at the centre point
of the array for a range of currents without the presence of a sample. This shows the
range of flux densities which can be applied to a sample during both uniaxial and
biaxial testing up to a maximum flux density of 206mT. It is also clear from figure 3
that the cores of the electromagnets are approaching saturation illustrated by the drop
in the rate of increase of flux density as the current is increased.

Flux Density (B) in mT
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Fig 4 Flux Density at centre of air gap v Current per Coil

The graph in figure 5 shows the effect that the presence of an MRE sample can have
on the overall flux density. To record this effect a sample which was used for a
bubble inflation test was punctured at its centre and the sample was placed over the
Hall probe and the same tests were repeated. This shows an increase of 29mT, from
206 mT to 235mT, in the flux density for the maximum flux density value at the
centre of the sample.
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Fig 5 Flux Density at centre of air gap v Current per Coil with MRE sample present

As different samples contain varying amounts and distributions of iron particles,
they will have a different effect on the magnetic field; therefore the only field which
can be stated as the same for each test is that which is recorded without the presence
of the sample. From the data presented in figures 4 and 5, the relative permeability
(µr) of the MRE sample can be calculated by dividing the flux density recorded with
the sample present by the flux density without the sample. This results in a µr value
of 1.14±0.03 for flux densities without the sample above 130mT. For flux densities
below this value the relative permeability is lower at 1.02, 1.06, and 1.11, for the 1,
2, and 3 amps per coil flux density values shown in figure 3.
To determine the uniformity of the magnetic field, the flux density was recorded for
the array in five xy planes with differing values of z. The results are shown in figures
6. With this data in conjunction with the sample position it is possible calculate the
flux density range at the point which the MRE experiences maximum strain. This
information is presented in table 1 for the z axis and table 2 for the (x,y) planes. All
the graphs in figure 6 are recorded at a current of 7amps per coil in the array
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Fig 6 xy plane plots of flux density at different z values
Table 1 uniformity of flux in z axis
Z value in mm relative to
centre
20

Flux Density in mT

10

155.3

0

161.3

-10

156.6

-20

140.0

137.1

The data in table 1 shows a measure of the flux density of the centre points (x,y) =
(0,0) with differing values of z taken from the graphs presented in figure 5. This
shows how the applied flux density varies along a 40mm length of a uniaxial tensile
+¤+. ;+ ¥.+
test sample with a difference in flux density of 15% ( +¤+.+ x100) from the
centre field value to its lowest point at a z displacement of 20mm
The data in table 2 shows a measure of the flux density of the central z = 0 plane
from the graphs presented in figure 5. This shows the change in the flux density in
the xy planes with a difference of +9.5% and -4.8% from the centre field value at its
maximum and minimum points in the 400mm2 area. This illustrates the nonsymmetric saddle shaped plot of the flux density profile shown in figure 5. Therefore
any flux value stated in this report has a maximum error of +9.5% and -4.8% on the
stated figure, or a 14.3% change in the flux density from max to min over this area.
The field direction over this area was calculated by comparing the flux density in the
9

x axis Bx with the total flux density Bt at the each point. These agreed to within
0.1mT for all points in the two tables showing the field has a uniform direction in the
x axis for the region of interest for all tests. The central area of these planes is the
region in which the vision system records its data for bubble inflation tests which for
a stretch ratio of 1.4 (strain 0.4) would cover a maximum area of 70mm2 centred on
the pole of an inflated bubble sample. This gives a maximum variation in flux
density over the region measured by the vision system of 5.0%.

Table 2 uniformity of flux in xy plane
(x,y) value mm relative to
centre
(0,0)

Flux Density in mT

(0,10)

159.5

(0,-10)

153.5

(10,0)

176.6

(10,10)

172.7

(10,-10)

173.8

(-10,0)

167

(-10,10)

161.5

(-10,-10)

