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Abstract

Magnetorheological (MR) material is an aspiring branch of smart material. It can change
its mechanical properties rapidly and reversibly subjected to an externally applied magnetic
tield, so-called MR effect. Due to the sensitivity to magnetic field and the versatility in
physical states, i.e., liquid (MR fluid), gel-like (MR gel), elastomeric (MR elastomer), MR
materials have tremendous application potential in engineering industries, especially in civil
engineering, involving vibration reduction and isolation for infrastructures. However,
some MR materials have inherent limitations: sedimentation and instability of MR fluid,
and low MR effect and large energy consumption of MR elastomer. MR gels were
fabricated to gain the merits of both MR fluid and MR elastomer, i.e., high MR effect and
excellent sedimentation resistance.

This work focuses on the two types of MR materials: MR elastomer and MR gel. They
both significantly improve the sedimentation problem of MR fluid, yet the current

knowledge and design techniques are inadequate to deliver efficient and effective



applications. For MR elastomer, this work implements the hybrid magnets (permanent
magnet and electromagnet) configuration in both characterisation and engineering
applications to resolve the large energy consumption issue. Moreover, an improved
magnetic circuit model is proposed to serve as an effective and efficient approach for
designing and analysing MR elastomer devices with complicated structures, i.e., hybrid
magnets and laminated structure. In a pioneering manner, the field-dependent dynamic
stress-strain hysteresis of MR gel is characterised and shows a unique stress overshoot
phenomenon. A simple hysteresis model with support vector machine generalisation
technique is formulated and validated the experimental results. Finally, thixotropy of MR
gel is characterised by a proposed test protocol considering the variables of shear rate,
magnetic field, shearing time and resting time. A thixotropy model for MR gel is proposed

and agrees well with the experimental date under all test conditions considered.
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Chapter 1

Introduction

1.1 Background

Magnetorheological (MR) material is a branch of smart materials and normally comprises
of micro sized ferro-magnetic particles and carrying matrix. By using different types of
carrying matrix, various MR materials were developed, i.e., MR fluid [1, 2], MR elastomer
[3, 4], and MR gel [5, 6]. When a magnetic field is applied on MR materials, their rheological
or mechanical properties can be rapidly and reversibly changed, due to the occurrence of
magnetic attraction between the polarized ferroparticles, so called MR effect. In the past
three decades, this effect has been adopted to controllable devices such as MR dampers [7,
8], clutches [9, 10], and base isolators [11, 12]. The tuneable mechanical performances of
such devices have made adaptive vibration control, torque transmission and earthquake
protection possible and tremendously benefited the fields of civil and mechanical
engineering.

The first explored is the MR fluid reported by Rabinow in 1948 [13]. It has ferroparticles
dispersed in carrying oil. In MR fluids, the di-pole interactions induced by externally

applied magnetic field forms arrange the free-flowing ferroparticles into chain and
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columnar structures that parallel to magnetic flux. As the field strength increases, the yield
strength of the ferroparticle structures and the damping property of the MR fluid become
higher. After the field is removed, the particles return to the free-flowing state.

Although MR fluids are the most widely adopted, its development and application have
reached a bottleneck due to its significant drawbacks: aggregation and sedimentation, led
by the low viscosity of the oil matrix [14]. On one hand, if the magnetic field is applied for
a long time, the particles form large aggregates that cannot return to the uniformly
dispersed state in the matrix. On the other hand, the long-time magnetic field-off state can
result sedimentation which causes the reduce of yield stress and fail to start the MR fluid
devices.

To resolve the limitations of MR fluids and implement MR effect in a wider range of
engineering applications, MR elastomers and MR gels were developed. MR elastomers use
elastomeric materials as matrix, in which the ferroparticles are trapped [15]. In this way,
MR elastomers do not have the particle sedimentation problem. Depending on the particle
distribution in cured matrix, MR elastomers can be classified as isotropic and anisotropic
MR elastomers [16]. In isotropic and anisotropic MR elastomers, the ferroparticles are
uniformly dispersed and pre-aligned in chain patterns, respectively. The chain structures in
anisotropic samples are formed by applying magnetic field to the sample during the curing
of the matrix. The externally applied magnetic field polarizes ferroparticles; and the
intensifying of field strength leads to stronger interparticle attractions and higher stiffness
and damping properties of the MR elastomer. The elastomeric matrix also exhibits the
bearing capacity against vertical loadings that made applications such as MR elastomer
isolators [17] and vibration absorber [18] possible.

However, the limited mobility of ferroparticles results in a lower MR effect of MR
elastomer compared with MR fluids. In terms of energy efficiency, majority of reported

MR elastomer devices requires relatively higher power than MR fluid devices [15]. This is
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due to that the elastomers have limited tensile strength. To reach a designated shear
deformation, thick or multiple layers of MR elastomers were introduced to the devices [11,
18]. This results in the long magnetic flux path that may require up to hundreds of watts
to fully energise the device [19]. Thus, the electromagnetic performance of a MR elastomer
device should be specifically designed and analysed through magnetic circuit or finite
element methods to deliver an effective and efficient adaptive performance. Compared
with finite element, magnetic circuit models provide equational representation to
intuitively describe the relations between magnetic field density and device specifications
[20-22]. This method is well adopted for optimizing the performance of MR fluid devices,
yet it has not reported in MR devices with complicated structures.

To develop a system that has outstanding sedimentation performance, high MR effect and
high yield stiffness, MR gel were developed [23]. It can be treated as the intermediate
between MR fluid and MR elastomer. MR gels are generally comprised of ferroparticles
and crosslinked polymeric gels and additives. They appear as viscous gels [24-20] or solid-
like |27, 28] depending on the fabrication process and composition. Differing from MR
fluid and MR elastomer, the off-state viscosity of MR gel can be easily tailored by
controlling the polymeric crosslink profile and component of the carrier matrix which
gives abundant flexibility of preparing MR gels [29]. Most importantly, the high viscosity
and crosslinked structures of the polymer structure greatly reduce the chance of
sedimentation of MR gel during resting. However, the highly crosslinked gel matrix with
high concentration of particle filler could raise thixotropy which is a time-dependent
recoverable rheological effect [30]. The typical behaviour of a thixotropic material is the
gradually decreasing viscosity under flow [31]. After the material has been sheared and then
rested, the viscosity can recover for a certain level. This effect may affect and cause

unstable force output during starting-up or changing shear rates of the devices. To date,
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the investigations on the characterization, modelling and application on MR gels are of a
limited amount, and the thixotropy of MR gel is not reported.

Despite that MR effect could play a crucial role in engineering industries, towards the
effective and efficient design and application, it is fundamental to carry out characterisation
and modelling for this complicated behaviour and improve the current design and analysis
techniques. This project attempts to mitigate the current knowledge gap between material
and practical application in the field of MR materials by focusing on both elastomeric and
gel-like MR materials. This is done by conducting: energy-efficiency design for MR
elastomer characterisation and engineering applications, improved magnetic circuit
modelling for complicated MR elastomer device, characterisation and modelling of
dynamic behaviour of MR gel and, experimental and numerical investigations of thixotropy

for MR gel.

1.2 Objectives

The overall aim of this research is focused on the investigations of two types of MR
materials: MR elastomer and MR gel, in terms of the characterisation and modelling of the
mechanical and rheological properties. From the engineering application perspective, MR
device design techniques and time-dependent rheological properties of MR materials are
also investigated. The specific objectives are listed as follows:

1. Propose an energy-efficient hybrid magnets test rig to characterise the dynamic
properties isotropic and anisotropic MR elastomer with considering the influences
of different ferroparticle weight fractions, excitation amplitude and frequency, and
magnetic fields. Phenomenological modelling of the characterised stress-strain

hysteresis of isotropic and anisotropic MR elastomer samples.
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2. Propose an easy and accurate magnetic circuit model to facilitate the design and
electromagnetic analysis of a prototype laminated MR elastomer base isolator
featuring both electromagnet and permanent magnet.

3. Characterise the dynamic stress-strain hysteresis behaviour of MR gel with
considering the influences of strain amplitude, excitation frequency and magnetic
tield. Propose a phenomenological model for MR gel.

4. Propose a characterisation method for the time dependent behaviours of MR gels
with considering the resting time, shearing time, shear rate, and magnetic field.
Formulate a time-dependent model to predict the characterised time dependent
properties of MR gel.

It should be mentioned that the COVID-19 pandemic has significantly affected the scope
and progress of this research — being the non-operation of the essential shake table facility
and unavailability of technical repairing support since February 2020 to date. The
characterisation of the proposed base isolator is thus unable to be carried out and planned
in the future work. To deliver integral and comprehensive research outcomes, this research
has switched the focus to the investigation of MR materials which include the

characterization and modelling of the dynamic properties and thixotropy of MR gel.

1.3 Outline

Starting with an introduction, this thesis firstly presents the background and motivation,
objective, and outline of this work.

Chapter 2 provides a literature review on the current development of MR materials,
including their properties and drawbacks, characterisation and modelling methods, and

engineering applications.
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In Chapter 3, a hybrid magnets shear test rig is proposed to experimentally explore the
influences of anisotropy and weight fraction of ferroparticle on the field-dependent
dynamic mechanism of MR elastomer. A stiffness stiffening model is implemented to
predict the characterised behaviours of different MR elastomer samples.

In Chapter 4, an energy-efficient hybrid magnets MR elastomer base isolator is designed
and fabricated as an analysis prototype. An improved magnetic circuit analysis is proposed
to provide an effective and efficient approach to design and analyse MR elastomer devices
with complicated structures, i.e., hybrid magnets and laminated structure.

In Chapter 5, MR gel is characterised under large amplitude oscillatory shear and exhibits
a unique field-dependent stress overshoot phenomenon. A simple hysteresis model with
support vector machine generalisation technique is constructed for MR gels and
generalised by support vector machine.

In Chapter 6, thixotropy of MR gel is characterised by a proposed testing protocol with
considering the variance of shear rate, magnetic field, shearing time and resting time. A
thixotropy model for MR gel is proposed and shows good agreement with the
experimental result under all test conditions considered.

Chapter 7 conclude the findings of this research and discuss the future research work.
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Chapter 2

Literature Review

2.1 Preface

Materials whose properties can be reversibly controlled upon the application of an external
stimulus (like mechanical, thermal, magnetic, electrical, etc,) are identified as smart
materials. To date, various branches of smart materials were developed, i.e., MR materials
[4, ©], electrorheological fluids [32, 33], and shape memory alloys [34, 35]. Since a
homogeneous material hardly retains multifunction, smart materials normally composite
materials with the abilities of perception, actuation, and control to realise the multi-
characteristics. MR materials are fabricated by dispersing ferromagnetic particles which can
rapidly and reversibly response to magnetic field in carrier matrix which can be various
types of viscoelastic materials. Thus, MR materials possess the adjustable viscoelastic
properties in response to externally applied magnetic fields. According to the matrix and
the physical state when no magnetic field applied, MR materials can be categorised into
MR fluids [36, 37], MR elastomers [3, 4], MR gels [5, 0], etc.

However, despite being widely adopted in the construction, automotive and robotics

industry, the implementation of MR material is still faced with challenges. Each type of
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MR materials has their own unique rheological properties and limitations. The sensitivity
to magnetic field added another layer of complication in the behaviours of the MR
materials. More discussions on the challenges identified in the current research and
application of MR materials will be detailed in the following sections.

In this chapter, a comprehensive review on the MR materials will be firstly presented, with
the emphasis laid on the origin, compositions, properties, applications, and drawbacks.
Next, the characterisation and modelling techniques for MR materials are elaborated and
compared. Finally, the gaps and challenges of the current development and application of

MR materials are identified and concluded.

2.2 MR materials

2.2.1 MR fluid

MR effect in MR fluids was firstly reported by Jacob Rabinow in 1948 [13], inspired by
electrorheological effect [38]; but the serious instability of MR fluid has curbed the
commercial success in the years following. In 1990’s, MR effect stated to gain intensive
attentions as it exhibits much stronger interparticle attractions than electrorheological
effect. This advantage has made MR fluid a more preferrable option in developing
controllable devices in the past three decades.

A typical MR fluid is composed of ferromagnetic particle filler, carrier fluid, and additives;
and can be easily fabricated by mixing all components together until the uniform
distribution of the filler is reached. The most common cartiers are silicone oil and
petroleum oil. For the ferroparticle filler, carbonyl iron particle (CIP) is the widely adopted
due to its large saturation magnetization which can reach up to 2.1 T. The ferroparticle

normally takes approx. 20% to 40% of the total volume of the fabricated MR fluids. To
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prevent the particles from sedimentation and aggregation, additives like stabilizer and
surfactant are necessary added.

In response to the external magnetic field, the randomly dispersed ferroparticles are aligned
into chain-like microstructures instantaneously. Stronger field intensity contributes to
longer and more ordered microstructures. The photos of chain-like microstructure are
presented in Fig. 2.1 [39]. The rheological manifestation of this field-induced
microstructure evolution is the increasing yield stress of MR fluid under shear flow. From
the past rheological measurements, MR fluid expresses as a classic Bingham fluid with the
maximum vyield stress exceeding 100kPa and the up tune of apparent viscosity reaching

four orders of magnitude, when magnetic field applied [25].

» TG
A LTS e

NH=12 kA/m

H=30 kA/migme

Fig. 2.1 Photo of chain structures under different magnetic fields [39]

The applications of MR fluids can be classified into three basic operating mode: flow mode,
shear mode and squeeze mode. The diagrams of the three modes and schematics of their
typical application are presented in Fig. 2.2 and Fig. 2.3, respectively. In flow mode, MR
fluid is sandwiched and made to flow between two fixed plates. The magnetic field is

applied perpendicular to the direction of the flow and controls the flow resistance of MR
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fluid. Typical applications operation in this mode are damper, shock absorber and
actuators. In shear mode, MR fluid is subject to the shear motion induced by the relative
displacement to the two plates. The viscosity of MR fluid is adjusted by the magnetic field
to exhibit controllable shear stress response under different shear rate of the top plate.
Examples of application working in this mode are breaks, dampers and clutches. In
squeeze mode, the changing displacement between the two plates causes the flow motion
of MR fluid. Device operating in this mode are normally limited to a small displacement

amplitude, usually several millimetres.

Displacement
| | | |
Flow mode Shear mode Squeeze mode
' MR fluid ﬁ Plate T Magnetic field
Fig. 2.2 Operating modes of MR fluid
() (b) ()
: . (7 Zy .
W}fe to Coil —{dltrn il Elastomeric Baffle moves in
Bearing coil 4 diaphragms MR fluid chamber
& seal Rotor—z N 2 MR fluid
MR fluid Annular = A\ ]
- orifice
. Coil 7 §
Diaphragm: ASYSAS
y Magnetic|fimedy Housirlg Coil MR fluid
Tk 01 ul
Accumulator®_) field )

Fig. 2.3 Schematics of MR fluid applications (a) A flow mode MR fluid damper [40] (b) A

shear mode MR fluid clutch [30] (c) A squeeze mode MR fluid vibration damper [40]

The mismatch between the densities of the ferroparticles and the carrying matrix leads to

serious sedimentation problem which impends a wider application of MR fluids.
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Addressing this drawback, several techniques were proposed with the focuses on

augmenting the ferroparticle and introducing additives to the carrier fluid. The detailed

measures to avoid sedimentation and aggregation in MR fluid are listed as follows:

1.

Appling coting, i.e., amorphous silica [41], organic polymer [42], and polymethyl
methacrylate [43], on the ferroparticles to reduce its density difference from the
carrier.

Using spherical nanosized particles as solid additive which usually have lower
densities and larger surface area to volume ratio than the micron-sized
ferroparticles [44, 45]. Due to the seraphical area-volume ration increases when the
radius decreases to the nanometre level [40].

Adding wire particles in together with nanoparticles to improve the consistency
and broad size distribution of the particle phase and to enhance the yield stress of
the chain-like microstructure[47-49].

Adding stabilizers and additives to the matrix to improve the structural stability
and prevent sedimentation. Common additives are fumed silica [50], polyacrylic
acid [51], submicron-sized organoclays [52], etc.

Using polymeric gels and lubricant as carrying matrix. This method actually evolves

the MR fluid to a new branch of MR material: MR gel [5, 6].

However, using additives, coating, and nanoparticles brings some undesired effects to the

MR fluids: reduced yield stress and poor particle shape consistency. Practices of using

several additives altogether were carried out and proved to be effective. But this method

introduced difficulty and reduced the flexibility of fabricating MR fluids. Nowadays,

studies in the field have showed increasing interests in using polymeric gels as matrix to

fabricate MR gel, as this method improves both the stability of particle dispersion and the

yield stress while maintaining an easy and flexible fabrication process. A review on MR

gels is prepared in Section 2.2.3.
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2.2.2 MR elastomers

The sedimentation problem of MR fluids is can be improved by modifying the carrier and
ferroparticle but only to limited extent. To completely resolve this issue, MR elastomer
were firstly proposed by Shiga ez 2/. in 1993 [53]. MR elastomers appear as solid state with
and without the external magnetic field and are generally comprised of three components:
ferroparticles, elastomer or rubber matrix and additives [15]. The fabrication of MR
clastomers involves three essential steps: mixing, removing air bubble, and curing.
Depending on the presence and absence of magnetic field during curing, the dispersion of
ferroparticles can classified into two types: isotropic and anisotropic [106]. If no magnetic
field was applied during curing, the particles are uniformly distributed and locked in the
cured matrix. This type of MR elastomer is called isotropic MR elastomer. The other type
is anisotropic MR elastomer. It has aligned particle-chain structures locked in the
elastomeric matrix by the external magnetic field applied during curing. Fig. 2.4 presents
the scanning electron microscope (SEM) of both isotropic and anisotropic MR elastomers

[54].

100pum

? 4!
TMAO008T5KV 5%mm x500 BSE

Fig. 2.4 SEM of MR elastomers (a) Isotropic sample [54] (b) Anisotropic sample [54]

MR elastomers generally operate within its pre-yield region and possess adjustable

viscoelasticity [55]. Under magnetic fields, the ferroparticles are polarised and interparticle
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attractions are generated. This effect increases both the stiffness and damping of a MR
elastomer. The adjustability of a MR elastomer is normally judged by its storage modulus
as the magnetic field induced damping parameter change are rather small [4, 56, 57]. The
ration between the difference of the storage modulus of a MR elastomer under magnetic
tield and zero-field and the zero-field storage modulus is defined as MR effect of MR
elastomer. Literatures showed that anisotropic MR elastomers have higher MR effect
compared with the isotropic sample [16, 54].

The operation modes of MR elastomer devices differ from the MR fluid devices due to
the solid physical state and the limited particle movement. Fig. 2.5 shows the basic modes
of MR elastomers [58]. In shear mode and compression mode, the motion of the top plate
deforms the MR elastomer. By adjusting the magnetic field, the resulted shear or
compression force can be actively tunned. Examples of devices using shear mode are
absorber and vibration isolator. Devices operating in compression mode are compression
spring, MR elastomer mount and vibration absorber. The filed-active uses the
magnetostrictive effect can be explained as the field-induced interparticle attraction brings
the ferroparticles closer and deforms the carrier matrix. This effect was used for developing

actuators. Typical of engineering application are presented in Fig. 2.0.

Shear
——— Compression & 'elongation
I I L
Shear mode Compression mode Field-active mode

Fig. 2.5 Basic operating modes of MR elastomer (red arrows indicate the direction of

magnetic field)
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(a) Shear motion (b)

: ] Squeeze
T T Gap
Steel & MR |if |- .
elastomer it~ Coil
layers l/yoke
[ ] S
"""""" Magnetic flux path queeze
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Fig. 2.6 Applications of MR elastomer: (a) A shear mode base isolator [59] (b) A
compression mode MR elastomer spring element [60] (c) A MR elastomer soft actuator

[61]

Although elastomeric matrix completely prevents the filling particle from settling in MR
elastomer, the MR effect is contrarily reduced which makes the requirements of
engineering application hard to be achieved. Moreover, MR elastomers are required to
operate in its pre-yield regime to avoid irreversible damage to the material. In engineering
applications, the effective thickness of the MR elastomer layers can reach up to 40
millimetres [11, 59]. To fully activate MR effect, magnetic flux needs to penetrate and
saturate all the MR elastomer layers. The magnetic flux path in a MR elastomer device
becomes longer and more complicated than that of a MR fluid device which normally have
several millimetres fluid channel [21, 22, 62-64]. This leads the increasing design
complexity of MR elastomer devices. Accurate magnetic circuit model and finite element

model are mandatory to be constructed to ensure that adequate field strength can be
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applied on the MR materials. However, as one of the most effective and accurate method
for optimizing electromagnetic design, magnetic circuit models [21, 22] were rarely

reported for MR elastomer devices in the past.

2.2.3 MR gel

MR gel is another class of magnetoactive smart material which uses viscoelastic polymeric
matrix. The concept was firstly proposed by Shiga e# a/. in 1995 [23]. MR gels can be
regarded as the intermediate between the MR elastomer and MR fluid. The fabrication of
MR gels is kept in a process of mixing and resting. Depending to the physical state at zero-
field, MR gels can be further distinguished into liquid-like [24-26] and solid-like MR gels
[27, 28]. Liquid-like MR gels can be treated like a MR fluid with using polymeric gel
solution as matrix. The network or crosslinked structure of the polymeric gel augmented
the interfacial characteristics and interaction with the ferroparticle. These aspects helped
to reduce the sedimentation and enhanced the strength of particle chain structures under
magnetic fields [25, 65, 60]. For solid-like MR gels, the most fascinating feature is that the
sedimentation problem is completely resolved as MR elastomer [67, 68]. But the physical
state does not show the elasticity as rubber and elastomer, solid-like MR gels cannot be
classified into MR elastomer.

In the past decade, both liquid-like and solid-like MR gels have experienced a reveal of
interest due to their high MR effect and outstanding sedimentation resistance. Images of
liquid-like and solid-like MR gels are presented in Fig. 2.7. Xu e/ al. investigated the
rheological and sedimentation performance of liquid-like MR gels samples with different
weight fractions of CIP [29]. The results indicated that when the CIP content is less than
25% of the total weight of the sample, the particle sedimentation can be effective avoided.
An et al. investigated the field-dependent rheological behaviour of MR gel and suggested

that the storage modulus of MR gel under 650 mT was increased for over 6000% compared
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with the zero-field scenario [69]. Xu e a/. fabricated a novel solid-like MR gel by mixing
micron sized magnetic particles with plasticine-like polyurethane as shown in Fig. 2.7(b),
(c), and (d) [68]. When no filed applied, this material can be easily shaped and preserve the
shape like plasticine. When the magnetic field is applied, the solid-like MR gel deforms
along the direction of the magnetic field. Moreover, the aligned particle microstructure can

be maintained after the field is removed.

