DEVELOPMENT AND EVALUATION OF
DAMPING CHARACTERISTICS AND
SHEAR PROPERTIES OF
MAGNETORHEOLOGICAL ELASTOMERS

Thesis

Submitted in partial fulfilment of the requiremeifds the degree of

DOCTOR OF PHILOSOPHY

by
SRIHARSHA HEGDE

DEPARTMENT OF MECHANICAL ENGINEERING
NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA,
SURATHKAL, MANGALORE-575025
October- 2017



DECLARATION

| hereby declare that the Research Thesis entitiBEVELOPMENT AND
EVALUATION OF DAMPING CHARACTERISTICS AND SHEAR
PROPERTIES OF MAGNETORHEOLOGICAL ELASTOMERS” which is being
submitted to theNational Institute of Technology Karnataka, Surathkal in partial
fulfilment of the requirements for the award of thegree of Doctor of Philosophy in
Mechanical Engineering is laonafide report of the research work carried out by me.
The material contained in this Research Synopss @ been submitted to any

University or Institution for the award of any degr

Register Number 1100474ME10F08
Name of the Research Scholar Sriharsha Hegde

Signature of the Research Scholar

Department of Mechanical Engineering

Place: NITK-Surathkal
Date:




CERTIFICATE

This is to certify that the Research Thesis emtitiBbevelopment and Evaluation of
Damping characteristics and Shear properties of Magetorheological elastomers
submitted byMr. Sriharsha Hegde (Register Number:100474ME10F0Bas record of
the research work carried out by himaceepted as the Research Thesis submission in

partial fulfilment of the requirements for the adaf degree oboctor of Philosophy.

Research Guide

Dr. K.V. Gangadharan
Date:

Chairman-DRPC

Date:




ACKNOWLEDGEMENTS

It has been a wonderful experience indeed to hawded under the guidance of Dr.K.V.
Gangadharan Professor, Mechanical Engineering Dapat for my PhD at NITK,
Surathkal. 1 would like to take this opportunityltambly and sincerely thank his continuous
support and guidance during the duration of thekwbralso would like to thank him for
providing the financial as well as technical suppequired for the smooth running of the
research. | am indebted to him for the patiencetardcomposure he showed even when |
was slow at times and for standing by me throughHet has been a great motivator who
stood by his statement “Let us find an excuse tokivavhich he has proved by his actions
and the way in which he has established the CSDMVEDLab which is the best place to
work at NITK, Surathkal. | am also very thankful The Director NITK, Surathkal and the
Head of the Mechanical Engineering Department flmweng me to conduct my research
work.

I would also like to thank my Research Progressesasient Committee members Dr.
Anandhan Srinivasan (Associate Professor, DepattroénMetallurgical Materials and
Science) and Dr. Ajith K.M (Assistant Professor,yslbs Department) for their valuable
comments and critical inputs which helped in shgpip my Research work.

My sincere thanks to Kiran Katari who helped meimymy initial experimental
works who also happen to be a very good friend iofemSpecial thanks to my dear friend
Umanath R Poojary who has continuously helped menglumy work with his timely
suggestions and also in correcting the thesis. &eldeen a true inspiration all along the
research work. | would also like to extend my duale to Avinash B Pai and Gururaja
Udupa who have been a constant source of inspiratio also happen to be my very good
friends. | also would like to extend my gratituderhy SOLVE lab mates Shyam Sundar,
Praahas Amin, Arun Parameswaran, Ashwin, Girishiesdm Weldegiorgis, Jayaram
Thumbe and Praveen Shenoy for their continuousatippwould like to thank Ms.Jyothi
who helped in many documentation related activititsalso thank Mr.Harishchandra,
Mr.Jaya Devadiga, and Mr.Pradeep from Machine sMgxhanical Engineering, for their

support in conducting the experiments.



| am indebted to my parents Sarveshwar Hegde argh\wai Hegde for having
extended their support and faith in me for doing BtnD work. | also would like to thank my
brother Srichaithra Hegde for the moral supporsp&cial thanks to my dear wife Vibhavathi
for her patience and constant support throughaittlurse of my Research. | also would like
to thank all my extended my family members espBcraly in-laws for their moral support.

Finally | extend my heart felt gratitude to Dr. NaWKaranth, Assistant Professor,
Mechanical Engineering Department-NITK for inspgimme to do PhD under Dr.K.V

Gangadharan without which this work would neverenbgen realized.

(Sriharsha Hegde)



ABSTRACT

Elastomers are widely used to reduce vibrations raside in structures, machines,
and instruments. The passive nature of elastonmdibiis its use over a wider range of
frequencies. Incorporating ferromagnetic ingredieint the non-magnetic elastomer matrix
makes these structures smart when exposed to aetiafjeld. These elastomers are better
than conventional elastomers and can be appliednide frequency range. They belong to a
class of smart material called Magnetorheologicalemals whose rheological properties can
be reversibly controlled by a magnetic field.

This research is focused on preparation and damph@gacterization isotropic
magnetorheological elastomers using different ro@srby varying the volume percentage of
carbonyl iron powder. Natural rubber, Nitrile rulbpRTV and HTV silicone and a new type
of MRE by mixing RTV silicone and polyurethane waepared and tested at various
magnetic fields and input conditions. Experimestalblies were conducted to understand the
influence of matrix material, percentage conceitnadf carbonyl iron powder and magnetic
field on the mechanical properties of the MREsslear modulus®) and dynamic damping
(loss factors). Force vibration tests were performed to undedstthe enhancement of
damping property of MRE samples. Experimentallyvds proved that nitrile rubber and
silicone-polyurethane hybrid MREs showed better piag performance than other matrix
materials. The performance was also dependent toimput strain rate and weakly on the
operating frequency. The influence of size of tlagtiple ingredient was investigated on a
small scale. The inherent damping property of tlagrion plays a major role in the respective
MRE sample. Magnetic field and percentage partiolgent was found to be the dominating
parameters influencing the damping properties. dihreension of the test sample, input strain
and frequency also influence the damping on a tessae. Linear viscoelastic model was
fitted to the experimental data using the MATLABtigpzation tools which closely matched
with the experimental values. The application of & damping material was investigated
by following ASTM E756-05 standard in sandwich beemnfiguration. The loss factor and
shear modulus modifications were investigated umagr-homogeneous magnetic field by
subjecting it to impulse excitation.

Key words: smart materials, magnetorheologicaltetasrs, carbonyl iron powder, force

vibration, isolation, vibration damping.
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CHAPTER 1

INTRODUCTION

Excessive vibrations transmitted from a machinéhefoundation of a structure
are detrimental to the structural integrity. Thelasion of these unwanted vibrations
poses a challenging task to the researchers. Oribeomost popular and economical
methods is to employ viscoelastic materials, whsdtate the structures from the source
of vibrations (Lakes, 2009). The passive naturethefse isolators does not meet the
isolation criteria for varying levels of frequenityputs. To provide effective isolation for
a wider range of frequencies, attempts have beate tmaemploy active as well as semi-
active isolators. The bulky nature and the highrgyeequirements of active isolators
make semi-active isolators a better choice amoagtiailable isolators (George Luca et
al. 2005). The semi active vibration isolators loaea smart materials makes the wide
range of isolation very practical since the smaatemial in it imparts the ability to adjust
to variable levels of vibrations.