163.8

161.3

These results show that there is a variation of magnetic flux density being applied
throughout the test sample volume. However, this is a more accurate representation
of the actual flux density than that usually reported ie. a single value of flux density
at a point. The deviation reported here will always be a characteristic of magnetic
fields in air due to the 1/r2 relationship [6].
4.2 Material Testing Results
All tests on MREs reported in this study were carried out under conditions of cyclic
loading between fixed strain limits (ΔL). These tests were chosen over load control
tests as the application of the magnetic field causes an increase in the modulus of the
MRE and such a change is easily detectable on a load cell for uniaxial tests and on
the calculated stress measurements for biaxial tests. The MR properties of the
material were evaluated by varying the applied magnetic flux density while
maintaining the same strain control limits for the test samples, during both uniaxial
and biaxial tensile fatigue tests.
Initial uniaxial tests were carried out at low strain amplitude values to evaluate if the
test procedures were sufficiently sensitive to detect the MR effect as the effect is
greatest with low strain cycling (particles closer together for screening effects) and
maximum flux applied. These tests were carried out on uniaxial samples cycled
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between strain limits of 0.04 and 0.08 at 1Hz. The modulus was calculated for each
data point recorded in the cycle. No field was applied for cycles 10-60. The field was
then applied for cycles 60-110 and alternated between off and on for every
subsequent 50 cycles throughout the test. The graphs in figures 7-8 show how the
MR effect is calculated and presented in different formats. Figure 6 shows the
modulus of the sample plotted against the cycle number. The graph shows a stepped
instantaneous increase in modulus when the field is applied which is reversed when
the field is removed. For figure 7 only the final 200 cycles were taken as the early
cycles show diminishing maximum stress values due to the Mullins effect [52].
Figure 7 shows the average modulus calculated from all points in a single cycle for
each cycle (Blue line) and the average using all points in the 50 cycle blocks (red
line). The error bars on the red line are calculated using the standard error formula
and shows the error on the modulus (the modulus reported is the mean modulus
value and the standard error calculates the statistical error on the mean). Standard
stress strain graphs were also produced to show the MR effect and are shown in
figures 8 10 12 and 14. Figure 8 represents the final 100 cycles from figure 7. This
was calculated by taking the average stress in a fixed strain range for the points in
the 50 cycles with the field off (blue) and for the subsequent 50 cycles with the field
on (red). The stepped increase in modulus, visible at the 360th cycle on the x axis, is
from 1.325MPa to 1.413MPa. This is an increase of approximately 6.5% in the
average modulus of the 50 cycle block. This corresponds with the field being
switched on at cycle 360.
Average Modulus v cycles (206mT)
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1.6
Modulus MPa
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blue no field
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0.06

0.07

Strain
Fig 7 Average Modulus v Cycles uniaxial data flux density 206mT

Fig 8 Stress Strain uniaxial data flux density 206mT

The tests were repeated with an applied flux density of 112mT and the results are
shown in figures 9 and 10. While there is still a detectable increase at cycle 360
when the magnetic field is switched on from 1.242MPa to 1.268MPa which
corresponds to an increase in modulus of 2.1%, it is less than the effect observed in
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figures 6 and 7. By comparing figures 6 and 8 it is clear that the MR effect depends
on the magnitude of the applied flux density as would be expected.
Average Modulus v cycles (112mT)
.04-.08 strain

1.4
Modulus MPa

1.35
1.3

1.25
1.2

1.15
1.1
300

350

400

450

500

Cycles
Stress v Strain uniaxial red field (112mT)
blue no field

True Stress MPa

0.11
0.09
0.07
0.05
0.05

0.06

Strain

0.07

0.08

Fig 9 Average Modulus v Cycles uniaxial data flux density 112mT

Fig 10 Stress Strain uniaxial data flux density 112mT

Samples were also tested under biaxial bubble inflation conditions between strain
values of 0.1 and 0.4 and cycled at 0.2Hz and the effect of varying the applied
magnetic flux was investigated. Figure 11 shows modulus versus cycles for the final
80 cycles for a bubble inflation test with the magnetic field alternatively switching
on and off for blocks of 20 consecutive cycles. This shows the average modulus
calculated from all points in a single cycle for each cycle (Blue line) and the average
using all points in the 20 cycle blocks (red line). The error bars on the red line are
calculated using the standard error formula and shows the statistical error on the
modulus. Standard stress-strain graphs were also produced to show the MR effect.
Figure 15 represents the final 40 cycles from figure 10 and was produced by taking
the average stress in a fixed strain range for the points in a 20 cycle block with the
field off (blue) and for a subsequent 20 cycle block with the field on (red). The
increase in modulus is more obvious when displayed as an increase in the average
modulus versus cycles rather than the standard stress strain graphs.
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Fig 11 Average Modulus v Cycles biaxial data flux density 198mT