Fig. 2.7 Images of MR gels (a) liquid-like MR gel [70] (b) solid-like MR gel [68] (c) SEM of

MR gel without magnetic field [68] (d) SEM of MR gel under magnetic field [68]

As conclusion, MR gels holds the merits of both MR fluid and MR elastomer which are
movability of particle, improved sedimentation performance and the ability to retain the
particle chain structures. The flexibility of the physical state, controllable zero-field
property, and simple fabrication process provides possibility to enlarge the range of
engineering application. However, due to the MR gel matrix provide weak restrains on the
particles, the response of MR gel differs from that of MR elastomer and MR fluid. The
mechanical behaviour of MR gel can show distinct differences for the zero-field and field

applied scenarios. Moreover, compositions of the highly crosslinked polymeric structure
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and particles normally express time dependent rheological behaviours: thixotropy [31].
Coupled with magnetic field, this uncharacterised behaviour of MR gel can escalate to
another level of complexity.

At the current state, investigations of MR gels are limited in reporting the sedimentation
performance and characterisation of basic rheologic parameters, i.e., modulus and viscosity,
engineering applications are rarely reported. Thus, the current understanding of this
material is far from enough to develop valid and effective engineering applications and
significant effort should be laid on the characterisation and modelling of the dynamic
hysteresis (stress-stain relationship) and time-dependent rheological behaviours before

developing MR gel engineering applications.

2.3 Experimental characterisation of MR materials

Experimental characterisation of MR materials serves as a crucial role towards the
understanding of the magneto-mechanical coupled effect and certifying the veracity of
theoretical results, by providing the necessary rheological parameters. There are number
of testing protocols like shear tests, compression and tension tests, fatigue test, etc., were
reported for the magneto-mechanical properties for MR materials. The most widely
adopted is using shear loadings as this mode is adopted for most of the engineering
applications of MR material [71]. For MR elastomers, uniaxial and biaxial
compression/tension tests were also reported [72-74]. Except from the essential factors
like magnetic field and loading, the influence of temperature, shape, particle concentration,
particle arrangement (isotropy and anisotropy) and PH value were also broadly studied.
Common characterisation equipment are rheometer, dynamic mechanical analyser (DMA),
and customized test rig. These equipment are normally equipped with electromagnetic

modulus or permanent magnets to apply the external field on the test samples.
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2.3.1 Steady shear test

Steady shear tests characterise the basic rheological parameters, i.e., shear stress and
viscosity, for both solid-like and liquid-like MR materials. This characterisation is normally
performed on rheometers (Fig. 2.8(a)) with a parallel plate setup which is shown in Fig. 2.8
(b). The setup forms a gap between the plate shaped measuring tool and the base plate.
The MR material is accommodated in the gap. The rheometer motor applies shear motion
in one direction to the sample through the measuring tool and measures the resulted torque.
The measured torque can then be interpreted to the shear stress and viscosity data based
on the measuring tool geometry and shear rate. Besides this geometry, twin-gap setup (Fig.
2.8(c)) was also reported for characterising MR materials [75, 76]. It provides a shielded
container for the sample and prevents the sample from spilling out during high shear rates
which can reach up to 10000 1/s. However, this configuration can only be used for testing
liquid-like MR materials. Both plate-plate and twin gap geometries have the coil positioned

beneath the bottom plate to apply magnetic field on MR materials.

(a) (b) (©)

Measuring Magnetic Measuring Magnetic
tool cover tool cover

MR material MR material
Fig. 2.8 Image of (a) Anton Paar MCR 302 rheometer (b) parallel plate geometry (c) twin

gap geometry (red arrows indicate the direction of magnetic field)

28



The field-dependent rheological behaviours can be portrayed by Bingham model:
T=1,+7y =
2.1)
T=Gyy 7| <7y

where 7, 7y 7, ¥, and Gy represent the shear stress, magneto-dependent yield stress, plastic
viscosity, shear rate and shear modulus in linear viscoelastic regime, respectively. Fig. 2.9(a)
is a typical result steady flow test result for a MR fluid [77]. For MR liquid, the pre-yield
regime is usually less than 0.1 strain and the sheat stress value at 0 1/s is normally to
represent 7. Fig. 2.9(a) indicated that the magnetic field considerably increases 7, and shear
rate has less influence on the resulted stress or the plastic viscosity of MR fluid under
magnetic field. Thus, the field induced 7y is normally regarded as a key characterisation
parameter to judge the MR effect for liquid-like MR materials. Similar findings were also
reported from the steady characterisation of a MR gel as shown in Fig 2.9(b), but with a
more apparent increase in the plastic viscosity when shear rate increases [29].

For solid-like MR materials, the focus of this characterisation is laid in the pre-yield regime
as majority of applications of solid-like MR materials avoid the occurrence of yielding
during operating. Fig 2.9(c) shows the characterisation result a MR elastomer under steady
shear tests [55]. The slope of the curve represents Go. It can be observed that magnetic
tield contributes to the increase of shear modulus of MR elastomer and the shear stress
grows linearly with the increase of shear strain within 10% strain which is the linear
viscoelastic region. This finding completely differs with MR fluid and suggest that MR fluid
operates within its yielding regime, whereas MR elastomer operates in the pre-yield region.
When a strain over 10% is applied on the MR elastomer, the shear modulus no longer
increases, and the resulted stress maintains at the same level. This could be resulted by

sample sliding and friction.
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Fig. 2.9 steady shear results of MR materials (a) a MR fluid [77] (b) a MR gel [29] (c) a MR

elastomer [55]

Steady shear can serve as a universal characterisation technique for MR materials to
evaluate their MR effect with considering the influence of essential variables: strain, strain
rate, and magnetic field. It should be noted that for solid-like MR materials the shear rate
and stain should be carefully chosen as the friction caused by slippage is sometimes
mistaken as yield stress. However, the understandings are limited in the rheological aspect,

which is not enough for developing engineering application.

2.3.2 Dynamic shear test

Both solid and liquid MR materials are viscoelastic materials, and the dynamic mechanical
properties are the most important aspect to be considered during design an adaptive device.

Oscillatory shear test is one of the fundamental techniques [78-80]. It applies sinusoidal
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strain to the sample and measures the resulted shear stress. The measured stress is either
leading or lagging with the applied strain for a certain phase J. The shear stress ¢ thus writes:

o = gy sin(wt + §) = gy sin wt cos § + g, sin § cos wt (2.2)
where 7 w, and o are time, excitation frequency, and amplitude of shear stress, respectively.
The storage modulus G’and loss modulus G” can be further derived from Eq. 2.2 as:

0 =yy(G'sinwt + G" cos wt) (2.3
where jo is the strain amplitude. For a viscoelastic material, the storage modulus G’
indicates the ability to store energy and loss modulus G” evaluates the ability to dissipate
energy. The ratio between G” and G’ represents the loss factor tan J. As most of the MR
materials applications operates in oscillatory shear mode, thus their magneto-mechanical
coupled dynamic properties can be evaluated by G, G” and tan 4. This characterisation
can be carried out by both rheometers, dynamic analyser, and customized test setups with
setting essential variables: amplitude, frequency, and magnetic field. Examples of the
oscillatory shear test results for MR fluid, MR gel and MR elastomer are presented in Fig.
2.10 and showed typical viscoelastic characteristics: storage modulus dramatically decreases
when the strain exceed the linear viscoelastic regime and shear rate increases the storage
modulus. The external magnetic field contributes to the significant increase of storage
modulus due to the field-induced interparticle attractions enhanced stiffness chain-like

particles microstructure in the MR materials.
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Fig. 2.10 Oscillatory shear characterisation results of (a) MR fluids under zero-field [81] (b)

MR fluids under 220 mWbm™ [81] (c) MR gel [82] (d) MR elastomer [78]

Except for the modulus, the oscillatory shear also provides insights of dynamic stress-
strain hysteresis relationship which plays an essential role in mathematical modelling and
control algorithm. The recorded raw shear stress or shear force data are plotted with the
corresponding excitation strain or displacement waveform to form the hysteresis loops.
For MR fluids, this method can indicate and compare the damping performance in the
pre-yield and post yield region. As shown in Fig. 2.11(a), in post yield region of a MR fluid,
the shear force can be maintained at the same level which indicate the maximum damping
force can be provided by the developed devices, i.e., dampers [83]. The magnetic field
increases the damping force and the enclosed area of the hysteresis loop which stats for
the dissipated energy. For solid-like MR materials, the hysteresis is normally characterised

within the pre-yield region to investigate its unique field dependent stiffening and softening
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effect. Thus, the characterised hysteresis loops can be of a completely different shape from
MR fluids. In Fig. 2.11(b), the shear stress versus shear strain of a MR elastomer under
different magnetic fields were characterised and plotted by [80]. When no magnetic field
applied, the hysteresis presents a perfect ellipse shape. As the magnetic flux density
increases, the slop of the curve was increased which indicates the stiffness stiffening effect.

Similar to MR fluid, magnetic field also contributes to the damping properties of MR

elastomet.
(a) (b) 50
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Fig. 2.11 Stress-strain or force-displacement hysteresis loops for (a) MR fluid [83] (b) MR

elastomer [80]

However, the characterisation of dynamic stress-stain hysteresis for MR gel was not carried
out in the past. Although the zero-field physical state of MR gels can be liquid as MR fluid,
the hysteresis characteristics of MR gel could be drastically different and become more
resemblant to MR elastomer as its oscillatory shear characterisation under magnetic field
show similar performance as MR elastomers. As a promising novel controllable composite
and the improvement for both MR fluid and MR elastomer, the characterisation of stress-
stain hysteresis for MR gels is of urgent demand and could benefit their potential

engineering developments.

33



2.4 Modelling of MR materials

Considerable amount of ongoing research in the field of MR materials are focused on the
modelling of the mechanical properties. As a matter of fact, the modelling the coupled
magneto-mechanical behaviour is a fundamental step to the deep understanding of the
nonlinear viscoelastic properties and engineering applications. According to the literature,
the works can be divided into two parts: physical models and phenomenological models.
These two types serve for drastically different purposes.

For physical magneto-mechanism of MR materials, the most adopted theory is particle
magnetisation model [84]. It essentially utilizes the difference of magnetic permeability
between the matrix and ferroparticle to establish particulate models. By assuming that only
adjacent particles can form interparticle attractions, and decreasing the multidirectional
magnetisation of a particle as magnetic dipole, the magnetic moment 7 of a spherical
ferroparticle in its linear magnetisation range can be derived as:

m = 4oy, fa’Hy

2.4
B = (IJp - p-m)/(p-p + 21,)

where a, o, pm, p, and Ho, are spherical radius, permeability of vacuum, relative
permeability of matrix, relative permeability of ferroparticle and field strength, respectively.
p is the permeability parameter. Once the ferroparticles are magnetised, with the
assumption of neglecting local field corrections, their interaction by magnetostatic force

thus writes:

2
FMe9 — (m-v)§= —

—J

pr— [(3cos?6;; — 1)# + sin (26;;)8] (2.5)

where 7; is the centre-to-centre distance between ferroparticles and 6 is the angle between

7y and the magnetic field vector as shown in Fig. 2.12. By substituting Eq. 2.4 to Eq. 2.5,
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and assuming all particles can the same strength 7, the bare point dipole force and the
interaction energy can be derived as:

F% = —12mpuopmpa’Hi f
f = (—2)*[(3cos28;; — 1)7 + sin (26;))8]
LTy U Y (2.6)

ma m?
Vi = W(l — 3cos?6;;)
Eq. 2.6 can quantitively explain a great deal of rheological behaviour for field-dependent
rheology. However, the accuracy of physical model can only be guaranteed for low particle
concentration as this technique does not include the presence of mobility and multiple

pole interactions [85, 86]. Modelling and understating for highly concentrated MR

materials constitutes a challenging task and requires further investigations.

Wall

Fig. 2.12 coordinate system for two ferroparticles subject to shear motion in the magnetic

tield

For newly developed MR materials, especially for MR elastomers and MR gels, the
characterised magnetorheological behaviours are modelled by phenomenological models
as they directly formulate an expression through the obtained experimental results. Most
MR materials express viscoelasticity, thus phenomenological modelling attempts are

normally carried out based on a classic Kelvin-Voigt model which parallels a stiffness
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spring (#) and a damping element (¢), as shown in Fig. 2.13(a) [87]. Based on this model,
Li et al [55]. augmented this model to portray the field-dependent viscoelasticity for MR
elastomers as shown in Fig. 2.13(b) and formulated as:

T=kiy1 + kpy

2.7

kivi = ka(y —v1) + (¥ = 1)
where 7 is the estimated stress, p is the applied strain, y is the strain rate. £; is introduced
to represent the field dependency of MR elastomer. The accuracy of the model is validated
with oscillatory shear test for MR elastomer within the linear viscoelastic region. In a
similar manner, a rheological model that considers the interface slippage between the
ferroparticle and matrix of MR elastomer was proposed by Chen ¢ /. [88], as shown in
Fig. 2.13(c). The proposed model consists of three parts which are a viscoelasticity part,
tield-induced mechanical property part and an interface slippage part. Besides the
combinations of spring, damping and slider elements, various model elements were
adopted implemented to fit the magneto-mechanical behaviours for MR materials, for
example, Bouc-Wen model [17, 89], LuGre model [90] and Dahl model [15]. Bouc-Wen is
the most acknowledged due to its high accuracy when addressing the nonlinearity in force-
displacement hysteresis and frequently used in control system for adaptive MR devices.
Although significant works on capturing the nonlinearity behaviours for MR behaviour

have been carried out, there has no model proposed and validated for the dynamic

hysteresis of MR gels.
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Fig. 2.13 Phenomenological models for viscoelastic materials (a) Kelvin-Voigt model (b)

Four parameter MR elastomer model [55] (c) A field dependent rheological model [88]

2.5 Conclusions

This chapter presents a general review on the current development of MR materials (MR
elastomer, MR fluid and MR gel), with special emphasis on the experimental
characterisation and modelling. Based on this review, it can be concluded that MR
materials have promising application potential for engineering industries, especially for
civil engineering, involving seismic isolation and reduction for infrastructures. However,
the current knowledge is not sufficient to deliver efficient and effective engineering
applications. To date, MR elastomer devices still face with low MR effect and the energy
consumption issue, and the improvements in the device design and analysis technique are
of urgent demand. Moreover, as an improved system for both MR fluid and MR elastomer,
MR gels start to attract research attentions in the recent year, but the lack of understanding
and modelling of their dynamic behaviour and thixotropy impends MR gels from being

widely adopted in engineering applications.
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Chapter 3

Characterisation and Modelling of Isotropic

and Anisotropic MR Elastomers

In this chapter a novel and compact material test rig featuring both permanent magnet
(PM) and electromagnets was designed for MR elastomer shear tests. Finite element
modelling was conducted using ANSYS Electronics Desktop to reveal the electromagnetic
performance of the shear test rig. Isotropic and anisotropic MR elastomers with three
different CIP volume percentages (17%, 22%, and 32%) were tested by the proposed test
rig. The discussions on the influences of CIP volume fraction and microstructure of MR
clastomer on the material performance were carried out. Furthermore, phenomenological
modelling was conducted to predict the force-displacement relationships of both isotropic

and anisotropic samples.

3.1 Introduction

MR elastomers exhibit fast and revisable changes of their material properties like stiffness

and damping, upon the presence of an external magnetic field. The mechanical properties
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of these are positively correlated to the strength of the external magnetic field. This unique
feature has drawn numerous research and commercial interests; for instance, controllable
devices have been developed and investigated to achieve adaptive seismic isolation, and
structural control [11, 18, 59, 91, 92]. The performance of the aforementioned devices
strongly depends on the MR elastomer material adopted. Therefore, understanding the
behaviour of the MR elastomer is of significance and should be established prior to the
device design in order to obtain a sufficient device performance.

The main MR elastomer components are silicone rubber, silicone oil and ferro-magnetic
particles. Up to date, two types of MR elastomer can be characterized which are isotropic
and anisotropic MR elastomers, depending on the microstructure formation of the
materials. With the presence and absence of a magnetic field during the curing state of
MR elastomer fabrication, anisotropic and isotropic MR elastomer can be obtained
accordingly. The particles are uniformly distributed in the isotropic MR elastomer.
However, the application of the magnetic field during the curing process aligns the ferro-
magnetic particles thus forming columnar structures embedded in the elastomeric matrix
[15]. This structure can be preserved in the MR elastomer after curing thus affecting the
mechanical behaviour of the material like stiffness, damping and magnetorheological effect
(MR effect) [93]. Not only the structure of the filling particles, but the volume of the iron
particle is also an important character that influences the material properties of MR
elastomer. Sun e¢# a/. measured the relative MR effect of MR elastomer samples with 60, 70,
80% weight fractions of Fe content and suggested that the 70%, which is equivalent to
approx. 25% volume fraction, exhibits the highest relative MR effect [94]. In our research,
the CIP volume fractions in MR elastomers are extended to 17, 22, and 32%.

The majority of the existing MR elastomer shear test rig and MR elastomer based adaptive
device practices solely rely on permanent magnets or electromagnets to generate the

magnetic fields, exhibit MR effect, and achieve adjustability of the material properties.
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Dargahi ef al. designed a shear test rig using permanent magnets to obtain the force-
displacement relationships and the magnetic flux density was controlled by adjusting the
number of permanent magnets (PMs) stacked together or the spacing between the PMs
and the MR elastomer samples [80]. Using PMs to adjust the strength of the magnetic field
cannot reach the same level of precision and accuracy as using the electromagnets. A large
portion of shear test rig design features pairs of electromagnetic coils to realise a higher
level of accuracy and precision than that of using PM [4, 93, 95-98]. However, this
approach still has some limitations. For example, to generate a sufficient amount of
magnetic flux, the number of winding and the applied current should be increased to a
considerable value which will result in large size of coil and risk of applying high currents.
Also, the overheating problem will be raised when the coils are working for a long time.
Similarly, these issues are common to happen in the adaptive devices which have a single
magnetic source. To mitigate the shortcomings of the devices with a single magnetic field
source in the electromagnetic aspect, the concept of using hybrid magnets, i.e., PM and
electromagnets have been brought into the development of magnetorheological materials
based adaptive devices [19, 99, 100].

As an essential step towards the application development, modelling of MR elastomer are
frequently investigated. The phenomenological model acts a major role to predict the
force-displacement relationships of the materials, due to its versatile and simple
formulation process. Li ¢f a/. developed a four-parameter model that accurately depicts the
viscoelastic properties of MR elastomer [55]. Addressing the magnetic field dependency
of MR elastomer, a generalised Prandtl-Ishlinskii model was constructed by Dargahi ez a/.
to capture the magnetic-field-induced unique hysteresis behaviour for isotropic MR
elastomers [80]. Reflecting on the strain stiffening effect generated by MR elastomer, Yu ez
al. proposed a phenomenological model which shows ideal fit with the experimentally

characterised hysteresis behaviours of an MR elastomer based isolator [101].
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3.2 Shear test rig featuring both PM and electromagnets

3.2.1 Design of the MR elastomer shear test rig

Fig. 3.1 (a) shows the schematic diagram of the proposed shear test rig. It includes a hybrid
magnets system which features two electromagnetic coils and a PM. The size of the test
rig is 200 mm X 180 mm X 85 mm. The dimension of PM and steel blocks is 35 mm X
35 mm X 5 mm. As shown in Fig, 3.1 (b), the shear plate contains a 45 mm X 70 mm X
15 mm copper block plate, two steel blocks and one PM. The copper block was extruded
cut by a 35 mm X 35 mm square through the thickness direction to accommodate the
stacked steel blocks and PM. Two fabricated MR elastomer samples and the shear plate
were sandwiched between the left and right steel fixtures to form a double-lap structure.
The MR elastomer samples were centred on the steel blocks and the fixtures. The size of
the fixture is 62.5 mm X 35 mm X 35 mm. The two fixtures were bolted to the top of a c-
shaped steel core to form an enclosed magnetic flux path. The two coils were installed on
each branch of the steel core. Each coil contains 1900 turns of coated wire. The winding
directions of the coils are opposite to each other to generate magnetic fluxes of the same
clockwise or anticlockwise direction. N40 grade NdFeB PM was chosen for this test rig.
Two load washers were installed at one end of the fixture to gauge the applied compression
force to the MR elastomer samples before the left and right fixtures were bolted tight to

the steel core.
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Fig. 3.1 Schematic diagram of (a) test rig (b) shear plate (MRE stands MR elastomer)

3.2.2 Finite element modelling

Finite element analysis (FEA) was conducted using ANSYS Electronics Desktop to
characterize the static magnetic field distribution in MR elastomer samples under scenarios
with different currents applied to the coils. The model was constructed following the
designed test rig dimensions and materials. The N40 NdFeB PM was modelled with
remanence B, = 1.25 T and coercivity H. = 9.5 X 10°Am™' . The nonlinear B-H
curves of MR elastomer and steel used in this finite element model are shown in Fig. 3.2.
It should be noted that the B-H curve for MR elastomer used in this model is obtained
from MRF-132DG magnetorheological fluid by Lord Corporation due to similar weight

fraction of iron particle content and permeability of the matrix.

Fig. 3.2 B-H curve for MR elastomer and steel
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Fig. 3.3 presents the FEA results for scenarios where the applied currents vary from 0.9 A,
0.66 A, 0.43A, 0.2 A, OA and -0.45 A. It should be noted that upon the application of
positive value current, the coils produce magnetic fluxes which travel opposing to the
direction of the flux generated by the PM. Thus, the positive currents are meant to reduce
the B values in the MR elastomer. As observed in Fig. 3.3(a), the flux density is almost zero
(0.02T) at the positions of the MR elastomer samples. This indicates that the coils are
capable of cancel out the ‘bias’ field provided by the PM with 0.9 A applied. By cutting
down the applied to 0.43 A and 0 A, as shown in Fig. 3.3 (b) and (c), the flux density in
MR elastomer samples rises to 0.54 T and 0.77 T, respectively. The relationship between
flux density values in the MR elastomer sample and the applied current to each coil are

summarized in Table 3.1.
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Fig. 3.3 FEA result for scenarios of (a) 0.9 A (b) 0.43 A (c) 0 A (d) -0.45 A (MRE stands

MR elastomer)
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Table 3.1 Flux densities in MR elastomer sample

Applied current [A] Flux density [T]

-0.45 1.008

0 0.778
0.2 0.67
0.43 0.534
0.66 0.351
0.9 0.027

The flux density in the MR elastomer sample decreased to 0.02 T from 1.01T when the
applied current increased from -0.45 A to 0.9 A. At 1.017T, the influence of the magnetic
field to the adjustability of MR elastomer reaches saturation and this will be further

validated by experiments in the following section.