‘Smart’ materials can sense and respond to theibierh conditions. The
applications include areas as diverse as healtbnske, packaging and even structural and
vehicle damping. Piezoelectric materials, shape amgmalloys, thermo-chromic
materials, photo-chromic materials and magnetodwodl (MR) are some of the
examples of smart materials (Goddard et al.1997 Radel, et al. 2015). Electrostrictive
polymers and magnetostrictive materials are alspl@yed in active vibration control;
however the small actuation limits them. The elesttictive materials are also sensitive
to temperature which limits its applications (Giutg: et al. 2000). Magnetostrictive
materials are limited by their weight which tendsbe heavier (Claeyssen and Lhermet
2002). Shape memory alloys can remember the shapge t@ansform from low
temperature martensite to high temperature austesfinpe when heated to a higher
temperature. This is one-way shape memory effductwallows for 100% strain
recovery of up to a maximum of 8% extensional grais. Two-way shape memory
allows for transformation between two preset shapbsve and below certain
transformation temperatures. Its use as noise amGtwn reduction applications is
limited because of slower response due to heatmcaoling (Chung 2001, Monner
2005). Other limitations of shape memory alloydude higher cost and the difficulty in
machining (Alam et al. 2007a and Alam et al. 200Bieroelectric ceramics are one of

the best choices for active noise and vibratiorucgdn applications. The application
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includes their integration into structural compaisehy means of fibers, patches, and
stacks (Monner 2005). The MR damper can produdeaat 3 to 4 times the maximum
force than a similar size piezoelectric damper irglalso more economical. The voltage
requirement is also lower for MR dampers (UnsalleR004). MR materials are found to
be insensitive to contaminants and impurities. Magnetic polarization of MR materials
is also independent of the chemistry of the mdtiarlson and Jolly 2000). MR materials
can also be employed at extreme conditions witlkoatpromising on the integrity of its
properties (Bellan and Bossis 2002). These reaslomgy with ease of preparation make
MR materials one of the better suited materials demi-active isolation applications
(Goddard et.al.1997).

1.1 MAGNETORHEOLOGICAL MATERIALS

Magnetorheological materials are smart materialswimch magnetically-polarizable
particles are distributed in a non-magnetic med{@arlson and Jolly 2000), and their
rheological properties can be controlled rapidlg aeversibly by an externally applied
magnetic field. MR materials are considered asntiost sorted materials for vibration
isolation applications due to the unique field-ioeld behavior. Depending on the type of
matrix material, MR materials are classified as MRls, MR foams and MR elastomers.
The following section briefs about three types dR khaterials.

1.1.1 MAGNETORHEOLOGICAL FLUIDS

MR fluids consist of a fluid base like silicone ,orhineral oils, polyesters, synthetic
hydrocarbons, water, and other types of oils (@arksnd Jolly 2000) that are filled with
ferromagnetic particles which are typically sphakim shape. Agents are added to treat
the iron particles to prevent them from settlingvdoand to avoid agglomeration of
particles. The size of the iron particles usuallyies from 3 to 10 um in diameter (Li
2008a). These fluids, when subjected to a magretd becomes thicker i.e. the
viscosity of the fluid increases tremendously. écéames liquid again when the field is
removed i.e. the process is reversible. Their tgbib change the form from liquids to
semisolids almost instantly makes them useful fiamplening of impacts and vibrations.
MR fluids are also used in power transmission devisuch as clutches and brakes
(Carlson and Jolly 2000; Ruddy et al. 2007). MRd#uare used as dampers and mounts
in semi active or adaptive vibration control degi@nd are also used in aircraft landing
gears and helicopter rotor damping augmentatioixi{®het al. 2011; Hu Wei 2005).



Though MR fluids possess superior properties ite theological property
enhancements under the influence of magnetic fiblel,sedimentation problems often
pose a limitation to its usage (Ruddy et al. 2@i¢h and Doyle et al. 2012 and Vicente
et al. 2010).

1.1.2 MAGNETORHEOLOGICAL FOAMS

MR fluid foam consists of fluids constrained in @nsorbent medium or open-cell foam,
felt or fabric. The absorbent medium acts as aainet to hold the fluid medium between
the magnetic poles. The open structure of MR foawercomes the constraint and can
easily accommodate multiple degrees of freedomid&lin these foam devices do not
settle because of the wicking action of the matiR foams are more suitable only for
low to medium force applications where a high dyitarange is desired and MR fluid

foam can be used as vibration dampers and braleets(@ and Jolly 2000).

1.1.3 MAGNETORHEOLOGICAL ELASTOMERS

MR elastomers are solid analogous of MR fluidsekeh an elastic matrix material is
used instead of liquid medium. This has an obvexhsantage as the iron particles in MR
elastomers do not settle down over a period of s the case of MR fluids. Storage is
also easy since there is no leakage (Ruddy e®08l7)2 The most noteworthy difference
between MR fluid and elastomers is the mode ofaip®r i.e. in case of MR fluids, they
are operated in post-yield regime and MR elastoraegsoperated in pre-yield regime
(Carlson and Jolly 2000). The strength of MR fluisicharacterized by field dependent
yield stress and the strength of MR elastomershiaracterized by field dependent
modulus (Weihua Li 2008a).

MR elastomers are employed in many variable ssfndevices like adaptive
tuned vibration absorbers (ATVA), stiffness tunabieunts and suspensions (Gong and
Deng 2007m, Xiao-Min et al. 2009). Ford Motor Comypdnas patented an automotive
bushing made with MR elastomer. They can also leel urs fluid controlling valvesL{
2003) in space applications (Kim et al. 2010) and assaes and actuators also (Bose
Holger et al. 2012).

1.2 RELEVANCE OF MRE IN VIBRATION ISOLATION

The semi active vibration isolators are betteresluitor isolator applications since the
energy requirements are very little when compardth vactive vibration control

techniques, and a minute energy source like bastésienough to power them. The semi-
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active systems do not add energy, but they carraahe parameters of the systems such
as spring stiffness or viscous damping presentiensistem (Luca et al. 2005). This will
give enough stability to the system by keeping vh®wation amplitude to acceptable
levels. MREs can be effectively used as semi aalieeces due to the ferromagnetic
particle ingredients in it, which imparts the fleiity to change their stiffness or dynamic
damping when exposed to an external magnetic Gelparticular intensity. This makes

MRE an excellent vibration suppressing elementctvimeeds to be addressed in detail.

1.3 MODES OF OPERATIONS OF MR ELASTOMERS

Based on the direction of application of magnei#tdf and the stress, the operational
modes of MR materials are classified into two maategories- shear mode and squeeze
mode or compressive mode of operation (Carlson Joig 2000). In shear mode of
operation, the direction of magnetic flux line atie direction of input excitation are
perpendicular to each other and in squeeze modegithction of input excitation to the
MRE is along the flux lines. The schematic of biyhes is displayed in figure 1.1 below.

Direction of [
excitation

-

Direction of excitation

Y
Direction of Direction of
flux lines a flux lines b

Figure 1.1: Operating modes- (a) shear mode, (b) squeezengpressive mode

Generally conventional isolators which are elastoen@ nature are operated in
both shear and squeeze modes. These operating rassigseferred depending on the
application (Lakes 2009; Jones 2001).Like convewiielastomer isolator, MRE also is
elastomeric by nature and it is also preferred heas mode and squeeze mode of

operation.



1.4 TYPES OF MR ELASTOMERS

Based on the curing process, there are two typ®&$Rotlastomers. If the MR elastomer
is cured under a magnetic field, the iron partidesn a chain like structure in the
direction of flux path thereby imparting directidmaoperties. These may be assumed as
weakly anisotropic in nature. They are also refiteeas structured MR elastomers (Jolly
et al. 1996a). If no magnetic field is applied dgricuring, the particles are uniformly
distributed in the matrix making them isotropicniature (Gong et al 2005f; Ruddy et al
2007). The arrangements are shown in the figurdal@w.

Elastomer matrix

00000
Q90000

b

Randon:d} distributed iron particles

Figure 1.2 Magnetorheological elastomer- (a) randomly distréd, (b) structured MRE

MREs can also be classified based on the way #stogher matrix is processed or
vulcanized i.e. high temperature vulcanizing(HT\Wdaroom temperature vulcanizing
(RTV) (Gong et al., 2008a and 2009I). Both thegeesyof MR elastomers have created
lot of interest in the last decade and their figdghendent properties are being explored by

many researchers all over the world to utilize thensolation applications.

