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ABSTRACT

Magnetorheological (MR) brake is a device that uses MR material to produce
braking torque according to induced current. Even though MR Fluid (MRF) is widely
used in MR brake as it has high response and is easy to fabricate, the sedimentation
issue has degraded the performance of MR brake. Therefore, MR grease (MRG) is
introduced to overcome the drawbacks of MRF. Another important benefit of MRG is
its self-sealing property which can solve the leaking problem in MRF. Despite the
advantageous of no sedimentation of MRG, high viscosity of MRG lower the MR
response to the current induced. Thus, the high viscosity of MRG can be reduced by
adding dilution oil. Furthermore, the effect of the oil in diluted MRG in MR brake has
not been investigated. Several samples of MRGs with different types of dilution oil
were prepared by mixing grease and spherical carbonyl iron particles (CIP) using
mechanical stirrers. The rheological properties in rotational mode were tested by using
rheometer meanwhile the torque performance of MRGs in MR brake were evaluated
by changing the current of OA, 0.4A, 0.8A and 1.2A and fixed the angular speed. The
result shows that MRG 3 has the lowest viscosity which is almost 93% reduction while
the reduction of viscosity of MRG 2 was 25%. Yet, the torque performances generated
by MRG 3 was the highest, 1.44 Nm, followed by MRG 2 and MRG 1. This
phenomenon indicated that the improvement of torque performance was dependent on
the viscosity of MRGs without the occurrence of sedimentation. Thus, the use of MRG
with dilution oil as a substitution of MRF could reduce the sedimentation in MR device

and improve the torque performance of MRGs in MR brake.



ABSTRAK

Brek reologi magnet (MR) ialah peranti yang menggunakan bahan MR untuk
menghasilkan kilas pembrekan mengikut arus teraruh. Walaupun bendalir MR (MRF)
telah digunakan secara meluas dalam brek MR kerana ia mempunyai tindak balas yang
tinggi dan senang untuk direka, masalah pemendapan pada MRF telah merendahkan
prestasi brek MR. Oleh itu, gris MR (MRG) telah diperkenalkan bagi mengatasi
kelemahan yang ada pada MRF. Kelebihan MRG yang lain adalah sifat self-sealing
yang boleh digunakan untuk menyelesaikan masalah kebocoran dalam MRF.
Walaupun MRG mampu menyelesaikan masalah pemendapan, kelikatan MRG yang
tinggi telah merendahkan tindak balas MR kepada arus teraruh. Disebabkan itu,
kelikatan yang tinggi ini boleh dikurangkan dengan tambahan pencairan minyak.
Tambahan pula, kesan MRG yang dicairkan dengan menggunakan minyak di dalam
brek MR masih belum dikaji. Beberapa sampel MRG dengan tambahan beberapa jenis
pencairan minyak yang berbeza telah disediakan dengan mencampurkan gris dan zarah
besi karbonil (CIP) yang berbentuk sfera menggunakan pengacau mekanik. Sifat
reologi dalam mod putaran telah diuji dengan menggunakan reometer manakala
prestasi tork MRG dalam brek MR dinilai dengan menukar arus 0A, 0.4A, 0.8A dan
1.2A dan kelajuan sudut yang telah ditetapkan. Hasil kajian menunjukkan bahawa
MRG 3 mempunyai kelikatan yang paling rendah iaitu hampir 93% pengurangan
manakala penurunan kelikatan pada MRG 2 ialah 25%. Namun, prestasi tork yang
dihasilkan oleh MRG 3 adalah tertinggi, iaitu 1.44 Nm diikuti oleh MRG 2 dan MRG
1. Fenomena ini menunjukkan bahawa peningkatan prestasi tork adalah bergantung
kepada kelikatan MRG tanpa berlakunya pemendapan. Oleh itu, penggunaan MRG
dengan minyak pencairan sebagai penggantian MRF boleh mengurangkan
pemendapan dalam peranti MR dan meningkatkan prestasi tork MRG dalam brek MR.
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CHAPTER 1

INTRODUCTION

1.1 Problem Background

The last two decades have seen a growing trend towards development of
magnetorheological (MR) brake in order to slow and restrict the rotary speed of a shaft
via the MR effect [1]. Compared to conventional friction brakes, MR brake has a
simple design, low-cost manufacturing, smooth and dependable operating mechanism,
fast and reversible reaction, low power consumption and is easy to control with the
presence of a magnetic field [2,3]. Assuch, MR brakes have a wide range of potential
uses in various fields and machineries, including the automotive industry,
construction, fitness equipment, and machine tools by using computer numerical
control [2]. MR brake actuator was firstly proposed by Carlson et al [4] in 1998 by
utilizing MR fluid (MRF) as a medium and the maximum generated torque was up to
4 Nm with applied current of 1A. This outcome was sufficient to be applied to low
torque devices such as ankle foot orthoses [5,6]. Hence, the same concept has been
proposed in vehicle braking systems [7,8] by aiming for at least 400 Nm torque when
using 3500 kg automotive brakes [9]. As such, various approaches have been
implemented to enhance the torque performances of MR brake for the automotive
application. Researchers suggested a modification on the design of disk-type MR brake
[10,11], drum-type MR brake [12,13] and T-shape MR brake [14,15], as well as
improving the active fluid gap in the MR brake [5] as well as improving the active
fluid gap in the MR brake [7,16].