3.3 Experiments

3.3.1 Material preparation

The materials required to produce the MR elastomer in this research are silicone elastomer
base (SYLGARD 184, Dow Inc., United States), silicone oil (Type H201-500, Shanghai
Hushi Co., Ltd., China) and 3-5 um diameter CIP (Beijing Xing Rong Yuan Technology
Co., Ltd., China). To fabricate isotropic MR elastomer, the first step is to mix and stir the
silicone rubber and the silicone oil and CIP at 1000 rpm for 15 minutes. The weight ratio
between the silicone rubber and silicone oil is 1:1. Then, the mixture was treated with an
ultrasonic vibrator for 15 minutes to obtain a more uniform distribution of CIP and
remove the air bubble in the mixture. To further eliminate the air bubble, the mixture was
stored in the vacuum drying machine for 10 minutes. After this process, the mixture was

cast into the mould and cured in the oven at 80 “C for 2 hours. Isotropic MR elastomer
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can be obtained after curing. As for the preparation of anisotropic MR elastomer, the
difference lies in the curing stage. 0.5 T magnetic field was generated by coils and applied
to the mixture in the mould and the curing temperature was maintained at 80 “C for 2
hours by the heater. The direction of the magnetic field is parallel with the thickness
direction of the samples. Thus, the formed chain-like structure also aligns with the
thickness direction after curing, It should be noted that the material of the mould and the
heater must be non-magnetic materials to ensure the uniformity of the magnetic field. A
total of six types of MR elastomer samples were prepared and the details of the samples
are summarised in Table 3.2.

Table 3.2 Details of MR elastomer samples

MR elastomer
Material CIP vol% Width Height Thickness
type

isol7 isotropic 17%
anisol17 anisotropic 17%

15022 isotropic 22%

25 mm 25 mm 5 mm

aniso22 anisotropic 22%

15032 isotropic 32%
ansio32 anisotropic 32%

3.3.2 Observation of microstructure

The microstructures of all six MR elastomer samples were viewed by scanning electron
microscope (SEM) machine from Hitachi, Ltd. (model TM4000) at 500 times
magnification with 15 kV accelerating voltage. Since the chain-like structures in the
anisotropic samples are parallel with the thickness direction, the anisotropic samples were
cut in the thickness direction prior to SEM observation. Fig. 3.4 shows the SEM
micrographs of MR elastomer samples, where Fig. 3.4(a), (c) and (e) represents the results
for the isotropic samples with 17%, 22% and 32% CIP volume fractions, respectively, and

Fig. 3.4(b), (d) and (f) are for the micrographs of anisotropic samples with 17%, 22%, and
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32% CIP volume fractions, correspondingly. It should be noted that the difference in the
directions of the chain structure is due to the placing of the sample during SEM
observation. For all anisotropic samples, the chains are parallel to the thickness direction
of the sample. By comparing the results between isotropic and anisotropic MR elastomer
samples, chain-like structures can be clearly observed in anisotropic samples. As the
existence of the chain-like structures, the distances between CIPs are closer along the

thickness direction for the anisotropic MR elastomer than that of isotropic materials.

100 um b 2men X500BSEA

Fig. 3.4 Micrographs of (a) isol17 sample (b) anisol7 sample (c) iso22 sample (d) aniso22

sample (e) is032 sample (f) aniso32 sample
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3.3.3 Test set up

Experiments were conducted to obtain the dynamic behaviours of all six types of MR
elastomer samples under various shear amplitude, excitation frequency and applied current.
The test set up for the MR elastomer shear test is presented in Fig. 3.5. A universal testing
machine (model: WAW-B, Jinan Shenggong Testing Machine Co., Ltd, China) was used for
the experiments in displacement control mode. A load cell is adapted to the top of the
shear plate. The other end of the load cell is connected to an adaptor which is gripped by
the bottom crosshead. A linear variable displacement transducer (LVDT) was attached to
the top crosshead to measure the displacement of the bottom crosshead. The two coils
are connected to separate direct current power suppliers but are applied with identical
current during the test.

The force-displacement hysteresis loops of the MR elastomer samples were recorded by
using sinusoidal excitations with 0.1Hz, 0.5Hz, 1Hz and 2 Hz set as excitation frequencies
and 1mm, 2mm and 3 mm chosen as amplitude. Considering the thickness of each MR
elastomer sample is 5mm, Imm, 2mm and 3 mm amplitudes are corresponding to 20%,
40% and 60% shear strain. The applied currents to the coils are 0.9 A, 0.66A, 0.43 A, 0.2
A, 0 A and -0.45 A, respectively. During each test, the universal testing machine produces
an excitation signal at a fixed frequency and amplitude and the applied current was held at
a constant level. Each test was repeated four times to ensure the reliability of the test results.
Therefore, a total of 72 hysteresis loops were obtained for each type of material under the
designed loading conditions and applied currents. The data acquisition device samples 500

data per second.
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Fig. 3.5 Experimental set up

3.4 Experimental results and discussion

3.4.1 MR elastomer hysteresis characteristics

The measured force-displacement hysteresis loops showed that the hysteresis behaviour
of MR elastomer samples is strongly affected by the excitation amplitude and magnetic
tield applied to the MR elastomer samples. Fig. 3.6 comparatively presented the effects of
excitation frequency, amplitude and applied current for both isotropic and anisotropic MR
elastomer samples. Due to the large amount of data, the measured hysteretic results for
samples with the 17% CIP volume fraction were presented as examples. It should be noted
that the forces in Fig. 3.6 are half of the measured forces, due to the double-lap

configuration of the test rig,
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From Fig. 3.6(a) and (b), which are responses of the isotropic and anisotropic MR
elastomer under different excitation frequency, slight increases of maximum forces and
dissipated energy (enclosed area of hysteresis loop) can be observed. This phenomenon is
identical to the findings from the investigations conducted by [9]. Comparing the
discrepancies of the performances between isotropic and anisotropic samples, under the
same loading condition, the enclosed areas of the anisotropic sample are larger than that
of the isotropic sample. This suggests the better energy dissipating property of anisotropic
MR elastomer.

In Fig. 3.6(c) and (d), when running the shear excitations with different amplitudes, the
areas of the dissipated and the maximum forces grow significantly with the increase of
excitation amplitude. When adding of excitation amplitude, the maximum forces of
isotropic sample grow steadily; whereas, the anisotropic has a much larger force increase
when the amplitude grow from 1 mm to 2 mm than that of the increment from 2 mm to
3 mm. This indicates more linear mechanical properties of isotropic samples under the
change of excitation amplitude when compared with anisotropic samples.

In Fig. 3.6(e) and (f), the increase of applied currents to the coils leads to reductions in
dissipated energy and maximum force for both isotropic and anisotropic samples
effectively. The effect of applied magnetic field on the anisotropic samples is greater than
on the isotropic samples. This suggests the higher adjustability in the material
performances of anisotropic samples. Owing to the pre-aligned CIP chain along the
direction of magnetic fluxes in anisotropic samples, the distances between CIPs are shorter
in the direction of fluxes than that in the anisotropic samples thus resulting in this
significant improvement of MR effect for anisotropic samples [93].

The excitation frequency, amplitude and applied current have similar influences on the
force-displacement hysteretic performance for both isotropic and anisotropic materials.

Nevertheless, the anisotropic samples exhibit higher forces than that of isotropic samples

50



under the same excitation. With varying applied current, anisotropic samples have a larger
range of adjustability. Differences in the shape of the hysteresis loops for the anisotropic
and isotropic samples should also be noted. The slopes at the tips of hysteresis loops show
an increasing trend for anisotropic samples, and this phenomenon is less obvious in the
hysteresis loops of isotropic materials due to presence of pre-aligned CIP chain structure

in anisotropic MR elastomer.

3.4.2 Effective stiffness

To further evaluate the influences of excitation inputs and magnetic fields on the material
properties of all six types of MR elastomer samples, effective stiffness values were
calculated from the hysteresis loops. Effective stiffness and its percentage change under
the influence of magnetic can determine the adjustability of developed MR elastomer
devices. Effective stiffness can be represented by Eq. 3.1 [11]:

F, — Fyi
Keff — dma x dmin (31)

Ama\x - Amin

where Fuma and Fgma are the forces measured at the maximum displacement (Anm.,) and
minimum displacement (Am.) in one loading cycle, respectively. Fig. 3.7 illustrates the
effects of applied current, excitation frequency and amplitude on the effective stiffness of
MR elastomer samples. As observed in Fig. 3.7, anisotropic samples exhibit higher effective
stiffness compared to the isotropic samples with the same CIP content under the same
test condition. This trend matches well with the finding from the investigation of
rheological properties of isotropic and anisotropic MR elastomer conducted by Lu e 4.
[93]. For samples with the same microstructure, higher CIP content results in higher
effective stiffness. From Fig, 3.7(a), with the applied field increasing from 0.02 T to 1.01 T,
the effective stiffness of all MR elastomer samples increase to the highest at 1.01 T.

Anisotropic samples exhibited a larger range of stiffness change than isotropic samples
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under the influence of applied current. However, in the scenario where the maximum
current applied, the effective stiffness of ansio32 sample dropped to a lower value than
that of the is032 sample. For 17% and 22% CIP contents samples, the differences of
effective stiffness between anisotropic samples and isotropic samples became smaller with
the increase of applied current. Fig. 3.7(b) and (c) indicate that the effective stiffness of all
MR elastomer samples is positively correlated to the excitation frequency and negatively

corrected to the shear amplitude.
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Fig. 3.7 Effective stiffness of MR elastomer samples under influences of (a) magnetic field
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Fig. 3.8 marks the percentage of increase of effective stiffness between the minimum (-
0.45 A) and maximum (0.9 A) currents applied scenarios to quantitively analyse the
adjustability of all six MR elastomer samples under various excitation inputs. In Fig, 3.8(a),
which summarises the 0.1 Hz excitation scenario, anisotropic samples exhibit wider
adaptive ranges that that of isotropic samples. Ansio32 has the highest increase% which is
106.61% under 1 mm and 0.1 Hz excitation; however, this value decreases to 25.90% as
the amplitude increased to 3 mm. Though anisotropic samples have higher adjustability,
more stable adaptive ranges can be observed in isotropic samples throughout the 1 mm to
3 mm amplitude range. This phenomenon could be explained by the difference between
the microstructures in MR elastomer samples. In anisotropic samples, ferro-magnetic
particles are closely lined up as columnar structures along the travelling direction of fluxes,
as shown in Fig, 3.4(b), (d), and (f). When the columnar structures are subjected to the
shear deformation perpendicularly, they become stretched; and, the distribution of CIP
deviates significantly. As for isotropic sample, the filling particles are uniformly distributed
in the elastomeric matrix. Since the magnetic forces between ferro-magnetic particles are
highly dependent on the distance between the particles, the adjustability of the anisotropic
samples become more dependent on the excitation amplitude than the isotropic samples.
To present the influence of excitation frequency on the adjustability, Fig. 3.8(b) summarises
the increase% against excitation frequency for the 1 mm amplitude scenario. Negligible
influences of excitation frequency to the adaptabilities of all six types of MR elastomer

samples can be observed.
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Fig. 3.8 Increase percentage of effective stiffness of MR elastomer samples under (a)

different amplitudes 1 Hz (b) different frequencies 1 mm

3.4.3 Equivalent damping

Though the enclosed area of hysteresis loop indicates the energy dissipated during shear
motion, equivalent damping was calculated to evaluate the performance of MR elastomer
samples in terms of energy-dissipating ability, following Eq. 3.2 [11]:

E
Ceq = 2n2fAZ

(3.2)
where E is the enclosed area of the corresponding hysteresis loop, fis the excitation
frequency and A is the excitation amplitude.

Fig. 3.9(a), (b) and (c) show the variances of equivalent damping for six MR elastomer
samples subjected to the influences of the applied field, excitation frequency and amplitude,

respectively. The damping performances behave similarly to the effective stiffness which

increases with the increases of the applied field; however, decreases with the increase of
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excitation amplitude and frequency. Excitation frequency acts a significant role in the

damping performance of MR elastomer samples. A sharp decreasing trend can be

observed when the excitation frequency increases from 0.1 Hz to 2 Hz. It is worth noting

that, at lower loading frequencies (0.1 and 0.5 Hz), the discrepancies of damping

performances between different samples are apparent. Anisotropic samples have higher

equivalent damping values than isotropic samples. Also, higher CIP percentage results in

higher equivalent damping;
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3.5 Modelling of isotropic and anisotropic MR elastomer

The results of the MR elastomer shear test indicate that viscoelastic and strain stiffening
are the two major features of both isotropic and anisotropic samples. With the intensifying
of the magnetic field, the force-displacement hysteresis reflects a stronger stain stiffening
effect. Hence, a simplification from the strain stiffening model proposed by Yu ez a/. was
adopted in the modelling of the hysteretic responses for iso17 and aniso17 MR elastomer
samples, as shown in Fig. 3.10 [101]. The model contains three parts which are an elastic
spring element (&), damper viscous damping element (/) and the strain stiffening
component. The Fj term is not included in this model since the experiment was conducted
after the initial shear force was eliminated by adjusting the crosshead of the material testing
machine. The model is formulated as follow:
F = kx + cx + a|x|x3 (3.3)

where F is the estimated shear force, x and X represent the displacement and velocity of
the shear movement, and £, ¢, and « are the parameters for the linear spring, dashpot, and

stress stiffening element, respectively.
Strain stiffening

7\4 element

AL AAAAF

C

I

Fig. 3.10 The strain stiffening phenomenological model [19]
The combination of the model parameters, £, ¢, and «, that yields the minimum error
between the estimated shear force and experimental data was solved by the least square

method. Fig, 3.11 present the modelling results under the varying of excitation frequencies,
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amplitudes, and magnetic fields for isol7 and ansiol7 MR elastomer samples. The

modelling results suggest that the unique stain stiffening effect and field-dependent

viscoelastic properties of both isotropic and anisotropic samples can be well predicted by

the stain stiffening phenomenological model under the excitation inputs and magnetic field

considered.
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The identified model parameters were further analysed to reveal their dependencies on the
applied magnetic field. In Fig. 3.12 and Fig. 3.13, results from the parameter identification
process for both iso17 and ansio17 samples are plotted to reveal the relationships between
model parameters and the excitation frequency and the applied current. The parameters
identified for isotropic and anisotropic showed identical and clear trends. For parameter £,
as depicted in Fig. 3.12(a) and Fig. 3.13(a), with the value decrease with the increase of
amplitude, but increase with the increase of excitation frequency. The reduce of applied
current stands the intensifying of the magnetic field in the sample and increases the

stiffness parameter. The damping parameter, ¢, values are summarised in Fig. 3.12(a) and

Fig. 3.13(b).
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Fig. 3.13 Model parameters of anisol7 samples (a) parameter £ (b) parameter ¢ (c)

parameter a

As the amplitude, excitation frequency and the applied current increase, the values of ¢
decrease for both isotropic and anisotropic samples. These trends ideally agree with that
of the calculated material properties, i.e., effective stiffness and equivalent damping, as
discussed in section 3.4.3. As for the parameter @, which governs then magnitude of the
strain stiffening effect, its value rises with the increase of excitation frequency and the
intensifying of the magnetic field, however, decreases with the increase of excitation
amplitude. For the isotropic sample, the smaller identified & value than that of the

anisotropic sample well reflects the lower strain stiffening effect of isotropic MR elastomer.
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3.6 Conclusion

This chapter presented a novel shear test rig that features a hybrid magnets system. The
system consists of a set of electromagnet coils and a PM. The implementation of PM
provides a magnetic field without power supply. In this way, the maximum electric current
required to provide the maximum adjustability of the MR elastomer can be cut down and
the overall energy consumption can be trimmed down. As the maximum applied current
can be reduced, the risk of electric overload can be reduced; and more compact design of
the coil can also be realised. These advantages suggest that adopting the hybrid magnets
system can greatly enhance the reliability, compatibility and running time of the
magnetorheological-material-based adaptive devices. Based on the hybrid magnets concept,
the designed test rig provides a magnetic field with 0.77 T flux density when no power
supplied to the coils. When the coils are energized, the variation range of flux densities
can be altered from 0.02 T to 1.01 T. A series of MR elastomer shear tests were performed
by using this shear test rig. Six types of MR elastomer were fabricated and tested, including
isotropic and anisotropic samples with three different CIP volume fractions (17%, 22%
and 32%). Results indicated that, when samples have the same CIP volume fraction, the
anisotropic samples have higher stiffnesses, damping performances and better adjustability
than that of the isotropic samples. Higher CIP content gives a higher effective stiffness
and equivalent damping. The increase of excitation amplitude from 1 mm to 3 mm reduces
the stiffness increase percentages from around 100% to 40% for anisotropic materials, and
50% to 30% for isotropic materials. Moreover, the force-displacement hysteretic
behaviours of both isotropic and anisotropic MR elastomer can be well predicted by the
strain stiffening phenomenological model effectively under the variances of excitation

amplitude, frequency and applied current.
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Chapter 4

Improved Magnetic Circuit Analysis of a

Hybrid Magnet MR Elastomer Base Isolator

In this chapter, an improved magnetic circuit model approach to accurately analyse hybrid
magnetic circuits involving laminated MR elastomer materials is proposed. The new
approach considers the magnetic flux fringing effect and branched magnetic flux paths and
is therefore able to produce effective and efficient estimation of the magnetic field in the
device with complicated structure. With revealing the equations of the relationships
between device design parameters and magnetic flux density values, this approach also
greatly avails the optimization process at the device design stage. A laminated MR
elastomer device featuring hybrid magnets was designed and manufactured as the
benchmark case study. Accuracy of the improved magnetic circuit model is validated via

finite element analysis results and experimental measurements.
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4.1 Introduction

Dispersing ferromagnetic particles in elastomeric solids obtains a class of smart material
normally termed MR elastomer [102]. It exhibits a unique and useful phenomenon which
is tuneable material properties, i.e., stiffness and damping, upon the application of external
magnetic field. Benefiting from this phenomenon, successfully applications have been
reported in the fields of civil engineering [91, 103] and mechanical engineering [104, 105]
for structural control and vibration reduction purposes; and, recently, its potentials have
been further extended to developing sensors, robots and wearables [106-109].

One of the major branches of MR elastomer based application is isolators which can
achieve adaptive isolation performance against different types of seismic conditions due to
its tuneable stiffness and damping [110]. Drawing on the design of commercial laminated
rubber bearings, the multi-layer configuration is normally adopted in MR elastomer
isolators due to its excellence in carrying vertical loading with the minimal bulging effect
in the elastomer layers. Li ¢f al. developed the first adaptive base isolator with 47 layers of
MR elastomer [11]. Based on this configuration, Li ef al. further improved the adaptive
range of base isolators by developing a highly adjustable base isolator with 1630% increase
of lateral stiffness [59]. Harnessing the benefits of this highly adjustable isolator, Gu e# al.
constructed a real-time controlled smart seismic isolation system and conducted a series
of concept-proof experiments with sound outcomes [111]. Following these successful
developments, numerous research on the multi-layer structured MR elastomer isolators
have been carried out. Xing e a/. developed a novel base isolator with 20 layers of MR
elastomer [112]. Although these applications all achieve sound vibration mitigation
performances, solely relying on electromagnet coils to provide magnetic field for the
devices brings significant thermal and energy consumption issues [113]. In the applications

for base isolators or bridge bearings where higher lateral stiffness is required to resist small
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disturbances like wind load and building live load in the majority of the service life, the
coils in the device should be powered continuously [99]. Addressing these issues, the
innovation of utilizing both electromagnet coils and permanent magnets (PM) has been
proposed. The introduction of permanent magnets (PMs) provides MR elastomer devices
with a “bias” magnetic field present when the electric current is zero, which can reduce
energy consumption. A positive or negative electric current can be applied to increase or
decrease the magnetic field and tailor the device properties. For example, hybrid magnets
laminated MR elastomer adaptive isolators designed by Yang et al. [99] and Sun et al. [100]
realized stiffness softening capability, maintaining stability without power during normal
service life, and achieving effective base isolation during seismic events.

However, implementing the multi-layered structure and PM both adds difficulty and
challenge to the design of device configuration and analysis of electromagnetic
performance. For multi-layered structure, steel sheets with high relative permeability,
which is normally around 5000, are chosen to bond with MR elastomer layers to give a
higher magnetic conductivity. However, relative permeability of MR elastomer is usually
as low as 1 to 7 [61]. Laminating these two types of material may result in magnetic fluxes
leaking out from high permeability layers, forming unpredicted flux paths and irregular
flux density distributions in the multi-layer structure. As for using PM, the complexities lie
in the inhomogeneous magnetic field distribution on the PM surfaces and the prevention
of irreversible demagnetization. Considering the strong magnetic field dependence of MR
materials, revealing the magnetic field distribution inside of the laminated MR elastomer
devices featuring hybrid magnets is critical and mandatory to achieve cost-effective and
reliable designs. However, this cannot be achieved by experimental methods since current
available magnetic field sensors are not capable of detecting the field distribution inside of

a cured laminated structure without any structural modifications on the device. And
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opening slots on the laminated structure to accommodate the sensor will cause the detour
of magnetic flux path and unreliable measurements.

Numerically, standard practice is to undertake the design using finite element software,
such as ANSYS Maxwell or COMSOL Multiphysics. However, the construction of FEA
models requires comprehensive details of the device which are commonly not available at
the initial design stage. To obtain an optimal design of an MR device often involves
numerous rounds of trial-and-error. Another analysis approach in developing
magnetorheological (MR) devices, namely magnetic circuit modelling (MCM), produces
equational presentations of the relationships between the device performance and variables
such as the magnetic field strength, material properties and dimensions of the components.
MCM allows theoretical, quantitative analysis and optimization focusing on predominant
design parameters without involving much effort in modifying the geometry of the design
and physical properties of the used materials in the first place. MCM has been successfully
used in developing, analysing, and optimizing MR fluid dampers [114-120], MR fluid
actuators [121-123] and MR fluid valves [124-127].