1.5 FORMATION OF THE THESIS

The introduction about vibration isolation and nised is discussed along with different
types of smart materials are presented in chaptdhé relevance of MRE as a semi-
active vibration isolator and its advantages ovieotypes of MR materials are also
discussed in brief. In order to understand the gnagpn methods and testing techniques
employed to characterize MRE, the research worgsrted on MRE in the last few

decades is studied extensively. Literatures relateddifferent types of modeling

techniques are also studied in the second chaftterresearch gap is identified to set the
objectives. The scope of the research work is ddfin chapter 2 along with the problem

statement. Different types of matrix materials weased to prepare MRE samples by



varying percentage content of carbonyl iron powdée types of matrix materials used,
their preparation methods and the microstructurthefsamples are discussed in chapter
3. The experimental set up, the hardware and titea® required for characterization of
the samples are also briefed. Chapter 4 discubses the influence of parameters on the
dynamic performance of MRE. The influence of parterse like geometry of MRE
samples, particle ingredient size, operating fregyeand strain amplitude on dynamic
performance of MRE samples are discussed in defag phenomenological model
developed for the MRE is discussed in chapter mér-parameter linear viscoelastic
model is proposed. The parameter identification wase by fitting the experimental
results to the proposed model using MATLAB optintiza toolbox. Chapter 6 discusses
an application to enhance the damping propertyané lbbeam by subjecting it to MRE
treatment in sandwich beam configuration. The agiohs from various experiments
and the parameter identification modeling are donie chapter 7. The most important
factors which influence the performance of the M&dples are also discussed in this
chapter. The improvements and the scope for fustwdies related to MRE are also
proposed. References and the appendix along witleBResume of the author are given
at the end of the theses.



CHAPTER 2

LITERATURE SURVEY

The research work on MRE has gained great impogtamdhe past decades due to its
field induced property enhancements and the adgestd has over other MR materials.
To investigate MRE as a potential isolator matetiz¢ preparation method and the type
of testing characterization needs to be understdbé. current research is focused on
preparing and conducting dynamic characterizatibmagneto rheological elastomers.
This chapter deals with the literature study maifdgusing on following important
aspects.
% Magnetorheology of MR materials.
% Different types of matrix materials used to prepaeeMRE samples.
+ Size and percentage content of ferromagnetic ingnésliused.
« Type of characterization methods employed to undedsthe field dependent
behavior of MRE.
% Different mathematical modeling techniques likeguaetric, non-parametric and
finite element studies on MRE.
The literature study is carried out to understatetteo and magnetorheology and to
understand the behaviour of viscoelastic materidlsummary of the literature study
along with the research gap is given in the entthisfchapter. The problem statement and
the scope of the work along with the objectiveshaf current research are also stated at

the end of this chapter.

2.1 MAGNETORHEOLOGY OF MR MATERIALS

Focus on wide frequency vibration attenuation hixgays been the focus of many
researchers in the past few decades. Smart matbaak been found to be an alternative
to conventional ones over a wide range of frequeenas well as variable levels of strain
inputs. Electro and magnetorheological materials auch smart materials whose
rheological properties can be controlled by an eppate level of electric and magnetic
field respectively. Suspensions with ferromagnéliers in oil like medium are potential
stress transfer devices. Magnetorheological flwdee found to be better at field-induced
behaviour than electrorheological fluids. (Ginder &. 1998a). The degree of
enhancements of properties under the influenceagfnetic field is called MR effect. MR

fluids, foams and elastomers are the three typewagfnetorheological materials. They



are potential vibration attenuation devices in shegueeze and compression mode. Field
dependent behaviour of MR fluids result from thdapaation of the ferromagnetic
particles during the chain formation (Ginder et H998a, Carlson and Jolly 2000b).
Theoretical studies of MR fluid involve chain fortima of fillers along the magnetic flux
lines. The studies on magnetic saturation on skieass of MR fluids revealed that the
maximum stress was proportional to the square ®fntlagnetization of particles. Shear
properties are independent of average magneticiimiuat saturation (Ginder & Davis
1994).

Effect of magnetic field on the deformation of pad chains within the
elastomers is modeled using a quasi-static dipabelelh The gap between the iron
particles, maximum field saturation of particles game-cured viscosity of composites has
a bearing on the field-induced response of thetatasr (Jolly et al. 1996a). Theoretical
analysis of field dependency of static responsmafineto-sensitive elastomer is carried
out by considering mechanical equilibrium equatiomsxial and circumferential
magnetic-field effect is investigated by considgrian extension of a cylindrical
specimen subjected to internal pressure and asé@l.INon-linear isotropic magneto-
elasticity comparison with experiments is necesdaryunderstand the field-induced
changes due to deformations (Ogden 2005).

Field-induced plasticity of MRE subject to cyclieversal of strains under
magnetic-field results in a temporary anisotropg tludipole-dipole attractions along the
flux lines (Melenev et al. 2011). The field-inducdxtological enhancement is called MR
effect. The addition of graphite along with ferragnatic particles increases the zero-field

storage and loss modulus, but reduces the MR dtfte2012).

2.2 MATERIALS AND THE EXPERIMENTAL CHARACTERIZATION
METHODS OF MRE

The choice of matrix materials is plenty for theparation of MR test samples. Reviews
done on MRE discuss about different matrices litexrmoplastic, natural rubber, silicone,
butyl, acrylonitrile, vinyl PVA glutaraldehyde, palrethane etc. The type of filler
includes iron, nickel, cobalt and alloys in powdeferm ranging from @m to 1Qum in
size (Li and Zhang 2008).

The silicone RTV is the most widely used matrix foost research works due to
availability and ease of processing in the labagathiany researchers have extensively
worked on silicone based MRE samples (Gong et0@l5& to 2005g, 2008a and b, 2010;i;
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Li et al. 2009 and 2010e; Demuch and Kuzum 200ZsiAger et al. 2013; Melenev
2013; Elejebareta et al. 2014 and Jian Quin 204&)ural rubber has good mechanical
properties, and it is easily available in nature &lso been experimentally investigated by
researchers (Gong et al. 2007i, 2008a; Li et @l020Few works have been reported on
matrices like chloroprene (Gong et al. 2008a), giohethylsiloxane (PDMS) (Li et al
2005c¢), cis-polybutadiene (Gong et al. 2008), Ieit(Stenberg and Lokander 2003) and
polyurethane (Wu Jinkui et.al. 2007).

Few literatures of MRE samples with matrices cosipg of two different
polymers in different proportions also have beeguoried. These hybrids consisting of
silicone-polyurethane resulted in better MR eff@@bng et al. 2005g). Mixture of cis-
polybutadiene and natural rubber in different pripas (Stenberg and Lokander 2003
and Gong et al. 2010d) proved that higher naturaber content results in better MR
effect.

The preparation of MRE involves high-temperaturdcamization (HTV) and
room temperature vulcanization (RTV) methods ofrayurRTV MRE samples have been
tested extensively due to ease of preparation. Basewhether the magnetic field is
applied during curing, MRE samples are called gt if cured without the field and
anisotropic if cured under the field. This typecofing influences the properties of MRE
under zero fields and with magnetic field also. wiw comparisons between isotropic
and anisotropic MRE samples under similar testiogddions have been reported.
Experimental works have proven that damping propeftstructured cis-polybutadiene
MRE is less than the isotropic sample if the petags concentration of CIP is kept equal
(Sun et al, 2008 and Gong et al. 2010d). Studieslucted by Lu et al. (2011) on
isotropic and anisotropic SEBS (polystyrene-b-athgkco- butylene-b-styrene) samples
prove that isotropic MRE prepared at a higher tawatpee showed better storage modulus
values than the sample prepared at room tempera&noigotropic samples were prepared
at a very high magnetic field of about 1.2 Teslhe Bnisotropic samples at zero fields
showed better characteristics than an isotropicparat same percentage content of
ferromagnetic particles. The mechanical propertiesnisotropic MRE samples are a
function of the magnetic field applied during cwinGong et al. 2007)). The
characterization of these samples was conducteapplying a homogeneous magnetic
field where the whole sample dimension was unifgrsubjected to a uniform field. Li
et.al. (2011b) investigated MRE sandwich beam exgh@s non-homogeneous magnetic-

field strengths of lower intensity below 0. 1 TedGharacterization was carried out by
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sine sweep test on the sandwich beam by varyinguémcy from 0 to 30 Hz. The

magnetic field was applied only for a length of faén during sweeping tests. Field was
applied at distance of 130 mm from the fixed endhef cantilever and then moved till
255 mm. The tests revealed that with the increagbe magnetic field, the first natural
frequency of the beam shifted leftwards, and theléande reduced. In addition, as the
field was shifted away from the fixed end, thetfiratural frequency goes on reducing.