Fig 12 Stress Strain biaxial data flux density 198mT

The increase in the modulus recorded at cycle 90 is from 3.92MPa to 3.954MPa
corresponding to an increase of 0.8% in the block average modulus. It is impossible
to directly compare biaxial results to those from uniaxial test data as although the
same strain/stretch ratio is applied, recorded stress and therefore the calculated
modulus for the biaxial sample will be higher as it is stretched in two perpendicular
directions simultaneously and has a greater effective strain than the equivalent
uniaxial strain/stress ratio. Figures 13 and 14 show similar tests to those in figures 11
and 12, repeated with an applied flux density of 112mT. The increase in the modulus
of the sample at cycle 130 is from 3.764MPa to 3.771MPa or approximately 0.13%.
Again as was the case in uniaxial testing this shows the MR effect is proportional to
the flux density applied to the sample. The drop recorded in the average modulus
from cycles 90-110 compared with cycles 70-90 is due to continued stress softening
of the sample. There is a change in the average modulus from cycles 70-90 and
cycles 90-110 but it is statistically insignificant due to the overlap of the error bars,
however an increase in modulus when the magnetic field is applied is visible at cycle
130. This reduction in the MR effect to statistically insignificant values corresponds
with uniaxial results and is to be expected at reduced field strengths.
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Fig 13Average Modulus v Cycles biaxial data flux density 112mT

Fig 14 Stress Strain biaxial data flux density 112mT

5 Conclusions
5.1 Magnetic field reporting.
The largest difficulty in replicating previously published MRE tests is the absence of
a standard method of reporting the details of the magnetic field applied to the
sample. A single flux density value is insufficient information to obtain a detailed
understanding of the applied magnetic field and allow for an accurate replication of
the test conditions. Therefore it is necessary for an agreed standard method for
describing the magnetic field applied to any testing of an MRE. The following
standard for detailing the applied magnetic field for an MRE test is proposed.
1) A magnetic flux line diagram of the applied field (figure 1) is necessary as
the direction of the applied flux with respect to force and particle chains
(anisotropic MREs only) can have a different effect on the sample. [5]
2) A detailed map of the flux density over the entire volume between the poles
is required. As can be seen from the results in figure 6 and tables 1-2, small
changes in the position of the probe result in a change in the measured flux
density. The map should be of the actual measured field as current magnetic
models may not be sufficiently accurate to model the magnetic flux in the air
gap between the poles which is where the MRE sample will be placed. The
flux density map also needs to be verified by physical measurement [49].
3) The measurement of the flux density should be carried out without the
presence of the sample as the results from figures 4 and 5 show the presence
of the sample will alter the flux density values. The only field value which
can be verified when applied to all samples is the field recorded without a
sample present.
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4) When stating a flux density value, the location at which that value was
recorded needs to be stated i.e. the centre point of the air gap and this should
be the midpoint about which the bubble pole traverses in the case of a bubble
inflation sample.
5.2 Material testing results.
From the results shown in figures 7-14 it is clear than an electromagnetic array can
be designed and constructed which is suitable for the testing of MREs under high
strain uniaxial loading conditions and the same array can also be used in biaxial
bubble inflation tests of MREs. This array allows for the comparison of the results
between the two different test methods as the only difference between them will be
due to the actual test methods themselves.
In both test methods a clear MR effect is visible for flux densities in the region of
200mT for high modulus (hard) natural rubber isotropic MREs. A reduced MR effect
can be detected for fields above 100mT for both uniaxially and biaxially loaded
samples. Therefore it can be concluded that as the MR effect can be detected in
isotropic natural rubber MREs using this method, softer isotropic and anisotropic
MREs can also be evaluated as they all exhibit higher MR effects than for isotropic
natural rubber based MREs [3]. However, the increase in the modulus with the
magnetic field applied is lower than the increases reported by McIntyre [53] [54].
This is due to the lower flux densities used in this study and the greater distance
between the magnetic particles in the samples when the samples are undergoing high
strain tensile loading compared with shear strain.
Permanent rare earth magnet arrays can produce a higher flux density over the
sample volume than iron core electromagnets and have zero power (energy cost)
requirements in maintaining the magnetic field. However electromagnets offer the
advantage that the magnetic field can be switched on and off during a test without
any modification to the test set up or time delay such as that for the removal of the
permanent magnets. This allows any variation due to sample manufacture or sample
conditions to be eliminated as an effect on the change detected and a direct
comparison between field on and off properties can be made.
6 Further Work
It is proposed that further studies will explore the effect of strain and strain
amplitude on the MR effect for both cyclic uniaxial and biaxial conditions with an
applied magnetic flux.
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