However, MR fluid devices and MR elastomer devices should be treated separately when
considering MCM as a design technique. For MR fluid devices, large damping force can
be realized by controlling the flow of fluid through narrow channels permeated by the
controllable magnetic field. Therefore, the magnetic path of MR fluid devices is normally
simple and of small length-scale. Simple device configurations result in homogeneous
magnetic field distributions in the MR fluid. In such configurations, the standard MCM
assumptions of no branched magnetic flux paths and no flux fringing are accurate, and
thus the conventional MCM method is viable. However, making these assumptions can
dramatically degrade the accuracy and reliability in designing MR elastomer devices
especially multilayer MR elastomer devices which include larger length-scale and branched

magnetic flux paths. In addition, unlike the sealed structure of MR fluid devices, air gaps
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and free spaces are usually allocated in MR elastomer devices to avoid friction or collision
of moveable parts during shear movements. The existence of air gaps introduces
considerable flux fringing effect and imposes design challenges as a consequence.
Furthermore, the multilayer structure of MR elastomer devices results in inhomogeneous
tield distribution in the device. Wang et al. suggested a design methodology incorporating
finite element analysis (FEA) to design an MR elastomer -based isolator featuring a ten-
layered laminated conical-shaped core [128]. The magnetic field analysis showed that the
average magnetic flux density varied over a factor 2 between the top and middle layers of
MR elastomer. Xing et al. also pointed out substantial differences of magnetic flux density
at different locations in the laminated structure of an MR elastomer bearing [112]. The
inhomogeneous distribution of magnetic flux density among MR elastomer layers triggers
different MR effects and causes discrepancies of mechanical performance of the devices.
These phenomena suggest that the flux leakage and branched flux paths should be included
in MCM for multilayer MR elastomer devices. Though structural complexities of MR
elastomer devices imply challenges in implementing the MCM method, some pilot
investigations have been conducted. Zhou [4] and Zhou et al. [57] iterated equational
relationships between magnetic flux densities and device specifications of MR elastomer
shear testing rigs through MCM. Bése et al. [129] adopted MCM for evaluating the
performance of an MR elastomer valve. Yang et al. [130] computed the magnetic field
distribution of a shear-compression mixed mode MR elastomer isolator by MCM and
obtained close results to FEA. However, these existing MCM implementations for MR
elastomer devices made the same no flux-fringing assumptions as adopted for MR fluid
devices and no multilayer MR elastomer structures with a hybrid magnets configuration
were investigated. Hence, this study develops a hybrid magnets multi-layer MR elastomer

base isobar, for seismic mitigation of buildings and bridges, as a prototype device. To
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provide design and analysis guidance, an improved MCM is proposed and validated with

results from conventional MCM, FEA and experimental results.

4.2 Description of the benchmark device

Fig. 4.1 shows the schematic diagram and a half of the section view with the illustration of
the main flux paths of the proposed hybrid MR elastomer isolator. The main body of the
device adopts the proven design by Li et al. [11] which is able to produce a good level of
magnetic field across the MR elastomer layers. That design is modified by the inclusion of
a PM of thickness 5 mm and diameter 100 mm, sandwiched in the middle of the steel
laminated MR elastomer core. 9 layers of MR elastomer and 9 layers of steel are laminated
alternatively and bonded on both sides of the PM. The first layer attached to each of the
two pole faces of the PM is steel. All steel and MR elastomer layers are 1 mm thick. A 5
mm air gap between top plate and steel yoke allows horizontal movement. Steel cylindrical
blocks of height 37 mm were positioned between the MR elastomer core and the top and
bottom plates. Ten small coils, each having 350 turns, are stacked together, and connected
in parallel to a power supply. Detailed specifications for each component of the isolator
are listed in Table 4.1.

Two magnetic field sources are specified in the device, namely the PM and the coil. When
no current is applied to the coil, magnetic field is sourced from the PM. In this way, the
MR elastomer layers will maintain a higher stiffness without requiring any external electric
power supplied to the device. The magnetic flux generated by the PM travels through the
laminated MR elastomer core, steel parts and the air gap, forming the major magnetic flux
travel path. The intended current direction in the coil is such as to create magnetic flux
opposing the magnetic flux generated by the PM hence reducing the magnetic flux

densities in the MR elastomer layers. The stiffness of the MR elastomer material therefore
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decreases. Hence, softening and adaptability can be achieved by applying and varying the

current supplied to the coil.

Coil

. — — —— — — —

Bottom plate C—————")

Fig. 4.1 Overview and schematic (not to scale) of the proposed isolator. The fluxes
generated by the coil and the PM are represented by the blue dashed line and the solid red

line, respectively (MRE stands MR elastomer)

Table 4.1 Specifications of the components of the isolator

Material Quantity Axial Height (mm)  Diameter (mm)

Steel Block Steel 1008 2 37 100

Steel Plate Steel 1008 2 10 250
180 (inner); 220

Yoke Steel 1008 1 110
(outer)
Steel Sheet Steel 1008 18 1 100
MR MR
18 1 100
elastomer elastomer
PM N40 NdFeB 1 5 100

4.3 Conventional MCM analysis

(a) RMRE Rsteel Rair (b) RMRE Rsteel Rair
T T
to to
Rpy Fom Rpy Fom Fooi
— It — It 1|
I L . L di

Fig. 4.2 Magnetic circuit models without considering magnetic fringing (a) without current

applied (b) with current applied (MRE stands MR elastomer)
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On the assumption that no fringing is considered, conventional MCM for the proposed
isolator can be depicted as Fig. 4.2. By assuming all components of the isolator are in series
connection, the same flux travels through every part and is equivalent to the total flux O.
The hybrid magnetic circuit, Fig. 4.2(b), features the superposition of a magnetomotive
force (MMF) from the PM, denoted Fpy, and an MMF from the coil, denoted Fei, which
operates in the opposite direction to that of Fpy. MMFE values for PM and coil can be
calculated by Eq. 4.1:

Fpm = Helpy

(4.1)

Feonn = Ni
where H. is the coercivity of the PM, lpy is the magnet thickness, N is the total number
of turns of the coil, and 7is the current in each turn. Since all components are in series, the
total circuit reluctance is the sum of the reluctances for each type of material, Ryre, R,
Reireap, and Rpng, which are given by Eq. 4.2:

Rure = nlure /(MvreAMRE)

Rairgap = lairgap / (MairAaicgap)

Rem = lpm/(tipriApn) (4.2)

Rsteel = lyoke/(.uyokcAyokc) + lelate/(ﬂplatcAplatc) + 2lblo ck/ (/-lblockAblock) +

nlsteel sheet /(:usteel sheetAsteel sheet)a

where MRE stands for MR elastomer, 7 is total layer number of MR elastomer, also equal
total number of steel sheet layers, /is the flux path length through each element, A is the
flux cross-sectional area of each element, and u = Sis the element permeability, for H the
magnetic field and B the magnetic flux density. For air, u = py. The N40 NdFeB magnet
was assumed to have linear B-H curve in the second quadrant with remanence = 1.25 T
and coercivity H. = 9.5 X 10°Am™1. The magnet is modelled as a cylindrical surface

current of density H. around the magnet perimeter with the interior of the magnet treated
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2n = 1,3158 X 10" Hm ™! = 1.047p1g. The  relationship

as having permeability ppy =
between B and H for steel and MR elastomer are presented in Fig. 3.2 and symbolically

expressed in Eq. 4.3

Hgeel = fite el (Bsteel) “3)

Hure = fure (Byre)

B in each element is related to the flux and the element cross-sectional area by:
@ = BA. (4.4

For the top and bottom plates of this circuit, .4 varies with radius. For the plate thickness
chosen, the largest cylindrical cross-sectional area was smaller than the planar areas where
the flux entered and exited the plate. The cylindrical cross-sectional area at the average of
the inner yoke radius and the block outer radius was used. As a check against saturation,
the MCM was repeated using the smallest area, at the block outer radius, and the results
were found to change insignificantly. The calculations of the .4 and / values are specified
in Appendix A.

The mathematical expressions of the magnetic circuit models constructed in Fig. 4.2(a)

and (b) can be expressed as Eq. 4.5 and Eq. 4.0, respectively:

Fom = Hclpy = Zfsteel (%) li +ZfMRE (%) li + Clargap + Olow (4.5)

PairAairgap  HpMAPM

Pi)m _Fcoil = HclPM — Ni

= Zfsteel (A%) li + ZfMRE ([%) L+ Dlaiy + Mlii;hf)M (4.6)

I'lairA airgap

By substituting specifications and dimensions of each part of the isolator, the main flux @
is obtained and can be converted to magnetic flux densities distributed in each element
through Eq. 4.4. Summarising Appendix A, Table 4.2 lists the MCM parameters of the

isolator elements.
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Table 4.2 Conventional MCM parameters for the MR elastomer isolator

n / (mm) A (mm?)

Steel Block 2 37 7853.98
Steel Plate 2 110 4398.23
Yoke 1 110 12566.37

Steel Sheet 18 1 7853.98

MR elastomer Sheet 18 1 7853.98
Air Gap 1 5 12566.37

PM 1 5 7853.98

Results from the conventional MCM for current applied to each small coil ranging from 0
A to 1.357 A are presented in Fig. 4.3. The magnetic flux densities in all MR elastomer
layers is seen to decrease from 0.49 T to O T when the applied 7 increased from 0 A to
1.357 A. For the total number of turns N = 3500, 1.357 A current gives 4750 Aturns MMF
of the ten coils (where Aturns is the product of the current times the number of turns)
which is equal to the MMF of the PM, H_lpy;, therefore, at this current, the magnetic field
of the PM is cancelled out theoretically by the field generated by the coil. Although this
method provides rapid solutions for estimating electromagnetic properties, the
assumptions include ignoring the flux leakage and fringing effects; hence the amount of
flux travelling throughout the entire circuit model is constant and flux density values are
identical for components sharing the same .4 value. Hence, for the laminated core area,
flux density values in MR elastomer sheets and steel sheets are the same, which is an
inaccurate description of the magnetic flux density distribution for devices featuring

laminated cores.
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Fig. 4.3 Magnetic flux density in MR elastomer from MCM without considering fringing

effect

4.4 FEA results

An axisymmetric finite element model of the prototype hybrid magnetic isolator was
constructed and analysed through ANSYS Electronic Desktop. The software solved for
the azimuthal component of the magnetic vector potential. Isotropic permeability was
assumed for all materials. The N40 NdFeB magnet was assumed to have linear B-H curve
in the second quadrant with remanence B,y = 1.25 T and coercivity H, = 9.5 X
10°Am™1. Solutions for current applied to each small coil, 7, ranging from 0 A up to 1.357
A, at values corresponding to current MMF values 0 Aturns, 1000 Aturns, 2000 Aturns,
3000 Aturns, 4000 Aturns and 4750 Aturns, were computed in Fig. 4.4. Due to the axial
symmetry of the device, Y2-axisymmetric presentations of the magnetic flux density (B)
plots are shown. Fig. 4.4(a) shows the B plot for 0 A in the coil, i.e., with the PM as the
magnetic source. Magnetic flux fringing can be clearly observed at the air gap and around

the laminated core area. Fig. 4.4(b)-(f) show the results as the 7 increases up to 1.357 A.
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The FEA-calculated average flux density in each layer of the laminated core structure with

different 7 applied is presented numerically in Table 4.3. The top MR elastomer and steel

sheets (furthest from the magnet on the air gap side) are numbered as the 9" layer and

marked as M9 and S9 respectively. For zero current, the average magnetic flux density in

the MR elastomer layers decreases with distance away from the PM, falling from 0.58 T in

the first MR elastomer layer near the PM to 0.51 T in the furthest MR elastomer layer from

the PM. By comparing the FEA results with results from conventional MCM analysis, four

major discrepancies are observed:

The conventional MCM analysis only produces the amount of total flux
travelling through the single flux path. The elements sharing the same cross-
sectional area have the same flux density under these assumptions. For zero
current in the coil, that B value is 0.49 T for every layer of the core structure
including steel sheets, MR elastomer sheets and PM. However, FEA showed an
inhomogeneous distribution of magnetic flux density, with average B value
varying from 0.63 T in the PM layer to 0.51 T in the top MR elastomer layer.

The conventional MCM analysis cannot capture the vector property of magnetic
flux density. For example, in FEA, high magnetic flux densities were observed
in the 1* and 2™ steel layers, namely 1.04 T and 0.70 T respectively. These values
are unusual according to the conventional MCM since the flux density produced
within the PM is 0.63 T. However, the explanation lies in the vector property of
magnetic field: besides the longitudinal magnetic flux density component, there
are the fringing magnetic fluxes leaking along the radial direction of the steel
layers and the 1 mm thickness gives a narrow magnetic flux path. As a result, the
small amount of fringing flux produces a high radial flux density component
which contributes to produce high total magnetic flux density values in the steel

layers. Within each MR elastomer sheet, the flux density is nearly all longitudinal
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and is close to uniform in amplitude across the layer. However, in the steel sheets,
the high permeability allows the flux a low reluctance radial path to the outer
perimeter of the sheet and, especially for the 1 and 2™ steel sheets, a short
leakage flux path to the other side of the PM.

When the applied current in the coil increases to the equivalent amount of Fpy,
the coil offsets the net magnetic flux density to O T everywhere in the
conventional MCM. However, the FEA shows that in fact a flux density of 0.11
T remains in the PM. Associated with the magnetic fringing flux, the average
flux density values in the 1% and 2™ steel layers still remained as high as for zero

current in the coil.

Flux fringing can also be observed at the air gap between the top plate and the
yoke. In conventional MCM, the air gap is represented by a cylindrical annulus
with the same inner and outer diametric as the yoke. However, as shown in the
FEA magnetic flux density plot, instead of travelling straight across the modelled
air gap, the flux fringes to a larger area. Referring to equation (2), this will result
in an error in estimating the reluctance of the air gap and therefore output an

unreliable MCM result.
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Table 4.3 Average flux densities (T) in each layer of the core structure

0A 0.286 A 0.571 A 0.857 A 1.143 A 1.357 A

M9 0.51 0.40 0.28 0.14 0.00 0.10
S9 0.51 0.40 0.29 0.17 0.10 0.15
M8 0.51 0.40 0.28 0.15 0.01 0.09
S8 0.52 0.41 0.30 0.19 0.12 0.17
M7 0.51 0.40 0.28 0.15 0.02 0.09
S7 0.52 0.42 0.31 0.21 0.15 0.18
Mo6 0.52 0.41 0.29 0.16 0.03 0.08
S6 0.53 0.43 0.33 0.23 0.18 0.20
M5 0.52 0.42 0.30 0.17 0.04 0.06
S5 0.55 0.45 0.35 0.27 0.22 0.24
M4 0.53 0.43 0.31 0.18 0.05 0.05
S4 0.57 0.48 0.39 0.31 0.28 0.30
M3 0.54 0.44 0.32 0.20 0.07 0.04
S3 0.60 0.53 0.45 0.41 0.40 0.42
M2 0.56 0.45 0.34 0.21 0.09 0.02
S2 0.70 0.66 0.62 0.67 0.71 0.75
M2 0.58 0.47 0.36 0.24 0.12 0.04
S1 1.04 1.02 0.99 1.03 1.02 1.04
PM 0.63 0.54 0.43 0.32 0.20 0.11

4.5 The proposed MCM analysis

The discrepancies above originate from the overly simplified assumptions adopted, such
as single magnetic path with no fringing, simple air gap path, etc. A modified approach
should be constructed in order to obtain more accurate magnetic field distributions. In the
following, several modifications are applied in the proposed MCM, including modelling

flux fringing in the air gap and around the magnet.
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4.5.1 Modelling of the air gap

Referring to the Eq. 4.2 to 4.5, due to the low permeability of air, the estimation made of
the air gap cross-sectional area can dramatically affect the accuracy of the MCM. A smaller
air gap cross sectional area leads to a higher reluctance value of the air gap element and a
lower total amount of flux. In the conventional MCM, the magnetic flux is assumed to
travel through the air gap along the shortest path, i.e., on straight field lines. However, as
shown in Fig. 4.4(a), the flux travels in an expanded area at the air gap. The flux travel path
at the air gap is observed to be about 10 mm wider than the thickness of the yoke. This
matches closely with the air gap model proposed by Roters [131] which is shown in Fig.
4.5(a). In his model, the width of air gap element between two steel poles of equal width
is extended for two times the gap height g. Although the greater lateral extent of the top
plate would increase the actual air gap enlargement somewhat, the same enlargement of
the air gap width on each side by the gap height g is assumed for the prototype isolator, as
illustrated as Fig. 4.5(b). Since the yoke is a tubular component, the air gap should also be
modelled as tubular and its cross-sectional area can be formulated as follows in terms of

the yoke inner and outer diameters:

® ’ Boke ?
Aajrgap - X < yokezouter + g) —TX < yokezmner _ g) (47)
(a) —— (b)
op plate 4]

. 29 3 4y

Air gap g .

9| T Air gap g
e.
g = KT 1
Yoke g

Fig. 4.5 Air gap models (a) gap model proposed by Roster [131] (b) air gap model for the

proposed isolator
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4.5.2 MCM with consideration of flux fringing

In addition to the modified air gap model, the modelling of the laminated core structure is
also improved in the proposed MCM method. Considering the vector property of
magnetic flux, the fluxes dispersed in each cylindrical layer in the laminated core structure
can be categorised into two dimensions which are normal flux (0) and radial flux (&) as
shown in Fig. 4.6. Normal flux is taken as the flux passing across the disk top surface of
each element while radial flux is the flux leaked out through the side surface of the element
in the radial direction. By the principle of magnetic flux conservation, the difference of the
fluxes crossing the top and bottom surfaces of a layer must equal the flux leaked out the
side of the layer. Because the permeability of MR elastomer is much lower than that of
steel and the radial path across the sheets is quite long, the radial flux leakage for the MR
elastomer sheets is ignored, i.e., approximated as 0. The difference in @ between the
adjacent MR elastomer layers equals the O of the steel layer in between them. Denoting
the total amount of flux generated by the PM, the normal flux in the /" MR elastomer layer
and the leakage flux in the /" steel layer are denoted as Opy, @; and @; respectively, their
relationships are represented as Eq. 4.8:
Ppm = Oy + 03
(4.8)

B =0ip1+0igq

O;.; & | Line of symmetry
P i
< i - Steel sheet
|

Fig. 4.6 Normal flux and radial flux (distributed around the disc perimeter)

Accordingly, the proposed MCM is constructed and shown in Fig. 4.7. Since fringing flux
is neglected in all MR elastomer layers, there is only one category of flux component for

MR elastomer layers which is 0. In steel layers, the magnetic flux was separated into two
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components which are the normal flux (@) and fringing flux (¢). These fringing fluxes
leak out at the /" steel layers then travels through the air path which has the reluctance of
R.ir and goes back to the laminated structure forming the paralleled air reluctance elements
in the circuit. The illustration for the flux leakage paths, i.e., Rain and Rain, are presented in
Fig. 4.8. The calculation of R values follows Eq. 4.2. In Eq. 4.2, /used is the length of
path which crosses the centre of the cross section of R (presented as red dotted line in
Fig. 4.8); and A is using the cylindrical surface area of the steel sheet. Since the fringing
fluxes leaked out from steel sheet layers in the radial direction, the radial reluctance of steel
sheet (R.) is also included in the paralleled fringing path. R values are summarised in
Appendix B. R, is the reluctance of steel sheet in the normal direction. Assuming the flux
leakage only occurs at the middle point of the axial height of the steel sheet, for Opy and

Oy, they only travel for the half of the 1% and 9™ steel sheets respectively on the normal

direction.
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Fig. 4.7 MCM with considering Magnetic flux fringing effect
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Fig. 4.8 Flux leakage path

Additionally, to include the influence of fringing flux at air gap between the top plate and
the yoke, the air gap model presented in Fig. 4.5(b) and Eq. 4.7 was adopted in this MCM
to provide a more accurate cross-sectional size for air gap. Following Kirchhoff’s law, the

mathematical expression of the proposed MCM can be expressed as Eq. 4.9:

Fpm = Opp (RPM + Rsz) + @,1 (ZRSR + Rairl)
D1 (2Rsk + Rair1) = D (2Rsp + Rairz) + 201 (Rue + Rez)

4.9)
Di(2Rsr + Rairi) = Qi1 (2Rsg + Rairis1) + 29;(Rure + Rsz)

Feon =-@9(Rsz + 2Rugre + Rairgap + Rsteer) + Do(2Rsr + Rairo)

By substituting Eq. 4.2, 4.3 and 4.8 into Eq. 4.9, the amount of flux in each layer can be
yielded. To simplify the solving procedure, permeability for steel and MR elastomer is
assumed as constant with pge = 3.93 X 10° Hm" and pare = 4.73 X 10° Hm'. This
assumption is valid since the flux densities in all steel components did not reach saturation;
as for MR elastomer, the total axial height of MR elastomer sheets is small, i.e., 18 mm,
which has insignificant influence on the result accuracy.

However, the flux density cannot be obtained through Gauss’ Law directly since the fluxes

in the normal and radial direction for each element should all be considered when
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calculating flux density. Considering the vector property of magnetic field, Eq. 4.10 should

be adopted to obtain the flux density in steel sheet.

B =@/ An)? + @i/ArY (+10)

where A, and A; are the areas of the top surface and the side surface of the steel sheet.

4.6 Results and Discussion

The computed flux density at each layer using FEA, MCM and MCM considering flux
tringing (MCMF) effect is illustrated in Fig. 4.9. The horizontal axis represents the layers
of the laminated core. The results from conventional MCM are represented by the flat grey
lines since this method cannot capture the variances of magnetic field in laminated core
structures. The red bar and black bar represent the results from the improved MCM and
FEA. The green line and blue line indicate the errors of the MCM with considering flux
fringing effect and the conventional MCM compared with FEA in percentage which are
calculated through Eq. 4.11. It should be noted that MCM and error of MCM is plotted
on Fig. 4.9(f), due to the conventional MCM cannot provide estimations for the scenario
where the same the same MMF as the PM were provided by the coil (when 7 = 1.357 A).
Detailed values of magnetic flux densities and errors are summarised in Appendix C.

ABS(model result — FEA result) 4.11)
Error = x 100%
FEA result
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As shown in Fig. 4.9(a), for the scenario with no current applied, the overall error for all
layers of the laminated core obtained from the proposed MCM and the conventional MCM
are 8.71% and 12.73%. The proposed MCM can well portray the variance of magnetic field
in different layers and the excessively high flux density values in the first 3 steel layers
which are 1.02'T, 0.78 T and 0.64 T respectively, with error within 12%. For MR elastomer
layers, the average error of the proposed MCM is 7.02%. The maximum and minimum
flux density values in MR elastomer are 0.51 T and 0.48 T for the 1" and the 9" MR
elastomer layers well matched with FEA results. The maximum error of flux densities value
between the proposed MCM and FEA is only 0.18 T, however, that of the conventional
MCM is 0.55 T.