The inclusion of different type of additives duringring greatly affects the MR
effect. The addition of silane coupling agents doeesimprove the absolute MR effect.
However, the distribution of particles within theatmnx was more uniform resulting in a
better relative MR effect (Gong et al. 2006e). $&tscconducted by Kaleta et.al. (2011)
proved that the addition of plasticizers alters pneperties of MRE samples. Studies
conducted by Tian et al. (2011) revealed that gtepas an additive improves the
dispersion of iron particles within the matrix. Atlon of graphite was found to affect the
linear viscoelastic range. The zero-field modulaproved but at the cost of MR effect.
Artificially inducing porosity by changing the pemtage content of NdHHCO; within the
polymer matrix revealed that the storage moduldsiced with an increase of NHCO:.
This resulted in improved loss factor as well as &ffect (Yu et al. 2012).

The MR effect is a function of the percentage catregion and the size of the
particle ingredient in the elastomer matrix. Th8uence of carbonyl iron powder is
investigated by varying the percentage contenou@0fo by weight. Gong et al. (2008a)
prepared MRE sample with natural rubber by varyimg percentage CIP from 60% to
90% by weight, and the tests showed that dampiopggsties was found to increase with
weight percentage. Similar studies have (Gong.e2@l1h and 2001i) shown that loss
factor has increased up to 80% weight fraction t@nath reduced with a further increase
CIP content. The shear modulus of MRE with smalleed particle was found to be
better than the sample with bigger sized partiotelie same weight fraction. The relative
MR effect which is the field-induced modulus impeovent increased with the field up to
a particle content of 70% by weight, and then dueed. Loss factor decreased with an
increase in operating frequency but increased strtin amplitude (Sun et al. 2008). Jian
Quin et al. (2015) investigated the influence aftipke size on the rheological properties
of silicone based magnetorheological elastomerkcofe-based MRE samples were
prepared by using different size of iron partictasging from fiveum to 150um in

diameter. The zero-field shear modulus was obsetwdnt decreasing with the increase
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in diameter. The MR effect increased with the disanef particle, and it reached a
maximum value for 74um particle, and enhancements were not reporteIBrsize
more than. Experiments conducted by Li and Zhaf§9%8) by employing two different-
sized particles 5qum and the other with fum. It was observed that for the same
percentage content, the MRE with larger-sized gadihas higher MR effect and lower
zero-field modulus. When these two CIP samples wexed in different proportions, the
zero-field property was not affected, but the MReetf was enhanced.

The characterization of MRE is required to undemtdhe behaviour of the
samples and its potential as a vibration dampédatiso Rheometer equipped with an
electromagnet is very effective in experimental rabterization of MRE. Many
researchers have used parallel plate rheometescitiadory mode (Li et al. 2005c; Gong
and Jian 2008b; Li and Zhang 2009g;, Zhou and T28d40e ;Tian et al. 2011; Li 2012
and Li 2012h; Gong et al. 2012k) to investigate thBuence of strain amplitude,
frequency, and magnetic field on the storage madahd loss factor. Rheometer is also
used in tensional oscillation test (Kramarenkol.e2@11b), squeeze mode (Farjoud et al.
2011) and stress controlled mode (Lu et al. 20Thé& creep and recovery behaviour (Li
et al. 2010d) and Payne effect (Gong et al. 20iRlgstigations are also done on MRE.
Dynamic mechanical analyzer (DMA) is another efiectmethod of experimental
characterization. MR effect is analyzed using mediDMA (Wu Jinkui (2007); Gong et
al. 2007i, 2007}, 2007m, 2008n, 2009i and 2011hpgsand Sun (2008); Xiao-Min
(2009); Opie and Yim (2010) and Lu. (2011)) to isivgate the damping characteristics.
The dynamic characteristics of MRE can also beiedmout using forced-vibration test
approach by employing electrodynamic shakers. §eranodulus variation with
percentage concentration and magnetic field isuatatl using an electrodynamic shaker
to conduct the dynamic tests (Gong et al. 2005fpowand Li (2003) investigated the
dynamic response of MRE subjected to uniaxial de&tion by analyzing the
acceleration response of the system under harnhoaiing of different frequency using
an electrodynamic shaker. Hysteresis plot obtaimggblotting two accelerometer data
acquired from the mass, and the base is analyzedderstand the behaviour of MRE.
Stress-strain behaviour of MR samples was condugtedy shakers to evaluate the MR
effect (Yu et al. 2012).

Impulse excitation technique using an impact hamnsera quick way of

characterizing the damping properties. Pan Jiel.e(2805) evaluated the frequency-
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dependent stiffness and damping property of a nubtmeint by making use of an impact
hammer. The results were matching closely withtds¢ results done by electrodynamic
shaker Ripin and Ooi (2010) determined the lossofagf an engine mount by driving
point stiffness and blocked transfer stiffness mdthsing an electrodynamic shaker and
compared it with an impact hammer. The resultsinbthfrom both the methods were in
close agreement. Impact hammer was used to fintheutatural frequency and damping
ratio dependency on the magnetic field by Zhou 2200npact hammers have been used
for evaluating the frequency-dependent modulus ®fhiiman levers extracted from
patients at different levels of fibrosis (Basdo@aaygatay et al. 2010).

The characterization of MR elastomers can be cdeduasing sandwich beam
configuration in different boundary conditions. éstigation of variation of storage
modulus and loss factor with magnetic field was drarted using sandwich beam
configuration under fixed-free conditions (Demcharkd Kuz’min 2002) Experimental
work on magnetic-field dependent natural frequen@é MRE samples in fixed-free
sandwich beam configuration is done using sine pweehnique (Ke-Xiang et al. 2008).
Li et.al. (2011b) investigated MRE sandwich beanpomed to non-homogeneous
magnetic-field strengths of lower intensity belowlTesla. They conducted a sine sweep
test on the sandwich beam by varying frequency fooim 30Hz. As the field was shifted

away from the fixed end, the first natural frequegoes on reducing.

2.3 MODELING TECHNIQUES AND METHODS OF MRE

MRE consist of a matrix which is viscoelastic irtura. Many modeling techniques have
been employed to predict the behaviour of MRE urmiep field as well as under the
influence of magnetic field. Different modeling rhetls are briefly review in this section.

The most basic study involves the modeling of tipeld interactions between the
particles during the chain formation. The effectntdgnetic saturation on the zero field
and at saturation on the shear property of the MRBodeled (Jolly et al.1996 and Davis
1999). The interaction between the adjacent pegiclong the carbonyl-iron powder
chain formation was modeled. These studies haveeprdhat maximum change in
modulus is observed for a carbonyl iron percentageentration of around 27 to 30% by
volume.

Reitich and Jolly et.al. (1999) developed a mattemala theory based on
homogenization. They derived the relations whiclil@¢opredict the response of the

ferromagnetic particle chains in the fluid medium ibagnetic saturation. This model
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proposed could predict the effective permeabilify nmagnetorheological fluids and
numerical simulations were performed, which wasitbempared with the experimental
results and was found to be effective in predictimg behaviour. Li., Zhang, and Gong
(2008f) proposed an effective permeability modeptedict the influence of magnetic-
field dependent modulus change of MREs. They mageai Maxwell-Garnet’s mixing
rule of predicting the effective permeability ofaths and modified it to derive the
equation of field-induced shear modulus of MREsnifsir modeling studies conducted
by Li and Zhang (20099g) also made use of effeqteaneability of the MRE to find the
MR effect agreed with the experimental results. pehal. (2013) conducted theoretical
studies on MREs subjected to normal pressure, anddel was developed based on the
effective permeability rule. In this study, the rhatructure in the matrix was assumed to
be anisotropic in nature. By fitting the experinantesults, an empirical relation for
effective permeability formula was developed whiohturn was applied to develop a
relation for field-induced shear modulus. The stsdshowed that the modulus was a
function of magnetic field as well as the normatgaure. Effective permeability theory
has also been used to derive the stiffness meux et al. 2013) for chain structure of
iron particles in MREs. They derived the equationfind the magnetic field induced
shear modulus of anisotropic MREs. A numerical $aton was carried out using
ANSYS coupled magnetic-structural analysis to \akdthe analytical method. It was
assumed that the particle volume concentration 2##. The differences among the
values calculated from analytical and experimemate within the acceptable range.
Maxwell-Garnet’'s mixing rule was employed to congubhe effective permeability.
Bohdana Marvalova (2008) made use of equationslalee@ by Dorfmann and Ogden
(2004) to account for non-linear magneto-elastitowheation to implement magneto-
static problem in finite-element code using Conidoltiphysics coupled-field analysis.
A simple simulation of the shear deformation ofraté sized block of MRE subjected to
a magnetic field. They considered edge effectsltiagurom finite geometry of the body
as well as huge displacements of the boundaries.