Another factor that can influence torque performance is by improving the
rheological properties of the carrier fluid. It has been proven that increasing the weight
percentages of magnetic particles [17,18] and the addition of additives [19,20] could
enhance the rheological properties of MRF subsequently increased the torque

performance in MR brake. Beside, the commercial MRF has a high viscosity in which



generated high off-state torque and low power consumption [21]. Even so, utilizing
MRF has few drawbacks as its usage in application such as leakage and sedimentation
issues, which degraded their performance for long term operations [22]. Therefore,
MR grease (MRG) has been introduced and suggested to overcome the problem by

using highly viscous grease as a carrier fluid [23-25].

Generally, MRG is prepared by dispersing soft magnetic particles such as
Carbonyl Iron Particle (CIP) in grease as the carrier matrix. Commercial grease is a
colloidal system which is made up of various thickeners in base oil. Grease thickener
is made up of fibres that entangle and form a network [26]. The thickener has formed
the three-dimensional fibrous structure that allows increases the apparent viscosity of
grease and then stabilized the magnetic particles from suspend in equilibrium against
gravitational forces. Therefore, the grease has a high viscosity and thus does not flow
easily [27]. The presence of CIP could alter the grease properties through the magnetic
field applied. Besides that, MRG exhibits a high initial yield stress that maintain the
magnetic particles suspended in equilibrium against gravity. The earlier study on MRG
was reported in 1999 which found that MRG able to solve the sedimentation issues in
MREF. This occasion happened because the grease medium is a thixotropic material
due to the nature of the gelling agent and base oil, which led the MRG act as a non-
Newtonian fluid under both off-state and on-state conditions. The behaviour has
prevented the magnetic particles to flow in device applications even without an
external force. In other words, MRG had self-sealing capability that prevents leaks
from the device [28]. Therefore, the properties of MRG that are high viscosity and
non-settling properties are critical for industrial applications that require a long-term

operation with no leakage, subsequently, reduce the manufacturing cost [29-32].

1.2 Motivation of the Study

Due to the advantages of MRG over MRF, there were a few studies conducted
on the torque transfer application of MRG particularly in MR clutches and MR brakes.
Gordaninejad et al. [33] compared the braking torque performance of MRG with a
with a different weight percentage (wt%) of CIP with MRF in an MR clutch at different



operating speeds ranging from 300 to 1200 rpm. They discovered that the torque
generated by MRG increased as the weight percentage of CIP increased. At off-state,
the initial torque of an MR clutch employing MRG with 99 wt% CIP was 200% greater
than the similar clutch using commercial MRF. While in the on-state condition, the
torque generated by MRG was 75% more than that of MRF. The findings, however,
were not comparable since the wt % of CIP in MRF was lower than in MRG. Then,
Sukhwani et al [34] extended the research in MR brake by using the same wt% of
CIP, 90 wt% in MRG as well as MRF. The study revealed that the initial brake power
output of MRG was two times higher than MRF at off-state condition. Yet, at on-state
condition, the brake power output of MRG was two times lower than MRF. Thus, to
improve the torque performance of MRG, Singh et al [35] have designed a new wedge-
shaped drum MR clutch by utilizing 50 and 75 wt% of CIP in MRG. The obtained
torque has increased by 150% higher than the traditional MR clutch. However, the off-
state torque of MRG has increased nearly 8% as the CIP content increased from 50 to
75 wt%. This phenomenon was presumably caused by the influences of rheological
properties of MRG to the torque performance of MRG in MR brake. Thus, Dai et al
[22] explored the effect of wt% on the rheological properties and their performance in
speed reduction of MR brake. The viscosity, shear stress and yield stress of MRG have
reduced with increasing the wt% CIP at off-state condition. For the performance of
MRG brake test, the initial rotational speed at off-state condition was fixed at 13000
r/min. With the increased of the magnetic field, the rotational speed of MR brake was
decreased for all samples. Nevertheless, the rotational speed reduction produced by
MRG with 50 wt% of CIP was higher than 30 and 10wt% of CIP. Thus, the increment
of wt% of CIP has enhanced the chain formation in MRG brake. However, the high
initial viscosity of carrier fluid was a drawback, therefore, it should be reduced
considerably to reduce the brake's viscous drag in the off-state condition [36]. In a
study done by Li et al [37] mentioned that when the MR brake rotated, the high viscous
drag produced a high heat energy due to the device's zero-field friction. This problem
became more severe when the MR brake was used in a high torque and high-power
device, which also increased the MR brake's size. As a result, an effort has been taken
in order to reduce the initial viscosity of MRG such as by introducing the additives.