By increasing the applied 7 to 1.143 A, as illustrated in Fig. 4.9(e), the overall error of the
proposed MCM increased to 63.00%. Nevertheless, the overall error of conventional
MCM soared to 202.86%. The magnetic flux density in the PM was effectively reduced
from 0.53 T to 0.13 T when the applied 7 increased from 0 to 1.143 A, according to the
improved MCM. At this scenario, although the percentage error increased due to the
decrease of base number, the maximum error of flux density value between the improved
MCM and FEA is only of 0.15 T (0.93 T for the conventional method). It can be concluded
that the improved MCM can effectively capture the electromagnetic performance of the
device when different 7 is applied.

With the increase of the applied current to the coil, the flux density in MR elastomer layers
decreases, however, flux fringing effect at the laminated core still exhibits eminent flux
density values in the steel layers. Additionally, the difference between flux densities of steel
and MR elastomer layers became more noticeable when larger current was applied,
especially for the layer adjacent to the PM. The computed improved MCM can well
reproduce this behaviour. For example, for the first steel layer, it yields 0.86 T, 0.89 T, 0.93

T, 1.01 T and 1.09 T for applied 7 increased from 0 A to 1.143 A with the overall error less
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than 9%. On the contrary, conventional MCM reached almost 70% error for these five
scenarios. With further increase of the applied current to 1.357 A, which is the scenario
that the conventional MCM failed to compute, the proposed MCM still achieves a high
accuracy with overall percentage error of 32% and maximum error of flux density value of
0.16 T.

Compared with results from FEA and the conventional MCM, the effectiveness and
superiority of the proposed MCM in depicting the magnetic flux density for the hybrid

magnets laminated core and flux fringing effect have been revealed.

4.7 Further discussion

4.7.1 Experimental validation of magnetic field

In the real design of laminated MR elastomer based adaptive devices, currently, the
magnetic field in the laminated structure can only be estimated by FEA and MCM; and
there is no sensor available to directly measure the field distribution inside of a laminated
structure without damaging the structure and changing the flux path. Therefore,
developing a rapid and accurate MCM is of great significance addressing the structural
complexity of laminated MR elastomer based devices.

A prototype hybrid magnets isolator was manufactured; and magnetic field measurement
was performed to prove the veracity of the improved magnetic circuit model. The
measurement locations were at the middle of the air gap, as indicated in Fig. 4.10 since
these locations are in the magnetic flux path and can accommodate a gauss meter probe.
Fig. 4.11 shows the setup of the measurement. The isolator was powered by HDS800PS30
power supply (Helios, Australia) configured in AMP-K6030 rack (Helios, Australia). The

gauss meter is TM-197 (Tenmars, Taiwan).
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Fig. 4.11 Measurement setup and gaussmeter

The measured magnetic flux density values are summarised in Table 4.4. The average
measured flux density of the four locations and the results of flux density in the air gap
from the improved MCM and FEA results are plotted in Fig. 4.12. The FEA results were
taken at the middle point of the top plate and the yoke. The measured value is lower than
both the FEA result and the improved MCM. A similar phenomenon has been reported
by Li ez a/ [11]. The major reason of having lower experimental values is that the bonding
surfaces of the laminated structure were not considered in theoretical methods. The
bonding of the MR elastomer and steel layers in the real device is not as perfect as that in
theoretical methods. In the 37-layer structure, there are 38 layers of adhesive applied and

the glue and air bubbles may not have been sufficiently removed between the MR
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clastomer and steel layers in the laminated structure, which may have caused this
discrepancy. It is noticeable that the magnetic flex density gaps between the experiment,
FEA, and Improved MCM are wide at low currents. As the current increases, the magnetic
flux density converges This phenomenon could be resulted by the coupled influences from
discrepancies of material permeabilities, nonlinearity of BH curves and air bubbles between
the layers. As the MMF by coil increases to the same level as that of PM, the net MMF in
the device approaches to zero, therefore, the flux density in the gap approaches to zero
and errors becomes small. Although differences exist, the trends of flux density in the air
gap are similar among the three groups of results when the applied current is changing.
The flux densities decrease with the increase of applied current linearly to the minimum

value when 1.143 A applied; then start to increase with the increase of applied current.

Table 4.4 Measured flux density (mT) at the four points in the air gap

Point 1 Point 2 Point 3 Point 4 Average

0A 141.6 117.2 136.8 126.0 130.4
0.286 A 89.7 78.9 84.8 95.6 87.3
0.571 A 57.9 50.0 56.4 49.5 53.5
0.857 A 35.3 27.5 21.1 18.2 25.5
1.143 A 334 20.1 15.7 15.2 21.1
1.357 A 437 41.2 38.8 29.4 38.3
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Fig. 4.12 Comparison of experimental, FEA and the improved MCM results
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4.7.2 Recommendations on the design of isolator with hybrid magnetic

As for optimization of hybrid magnet systems in the adaptive isolators with laminated MR
elastomer core structure, the selection and positioning of the PM and the configuration of
coil are critical. For PM, according to suggestions from [132], realising the maximum
magnetic energy product is preferred in order to make the volume of PM smallest and to
give the highest efficacy of electromagnetic performance of the device. For a neodymium
magnet, since its demagnetization curve is a straight line in the second quadrant, the max
magnetic energy product can be reached when the magnetic flux density in the magnet is
half of its remanence. According to the improved MCM, in the prototype device, the
magnetic flux density in the PM is 0.61 T when no current applied to the coil. Since this
value is around half of the remanence of an N40 neodymium magnet, e.g., 1.25 T, this
device accomplished a most effective and compact configuration. Regarding the
positioning of the PM, the design proposed used one layer in the middle of the laminated
core structure rather than separating the PM into several thinner layers. This is to protect
the PM from irrecoverable demagnetization when the coil is energised and also to avoid
cracking of PM due to the large attraction force between the PM and steel during
installation. The design of the coil should provide sufticient MMF to offset the magnetic

field from the PM.

4.8 Conclusion

In this work, a novel MR elastomer based adaptive isolator featuring stiffness softening
effect and an improved MCM has been proposed. Also, suggestions addressing the
application of the hybrid magnet system were provided. Considering the magnetic field
dependence of this device, theoretical analysis including conventional MCM and FEA have

been conducted. FEA results revealed that the proposed device provides a wide range of
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controllability of magnetic field, which can be offset to almost 0 T from 0.57 T in MR
elastomer layers when 1.357 A is applied to each small coil, therefore offering outstanding
adjustability in the mechanical properties. By addressing the flux fringing effects the
proposed MCM achieves excellence in capturing the magnetic field distribution localized
to each layer in the laminated structure for both non-current applied and large current
applied scenarios. The proposed MCM also mitigated the failure of computing the

maximum current applied scenario for the conventional MCM.
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Chapter 5

Characterisation and Modelling of MR Gel

In this study, the MR gel sample with carbonyl iron particle (CIP) content of 60 wt% was
prepared. The dynamic hysteresis responses of the MR gel sample have been characterized
using a rheometer under sinusoidal shear excitations with broad ranges of strain amplitude
(10% — 100%), excitation frequency (0.1 Hz — 2 Hz) and magnetic field (0 — 0.91 T). The
experiments suggested that the dynamic behaviour of MR gel heavily depends on the
excitation inputs and magnetic fields. In particular for low level of field (0.27 T), stress
overshoot phenomenon occurred at the reverse of the shear flow. A Bouc-Wen model was
implemented to fit the characterised stress-strain behaviour of MR gel however failed in
predicting the overshoot phenomenon. A simple and accurate phenomenological model
with only four parameters has therefore been proposed to capture this unique nonlinearity
of MR gel, and the field-induced stress overshoot. For the generalisation purpose, the
parameters of the proposed model are identified form the experimental data and used for
the training of a support vector (SVM) assisted model. The SVM assisted model was
validated with other group of experimental data showed accurate predictions of the
hysteretic behaviour and overshoot of the MR gel under all excitation scenarios and the

magnetic fields considered.
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5.1 Introduction

MR gel, as a new branch of magnetorheological (MR) materials [133-1306], holds the
potential to be adopted in adjustable devices, due to that it offers extensive adjustability in
material properties under the influence of the external magnetic field [137]. The
compositions of MR gel are typically polymer gel as the matrix, ferromagnetic filling
particles, and additives. Compared with the free-flowing liquid matrix of MR fluid, which
is the most reported controllable fluid, the partially entangled polymer gel matrix has a
higher viscosity and yield stress, which decides the lower sedimentation behaviour and
superior sealing performance of MR gel [14, 82]. Moreover, the properties of the polymer
matrix can be simply orchestrated by changing the concentration of copolymer,
morphology, and cross-link profile; and, depending on the fabrication composition and
fabrication process, MR gel appear as soft gel, and solid-like [28, 138-141]. Therefore, the
availability of the controllable materials for adjustable devices can be greatly expanded,
and the performance and adjustability of the controllable devices can be more precisely
designated and tailored.

Being classified as both MR material and complex fluid, MR gel express strong
dependencies on both magnetic fields and excitation inputs, i.e., strain amplitude and strain
rate (or excitation frequency) [142]. Furthermore, adaptive devices are normally subjected
to reciprocating loadings with large strain amplitudes, which generally lead to highly
nonlinear stress-strain hysteresis. Under the application of the external magnetic field, the
nonlinearity in the hysteretic behaviour becomes more drastic and complicated since the
materials transform from gel-like liquid state, more sticky elastomeric material to solid
materials. Essential efforts were made to establish understandings of this novel
controllable complex fluid and mainly focused on reporting the innovative recipes for high

adjustable material, experimental testing to revealing the rheological behaviour and
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material stability [26, 29, 65]. The adjustability of yield stress from about 10 kPa to almost
200 kPa can be achieved by MR gel under the influence of the external magnetic field [143].
From the application perspective, the high storage modulus and adjustability of MR gel
can contribute to a more compact device design and higher controllable ranges of the
device. No particle sedimentation was observed in MR gel if the solvent content is lower
than 25 wt% [29]. These findings suggested the potentials of developments of compact
and stable controllable devices for various engineering prospects, including controllable
damping devices and torque transmission actuators.

Towards the design of controllable-material-based devices and predicting the performance
of the devices, it is an essential step to conduct characterization of the stress-strain
hysteresis behaviour of the material. The common approach to obtain the stress-strain
relationships for MR materials is performing sinusoidal shear tests using customised shear
test rigs [29, 54, 80] or rheometers [55, 67] under different levels of magnetic fields.
Commercial rheometers are widely merited for its simple set up and high precision for
rheology studies and material characterisations. The raw waveform data recording function
for large amplitude oscillatory shear test and the electromagnet accessories enable the
stress-strain hysteresis characterisation for MR materials. However, the hysteresis
behaviour of MR gel has not been characterized in the previous research.

Substantial efforts have been made on the modelling of other controllable materials to
predict the stress-strain hysteresis loop under different excitation inputs and external
magnetic field [144, 145]. These models were developed and can be adopted in the control
algorithms to achieve active or semi-active control devices and systems for both
engineering practices and numerical simulations. Two general types of models can be
classified from the past investigations are physical model and phenomenological model.
The physical models are constructed based on the interpretation of the microstructure of

the material and generally have over-simplified assumptions and require a sophisticated
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computation process [146-148]. On the other hand, phenomenological models are based
on the empirical relations between the excitation inputs and hysteresis performances. They
provide a versatile and straightforward model formulation process and consider the
dependencies of frequency, strain amplitude, and external magnetic field. Commonly, the
accuracy and simplicities of the model, i.e., less parameter and avoiding piecewise function
and differential equations, significantly contribute to the effectiveness and response time
of the controller [149].

Therefore, phenomenological models are extensively adopted in depicting the hysteresis
responses of controllable materials and devices. Li et al. [55] proposed a four-parameter
viscoelastic model for the prediction of dynamic hysteresis responses of MR elastomer.
Dargahi et al. [80] established a Prandtl-Ishlinskii model with the sound performance of
describing the dependencies of the field and excitation inputs for MR elastomer. Yu et al.
[101] constructed a Bouc-Wen-operator-based hysteresis model, which can capture the
strain stiffening of the MR elastomer base isolator under the influence of the applied
external magnetic field. For controllable-fluid-based applications, Spencer et al. [89]
proposed a simple Bouc-Wen model for the semiactive control of MR fluid dampers for
engineering structures. In light of this successful implementation of Bouc-Wen model in
MR fluid dampers, this model has been modified to further extend its applicability for large
scale damper [150], self-centring bracing [151] and MR elastomer base isolators [12].
Although numerous variations of phenomenological models have been formulated to
capture the stress-strain hysteresis for magnetorheological materials, their applications to

MR gel have never been reported.
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5.2 Experimental

5.2.1 Material preparation

The MR gel sample in this research is fabricated with 60 wt% of CIP (spherical, 3.5 n
diameter, provided by Beijing Xing Rong Yuan Technology Co., Ltd., China) and
polyurethane (4608 oil-based polyurethane, provided by Jining Tainuo Chemical Co., Ltd.,
China). Polyurethane is normally synthesized by toluene diisocyanate and polypropylene
glycol; and its viscosity can be easily tailored by the ratio between the diisocyanate and
glycol. Higher diisocyanate concentration gives higher viscosity of the polyurethane [29,
65]. The polyurethane appears as soft gel state and has an amber hue before mixing. To
prepare the MR gel, firstly, the polyurethane sample was stirred at 60 °C for 30 minutes
with the mixer set at 500 rpm. Then the polyurethane was cooled down to 30 “C. The
weighted CIP was added to the polyurethane and mixed for 1 hour at 500 rpm. Then, the
mixture was treated with an ultrasonic vibrator for 15 minutes to get a more uniform
distribution of CIP and remove the air bubble in the mixture. To further eliminate the air
bubble and moisture, the mixture was stored in the vacuum drying machine for 2 hours
and then placed 2 days at room temperature. Finally, the MR gel with CIP of 60 wt% was
prepared. Fig. 5.1(a) is the photo of the prepared MR gel sample settled in the beaker. In
Fig. 5.1(b), as beaker is tilted, the MR gel surface bulges towards the tilting direction. Then
the MR gel surface gradually levels to the horizontal plane under the influence of gravity
after approx. 15 seconds, as presented in Fig, 5.1(c). This behaviour suggests that MR gel
has the higher stability and viscosity, compared with free flowing MR fluid; however, yet

reached the elastomeric state as MR elastomet.
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Fig. 5.1 Photos of the MR gel sample (a) settled in the beaker (b) the beginning of tilting

(c) approx. 15 seconds after tilting

5.2.2 Experimental setup and measurements

The dynamic hysteresis characterization of the MR gel sample was performed on the MCR
302 rheometer (Anton Paar Co., Austria) using PP20 model parallel plate measurement
system (Anton Paar Co., Austria), as presented in Fig. 5.2(a). The rheometer is equipped
with the raw data module which enables the recording of raw stress and strain waveforms.
The parallel plate measurement system has a uniform gap height between the PP20
measuring tool and the base plate, thus yields a uniform magnetic field distribution in the
gap. In all experiments, the gap was set at 1 mm. Since the radius of the PP20 measuring
tool is 10 mm, the volume of MR gel sample controlled for each test is nxX172x0.1=0.314
ml. The MR gel sample is applied at the centre of the base plate in the gap. The magnetic
field in the gap was controlled by the coil sets embedded under the rheometer bottom
plate. The maximum current applied to the coils is 5A by the power supply (PS-MDR/5A,
Anton Paar Co., Austria). To find the correlation between the fiend density and the applied
current and to assess the homogeneity of the magnetic field, the magnetic fields at three
locations beneath the base plate were measured by a teslameter (FH54, Magnetic Physics
Inc., Germany) with a hall probe (HS-TGB5, Magnetic Physics Inc., Germany) inserted

under the base plate at the centre, as illustrated in Fig. 5.2(b) and (c). The three locations
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are the projections of the centre, middle of the radius (5 mm from the centre) and the edge
(10 mm from the centre) of the PP20 measurement plate. During the measurement, 0 A
to 5 A (1 A step) currents were applied to the coil; and MR gel sample was applied to the
centre of the base plate with the gap height set at 1 mm. Since the hall probe cannot be
accommodated inside of the gap when sample was placed, the probe inserted in the slot
beneath the base plate. The measured correlation between the field density and the applied
current is presented in Table 5.1. Small discrepancies in the field densities at the three
locations were observed, around 5%. The average of the field density at the three locations
was used in the following sections to indicate the levels of magnetic fields. When the

current is increased from 0 to 5 A, the magnetic field density increases almost linearly from

0Tto091T.
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Table 5.1 Correlation between the magnetic field density and applied current

5mm from 10mm from

Current (A)  Centre (T) centre (T) centre (T) Average (T)
0 0 0 0 0
1 0.26 0.26 0.28 0.27
2 0.47 0.46 0.49 0.47
3 0.64 0.62 0.66 0.64
4 0.78 0.77 0.80 0.79
5 0.90 0.88 0.93 0.91

During the measurement of magnetic field and characterisation tests, a set of magnetic
chambers (MDR H-PTD 200, Anton Paar Co., Austria) were placed on the rheometer base
plate to form an enclosed magnetic flux path. The temperature was controlled at 25 0.2
°C for all measurements by a temperature module (C-PTD 200, Anton Paar Co., Austria)
connected to the base plate and a temperature control hood (H-PTD 200 hood, Anton
Paar Co., Austria) applied over the magnetic chamber. It should be noted that the
temperature fluctuations vary with the applied current. By applying 0, 1, and 2 A currents
for 300 seconds, the temperature increment can be well limited within 0.03 “C. At 3, 4, and
5 A, the temperature increases for 0.05, 0.12 and 0.19 °C over 300 seconds, respectively.
From the past research [152, 153], such level of temperature increment only decreases the
dynamic yield stress of polymer-based MR materials by less than 0.15%. In this research,
the testing time is controlled under 300 seconds which allows 30 cycles of 0.1 Hz test.

The characterisation tests of the hysteresis responses of the MR gel were conducted under
strain-controlled sinusoidal excitations with various frequencies, strain amplitudes and
magnetic fields considered. To date, such characterisation has yet to be reported for MR
gel. For controllable fluid like MR fluid, its hysteresis behaviour has normally been
characterised under excitation frequency from 0.5 Hz to 1.5 Hz [83]. In this research, a

wider range of frequency was considered for MR gel, which were 0.1, 0.5, 1 and 2 Hz. The
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strain amplitudes for the measurements were set from 10% to 100%. Measurements of
each excitation input were carried out with six levels magnetic field applied (currents
applied to the coil set: 0, 1, 2, 3, 4, 5 A), since the storage modulus reaches the maximum
when the magnetic field density increased to about 0.8 T [29]. All tests were conducted
under stain control. The temperature was set at 25 “C for all tests. 513 data points were

samples for each measured hysteresis loop.

5.2.3 MR gel dynamic characteristics

The recorded stress-strain hysteresis of the MR gel sample indicated strong and
complicated dependencies on excitation frequency, strain amplitude, and the external
magnetic field. Fig. 5.3 shows the stress-strain relationships of the MR gel sample under
the influences of the frequency, strain amplitude, and magnetic field. The enclosed area of
the hysteresis loop represented the dissipated energy under the sinusoidal shear motion.
The stiffness can be represented by the slope of the major axis of the hysteresis curve.
Primarily, the increases of excitation frequency, strain amplitude and magnetic field
contributes to both the energy dissipation and stiffness of MR gel. The presence and
intensifying of the external field form and strengthen the CIP chain structures in the gel
matrix and result in the drastic growth of the elastic component in the MR gel. The
dynamic response of MR gel is similar to pure viscous material without the magnetic field;
however, under the magnetic fields, it become to be ellipse shaped as the viscoelastic
materials. This unique transition from the magnetic field off and on states of MR gel
differs from other MR materials like MR fluid and MR elastomer. MR fluid and MR
elastomer exhibit box-shaped and ellipse-shaped hysteresis loops, respectively [80, 83]; and
the presence of external field does not change the general outlines of their hysteresis loops.
An apparent stress overshoot effect was observed and will be discussed in the following

section.
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Fig. 5.3 Hysteretic responses of MR gel (a) influence of frequency (30% strain; 0.27 T) (b)

influence of strain amplitude (0.1 Hz; 0.27 T) (c) influence of magnetic field (0.1 Hz; 30%

strain)

Fig. 5.3(a) compares the influence of excitation frequency on the stress-strain responses
of MR gel when strain amplitude is fixed at 30% and 1 A current applied to the coil. The
growing frequency effectively increased the dissipated energy and the stiffness of the MR
gel. This phenomenon is in line with the findings from Yang et al. [82] and Xu et al. [29].
Fig. 5.3(b) represents the hysteresis loop with different strain amplitudes applied under the
same level of excitation frequency (0.1 Hz) and magnetic field (0.27 T). Although the
increase of strain amplitude increases the measured maximum shear stress, the reducing

slope indicates a decreasing trend of storage modulus with the rise of strain amplitude.
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Similar results were reported in [65, 154]. Fig. 5.3(c) depicts the influence of the applied
magnetic field when the excitation inputs are fixed at 0.1 Hz and 30% strain. The plot for
the 0 T scenario, located at the bottom right corner of Fig. 5.3(c), has a neatly circular
shape, and the gradual slope of the hysteresis loop suggested a minor effect of elasticity.
Due to the absence of the magnetic field, CIP contents are randomly distributed in the
polyurethane matrix rather than forming columnar structures [25, 26]. The application of
the external magnetic field results in a nonlinear viscoelastic-material-like behaviour.
Further intensifying the magnetic field (up to 0.91 T) outputs an increasing trend of both
stiffness and energy loss of MR gel under the sinusoidal waveform.

Furthermore, significant stress overshooting phenomenon can be observed at the shear
rate reversing points of a strain cycle, only under the application of magnetic field,
especially for the lower-level magnetic fields (0.27 T). The occurrence of overshooting is
because of that the reversed strain deformation is accumulated slower than the shear stress
in the shear flow is unloaded [155]. Numerous similar stress-strain responses were reported
in the rheological studies of a wide range of soft matter and complex flow [156-159] and
suggested that the occurrence of overshooting is strongly dependent on the strain rate of
the shear flow [160]. As suggested by [161], wall slippage and surface roughness of the
measurement tool may also lead to stress overshoot phenomenon; and, the overshoot
induced by wall slip normally appears as abrupt drop and fluctuation of the shear stress.
The smooth and contentious hysteresis loop of MR gel means that the measurement is
not significantly affected by wall slip.