FEM studies have also been conducted on MRE samplesandwich
configurations in beam and plate geometries. Thad-dnhduced shear modulus
enhancements of an MRE core sandwich beam in @aydtied configuration have been
studied (Zhou et al. 2006¢ and Zhou et al. 2008d¢kvis an extension of the work from
the same author (Zhou et al. 2005c) in which Hami#t principle was used to develop

the dynamic model. FEM and Guyan reduction methwdse employed to derive the
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governing differential equations of a sandwich beaith normal and MRE cores
(Dwivedy et al. 2011b). Bolotin method was useddatermine the dynamic stability.
They concluded that the proposed method can be tospcedict the natural frequencies
and loss factor of sandwich structures. Apart freemdwich beam, sandwich plate
configuration (Yeh 2013) with MRE cores is also sidered for modeling. Governing
equations of the plate were developed by Hamiltgriaciple and the magnetic-field
influence on the natural frequencies and the dagip&haviour was analyzed.

Lin Chen et al. (2011) modeled the MRE as a stahflaear spring with two
springs and a dashpot, a third spring element topemsate for field-induced modulus
change and a fourth Spring-Coulomb friction sligéement to account for interfacial
action. Jung et al (2012) developed a model to igrettie behaviour of MRE by
combining Ramberg-Osgood and the Maxwell model meas mode of operation.
Validation of the developed model was verified lymparing with the experimental
results which showed that the fit was good (ab@36 9natch). Kramarenko et.al. (2011b)
fitted rheological models for the experimental tesin Poyting-Thomson model which
has an extra element of shear modulus than Kelwdeam Influence of resonance on the
dynamic modulus of elastomer was also taken intsideration. The dynamic modulus
in the presence of magnetic field was derived.ds wbserved that in the tested frequency
range, there were errors resulting from inertide@t. The model developed could
describe the frequency and field dependent rhedlogyod effect. Melenev et.al. (2011)
modeled the plasticity induced in MREs due to th#uence of magnetic field i.e.,
magnetic shape memory. A phenomenological modeldeasloped using a spring-mass
and a slider spring element to account for frictmtween the particle and the matrix
arising due to dipole attraction resulting from thagnetic field. The model reproduced
the experimental results effectively.

Mooney-Rivlin hyper-elastic model was fitted to expental data, and stress-
strain relationship was studied (Bossis et al. 206 analytical model was also
developed to describe the behaviour of structuratenal. This model predicts that the
particles are not in contact in the matrix, and distance between them is 5.6% of the
radius. Microstructure study confirmed this hypasike They concluded that the
performance of the MRE to high strains will dep@mdthe bonding between the particles
and the matrix.

Bossis et.al. (2006) investigated the effect oficgtrring of particles within the

matrix on the quasi-static behaviour in tensionisatropic MRE samples were prepared
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and in second stage, the CIP was treated with plioguagent to investigate the effect it
has on the interface between the particle andldstagner matrix. Mooney-Rivlin hyper-
elastic model was chosen for parameter curve dittBtress-strain relationship was also
studied, and Mooney-Rivlin and Christensen’s igumtomodels were fitted to the
experimental results. An analytical model was depetl to describe the behaviour of
structured material. They concluded that the peréorce of the MRE to high strains will
depend on the bonding between the particles anchétex.

2.4 APPLICATIONS OF MAGNETORHEOLOGICAL ELASTOMERS

Magnetorheological elastomers have many potentpgliGtions in vibration
damping applications. Many researchers have atesnpi explore its capabilities as
vibration attenuation devices. Adaptive tuned Mibora absorber by employing natural
rubber in shear mode was tested in the range ohetadfield up to 0.4 Tesla (Gong and
Deng 2007m). The advantage of this ATVA was alsscuksed, and it was
experimentally observed that 145% increase in ahfoequency was possible at 0.5 A
current or 0.9 Tesla magnetic field (Gong and D20@8n).

MRE as field-dependent spring in three differefration absorber configurations
was explored by Cunefare and Lerner (2007). MREpsasnwere prepared using silicone
gels incorporated with iron particles, and theyevenplemented as tunable springs and
operated three modes- shear mode, compressive naode,squeeze mode. In this
research, the absorber designs were like the TVIA@TR42 and ATR72 aircraft
fuselages. Experimental results conclude that floration absorber with flexible design
constraints, squeeze mode of operation yields ¢seresults as variable stiffness devices.
MRE damper in shear mode configuration resultedfiective vibration absorption over
a wide frequency range (Xiao-min et al. 2009).

MRE is also explored as MR fluid-elastomer basedimh@nd its controllability
were discussed assuming SDOF system (Gordaninefd2911b). Farjoud et al. (2011)
tested MR fluid damper in squeeze mode by incotp@yaMRF in a polyurethane
elastomer. They experimentally concluded that tloeimh was capable of large range of
controllable force for short stroke length. PID tolled MR devices were also explored
under real-time conditions to investigate its fbdisy as a vibration isolator (Opie and
Yim 2010). Both structured and isotropic MRE showedd enhancements in modulus.

Apart from above-mentioned cases, microgripper mctv jaws made of MRE

were experimentally tested (Naimzad et al. 2011RBvVias a possible vibration

15



suppression device for miniature cryogenic deviaeed for cooling of actuators in
sensors in surveillance satellites were exploreinyet al. (2010). The tests led towards
the conclusion that MRE gives wider frequency raogetrol than the passive absorber.
Sandwich beam with MRE core as a smart system faronvibration control of
equipments was experimentally investigated by Ning and Chen (2011). It was
concluded that this type of MRE core sandwich béas vibration suppressing abilities
for different types of stochastic motion excitasoexperimental evaluation of actuation
behaviour of MREs in ring shaped specimen reve#éedpotential of MRE as flow
control devices (Bose Holger, Rabindranath, andi&hr2012). Li., Zhang and Du
(2012h) explored MRE isolator as a potential ssakation system which would reduce
the vibrations experienced by the driver while ransit. Dynamic tests were conducted
on isolator by subjecting it to harmonic input diiAfrequency at different magnetic
fields, and force-displacement behaviour was plotléne plots indicated that stiffness at
3A current increased to about three times when eoetpwith the stiffness at OA current.
They concluded that for practical implementatioradill-scale isolator, optimization and
control strategy development is required.

2.5 CONCLUSIONS FROM THE LITERATURE SURVEY

Literature survey MREs was done based on the madrezilogy, materials used and

preparation methods, experiments conducted andhenMathematical modeling of

MREs. The following conclusions are made from ttexdture survey.

(1) The matrix of MR elastomers has lots of choicee ltkermoplastic rubber,

silicone rubber, plastic, natural rubber, and sgtithrubber, and so on.
Natural rubber has very good mechanical propertisxibility, and
processing performance. It is very suitable for pinactical MR elastomer.
Butyl rubber has an excellent chemical stabilibgulation, and high damping
factor, which makes it suitable for developing MRstomer based shock
absorber. In addition, the silicone rubber and rttogriastic rubber has been
widely used to prepare MR elastomer in a lab bexdhey are easy to be
processed. The other matrices include acrylonitridber, vinyl PVA
glutaraldehyde synthetic polymers, polyurethanexygen fluorine polymer,
polyurethane and formaldehyde plastic. The avditgbiand ease of
processing parameters make room temperature vaiogrsilicone the most

popular choice of most of the researchers. Aparfthese, combining two
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(ii)

(i)

(iv)

(v)

(vi)

different elastomer matrices also shows good pt@serwhich combine the
advantages of both the polymers.