Numerous research has reported that the addition of dilution oil capable to

lower the initial viscosity of MRG. Kim et al [38] discovered that addition 5 wt%



kerosene oil in MRG reduced the initial viscosity which indicated a better dispersion
of magnetic particles in the grease medium. Then, Mohamad et al [39] investigated the
compatibility of various oils including kerosene, hydraulic, and castor toward MRG
behaviour. Interestingly, the result showed that the hydraulic oil was the most
compatible with the grease medium compared to other types of dilution oil, and the
initial apparent viscosity of the MRG decreased as the percentage of dilution oil
increased. This phenomenon occurred due to the addition of oils, which reacted as a
lubricant in the MRG and enhanced the distribution of CIP in the grease medium. In
another study, the effect of oil percentages particularly silicone oil and castor oil as
additives, and their optimum wt% of dilution oil in MRG without the occurrence of
sedimentation was explored [40]. They found that the dilution oil changed the structure
of the magnetizable particles in the grease medium, thus, indirectly reduced the off-
state viscosity MRG. Furthermore, the addition of oil less than 10 wt% could produce
a stable MRG.

1.3 Problem Statement

MRG has proven as a potential candidate to be utilized in MR brake since, it
overcome the sedimentation and leakage issues in MRF. However, MRG exhibited a
high initial viscosity which had caused a viscous drag at off-state condition of the
brake. Although the addition of oil in MRG able to reduce the initial viscosity, research
related on its performance in MR brake has not been reported yet. Therefore, what is
the impact of the MRG with dilution of oil on the torque of MR brake is investigated.
Furthermore, what is the correlation between the viscosity of MRG and their torque

performance in MR brake is explored.

1.4  Research Objective

The main objective of this study is to investigate the effect of addition oil in
MRG to the torque performance of MR brake. Meanwhile the specific objectives are

as follow:



@) To fabricate MRG with the dilution of 10wt% hydraulic oil and 10wt% of

kerosene oil.
(b)  To analyse the rheological properties of MRG under rotational mode.

()  To evaluate the torque performance of MRG in MR brake under various of

magnetic field.

1.5  Research Scope

The scopes of research are detailed on the experimental investigation of the
rheological properties of MRG and their torque performance in MR brake. The scopes
of the research are listed as below:

@ Fabrication of MRG with 10wt% of hydraulic oil and 10wt% of kerosene oil

as additive by using mechanical stirrer.

(b) Rheological characterization of MRG samples on the apparent viscosity and
shear stress were investigated under rotational using rheometer under various

current from OA to 1.2A at room temperature.

(© The torque performance of MRG samples were evaluated with increasing

current from OA to 1.2A by using MR brake’s test rig.

1.6 Research Contribution

In this work, oil dilution was added into MRG as an additive, and the obtained
findings show that decreasing the initial viscosity of MRG in the off-state condition is
capable of reducing the viscous drag of MRG in MR brake. Furthermore, MRG with
oil dilution can be employed to increase MR brake torque performance. As a result,
MRG with oil dilution was proposed to be considered in MR brake devices. The

following are the research's contributions:



€)) The improvement of the torque performance of MRG brake by reducing the
viscosity of the MRG which has enhanced the distribution of CIP and the
mobility of CIP in grease medium indirectly enhanced the chain formation in

MRG with application of magnetic field.

(b) The research also contributed to the correlation between the rheological
properties of MRG and their torque performance in MR brake. According to
the findings, the rheological properties in term of yield stress may be used to

control the braking torque of an MRG brake.

1.7 Thesis Outline

This thesis is organized into five chapters. The first chapter briefly explains
introduction to the topic examined, the purpose for the study in relation to past relevant
studies, the problem statement, the objectives that aim to be accomplished in the scope
of this research, and the significance of the research. An overview of each chapter is

also presented in this chapter.

Chapter two contains a review of the literature on the development of MR
brakes, MR material particularly on MRG, the potential additives that can used in
MRG brake to reduce the initial torque of MR brake in off-state condition, as well as
an explanation of the rheological properties of MR materials and many examples of

applications that could be used with MRG.

The third chapter details the experiment's preparation, which includes material
selection, the fabrication of MRG samples using a traditional mixing method, a report
on the rheological testing on all of the samples in rotational mode at different magnetic

field strengths, and the torque performance of MRG samples in the MR brake.

The fourth chapter presented the results of rheological testing and torque
performance of MRG in MR brake under current applications of 0A, 0.4A, 0.8A, and
1.2A. The acquired results were analysed in the form of a graph, table and figure, and



were thoroughly discussed in order to provide a correlation between MRG viscosity
and torque performance in an MR brake.

Chapter five summarises the findings of the research, as well as the

contribution and suggestions for possible future works.
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