With the involvement of the magnetic field, the overshoot of MGR is not simply
dependent on excitations and shows more unique dependency on the applied current. As
shown in Fig. 5.3(a) and (b), when 0.27 T applied, this phenomenon showed up in all
excitation frequencies and strain amplitudes. Form Fig. 5.3(c), although under the same

excitation frequency and strain deformation, as the magnetic field further increased to 0.47
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T and 0.91 T, the overshoot became less visible and then disappeared. It could be explained
that the intensified magnetic field strengthens the yield stress of the CIP chain structures
in MR gel; the reverse of strain rate occurred before the shear stress reaches the yield level
of MR gel under a large magnetic field. This phenomenon has not been found in the
dynamic characterization studies of other controllable materials.

However, stress overshoot frequently appears in practical engineering applications and is
always challenging and critical for researchers to capture in the control system, since the
ignorance of overshoot will cause false feedback and failure of control [150, 162]. Thus,

modelling practices for MR gel were performed in the following section.

5.3 Modelling of the hysteresis behaviour

5.3.1 Hysteresis modelling using Bouc-Wen model

As the hysteresis behaviour for MR gel has not been revealed in the past, modelling of this
unique response is lack of practice and in urgent demand. Here, we use Bouc-Wen model
to fit the stress-strain behaviour of MR gel since it is the universally accepted model for
portraying nonlinear behaviour of materials and structures, and has been successfully used
in reproducing the nonlinear behaviour of MR fluid/MR elastomer materials and devices
[12, 101]. This could be beneficial in modelling for MR gel since MR gel exhibits both
viscous and viscoelastic behaviours depending on the presence of the external magnetic
fields. An existing Bouc-Wen model developed by Yang ¢7 a/. for an MR elastomer isolator
was implemented to model the MR gel dynamic behaviour, with the formulation presented
as follow [12]:

Test = akoy + (1 - a)koz + Coy
(5.1)
|n—1

z = Ay — Blyllz|"" "z — &6ylz|*
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where 7., y and y are the predicted shear stress, shear strain and strain rate respectively; a,
B, 0, A, and # are the non-dimensional parameters which govern the shape and size of the
predicted hysteresis loops; & and ¢ are the parameters for the elastic spring and dashpot
element, respectively; z is the imaginary variable to represent the time-series function of
the shear strain. Generic algorithm was applied to find the combinations of model
parameters that yields the minimal value root mean square error (RMSE) between the

experimental data and 7. RMSE can be expressed by Eq. 5.2 as follow:

RMSE = %Z[r(j) — Test (N1 (5-2)

N

j=1
Where N is the number of samples in one hysteresis loop, and 7)) and 7.«()) stand the /"
measured shear stress and the estimated shear stress from the Bocu-Wen model,
respectively. The predictions from the Bouc-Wen model are compared with the
experimental results in Fig. 5.4. Fig. 5.4(a), (b) and (c) presents the fitting of the model

under the scenarios of different excitation frequencies, strain amplitudes and applied

currents, respectively.
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Overall, the Bouc-Wen model is able to predict the general outlines of the MR gel
hysteresis loops and the transitions before the revering points of the shear motions; but
fails to portrait the overshoot phenomenon after the revise. In Fig. 5.4(a) and (b), under
0.27 T scenarios where MR gel exhibits significant stress overshot, the Bouc-Wen model
ignored all details for the stress overshoot and only estimated shear stress as gradual
increasing lines. Although, in Fig. 5.4(c), the Bouc-Wen model showed acceptable
performances for the viscous-like response under O T and the viscoelastic behaviours

under 0.47 T and 0.91 T as expected, the ignorance of the overshoot behaviour will still
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lead to the false feedback for the controller and failure of control in the application stage.
The following sections propose a simple and accurate 4-parameter phenomenological
model which can characterize the unique overshoot behaviours of MR gel with considering
the dependency on the magnetic field to mitigate the lack of practice of MR gel hysteresis

modelling;

5.3.2 Formulation of a 4-parameter overshoot model

The experimental results in Fig, 5.3 indicated the hysteresis responses of MR gel without
the application of the magnetic field form an almost circle and barely has the sign of
overshoot and elastic behaviour. As the field density increases to 0.27 T, two major features
of viscoelasticity and overshoot can be identified. Therefore, when stress overshoot
occurred, the shear stress can be decomposed into two parts, which are a viscoelastic part
and the overshoot part. The viscoelasticity part of MR gel is modelled through using the
Kelvin-Voigt model, which parallels a linear spring element (£) and a viscous dashpot (¢)
[87]. The Kelvin-Voigt model can be formulated as:
Tyiscoelastic = K¥ + ¢y (>-3)

where p is the shear strain and y is the shear rate. The overshoot stress (1,) component,
considering its shape and occurring location, is represented by a two-parameter overshoot

element formulated as follow:

(5.4

(0]

(1 + Yaor)ba™@@H¥ner), >
(1 - Vnor)ba_a(l_ynor)vy <0

where 4 1s the governing the magnitude of the overshoot stress component, «is controlling
the shape variation and location of the overshoot element, yu is the normalized strain ().
To illustrate the effect of parameter « on the shape and the location of the overshoot
stress, the normalized 1, values are plotted in Fig. 5.5. When « value is set at 3, the clear

overshoot peak can be observed. With the further increment of 4, the peaks start to merge
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to the shear flow reverse points and become resemblant to the shape and location of the
overshoot observed from MR gel characterization under the lower magnetic field scenarios.
When « is lower than 3, the shape of the overshoot element shows a close match with the
nonlinear viscoelastic behaviour of the MR gel under the higher magnetic fields (0.47 T
and 0.91 T). As for O T case, where the hysteresis loop presents an almost perfect circular
shape, the overshoot element is deactivated (parameter & set as 0). Subsequently, by
paralleling the overshoot element with the viscoelasticity model, the proposed model can
be formulated as follow:

_ { ky + ¢y, Applied current = 0 (5.5)
Test = lky + ¢y + To) Applied current # 0 '

where 7. is the estimated shear stress from the proposed model. Fig. 5.6 is the structure
of the proposed model. With the combination of the overshoot element and the Kelvin-
Voigt model, the estimated shear stress plotted in Fig, 5.6 becomes identical to the

characterized dynamic behaviour the of MR gel with stress overshoot phenomenon.
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Normalised shear stress

Fig. 5.5 Shape variation of the proposed overshoot element
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(1 + Ynor)ba™@(*¥nor) jy > 0
(1 - Vnor)ba_a(l_ynor)')} <0

0—4\/\/\/;—0
+
Kelvin-Vogit
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ky +cy

Fig. 5.6 The proposed overshoot phenomenological model
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5.3.3 Parameter identification and analysis

Considering the proposed model contains only four parameters, i.e., £, ¢, 4, and b, and has
no differential equations, the four parameters can be identified using the least square
optimisation method to yield the minimal RMSE (Eq. 5.2) between the experimental
results (7) and the estimated shear stress (zs) by the 4-parameter overshoot model. For the
0 T scenarios, 2 values are not considered, and parameter & was set to 0 since the overshoot
clement is only active while the magnetic field is applied. Fig. 5.7 shows the simulation
results from the proposed model for scenarios reported in Fig. 5.3. In Fig. 5.7, the solid
and dotted lines represent the experimental data and estimated data by the 4-parameter
stress overshoot model, correspondingly. The proposed model accurately captures the
hysteresis responses of MR gel for all excitation inputs and magnetic fields considered. At
the scenarios and locations where the stress overshoot occurred, the model also showed
ideal prediction. The full list of simulation results and experimental data are prepared in

Appendix D.
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The identification results of the four parameters are summarised in Table 5.2 (B represents
magnetic field density). To further illustrate the influence of excitation inputs and the
magnetic field on the model parameters, the 3D plots are prepared in Fig. 5.8 via Thin
Plate Spline algorithm [163]. The clear relationships between the parameter and the
variations of the magnetic field and excitation strain amplitude can be observed. In Fig.
5.8 (a), the vertical axis represents the magnitude of parameter @, which has a clear
decreasing trend with the increase of the external magnetic field and with the decrease

strain amplitude. At a larger stain amplitude and a lower magnetic field level, « value is
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larger. By comparing « values under different excitation frequencies, it can be concluded
that @ decrease with the increase of the frequency. Similarly, in Fig. 5.8 (b), parameter & is
decreased by the intensifying of flux density and the increase of strain amplitude; however,
it increases with the increase of the excitation frequency. Corresponding to Fig. 5.5, the
larger @ value gives a more marginalized location from the centre of the horizontal axis of
the peak of overshoot stress.

Moreover, larger 4 value yields a larger stress overshoot magnitude. These trends match
closely with the findings from the experiments, suggesting that the lower field density and
larger strain amplitude result in a sharper and more significant stress overshoot. For the
parameters of the elastic spring (£) and the dashpot element (¢), which are summarised in
Fig. 5.8 (c) and (d), respectively, they undergo increasing trends as the magnetic flux is
increased, and the strain amplitude is decreased. The increasing of excitation frequency
slightly increases the £ values; however, it reduces the ¢ values. These trends agree with the
physical interpretations of the parameters, i.e., the external magnetic field contributes to
both the damping and stiffness of the MR gel; however, the strain amplitude has the

opposite effect on the stiffness and damping.
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Table 5.2 Model parameters 4, b, £, and ¢ under: (a) 0.1 Hz; (a) 0.5 Hz; (a) 1 Hz; (a) 2 Hz.

(2)

Amplitude=10%

Amplitade=30%

B(T) a b k c a b k a
0 N/A 0 1.53E-03 8.52E-03 N/A 0 8.70E-04 6.09E-03
0.27 3,57 3510 3.01E-01 2.71E-01 4.67 70.69 1.68E-01 1.78E-01
0.47 3.44 3280 5.96E-01 3.62E-01 445 0454 292E-01 3.13E-01
091 263 2441 8.15E-01 5.12E-01 2.86  51.33 3.28E-01 3.74E-01
Amplitude=50% Amplitude=100%
BT a b k c a b k a
0 N/A 0 6.75E-04 5.57E-03 N/A 0 5.07E-04 5.03E-03
0.27 6.04 9554 1.06E-01 1.75E-01 7.27 111.61 5.06E-02 1.42E-01
0.47 486 83.25 1.90E-01 2.99E-01 6.00  90.00 8.49E-02 2.30E-01
091 291 5570 221E-01 3.15E-01 3.02 6283 1.20E-01 2.36E-01
()
Amplitude=10% Amplitude=30%
BT a b k c a b k a
0 N/A 0 1.89E-03 2.49E-03 N/A 0 1.17E-03 1.86E-03
027 379 4438 3.16E-01 6.11E-02 446 7885 1.87E-01 3.31E-02
0.47 343 43,56 06.52BE-01 9.45E-02 427 7559 3.32E-01 6.83E-02
091 330 39.52 827E-01 1.27E-01 373 4694 3.57E-01 9.64E-02
Amplitude=50% Amplitude=100%
B(T) a b k c a b k a
0 N/A 0 7.82E-04 1.72E-03 N/A 0 7.58E-04 1.60E-03
0.27 5.07 9820 1.29E-01 3.59E-02 5.87 115.77 6.31E-02 3.09E-02
0.47 482 81.61 216E-01 6.93E-02 530 9436 1.09E-01 5.66E-02
091 377 6225 229E-01 8.50E-02 4.05 68.08 1.19E-01 6.05E-02
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Amplitude=10%

Amplitude=30%

BT a b k c a b k a
0 N/A 0 225E-03 1.14E-03 N/A 0 1.89E-03 9.66E-04
0.27 3.05 2090 3.29E-01 2.73E-02 424  83.06 1.87E-01 1.66E-02
0.47 3.00 1948 06.79E-01 5.69E-02 4.07 80.16 3.38E-01 3.50E-02
091 299 1744 891E-01 7.88E-02 3.81  60.68 3.60E-01 4.84E-02
Amplitude=50% Amplitude=100%
BT a b k c a b k a
0 N/A 0 8.64E-04 9.12E-04 N/A 0 8.42E-04 8.84E-04
0.27 526 12628 1.30E-01 1.78E-02 5.88 14574 6.64E-02 1.60E-02
0.47 517 10271 230E-01 3.46E-02 548 120.38 1.12E-01 2.97E-02
091 372 7450 235E-01 4.14E-02 431 8436 1.22E-01 3.02E-02
(d)
Amplitude=10% Amplitude=30%
BT a b k c a b k a
0 N/A 0 7.81E-03 2.16E-03 N/A 0 4.92E-03 1.65E-03
027 344 31.62 3.52E-01 1.78E-02 416  90.58 2.13E-01 9.68E-03
047 331 3138 06.91E-01 3.45E-02 416  91.27 3.69E-01 1.95E-02
091 3.06 30.13 9.34E-01 4.03E-02 3.94 84.84 432E-01 247E-02
Amplitude=50% Amplitude=100%
BT a b k c a b k a
0 N/A 0 4.25E-03 1.52E-03 N/A 0 3.77E-03 1.39E-03
0.27 447 14998 1.76E-01 9.63E-03 523 166.31 8.59E-02 9.87E-03
047 439 135.18 2.80E-01 1.89E-02 5.14 145.85 1.38E-01 1.74E-02
091 411 11596 3.00E-01 2.37E-02 416 13097 1.53E-01 1.89E-02
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Fig. 5.8 Model parameter identification results (a) parameter g; (b) parameter 4; (c)

parameter £; (d) parameter .

To quantitively evaluate the accuracy of the proposed model, mean absolute percentage

error (MAPE) was calculated for all cases following:

N
_ 1 T(]) - Test(j) 0
MAPE = E_ ABS[T] x 100%

(5.6)

The overall MAPE value of 12.023% suggests that the proposed model can accurately

predict the dynamic hysteresis behaviour of MR gel under a broad band of excitation strain

amplitude, fervency, and different levels of magnetic field
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5.3.4 Support vector machine (SVM) assisted model

In the practical use of phenomenological models for the controllable materials and devices,
the controlling systems are expected to have adaptive performance under fluctuating
excitations and magnetic fields. Since the model parameters are normally identified from
experimental characterizations with the test conditions like frequency, amplitude, and
magnetic field, held at constant levels, models should be generalised prior to the
application in the controlling system. In the past research, model parameters are generally
generalized by using the average parameter values under the same magnetic field level and
finding the equational expressions between the averaged parameter values and the
magnetic field to reduce the complexity of generalization process. This approximation is
valid for the scenarios where the material or device performance is majorly dependent on
the magnetic field.

However, the characterized MR gel dynamic behaviour and the identified model
parameters are heavily reliant on both the magnetic field and the excitation inputs. The
simplification by averaging parameters does not apply to the MR gels. Moreover,
establishing the equational expressions for the parameter values with three variables, i.e.,
frequency, strain amplitude, and applied magnetic field, is challenging to achieve ideal
results.

Support vector machines (SVMs), as supervised learning models, have been successfully
implemented in material science and engineering for accurate prediction, classification, and
regression analysis [164-167], and can tackle the multi-variable fitting problems in the
model generalization process. In this research, an SVM assisted model is formulated as
presented in Fig. 5.9; and consists of two parts: a trained SVM model and the proposed
overshoot phenomenological model. With frequency (f}, strain amplitude () and magnetic

field density (B) as inputs, the trained SVM predicts the model parameters, i.e., @, b, £, and
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¢. Subsequently, the proposed phenomenological model uses the parameters predicted by
the trained SVM models to produce the estimation of stress-strain hysteresis loops for MR

gel under the given inputs, i.e., £, 4, and B.

Inputs Trained SVM models 4-Parameter overshoot model Outputs

T=yk+yc+t, Prediction of
_ )@+ Vaor)ba™ ¢ *7mon), y > 0 hysteresis for
(1 = ypop)ba=®(nor) y < 0 MRG

Fig. 5.9 The architecture of the SVM assisted model

In the training process for SVM, the identified values of the four parameters in Table 5.2
were used as training data, which considers frequencies of 0.1, 0.5, 1, and, 2 Hz, strain
amplitudes of 10%, 30%, 50%, and 100% and field densities of 0, 0.27, 0.46, and 0.91 T.
The SVM model contains four sub-SVMs for the four model parameters. Radial kernel
function was chosen in the four sub-SVMs. For nonlinear data distribution, the kernel
function maps the data into higher dimensions to make the distribution more linearly. Two
parameters (gamma, and cost) in the kernel function control the fitting of the SVM.
Gamma and cost affect the range that the straining samples reach and the penalty for
making errors in prediction, respectively. Higher gamma values generate more support
vectors and wider reach of data sample. Too large or too small cost will result in poor
model predictions by over-fitting or under-fitting, respectively. To achieve optimal
prediction accuracy, the gamma and cost values for the kernel function in each sub-SVM
were tuned separately until the R-squared value between the estimation and training data
reaches a value higher than 0.95. Table 5.3 summarised the tunned gamma and cost values
for the four sub-SVM models. In Fig. 5.10, the estimated parameter values from the trained

SVM model and the identified model parameters used in the training were plotted. The
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overall R*value is 0.997 and suggests that the trained SVM provides accurate predictions
of all parameters with frequency, amplitude, and field density are all considered as inputs
and can reproduce the hysteresis loops for the test scenarios used for straining process.

Table 5.3 Gamma and cost values for SVM model

gamma cost

a 0.5 200
b 0.09 300
£ 0.05 800
¢ 0.5 50
1000
E a
, 100 b
E F x k
<
_; 10 E o¢
2
g 1
5 3
S 01k
& R =0.997
0.01 F
0001 L Ll Ll SR
0.001 0.1 10 1000

Identified value

Fig. 5.10 Correlation of the SVM estimation and identified model parameters.

However, the SVM assisted model should be further validated for test scenarios that were
not used in the training process to prove the effectiveness of generalization. The hysteresis
loops of MR gel under strain amplitudes of 20%, 40%, 60%, and 80%, frequencies of 0.1,
0.5, 1, and, 2 Hz, and field densities of 0, 0.27, 0.46, and 0.91 T were used as inputs for
the formulated SVM-assisted model. The measured hysteresis loops and estimations from
the SVM-assisted model are compared in Fig. 5.11 and 12, which suggest well agreement
between the experiments (solid lines) and the prediction (dotted lines). Fig. 5.11 (a), (b), (c)
and (d) show the result for 0.64 T scenario under the frequencies of 0.1, 0.5, 1, and 2 Hz,
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respectively; In each of these four plots, hysteresis loops under different strain amplitudes
(20%, 40%, 60%, and 80%) are compared. The ideal fitting between the experimental data
and the results from the SVM assisted model suggests that the proposed model is capable
of describing the effects of both excitation frequency and strain amplitude for MR gel.
The effectiveness of the SVM assisted model of depicting the influence of magnetic fields
is presented in Fig. 5.12, for 20% strain and 2 Hz frequency; and, the model traced the
experimental results closely for all magnetic fields considered. These results suggested that
the proposed SVM-assisted model can accurately describe the hysteretic behaviour under
the influences of frequency, strain amplitude, and magnetic field for MR gel; and, the

application of SVM in the model for generalization purpose is practical.
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5.4 Conclusion

As a recently developed controllable material, MR gel exhibits high adjustability in the
material properties and excels in the sedimentation performance which can benefit the
development of controllable devices. However, the nonlinearities of MR gel under the
application of different levels of the magnetic field is unique from other controllable
materials, i.e., MR fluid and MR elastomer. Moreover, in the characterized stress-strain
hysteresis loops, clear overshoot of shear stress was observed at the reverse of shear flow
when low magnetic field applied (0.27 T). The occurrence of this phenomenon could cause
severe instability and false control feedback of adaptive devices.

This research characterized its dynamic hysteresis performances under a broad band of
excitations and external magnetic field to take the full advantages of MR gel and achieve
precision control of the adaptive devices. A simple and accurate four-parameter
phenomenological model was proposed and validated with the characterized hysteresis
data of MR gel. This model is based on the variation of a classic Kelvin-Voigt model with
adding a proposed overshoot element. The proposed phenomenological model showed
good agreement with experimental data; and its identified parameters were analysed for
the dependencies on the magnetic field and excitation inputs. By implementing SVM to
the proposed phenomenological model, an SVM assisted model was formed and showed
excellence in tracing the stress-strain performances of MR gel under all the excitation
frequency, strain amplitude, and magnetic field considered. And the magnitude and
location of stress overshoot under a low magnetic field were also accurately described.
These results proved that the proposed models have the effectiveness of predicting the
dynamic hysteresis behaviours for MR gel under varying magnetic fields and excitations;

and the applicability of employing in the control algorithms.
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Chapter 6

Characterisation and Modelling of

Thixotropy for MR Gel

In this chapter, a mini review is prepared to elaborate the physical explanation,
characterisation, and modelling of thixotropy first. A thixotropy model for MR gel based
on the available flocculation models is then formulated. MR gel is the characterised by
thixotropy loop tests and shows typical thixotropic behaviours on rheometer. However,
the results from thixotropy loops are only limited in the qualitative aspects. A stepwise test
protocol is proposed for characterising the thixotropy of MR gel with considering the
influences of resting time, shear rate and magnetic field. Predictions from the proposed
model is validated with the experimental results and showed good agreement. Finally,
discussions on the thixotropy of MR gel from the engineering application perspective will

be presented.
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6.1 Introduction

Magnetorheological gels are comprised of micron-sized ferromagnetic particles, i.e., nickel
particles, iron particles and carbonyl iron particle (CIP), and polymeric gel matrix, i.e.,
polyurethane and carrageenan [168, 169]. The free-flowing ferromagnetic particles
dispersed in the gel matrix can form chain-like and columnar microstructures that parallel
to flux direction of applied field. Through adjusting the flux density, the tannable material
properties can be achieved, so-called magnetorheological (MR) effect. Compared with the
other classes of the MR material, MR gel can be placed in the intermediate between MR
elastomers and MR fluids and mitigates their inherent limitations. In MR elastomers, the
elastomeric matrix trapped the mobility of ferroparticles, thus resulting in approx. 50 times
lower MR effect than that of MR gel which can exhibit over 200 times increase in the
storage modulus [29, 54]. Owing to the higher viscosity of polymeric matrix than the carrier
oil of MR fluid, MR gel showed significant enhancements in the shear stress, sedimentation
performance and application stability compared with MR fluids [70].