There are different materials available for thetiplr to be incorporated
within the elastomer matrix which is ferromagneti®., iron, cobalt and
nickel powders with average diameters ranging fégom to 100um. All the
above materials can be used as patrticle ingredi@atdonyl iron powder of
diameters ranging from 5um to 10um which has loercweity is the most
effective (i.e., little, or no residual magnetisnhem the external magnetic
field is removed).

There are many methods to characterize the fielger#ent viscoelastic
properties of MREs. Most effective methods beirguke of DMA, rheometer
and custom-made experimental set ups using anvadgcamic shaker. The
use of an impact hammer to give impulse excitatind taking the response
also serve as a means of characterizing by reglabm expensive and bulky
set ups. Impact hammers are as effective as otlk#natls in characterizing
the viscoelastic behaviour of MRE.

Influence of various parameters such as the mataterials, the types of
curing i.e. isotropic or anisotropic, operating dions like input frequency,
strain amplitude and magnetic field have been erdiin detail. It was found
that most important factor deciding the MR effecpercentage concentration
of ferromagnetic ingredient and the magnetic fiéddvolume concentration
between 25 to 30% and a magnetic field of arouriesla produces the best
results.

The frequency shift of MRE under the influence adgnetic field is up to
150%. The storage modulus and loss factors showo@d gamount of
enhancements proving its damping capabilities. Margerimental results
have shown that the property enhancements were@pnoed up to a field of
0. 3 Tesla and after that it saturates or decredseproduce the magnetic
field, both electromagnets as well as neodymiura earth magnets have been
used.

Several models have been developed to describe MBEaviour. The
theoretical models use Maxwell's equations to a@spiuctural and magnetic-
field dependent modifications. To determine thddfiaduced changes in

MRE, Gold-Guth equation has been used to derivergtaions. Maxwell-
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Garnet mixing rule of finding the effective permiiyp of mixtures to derive
the modulus change in structured MREs. Many of ékisting rheological
models are modified to account for the magnetilcfiaduced changes and
the experimental values are fitted to these moaeld,parameter identification
is done. Many FEM studies are also conducted talsi® the field-induced
behaviour with good efficiency.

(vi)  Many potential applications have been experimentatplored, and the
results have been backed up with the simulationsstMxplored application
of MRE is ATVA, which has been discussed by seveeakarchers. Along
with this, MRE is also had been explored in valieesontrol fluid flow. MRE
as vibration isolator for reducing the fatigue afvdrs in vehicles and in
aircraft fuselages for vibration isolation applioas have been discussed. It is
also considered for space applications to reduoetions in satellites arising
due to compressors. MRE can be used as miniatippegs and sensors also.
However, MRE is very effective as a semi activerafiion isolation/absorber

element.

2.6 RESEARCH GAP

There have been many attempts to prepare and thidzache MRE for potential use as
vibration isolation and many other applications.t Bloere are very few instances of
investigating the influence of MRE dimensions ahé size of MRE particles. The
comparative studies of influence of matrix materiah the damping properties are also
not extensively done. There are few investigationsvhich more than two types of
matrices were used in a single study to prepareeMBiomers. The current research work
attempts to address these issues and an attenlpbevimade to fill these gaps by
characterizing the MRE prepared by various matratenals and the influence of various
parameters will be experimentally investigated.

2.7 MOTIVATION AND OBJECTIVES OF PROPOSED WORK

Minimizing the vibrations in structures, machines wehicles has always been a
challenging task which would not only improve thiiceency but also reduces the

maintenance cost. The properties of conventiortaiation dampers cannot be controlled
unlike Magnetorheological Elastomers whose rhegklgoroperties can be controlled by
the application of external magnetic field. Thddidependent properties of these MREs

18



can be employed to reduce vibration of structumes;hines or even vehicles. Due to the
field dependent properties, MREs can be used owdrwange of frequencies compared
to conventional dampers. But the challenge hete fsxd a way to control the properties
by varying the magnetic field. These factors hase Us to investigate the different
parameters involved with MREs like types of matmaterials used, percentage of
ferromagnetic particle ingredients and the difféeremethods of preparation of MRE.
These things have motivated the current researelygtore the smart material MRE as a
potential material for vibration attenuation dedce
Keeping these in view, the following objectives aed for the current research
work.
1) To prepare magnetorheological elastomers usingréiit matrix materials by
varying the carbonyl iron percentage volume conegion.
2) To develop suitable experimental set up and ingasdithe influence of magnetic
field, operating frequency, and strain amplitude tba dynamic behaviour of
MRE.
3) To investigate the influence of geometry of sampéesl the size of the
ferromagnetic particle ingredients on the damping.
4) To develop a phenomenological model to simulate digeamic viscoelastic
properties of MRE.
5) To investigate the application of MRE in constraim@yer damping approach.

2.8 SCOPE OF THE RESEARCH WORK

In this research, the high temperature vulcanizagples studied are natural rubber,
silicone rubber and nitrile rubber elastomers awwhr temperature vulcanizing silicone
rubber is also studied. Along with these matrieesgew type of matrix material prepared
by mixing RTV silicone, and polyurethane in diffatgproportions is also investigated.
Dynamic characterization is done using forced-\ibra tests using electrodynamic
shaker and using impact hammer techniques. Expetahstudies will be conducted on
isotropic MRE samples by varying the carbonyl ipmwder content up to 25% volume
concentration. Four parameters mathematical mogleéohnique will be employed for
parameter identification. Modified linear viscoglasmodel would be used to fit
experimental data for parameter identification psg The influence of the geometry is
studied by using four different thickness samplésSiicone MRE and keeping the
particle content equal. The influence of partigie ss not done extensively, and only two
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different-sized particles are used for the studye Bpplication of MRE as a damping
material is investigated by constrained layer damgpmpproach making use of ASTM

standard E756-05 in sandwich beam configuration.
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CHAPTER 3

DYNAMIC CHARACTERIZATION OF MRE

The dynamic characterization of MR elastomers igie@d using rheometer, dynamic
mechanical analyzer or using force vibration apghod-orce vibration tests are carried
out either by force transmissibility approach osplicement transmissibility. This
chapter discusses about the force transmissibtlgt approach for the dynamic
characterization of MRE. A comparative study of emmental response of all the
samples is carried out to understand the influerfcabove-mentioned factors on the
properties. Different types of matrix materials gor@paration methods employed for
fabricating MRE samples are discussed in detai iflicrostructure images of the MRE
samples are also discussed to understand thebdistn of CIP within the elastomer
matrix. The theoretical backgrounds of the forcansmissibility tests carried are
discussed briefly. This chapter deals with the dorttansmissibility measurement
approach to investigate the effect of matrix mategpercentage concentration of iron

particles and the magnetic field on the loss factoration of different samples.

3.1 THEORETICAL BACKGROUND FOR FORCE TRANSMISSIBILITY
TESTS

The schematic of the experimental set-up is shawfigure 3.1. The force vibration tests
can reveal the damping properties of the differelastomer samples by plotting the
transmissibility ratio verses the operating frequyegraph. The system can be considered
as a SDOF system with base excitation and can laeled as a spring and a dashpot
element as shown in figure 3.2.

The force generated by the shaker is impressed iiqgolRIRE sample through the
stinger. The transmitted force is the force meakimethe force transducer at the top as
depicted in the figure 3.1. This set-up is appr@ated to single degree of freedom system
subjected to harmonic excitation force. The setumodeled as a spring mass dashpot
system. By employing force transmissibility appioathe transmissibility ratio can be
calculated by the vector approach. Under steadg-standitions, the forces acting upon

the system can be represented by the vector diadigume 3.3).
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Figure 3.3Vector representation of Forces (W.T Thomson)

The spring force is represented lky and damping force is representedCxyX.

The transmitted forcEy, is the vector sum of the two forces acting in gpigodirections
Fe =/(kX)* + (aX)? (3.1)

F = X{K* +(awX)? (3.2

The input force~, can be calculated from the vector diagram,

F, =(cwX)? + (kX - m X7 (3.3)

F, = X/(ca)? + (k- mw?)? (3.4)
The ratio of transmitted force to the input forceveg the Transmissibility ratio.

TReFie 2 00" +H(@X)*

(3.5)
F,  J(cw) + (k- mu?)?
By writing equation 3.5 in dimensionless form, wet,g
2
1+[2{wj
TR:% _ “ (3.6)
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Where, F1; andF, are the transmitted force and the input force eetyely in
Newton.{is the damping ratio andra, is the frequency ratio. Wherteis the operating
frequency andy, is the natural frequency of the system configorain Rad/sec.