Despite the fact that using polymer as matrix offers fascinating performance
improvements for MR materials, compositions of high viscosity polymer and particles
normally exhibit reversible and irreversible structural changes which highly depends on the
shear flow rate and the recent history of flow [31]. The time-dependent reversible change
under flow is defined as thixotropy [170]. This phenomenon is reflected to the
microstructures in the suspensions, i.e., junctions of polymers and particle flocs, which
take finite time to evolve to another state and back again when subjected to different flow
conditions and resting. During the thixotropic transition, three kinds of interactions were
normally identified: structure break-down by flow stress, build-up by collisions in the flow
and Brownian motion. Due to Brownian motion, the atoms and molecules are constantly

agitated and the elements in the suspension will move to positions or state where sufficient

118



attractive force can be provided to form these elements into microstructures. The
thixotropic behaviour in the particle filled polymer suspensions is thus inevitable.
At the macroscopic level, after the steady state of the composite is reached, the correlation
of yield stress and shear rate can be well portrayed by rheological models, i.e., Bingham,
power law and Hershel Bulkley models. But the shear stress evolution over time between
successive steady flows of different shear rates, as shown in Fig. 6.1, cannot be properly
described by the yield stress models. In Fig. 6.1, the red dashed lines refer to the resulted
shear stress in respect of the transitions of shear rates (the black solid line) over time. As
the linear increased shear rate is applied to a material which has been rested for t; seconds,
the shear stress grows linearly to the static shear stress noted as .. After t; seconds, o
gradually decreases to a dynamic yield stress oq under a constant shear rate as the balanced
state of flocculation and de-flocculation processes was reached. As the instantaneous
increase and decrease of shear rate occurred at t; and t4, the delayed response of shear
stress is caused by the thixotropy in the composite. It has been shown recently in several
investigations that the magnitude of 1o and the delayed response of shear stress is

associated with resting time and shear rate; and the steady state 1q does not relate to the

past flow history [171, 172].
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Fig. 6.1 Shear stress evolution under changing flows
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However, thixotropy in magnetorheological suspensions is complicated by the
involvement of magnetic fields which not only vary the steady states toq values, but also
constantly interfere the flocculation and de-flocculation of the ferroparticle
microstructures. As a result, the evolutions from static yield stress to the steady state will
also depend on the magnitudes of the magnetic field. In the recent investigation by Wang
et al. [173], cellulose nanocrystal filled MR fluids were fabricated and exhibited 7000-fold
increase in the shear stress as the magnetic flux density increased from 0 to 0.3T. The
thixotropy loop induced 3000 time increase in the enclosed loop area which refers to the
magnitude thixotropic behaviour. Li e7 a/. reported the similar finding that magnetic fields
tend to increase the enclosed areas of thixotropic loop [174]. Stepwise experiments were
also performed and showed that the recovery of ferroparticle microstructure is rather
quickly under the magnetic field. Although characterising time-dependent rheological
behaviour by thixotropy loops has limitations, which will be detailed in seczion 2.4, the
current findings suggested that magnetic field acts differently on the rheological behaviours
and the evolutions of microstructure in the MR fluids.

For polymeric-gel-based MR gel, the influence of magnetic field on the thixotropy has not
been investigated before. As a promising candidate to improve the stability, sedimentation
performance and control precision of shear mode controllable devices, i.e., dampers,
suspensions, and clutches [8, 175, 1706], the ignorance of thixotropic effects may result in
the degradation of control precision during the starting state and transitions between two
stead states of the developed applications. Thus, the characterisation of the time dependent

rheological effects for MR gel is of urgent demand.
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6.2 Literature review

6.2.1 Physical explanations of thixotropic behaviour under magnetic fields

One of the classic explanations of thixotropy is presented in [177]. Interactions between
particles and carrying matrix decide the potential energy well, noted as AE, for a particle.
As shown in Fig. 6.2, the particle will be trapped in the well unless an energy higher than
the AE was given to the particle by the external stress or strain. In the macroscopic view,
flow occurs after certain number of particles leave their potential energy well, which is call
yield stress behaviour. For a thixotropic system, the AE increases when the resting time
prolongs, as the result of the interaction of Brownian motion and evolution of the

dispersion microstructure during resting.

Fig. 6.2 A physical explanation of thixotropy for a particle filled dispersion without

magnetic field

For a thixotropic system containing ferroparticles under magnetic fields, this theory
becomes inadequate to quantitively explain the energy required for a particle to leave the
well at the microscopic level, due to localized anisotropy caused by the formation
ferroparticle chain structures. Particles in or near the chain structure require much higher
energy to leave the well than that of a free-flowing particle. Also, the size of the chain

structure affects the energy required for a particle to leave the structure as larger chains
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have lower magnetic reluctances that gives higher flux densities and attracting forces on
particles. As a result, the thixotropic behaviour in ferroparticle suspensions could be
explained from the macroscopic level when flow occurs.

To illustrate the influence of magnetic field on the particle interactions and flow behaviour,
Fig. 6.3 was prepared. In Fig. 6.3, black lines indicate the flow curves for different degrees
of flocculation and can be treated as imitations for the flow curves for different sizes of
the ferroparticle chain structures under varying magnetic field with assumption that the
flocculation will not break-down when subjected to increasing shear rates. In reality, the
sizes of the flocculation are not constant because break down and rebuild of the
microstructure take place constantly. Thus, extreme shear thinning (blue dotted line on Fig.
06.3) occurs when the flocs are completely broken into particles.

As the magnetic field involves, the attractions between particles become stronger and the
evolutions between degrees of flocculation become dependent on the field. On Fig. 6.3,
the equilibrium curves intersect with lower flow curves for the decreased flocculation sizes
as the shear rate increase; and the involvement of magnetic field results in different initial
flocculation status and decreasing pattern of flocculation size throughout the shear process.
When a balance state between the de-flocculation and flocculation of the particles is

reached, the equilibrium curve will follow the flow curve of a particular size.
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Equilibrium flow curve (strong magnetic field)
Equilibrium flow curve (medium magnetic field
Equilibrium flow curve (low magnetic field)
Flow curve (constant microstructure)
""""""" Extreme shear thinning

Shear stress
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Fig. 6.3 Microstructures and flow curves of a ferroparticle dispersion

6.2.2 Thixotropy models

Towards the modelling of thixotropic effect, two major techniques were reported:
phenomenological models and micromechanical models [178-180]. Micromechanical
models focus a scientific interpretation in terms of the material compositions, mechanisms,
and physics laws. On the contrary, phenomenological models aim to provide general
description of the mechanical behaviour of material under complicated characterisation
conditions. However, no definitive model is available for both approaches due to
complicated nature of thixotropy and the wide range of thixotropy materials. In this review,
only phenomenological models will be discussed as they are more versatile and easier to
be introduced to the MR materials compared with micromechanical models.

For a phenomenological model of rheological behaviors, viscosity is one of the
fundamental parameters to be described, i.e., 7 = T/y where 7 is the shear stress and y is

the shear rate. To portray the time dependent microstructure, flocculation parameter A is
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introduced as a function of time. This parameter represents the instantaneous status of
structure or the “degree of jamming” [181]. In literatures, structure evolution equation for
A is assumed to be dependent on the instantaneous flow condition II; and the

instantaneous structure [182]. Thus, the thixotropic behavior can be represented as:

7(t) = fi[A(D), Hy(f)]

GA 6.1)

BT flA@®, 1, (0)]
Coussot et al. [183] adopted the similar principle and proposed the expression of 4 to

represent the thixotropy:

n=n(l+4")
am 1 6.2
a g M

where 70, 7, 0 and a are material parameters. This model has been proven to be effective

for Bentonite suspensions though validate with the magnetic resonance imaging and

simulation [184]. Based on this advancement, this model has been adopted to model the

thixotropy for cement paste [171, 185]. Roussel [186] derived Eq. 6.2 to the following form:
=0+ D1y + ky™

da 1 (6.3)

at Tam A

where T, 7 and a are thixotropy parameters and the flocculation state A is dependent on
the flow history. For a state where the steady shear stress is reached, the A becomes zero
which means the thixotropy apparent yield stress Az is fully eliminated under a constant
shear flow. A will evolve to larger values after resting of the materials. In equivalent to this
structure evolution equation for parameter A, fading memory integrals were applied by
Wallevik ez al. [187] to provide a more practical interpretation of the flocculation and
dispersion of the grains.

For the MR materials, the current practices are limited to fit the characterized rheological

behavior to models that contains the structure evolution equation. Li ez al. [174] applied

124



the structure kinetics model to fit the recover behaviour (storage moduli G gradually
increase under constant shear rate) of a ferrofluid during a low shear rate interval after a

higher rate interval. The structure kinetics model can be written as:

% = hy (1= )% — hoy"2° + hay (1 — 2)° ©.4)

On the right-hand side of Eq. 6.4, the first to the third term are for the rate of formation
of the flocculation, flow-induced micro structural break-down and the formation of the
structure by shear motion, respectively. /1, 53, and /s, are model constants and parameters
a to ¢ are model fitting parameters. For the recovery stage, only the first term was

considered. However, the results are limited in fitting the recovery of storage moduli of

the ferrofluid under one magnetic field level.

6.2.3 Characterisation methods of thixotropy

The rheological features exhibited from a thixotropy systems can be summarised as time
dependent viscosity decrease under flow in conjunction with reversibility when the flow is
decreased or paused. Based on these features, several measurement techniques such as
hysteresis and step test were proposed to quantitively characterise thixotropy in various
materials. However, reversible and irreversible microstructure changes, time effect and
shear history all can introduce fault and limitations to the measurements. The following
sections will present discussions on the measurements based on hysteresis and stepwise

tests and justifications of applying these methods to characterise thixotropy in MR gel.

6.2.3.1 Thixotropic loop

Characterising thixotropy using hysteresis loops was firstly reported by Green ef a/ [188].
It plots the shear stress responses following the sequence of increasing sweep of shear rate

from zero to the maximum and then decreasing sweep from the maximum to zero. If the
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sample is thixotropic, the measured result will show a hysteresis loop with the increasing
sweep exhibiting higher shear stress values than the decreasing curve. This difference is
caused by the transient nature of thixotropy. To be specific, the break down and recover
of microstructures happen slower (shearing time is enough to reach steady state) than the
increasing and decreasing of shear rates to the next value, respectively. The area enclosed
by the two curves is used as a characteristic for thixotropy.

However, the measurement is heavily affected by the test procedure. The major concern
on this test is that the test time and shear rate change simultaneously. The shear history of
each measurement point thus differs from all other points. Also, number of measurement
points, shear rate change between points and measurement time of each point will result
in variance of loop shape. For the same increasing and decreasing shear rate range, longer
measurement time and more points lead to smaller loop area. And there has no imperial
guideline proposed on the setting these variables for the tests.

Moreover, the measured hysteresis area is not a physical rheological parameter. The
possibility of investigating the influence of the shear rate on the microstructure evaluation
over time is limited. For example, hysteresis presented in [173, 174] for MR fluids can only
indicate the influence of the magnetic field on the shape and area of the loops; and larger
filed density exhibits a larger loop area. The results are limited to be a qualitative
identification for thixotropy and a comparison of thixotropy for MR fluids with different
compositions, rather than uncover the relationships between the material resting time,
shearing time, shear rate and microstructure evolutions for MR suspensions under

magnetic fields.

6.2.3.2 Stepwise tests

To mitigate the coupling issue of time and shear rate for the hysteresis loop, methods based

on stepwise changes of shear rate or shear stress were proposed. By applying the constant
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shear flow to the sample until the stress response reached the steady state one can
repetitively produce a reliable reference test status. This status is normally followed by
intentions applications of a higher or lower value of shear rate or shear stress. This method
also provides the possibility for checking the reversibility of the experimental data by bring
the shear rate or shear stress back to the initial level [174].

The stepwise experiments can also characterise another important aspect of thixotropy:
flocculation process [186]. By alternatively applying the constant shear flow and zero shear
rate resting interval, the flocculation status after different resting can be reflected by the
response at the beginning of each shear flow. However, this aspect is normally missing in
investigations of MR suspensions. In MR suspensions based adaptive devices, the shutting
down or pausing of the shear motion input of the device can be considered as resting the
MR suspensions in the device. Different resting time results in different static yield stress
of MR suspensions, as the flocculation process constantly occurs during resting. The
change of static yield stress in associate with different resting time normally cause the stress

overshoot, latency of control and overfeed of magnetic field.

6.3 A thixotropy model for magnetorheological gels

In the case of model suitable to predict the thixotropy of MR gel and potential application
point of view, features other than scientific exactitude should be addressed and are listed
as follow:

e the evolution between the static yield stress and dynamic yield stress over time of
the magnetorheological gel under different levels of magnetic field should be
described by the model;

e cffect of resting time under different magnetic fields should be included in the

model as a reflection on the initial flocculation state 4;

127



e the model should be easy to apply and have least number of parameters.
The thixotropy model for MR gel is developed based on the basic thixotropy principal Eq.
6.3. As Bingham model is proven to be effective to describe the rheological behaviour for
MR gel [139], Eq. 6.3 can thus be written as Eq. 6.5 with # set to 1, K replaced by plastic
viscosity u, and 7 assumed to be 0 for the scenario where the yield stress at rest increase

linearly with time.

=14+ Do + 1y (6.5)
i 1 (6.6)
a1

In the case of constant shear rate, the assumption that the characteristic time of
flocculation is longer than that of de-flocculation process, the first term in Eq. 6.6 can be
thus neglected. After integration, Eq. 6.6 yields:

A= Ainitiare " (6.7)
where a is the fitting parameter. When the time 7 is equal to zero, the A yields the initial
flocculation state Ainiia Of the MR gel after resting. However, for the practical measurement,
the shear stress response can only be recorded after the shear occurred which makes the
Ainisat at # = 0 s point hard to be captured by the rheometer. ty and A were introduced to
represent the time consumed to characterise the first data point and its corresponding
fluctuation state at to. As the magnetic field may introduce variation of shear stress
evolution pattern, the constant ¢ is replaced by a variable § for a more accurate and flexible
fitting outcome of the phenomenological model. The Bingham model assumes the
dynamic shear stress to be linear with shear rate. The measured results in Fig. 6.6 show
linear trend but still have certain deviations. For a shear rate where the Bingham model
cannot precisely output the steady state shear stress 7, the accuracy of the thixotropy
model will be greatly degraded. This is because of the thixotropy in MR gel normally shows

a smaller magnitude of shear stress evolution when compared with the two or even three
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times change observed in concrete. A term 7, is added to the model to compensate the
inaccuracy of Bingham model. 7, can be calculated through:

Tm = measured steady state shear stress — (Tg + 1,¥) (6.8)
This term can also contribute to capture the shear stress increase caused by the remanence
in CIPs which will be detailed in section 4.4. The developed thixotropy model for MR gel
thus writes:

T= (14205 + py + T (6.9)
The flocculation state Ay and thixotropic yield stress A7 at to can thus be derived and

represented as Eq. 6.10 and Eq. 6.11.

shear stress at tg—measured steady state shear stress
Ao = (6.10)

measured steady state shear stress

At = shear stress at ty — measured steady state shear stress (6.11)

6.4 Experimental results

6.4.1 Material and testing setup

The MR gel sample with 60% weight fraction of CIP (spherical, 3.5 p diameter, Beijing
Xing Rong Yuan Technology Co., Ltd., China) was studied. The gel matrix is polyurethane
(type CT001, Shanghai Shengju Co., Litd., China). Polyurethane is normally synthesized by
toluene diisocyanate and polypropylene glycol; and its viscosity can be easily tailored by
the ratio between the diisocyanate and glycol. Higher diisocyanate concentration gives
higher viscosity of the polyurethane [29, 65]. The fabrication process of MR gel includes
four steps: weighting the polyurethane and CIP following the weight ratio of 2:3; mixing
the two components evenly at 60 °C for 30 minutes with the mixer set at 500 rpm; placing
the mixture in the vacuum drying machine at the temperature of 25°C for 2 hours to

remove air bubble; resting the mixture at 25°C for two days. The fabricated MR gel appears
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as black viscous gel as shown in Fig. 6.4(a). When magnetic field applied, the sample
appears as semi solid with small column structures as shown in Fig. 6.4(b). The
magnetization curves of the MR gel sample and CIP were measured by a vibrating sample
magnetometer (VSM, Lake Shore 7407, USA) at 22°C and presented in Fig. 6.4(c). The
superparamagnetism at zero field strength indicated that no large floc was formed in the

suspension and proved the stability of the fabricated MR gel.
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Fig. 6.4 Photo of MR gel and magnetization curves (a) Fabricated MR gel sample (b) MR

gel under magnetic field (c) 60% CIP MR gel and CIP magnetization curve

The rheometer used in this work is MCR 302 rheometer (Physica MCR 302, Anton Paar
Co., Austria) equipped with the twin gap measurement system as presented in Fig. 6.5(a).
The schematic of the tween gap system is shown in Fig. 6.5(b). In this measurement

geometry, the magnetic field (red arrow line) is produced by application of direct current
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to the coil which is embedded under the nonmagnetic housing. The direct current is
supplied by a separate power unit (PS-MDR/5A, Anton Paar Co., Austria) and controlled
by the rheometer software. The nonmagnetic housing serves as the container for the MR
gel sample while having a slot opened at the bottom to accommodate a hall probe for the
magnetic field measurement. A magnetisable disk is embedded in the nonmagnetic housing
and guides the magnetic flux to the inner cylinder (20 mm diameter) where contains the
MR gel sample. The two-part yoke is applied as a magnetic bridge to form uniform
magnetic field oriented vertically to the measurement gaps. The rotor (TG16, Anton Paar
Co., Austria) is magnetisable; and the plate of the rotor (16 mm diameter; Imm thickness)
forms two 0.3 mm measurement gaps with the nonmagnetic housing and the yoke. This
enclosed geometry well prevents the sample centrifuging out issue of parallel-plate
geometry which has the sample sandwiched between two plates with the lateral side
unshielded. The deformation of MR gel under magnetic field causes an increased normal
force. The two gaps balance the normal forces on top and bottom of the rotor plate thus

improve the measurement stability.

(b)  MRG
Yoke
Non magnetic (magnetisable
housing housing)
Hall Probe Magnetisable

disk

on magnetic housing

Fig. 6.5 Twin gap measurement geometry (a) photo of twin gap geometry (b) schematic of

twin gap measurement geometry

Three types of tests (steady shear test, thixotropy loop test and stepwise thixotropy test)
were designed to portray the time dependent rheological behaviours of MR gel which will

be detailed in the following sections. For all tests, four levels of current applied to the coil
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are 0, 0.2, 0.4, 0.6 A which can generate 0, 0.1, 0.2, 0.3 T flux density, respectively. The
magnetic fields were measured by a teslameter (FH54, Magnetic Physics Inc., Germany)
with a hall probe (HS-TGB5, Magnetic Physics Inc., Germany). Temperatures was
maintained at 21°C + 0.05 °C for all measurements by a circulating temperature module
(C-PTD 200, Anton Paar Co., Austria) connected to the temperature controlled bottom
plate. The volume of MR gel loaded in the nonmagnetic housing for each test is 0.4 mlL.
Demagnetisation was performed immediately after every test to eliminate the remanence

in the magnetisable rotor.

6.4.2 Steady state behaviour

The steady shear tests were firstly conducted to characterise the basic rheological
behaviours of MR gel at their steady states under the four levels of magnetic field.
Successive shear rate steps of 3000, 4000, 5000, and 6000 s were considered. It should be
noted that each shear step should be long enough that the measured shear stress value
reaches the steady value. In this experiment, each step takes 30 s when the flocculation
parameter A decreases to zero in Eq. 6.9. The measured results (solid lines) are fitted with
Bingham model (dotted lines) as presented in Fig. 6.6. The expropriated values of yield
stress 7y and plastic viscosity u, under the four magnetic fields are summarised in Table 6.1
and show the decreasing trend for plastic viscosity and increasing yield stress as the

increasing of magnetic Field.
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Fig. 6.6 Steady shear stress of MR gel

Table 6.1 Fitted yield stress and plastic viscosity values of MR gel

Magnetic flux density [T] 0 0.1 0.2 0.3
Yield stress [kPa] 2.942 4.807 10.204 21.624
Plastic viscosity [Pa s] 1.2312 1.102 0.98 0.8526

6.4.3 Thixotropic loops of MR gel

In Fig. 6.7, the thixotropy loops are presented for shear rate ranging from 0 to 6000 s
under the magnetic field of 0, 0.1, 0.2, and 0.3 T. Each hysteresis loop is comprised of two
curves for the increase (red lines) and decrease (blue lines) of shear rate. On a single curve,
20 points were recorded with measurement time of 1.5 s for each point. The fabricated
MR gel showed thixotropic behaviour for all magnetic fields. The thixotropy for zero filed
scenario indicated the loss of junction and deflocculation of CIP. The enclosed area of the
thixotropy loop grows with the increase of flux density. However, this phenomenon
cannot be simply concluded as the magnetic field increase the thixotropy in MR gel. The

magnetic fields also increase the yield stress of the MR gel thus resulting a decrease trend
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of thixotropy in relative to the yield stress at the corresponding level. The change of
hysteresis shape also suggests an interesting impact of magnetic field at deflocculation
process. The down curves for the scenarios with magnetic fields showed concave shapes
which can be interpreted as that the magnetic field tends to prevent the break down or
accelerate the recovery of microstructures structure in MR gel. However, to present the
full picture of the influence of magnetic field and resting on the thixotropy in MR gel, the
constant shear test should be conducted, and the flocculation should be investigated which

will be presented in the following section.
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Fig. 6.7 Thixotropy loops of MR gel under the magnetic field of 0, 0.1, 0.2 and 0.3 T

6.4.4 Stepwise thixotropy tests of MR gel

As the thixotropy is a time-dependent and reversible behaviour, a reference state in MR
gel should be carefully chosen to compare the influences of the resting time, shearing time,
shear rate and magnetic field. Theoretically, the completely flocculated and de-flocculated
states can be treated as candidates for referencing the influences on rebuilt and break down
of microstructures. In fact, none of the two states can be reached. For the completely

flocculated state, MR gel contentiously flocculates under magnetic field and the irreversible
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structural changes occurs, i.e., hard cake and remanence of the aggregated ferroparticles.
As for the completely de-flocculated state, infinity shear rate is required.

Thus, to characterise time-dependent rheological behaviour of MR gel, an equilibrium state
under a constant shear rate and magnetic field is the most suitable since the balance
between the structural break down and rebuilt is reached. If the equilibrium state of a
constant shear rate follows a resting time, the de-flocculation process stops, and the
microstructure starts to rebuild. By varying the length of the resting time, different levels
of recovery can be then characterised applying an instantaneous shear motion of the same
shear rate. Under different combinations of shear rates and magnetic fields, although the
resulted dynamic yield stresses are different, the effect of different resting periods can be
compared, as long as the shear motion and the magnetic field is constantly applied until
MR gel reaches the steady state.