At resonance, the operating frequeneis equal to the natural frequency. By
incorporating these changes, the equation (3.6)easo written that, loss factor can be

expressed in terms of transmissibility ratio asnaihbelow,

1 / 1
C_E m (3.7)

For materials with relatively small damping ratidess factorn can be

approximated to be twice that of damping ratio i.e.

o 1
1 —2C—1/m (3.8)

Using of equation 3.8, the loss factor values btre samples can be calculated
from the response curves which would be used falyamg the performance of the MRE

samples.

3.2 MATERIAL PROCESSING

The magnetorheological elastomer consists of arst@l@er matrix and a
ferromagnetic ingredient which imparts field depemdproperties. In the current research
work, MRE samples were prepared by employing différtypes of elastomer samples
and varying the percentage content of the partictgedients. Natural rubber (CIS-
polyisoprene), Silicone and Nitrile (NBR) were tH&V samples prepared for analysis.
One RTV type of MRE was also prepared using sikcefastomer from Dow Corning.
The main reason for selecting natural rubber isehge of availability, and it is very
economical. The damping property of the naturalbaubis relatively lower, which
enables to understand the influence of ferromagrmpetiticles and magnetic field on the
loss factor enhancement. Silicone elastomer hasllert chemical resistance and high
operating temperature range compared to othereeairand NBR has excellent damping
properties. By preparing MRE samples using thefferdnt types of elastomers with
different damping properties, the influence of #egromagnetic ingredients can be
effectively investigated. The latex for the prepara of MRE was obtained from rubber
trees (Hevea brasiliensis) in Sullia, Mangaloree Mitrile and silicone HTV samples
were obtained from S.K Rubber industries, Mangalofbe ferromagnetic particle

ingredient selected for the MRE is the Carbonylninpowders (CIP) form BASF-
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Germany (Grade CC) which is of abouus in diameter. The preparation method of
HTV samples is explained below.

The ingredients for the vulcanization of HTV MREgaes are listed in table 3.1
below. Mixing of the ingredients and molding wasndoat S.K Rubber industries,
Baikampady Industrial estate, Mangalore. The vuiadion process of HTV rubber
involves a process called mastication, which isedby passing uncured rubber sample
between two rollers rotating in opposite directidime rollers will be heated to around
12d°C, by passing continuously between the rollersfithidity of rubber increases, and it
reaches a mushy state. Once this state is reattfeethgredients mentioned in the table
are added one by one and thoroughly mixed, and ibrieenixed, the sample is kept for

curing for about 24 hours.

Table 3.1ingredients for vulcanization

Ingredients Amount (grams) Type
Rubber 1000
Zn0O 50 Activators
Stearic acid 20
MBTS* 5
Sulfur 20 Curing agents
TMT** 2
Silicone oll 50 o
TDQH* 5 Plasticizers

*MBTS- Dibenzothiazole disulphide; *TMT- Tetramegththiuram disulphide; **TDQ-
Trimethyl-1,2-Dihydroquioline

After 24 hours, it is passed through the rollerd ance mushy state is reached,
carbonyl ion powder is mixed. Silicone oil is adakding the addition of iron powder to
enhance mixing. After the mixing is done, it is ke@pthe mold and cured at 1%4D and
around 1000 N for 15 minutes. The prepared sanvpdes blocks of size 34mm x 34mm
x 16mm. Five samples of these two shapes were peadny varying the percentage by
volume of Carbonyl iron powder. The prepared samplere of 0%, 10%, 15% and 20
and 25% CIP by volume. Strips of dimension 200ma0smm x 6mm were also prepared
with the same percentage concentration and matbenmals. The photographs of some of

the prepared samples (strips and the block) anersiofigure 3.4.
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Figure 3.4.Natural rubber samples

The RTV silicone samples with similar dimensionstlas HTV samples were
prepared in the lab at NITK, Surathkal. The RT\itsethe employed in the current work is
a two-part system room temperature vulcanizing ealfmm Dow Corning (SILASTIC®
3483). Appropriate quantity of carbonyl iron powdeas mixed with resin and stirred
thoroughly to maintain uniform distribution and theroper quantity of curing agent was
added and properly mixed for about 15 minutes anated into the mold and kept in a
vacuum chamber to remove the air bubbles. It was$ keder pressure in the mold for
curing. Carbonyl iron powder sample from BASF Gemgnaf average diameter of bn
was used. Five samples prepared with 0%, 10%, 28%, and 25% by volume of CIP in
each type of matrix material, and in total 20 saaplere employed for experiments. The
samples and the type of matrices used are listabia 3.2.

Table 3.2ZT'ypes of samples prepared

0,
Matrix Material A)\(;foli :Eeby Type Tests
Natural rubber HTV Force vibration and
Silicone 0,10,15,20 and 25%HTV and RTV |
Nitrile HTV Mpact tests

The microstructure of natural rubber samples isvshbelow (Figure 3.2b to 3.2f)
which was observed using Jeol SEM facility at NIT¥yrathkal. Figure 3.2a shows the
microstructure of CIP and from 3.5 b to 3.5 f shdtws microstructure of natural rubber
and the MRE with 10%, 15%, 20% and 25% CIP cone&intr respectively. The
microstructure studies were extended to differenations of the same sample to ensure
uniform distribution. The microstructure study stsowuniform distribution of

ferromagnetic particles within the matrix.
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Figure 3.5.Microstructure of CIP and Natural rubber MRE sarmap& CIP, b) Pure NR, ¢) 10%
MRE, d)15% MRE, €)20% MRE and f)25% MRE

3.3 EXPERIMENTAL SET UP FOR DYNAMIC CHARACTERIZATION

To realize the use of MRE as an effective isolafevice, a proper understanding of the
influence of various parameters on the propertyaanbments is essential. Different types
of experimental approaches have been followeddesasthe property enhancements. The
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various methods adapted to characterizing the dnbahaviour of MR elastomer have
been presented in the previous chapter. In thiptehaa detailed analysis of the
experimental results and discussions of the regpomwe of each sample is carried out to
understand the magnetic field-induced enhancemkedtfferent samples. The absolute
MR effect is referred to as the variation in figtdiuced enhancement with respect to the
unfilled sample, and the relative MR effect is redd to as the field-induced changes
under the influence of magnetic field. In other dsyrif the natural rubber is considered,
the loss factor values of 15% or other samples evtel compared with the pure natural
rubber sample. The absolute and relative MR effaadies of all the MR samples are

meticulously carried out.

3.3.1 FORCE VIBRATION TESTS

The photograph of the experimental set up is showhkigure 3.7. The experimental
samples were prepared by sandwiching the sampleebat3 mm thick Aluminum strip
which is 34 mm in width and bent in the form of“&f. This is done to conduct single-
lap shear dynamic tests on the samples. Cyanotetytsed adhesive was used to bond
the samples between two Aluminum strips. Photograggtsome of the test samples are

shown in Figure 3.6.

Figure 3.6Test samples for forced-vibration transmissibilagts

The MRE test sample was fixed to the top of theicstire as shown in the
photograph (Figure 3.6) and two Kistler force tiduters (450 Ibf and sensitivity 21.96
mV/g) were fixed at the top and bottom of the @astr to measure the input and the
transmitted force respectively. A sinusoidal sigmgnerated by NI PXI-5401 was
amplified and fed to the Electrodynamic shaker ¢aegate the input force. Keeping the
acceleration constant at 1 g throughout the exmeinthe signal frequency was varied
from 40 Hz to 400 Hz.
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Figure 3.7Photograph of the experimental-up. 1 and 3 Force transducers to measure ou
force and input force respectivel- MRE test sample, 4&tinger used to transmit linear for
from shaker, S=lectrodynamic shaker V7-100, 6Accelerometer, 7 anc- Neodymium

permanent magnets

The incremental frequency of 10 Hz in the stiffnassl mas controlled region
and 2 Hz in the damping controlled region. Dataugition was made using LabVIE'
2010. The ratio of output forcFy) and input forceK,) i.e. force transmissibility again
the input frequency graph was plotted to analyze dysster characteristics. The sar
experiments were repeated under the influence ghetec field using Neodymium reé-
earth permanent magnets (Grade 32) as a sourcagtiatic field. The magnetic fie
wasincreased from O Tesla to O.lesla in steps of 0.1 Ties All the set of experimen
were repeated for 5 trials, and the average valas wonsidered for the analysis
maintain the consistency and the repeatabilityhef €éxperiments. The magnefield
intensity was measured using Lakeshore Gauss m&he magneti-field intensity
variation across the elastomer was achieved byinghe distance or air gap betwe
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the magnets and elastomer using a modified setkedeqg vice. To observe the magnetic
flux variation across the thickness of the test@aira finite-element analysis with Finite-
Element Method Magnetics (FEMM) was conducted. @halysis was done for two

different air gaps between the poles of the magrat. results (Figure 3.8 and 3.9) show
the uniformity of magnetic field in the area whéehe test samples are kept. The field
distribution along the vertical was also plottedstmow the uniform distribution of the

field. To understand the behaviour of the MRE, tth@smissibility ratio versus operating
frequency was plotted.