This work proposes a test protocol for MR gel based on the stepwise experiments with
choosing the equilibrium state under a constant shear rate and magnetic field as the
reference states. The test waveform (Fig. 6.8) comprises of three types of intervals which
are pre-shearing interval (black sold line), resting intervals (red sold line) and shearing
intervals (blue sold line), with total running time of 315 seconds. The value of shear rate is
not specified on Fig. 6.8 as in each test only one of the four designated shear rates (3000,
4000, 5000 and 6000 s™) is configured. A 30-second pre-shearing was performed at the
beginning of each test. It should be noted that, compared with other rheological
characterisations, the purpose of the pre-shearing adopted in this work is to bring the MR
gel to the “most deflocculated” reference state (see section 6.2.2), rather than eliminating
the discrepancy in the initial microstructure of the measured samples and avoiding
transient behaviour. The first resting interval lasts 1 s and is placed after the pre-shearing.
Then, the first shearing interval is applied for 30 s at a designated shear rate to characterise

the shear stress evolution between the initial flocculation state and the steady state. Then,
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the resting intervals (4, 10, 30 and 90 s) and shearing intervals take place alternatively. In
this way, the fluctuation state at the beginning of each resting interval (or at the end of
each pre-shearing and shearing interval) are the same and the influence of resting time on
the flocculation process can be compared. For each shearing interval, the measuring time
of one data point is 1 s thus total 30 points were sampled for each shearing interval. The
magnetic is maintained at the same level throughout all intervals and four levels of flux
density were considered which are 0, 0.1, 0.2, and 0.3T. New MR gel sample is applied for

each test and demagnetisation were performed at the end of each test.
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Fig. 6.8 Excitation waveform of stepwise thixotropy tests

The measured shear stress response of shearing intervals for the shear rates of 3000, 4000,
5000 and 6000 s™ were plotted as solid lines on Fig. 6.9 to Fig. 6.12, respectively. It should
be noted that the time on horizontal axis is in respect to the start of the shearing interval.
In this way, the flocculation state after different resting time, which is manifested by the
measured shear stress at 4 = 1 s, can be compared in a clear manner. It can be observed
after each resting interval, the shear stress presents a decreasing trend until it comes
approximately to the dynamic yield stress. And this de-flocculation process is in line with

the theoretical interpretation in Fig. 6.1. This confirms that the rheometer is able to probe
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the reversible thixotropy behaviour and break the recovery during the resting interval. The
shear stress significantly drops within the first 5 seconds of the shearing interval and
gradually approaches to the steady state at approx. 10 seconds. Under the scenarios with
and without magnetic fields, the de- flocculation patterns are similar.

However, comparing the dynamic yield stress after 1 and 90 seconds resting, discrepancies
can still be observed which appears to have a larger value after the 90-second resting. The
differences in the dynamic yield stress are less than 0.4 kPa and tends to increase at larger
flux densities; and the differences are smaller in the cases without magnetic field. These
suggest the occurrence of irreversible microstructure change in MR gel after long resting
time under magnetic fields. Although CIPs are soft magnetic material which does not show
magnetism when the external field is removed, the iron particles may have remanence
during the long-time application of large magnetic field [189]. The CIPs with remanence
may cause a locally larger magnetic field than the external field and form larger flocs; thus,
lead to larger dynamic yield stress values.

The modelling results of the proposed model are also presented as dots on Fig. 6.9 to Fig.
6.12. Firstly, the A were decided through substituting the measured shear stress at to to Eq.
0.9. The shear stress evolution of the shearing period after to can then be obtained by
finding the ideal fitting parameter a and g for Eq. 6.9. The proposed modelling results

agree with the experimental data.
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6.4.5 Thixotropic yield stress and flocculation state of MR gel

To further understand the influences of magnetic field and resting and shear rate on the
thixotropy of MR gel, thixotropic yield stress 7 and the flocculation state at Ay should be
discussed. As described in section 6.3, thixotropic yield stress can be represented by the
magnitude of stress drop between the first static yield stress and dynamic yield stress, and
flocculation states is the ratio between the thixotropic yield stress and dynamic yield stress.
Due to the first measurement point is taken at /=1 s by theometer, A7 and A at 4 of MR
gel is investigated.

Fig. 6.13(a) to (d) show the thixotropic yield stress of MR gel under the shear rates of 3000,
4000, 5000 and 6000, respectively. It can be observed that resting increases the thixotropic
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yield stress for MR gel as expected and is mostly effective in the first 10 seconds. After 30-
second rest, the increase in the thixotropic yield stress becomes insignificant. With the
increase of shear rate from 3000 to 6000 s™, Az after 90 s resting at zero field dramatically
grows from 0.122 to 0.588 kPa. The increase of Az at 0.1 T is rather small compared with
the zero-field scenarios. Whereas, as the fields increase to 0.3 T, A7 values are two to three
times higher than the zero-field scenarios under all shear rates.

Ao values are also plotted in Fig. 6.14. Compared with Az, shear rate and resting time have
similar effects, but magnetic field tends to decrease the flocculation states. this can be
explained as magnetic field has a more apparent contribution on MR effect than on
thixotropic effect for MR gel. To be specific, the flux density of 0.3 T contributes to approx.
doubled thixotropic yield stress compared with that of zero field. As the magnetic field has
a more significant in raising the steady shear stress values, A tends to reduce with the
increase of the field. Thus, the effect of magnetic field on thixotropy of MR gel cannot be
simply concluded as an increase or decrease trend and should be carefully evaluated by

both thixotropic yield stress and flocculation status.
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6.5 Further discussion on MR gel thixotropy

The results in this work indicated the complicated thixotropy in MR gel as a result of the
coupling of shear flow and magnetic field. Although MR gel significantly improves the
sedimentation performance and yield stress compared with conventional MR fluid, its
thixotropy nature may raise challenges in the practical applications. MR materials in the
developed devices, i.e., dampers and clutches, are majorly operate in two modes: shear
mode and flow mode. And both operating modes can induce the thixotropy.

For device operating in shear mode, a typical application is MR fluid clutch. The shafts

disks and the outer cylinder forms the channel to contain MR fluids. By adjusting the
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magnetic field that is perpendicular to the shaft disk, the damping property of MR fluid
can be tuned, and the different torque transmissibility can be achieved. This operating
mode is identical to the twin gap measurement step up in this work. During the clutch
running, thixotropy may be involved after the change of speed and altering the magnetic
tield. If the shaft rotation speed is suddenly increased, the thixotropic yield stress is
expected and will gradually decrease to a lower dynamic yield stress. The involvement of
the thixotropic yield stress will cause sudden stuck for the clutch during transitions
between different speeds. Also, after certain time of shutting off, the increased flocculation
state causes a higher thixotropic yield stress. These phenomena are also possible for flow
mode device, i.e., MR dampers. In a damper, the piston structures form narrow flow
channels with the outer damper cylinder. The piston or the outer cylinder is normally
integrated with winding coils that controls the magnetic field in the channel. As the liner
motion of the piston takes place, MR fluid flow to the other end of the damper through
the channel. In this way, adaptive damping performance can be realized. However, the
change of excitation and shutting off lead to different flocculation states thus affect the
performance of the damper.

The controlling system may provide solution to compensate or cancel out the thixotropic
yield stress. Normally, the rheological models, i.e., Bingham and power law models, only
estimate the shear stress response under steady state. The higher values of thixotropic yield
stress can be compensated or canceled out by feeding smaller current to the coil then
gradually raise the current, as weaker magnetic field exhibits smaller thixotropic yield stress.
By introducing the proposed thixotropic model in the control algorithm can provide
estimations of the initial flocculation state and the evolution between the thixotropic yield
stress steady state stress. Thus, a compensated controlling current can be applied to

maintain a smoothed stress response of the adaptive devices.
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6.6 Conclusion

In this chapter, 60% weight fraction of CIP MR gel was fabricated. Thixotropy loops and
stepwise tests were performed to characterise its thixotropic behaviours. Both tests probed
the occurrence of thixotropy behaviour under all four levels of magnetic field (0, 0.1, 0.2,
and 0.3 T). The thixotropy loops indicated an increasing trend of the loop area as magnetic
field is intensified. More comprehensive findings on the thixotropy of MR gel were
revealed through the proposed stepwise tests and are as follows.

e Higher shear rates contributed to more apparent thixotropy behaviours under all
levels of magnetic fields considered.

e Resting resulted in the formation of flocculation in the MR gel. The MR gel can
recover over half of its reversable microstructures within 10s however, longer
resting time under magnetic fields could result in irreversible changes due to the
formation of large flocs by the magnetized CIPs (remanence occurred).

e The patterns of shear stress decrease (de-flocculation process) under constant
shear rate appear to be similar under all magnetic fields. Thixotropic yield stress
rapidly approaches to zero after 10-second shearing.

e Magnetic fields induced approx. doubled thixotropic yield stress for MR gel.
However, the flocculation state parameter Ay indicated a reducing trend with the
intensifying of magnetic field.

A phenomenological model was proposed and validated by the experimental data. The
model can well describe the thixotropic behaviours mentioned above under all shear rates,
resting time and magnetic fields considered. Finally, the discussions on the effects and
potential solutions of thixotropy from the engineering application perspective were

presented.
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Chapter 7

Conclusions and Future Works

This thesis brings improvement to the existing understanding of gel-like and elastomeric
MR materials through experimental characterisation and numerical modelling. In addition
to adding this body of knowledge, efficient design, accurate analysis approach and time-
dependent magneto-rheology are investigated to facilitate the future development of MR
material based controllable devices.

In Chapter 3, a novel shear test rig that features a hybrid magnets system is developed to
characterise MR elastomers with advantage of reducing the maximum current to activate
the MR effect of MR elastomer. A series of isotropic and anisotropic MR elastomers are
characterised and suggests the higher performances, ie., stiffness, damping and
adjustability, of anisotropic samples and samples with higher CIP concentrations. A
stiffness stiffening phenomenological is used to model all characterised force-displacement
relationships and shows good agreement. This attempt proves that hybrid magnets
configuration can enhance the energy conservation, reliability, compatibility and running
time for the MR material based adaptive devices.

In Chapter 4, based on the concept of hybrid magnets, an energy-efficient laminated MR

elastomer base isolator is design and fabricated. An improved magnetic circuit analysis
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approach is proposed to cope with the increased structural complexity brought by
laminated structure and hybrid magnets. The accuracy of the model is validated with the
results from experimental measurements and finite element analysis. The proposed model
provides a simple and accurate solution for a complicated MR device with the great
potential to facilitate the design and analysis of relevant engineering applications.

In Chapter 5, the field dependent dynamic properties of MR gel are characterised through
oscillatory shear tests and show distinctive difference from the typical behaviours of MR
fluids and MR elastomers. At the absence of the magnetic field, it behaves as viscos
materials and the application of magnetic field significantly increases the stiffness of MR
gel. Moreover, at low flux density (0.27 T), apparent stress overshoot phenomenon is
observed. Addressing the characterised unique behaviours of MR gel, a four-parameter
phenomenological model is formulated and generalised by support vector machine. The
proposed model accurately predicts the behaviours of MR gel and could avoid instability
and false control feedback for adaptive devices.

In Chapter 6, thixotropy of MR gel is characterised by a proposed stepwise characterisation
technique under various magnetic fields, shear rates and resting periods. The results
indicate that thixotropic effect could occur regardless of magnetic field with the resulted
and up to 15% decrease in the shear stress under the constant shear rate of 6000 1/s within
5 seconds. Moreover, the over half of decreased shear stress can be recovered after a 10-
second resting period. Ignorance of these effect could trigger control failure and unstable
performance during the start-up and changing shear rates of the developed application.
Thus, this work delivers a thixotropy model to portray the shear stress evolutions caused
by thixotropy and a discussion for the influence of thixotropy on MR applications.

The scope and progress of this research have been impacted by the COVID-19 pandemic
—being the non-operation of the essential shake table facility and unavailability of technical

repairing support since February 2020 to date. The investigation of the performance of
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the proposed hybrid magnets MR elastomer base isolator using shake table is thus planed
in the future work. This investigation includes uniaxial and bidirectional shear tests which
can shed light on the development of adaptive seismic isolation for infrastructures.
Another research task concerns the properties and application of MR gel. As the current
understanding of MR gel is not sufficient to deliver effective and efficient engineering
application, future works should include the aspects of influence of temperature,
sedimentation performance, and off-state viscosity.

Finally, based on the hybrid magnets configuration and improved magnetic circuit model,
attempts could be carried out in designing a hybrid magnets MR-gel-based device which
could resolve the sedimentation, low MR effect and energy consumption issues of the

current MR material applications.
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Appendix A

Calculation for the elements in the improved MCM of the hybrid magnets MR elastomer
isolator
li. = height of airgap = 5 mm
lyrg = thickness of MRE = 1 mm
lsteel sheet = thickness of steel sheet = 1 mm
lsteel blo ck = height of steel block = 37 mm
lyoke = height of yoke = 110 mm
lpm = thickness of PM = 5 mm
lsteel plate = half of the plate thickness X 2
+ Average of inner and outer radius of yoke = 110 mm
A,i, = m(outer radius of yoke)? — n(inner radius of yoke)?
= 12566.37 mm?
Awre = m(radius of MRE)? = 7853.98 mm?
Asteel sheet = T(radius of steel sheet)? = 7853.98 mm?
Asteel block = T(radius of steel block)? = 7853.98 mm?
Ayore = m(outer radius of yoke)? — n(inner radius of yoke)?
= 12566.37 mm?
Apy = m(radius of PM)? = 7853.98 mm?
Agteel plate = (plate thickness) x w(diameter of steel block

+ inner diameter of yoke)/2 = 4398.23 mm?
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Appendix B

Reluctance of fringing path

/ (m) A (m?) R (Aturns/Wb)
Rairt 6.57E-03 3.14E-04 1.66E+07
Raie2 1.29E-02 3.14E-04 3.25E+07
Raiss 1.91E-02 3.14E-04 4.84E+07
Rajea 2.54E-02 3.14E-04 6.43E+07
Rairs 3.17E-02 3.14E-04 8.02E+07
Rair 3.80E-02 3.14E-04 9.62E+07
Rairr 4.43E-02 3.14E-04 1.12E+08
Raiss 5.06E-02 3.14E-04 1.28E+08
Rairo 5.68E-02 3.14E-04 1.44E+08
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Appendix C

Results from FEA, MCM and MCMF (MCM considering fringing effect)

i=0A
FEA (T) MCMF (T) MCM (T) MCMF error MCM etrror

PM 0.63 0.53 0.49 15.7% 22.7%
S1 1.04 0.86 0.49 17.4% 53.0%
M1 0.58 0.51 0.49 10.8% 14.8%
S2 0.70 0.60 0.49 14.8% 30.4%
M2 0.56 0.50 0.49 9.3% 11.7%
S3 0.60 0.54 0.49 11.3% 19.0%
M3 0.54 0.50 0.49 8.1% 9.5%
S4 0.57 0.51 0.49 9.7% 13.6%
M4 0.53 0.49 0.49 7.2% 7.8%
S5 0.55 0.50 0.49 8.4% 10.3%
M5 0.52 0.49 0.49 6.4% 6.5%
S6 0.53 0.49 0.49 7.2% 7.9%
Mo 0.52 0.49 0.49 5.9% 5.5%
S7 0.52 0.49 0.49 6.5% 6.4%
M7 0.51 0.49 0.49 5.4% 4.7%
S8 0.52 0.49 0.49 5.7% 5.2%
M8 0.51 0.49 0.49 5.1% 4.2%
S9 0.51 0.49 0.49 5.5% 4.6%
M9 0.51 0.48 0.49 4.9% 3.9%
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7=0.286 A

FEA (T) MCMF (T) MCM (T) MCMF error ~ MCM error
PM 0.54 0.43 0.45 19.6% 16.2%
S1 1.02 0.89 0.45 13.0% 56.0%
M1 0.47 0.41 0.45 14.0% 5.2%
S2 0.66 0.55 0.45 16.3% 31.6%
M2 0.45 0.40 0.45 12.2% 0.5%
S3 0.53 0.46 0.45 12.9% 14.5%
M3 0.44 0.39 0.45 10.9% 2.9%
S4 0.48 0.42 0.45 12.1% 6.1%
M4 0.43 0.38 0.45 9.7% 5.6%
S5 0.45 0.40 0.45 10.8% 0.1%
M5 0.42 0.38 0.45 8.8% 7.8%
S6 0.43 0.39 0.45 9.9% 3.8%
M6 0.41 0.38 0.45 8.0% 9.6%
S7 0.42 0.38 0.45 8.7% 7.0%
M7 0.40 0.38 0.45 7.3% 11.1%
S8 0.41 0.38 0.45 7.8% 9.5%
M8 0.40 0.37 0.45 6.8% 12.3%
S9 0.40 0.38 0.45 7.1% 11.3%
M9 0.40 0.37 0.45 6.6% 13.1%
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7=0571T A

FEA (T) MCMF (T) MCM (T) MCMF error ~ MCM error
PM 0.43 0.33 0.35 23.1% 18.4%
S1 0.99 0.94 0.35 4.9% 64.6%
M1 0.36 0.30 0.35 16.8% 4.1%
S2 0.62 0.53 0.35 15.5% 43.8%
M2 0.34 0.29 0.35 14.3% 3.3%
S3 0.45 0.40 0.35 11.7% 22.8%
M3 0.32 0.28 0.35 12.6% 8.6%
S4 0.39 0.34 0.35 12.1% 10.6%
M4 0.31 0.28 0.35 11.0% 13.1%
S5 0.35 0.31 0.35 11.1% 1.0%
M5 0.30 0.27 0.35 9.6% 16.8%
S6 0.33 0.30 0.35 10.3% 6.1%
M6 0.29 0.27 0.35 8.4% 20.1%
S7 0.31 0.28 0.35 8.9% 12.2%
M7 0.28 0.26 0.35 7.4% 22.9%
S8 0.30 0.28 0.35 7.6% 17.3%
M8 0.28 0.26 0.35 6.5% 25.2%
S9 0.29 0.27 0.35 6.3% 21.6%
M9 0.28 0.26 0.35 5.9% 27.2%
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7=0.857 A

FEA (T) MCMF (T) MCM (T) MCMF error ~ MCM error
PM 0.32 0.23 0.23 28.5% 27.9%
S1 1.03 1.01 0.23 1.9% 77.6%
M1 0.24 0.20 0.23 18.5% 5.5%
S2 0.67 0.53 0.23 21.0% 65.6%
M2 0.21 0.18 0.23 14.2% 7.4%
S3 0.41 0.37 0.23 9.0% 43.3%
M3 0.20 0.17 0.23 11.1% 17.6%
S4 0.31 0.29 0.23 7.0% 26.9%
M4 0.18 0.17 0.23 8.2% 26.7%
S5 0.27 0.25 0.23 6.5% 13.4%
M5 0.17 0.16 0.23 5.4% 35.2%
S6 0.23 0.22 0.23 4.7% 0.4%
M6 0.16 0.16 0.23 2.9% 42.8%
S7 0.21 0.20 0.23 3.8% 10.3%
M7 0.15 0.15 0.23 0.5% 50.1%
S8 0.19 0.19 0.23 0.0% 23.3%
M8 0.15 0.15 0.23 1.5% 56.6%
S9 0.17 0.18 0.23 3.7% 35.6%
M9 0.14 0.15 0.23 3.5% 62.9%
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i=1143 A

FEA (T) MCMF (T) MCM (T) MCMF error ~ MCM error
PM 0.20 0.13 0.09 37.0% 55.1%
S1 1.02 1.09 0.09 7.2% 91.1%
M1 0.12 0.09 0.09 24.4% 27.3%
S2 0.71 0.56 0.09 21.1% 87.2%
M2 0.09 0.08 0.09 12.3% 2.5%
S3 0.40 0.37 0.09 6.2% 77.4%
M3 0.07 0.07 0.09 0.9% 35.1%
S4 0.28 0.28 0.09 0.5% 67.8%
M4 0.05 0.06 0.09 13.7% 77.2%
S5 0.22 0.23 0.09 3.1% 58.8%
M5 0.04 0.05 0.09 34.1% 135.9%
S6 0.18 0.19 0.09 4.5% 49.9%
M6 0.03 0.05 0.09 65.1% 224.9%
S7 0.15 0.16 0.09 6.6% 40.3%
M7 0.02 0.04 0.09 119.2% 380.4%
S8 0.12 0.14 0.09 13.0% 27.6%
M8 0.01 0.04 0.09 227.2% 695.9%
S9 0.10 0.12 0.09 28.2% 7.4%
M9 0.00 0.03 0.09 572.5% 1712.5%
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i=1357TA

FEA (T) MCMF (T) MCM (T) MCMF error ~ MCM error
PM 0.11 0.05 0.00 55.7%
S1 1.04 1.16 0.00 11.4%
M1 0.04 0.01 0.00 65.4%
S2 0.75 0.59 0.00 21.2%
M2 0.02 0.00 0.00 81.3%
S3 0.42 0.40 0.00 5.4%
M3 0.04 0.01 0.00 58.5%
S4 0.30 0.30 0.00 1.4%
M4 0.05 0.02 0.00 53.8%
Not
S5 0.24 0.24 0.00 2.3%
M5 0.06 0.03 0.00 51.9% applicable
S6 0.20 0.21 0.00 1.1%
Mo6 0.08 0.04 0.00 50.9%
S7 0.18 0.18 0.00 2.4%
M7 0.09 0.04 0.00 50.3%
S8 0.17 0.16 0.00 3.3%
M8 0.09 0.05 0.00 49.9%
S9 0.15 0.15 0.00 1.5%
M9 0.10 0.05 0.00 49.6%
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Appendix D

Measured hysteresis for MR gel and modelling results of the proposed model under

excitation frequency=0.1 Hz

0A 0.06 1A 5 r 2A 8 r 5A 15 ¢
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Note:

Horizontal axis: strain amplitude (%0); vertical axis: shear stress (kPa); black solid line:

experimental data; red dotted line: predicted results from the proposed model.
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Measured hysteresis for MR gel and modelling results of the proposed model under

excitation frequency=0.5 Hz
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-0.6 15 -25 25
Note:

Horizontal axis: strain amplitude (%0); vertical axis: shear stress (kPa); black solid line:

experimental data; red dotted line: predicted results from the proposed model.
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Measured hysteresis for MR gel and modelling results of the proposed model under

excitation frequency=1 Hz
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Note:

Horizontal axis: strain amplitude (%); vertical axis: shear stress (kPa); black solid line:

experimental data; red dotted line: predicted results from the proposed model.
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Measured hysteresis for MR gel and modelling results of the proposed model under

excitation frequency=2 Hz
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Note:

Horizontal axis: strain amplitude (%0); vertical axis: shear stress (kPa); black solid line:

experimental data; red dotted line: predicted results from the proposed model.
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