For the test sample preparation of RTV silicone esgamocedure was employed,
but the adhesive used in this case was differgintoB®e exhibits a unique property called
abhesion which is the opposite of adhesion andusecthis, a special adhesive (Sil-poxy)
had to be used to bond the samples with the aluminrhese samples were also tested

for MR effect as mentioned above.
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3.3.2 RESULTS AND DISCUSSIONS

The samples were tested under harmonic loadingfiefreht frequencies and magnetic
field. The force transmissibility was assessed asaring the input and transmitted
force. The graph of the transmissibility ratio wesygrequency was plotted, and loss factor
values of each sample were calculated by the mettestribed in section 3.1. By
comparing the loss factor values of different sasplnder different magnetic fields, the
extent of property enhancements is analyzed. Téoreses of the samples are shown in
figure 3.10 to 3.33, and each graph is addresgetiécanalysis.
The figure 3.10 to 3.14 shows the force transmilésitof natural rubber samples.

The increase in the damping ratio was observed théhincrease in CIP concentration as
well as the magnetic field. As observed from thgiegs, the transmissibility ratio of the

pure natural rubber was the highest at 22 and agdénicentage of iron powder was
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increased, the transmissibility ratio was reduckay. 25% CIP sample at 0.3 Tesla, force

transmissibility peak reduced to about 8 showi®@% improvement in loss factor.

Transmissibility Ratio

20

Transmissibility Ratio

=

i
2

! T g I X 1 " I ! 1
250 300 350 400 450

| T T !
50 100

I
150 200
Frequency (Hz)
Figure 3.10.Behaviour of Pure Natural Rubber

______ —a— 0T ‘

C ! —e—0.3T

1

1 I_L___Jl. 1 &
i W

: _: r .l'lml'lll
| < .\

—-qb-- /N

Trunsmsissibilicy Ratio
~—
—

]

1
400 450

I ' 1 ’ | v I ’ I ’ I !
50 100 150 200 250 300 350
Frequency (Hz)

Figure 3.11.Behaviour of 10% NR MRE

32



Transmissibility Ratio

P o A
14 : ; ]
| o ol
12 - : LA 7Y
I 1 £
T - Z
10 g #d
8 - |
h o I~
Freguency (Hr)
4 -
2 <
e
- 1 L I * I . I ” I ' ] B I el I * ]
0 50 100 150 200 250 300 350 400 450
Frequency (Hz)
Figure 3.12.Behaviour of 15% NR MRE
10 r o
N 1
: e —e— (.37
| lq-==-,
1 |
§ < 1 _I

Transmissibility Ratio

Transmassibbiy Railes

Frogeency (Mr)

A 1 F 1 L | " | N 1 " 1 . I R 1 . |
0 50 100 150 200 250 300 350 400 450
Frequency (Hz)

Figure 3.13Behaviour of 20% NR MRE

33



W= o

Tranursiasibil ity Ratio

Transmissibility Ratio

T f T I T I T ! T 1 T f T I T I T I
¥ 50 1 () 150 200 250 300 350 400 450

Frequency (Hz)
Figure 3.14.Behaviour of 25% NR MRE

: —=— 0% NR
— —8— 10% NR
- —A— 15% NR

1 —¥—20% NR
— —9—25% NR
0.090 -

Loss factor

0075 - ‘—’///‘

0.060

0.045

T : T J T ' T
0 0.1 0.2 0.3

Magnetic field (Tesla)
Figure 3.15Structural Loss factor variation of NR MRE samples
The TR of 10% sample at O Tesla was about 16, taredluced to about 14 at 0.3
Tesla showing enhancement in damping. Similar tread noticed as the percentage
content of CIP was increased though the percentagation in loss factor enhancement

was different.
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The 25% sample showed the lowest transmissibititgleut 8.6 at 0 Tesla and

about 8 at 0.3 Tesla. However, the relative impnoset was less. The variation of the

loss factor with magnetic field and percentage bt S shown in figure 3.15. An absolute
change of 110 % improvement (from 0.05543 for putgber to 0.1167 for 25% MRE at
0 Tesla) in loss factor was observed and a relatmngovement of 127% (from 0.05543
for pure rubber to 0.1258 for 25% MRE at 0.3 TeslH)e variation in relative and

absolute loss factor enhancements with magnetatiSeshown in Table 3.3.

Table 3.3 Comparison of structural loss factors of Natuudlber samples

0 0 0 )

Field CIP % change CIP % change | CIP % change cIp Y% change
(Tesla)

0% 10%| Abs | Rel [15% | Abs | Rel 20%]| Abs | Rel |25%| Abs Rel

0 0.0550.062|12.466 N/A |0.071/28.053 N/A |0.100| 80.516| N/A [0.117|110.500 N/A

0.1 |0.05530.063]/13.769 1.155|0.073|30.794 2.141|0.106| 90.402| 5.477|0.121(118.9794.028

0.2 |0.05530.068/22.966 9.336|0.079(43.027/11.693 0.109| 96.356| 8.775|0.124/123.3456.102

0.3 |0.0550.071|28.52214.277 0.083/48.87216.258 0.117(110.42816.570 0.126|126.9177.799

From the table; it is observed that 15% and 20% €dRples showed better

relative improvement with the magnetic field. 25%mple showed least relative

improvement in loss factor, but it registered thghbst loss factor value among the

natural rubber samples.
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Table 3.4 Comparison of structural loss factors of Si-HTafmgples
Field CIP % change CIP %change CIP %change CIP % change
(Tesla) 005 10% Abs | Rel 15% Abs | Rel 20% Abs | Rel 25% Abs _ Rel
0 0.090 0.0922.215| N/A 0.096 7.378| N/A 0.104 16.203| N/A 0.10921.823| N/A
0.1 0.090 0.0922.526| 0.305 0.097 7.623| 0.228 0.10517.160| 0.824 0.11427.398| 4.577
0.2 0.090 0.0922.660| 0.435 0.097 8.146| 0.715 0.10719.252| 2.624 0.11629.390| 6.212
0.3 0.090 0.0966.766| 4.453 0.10213.098 5.327 0.11528.021| 10.1700.124 37.903| 13.200
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Figure 3.27Structural Loss factor variation of NBR MRE samples
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Table 3.8Comparison of structural loss factors of NBR sammple

Field

CIP % change CIP % change CIP %change CIP % change

(Tesla) 905 10% Abs| Rel 15% Abs | Rel 20% Abs | Rel 25% Abs Rel

0

0.1
0.2

0.3

0.1860.21817.016 N/A 0.264 41.707 N/A 0.270 44.928 N/A 0.331 77.778| N/A

0.1860.23224.6386.514 0.281 51.047/6.591 0.282 51.369 4.444 0.336 80.569|1.570
0.1860.23324.96(6.789 0.285 52.979 7.955 0.304 63.39212.7410.340 82.501|2.657

0.1860.23928.18(9.541 0.289 55.2339.545 0.305 63.50012.8150.341 83.253|3.080
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Figure 3.28 Behaviour of Pure Si-RTV sample
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Table 3.8 Comparison of structural loss factors of Si-RTarmples

Field CIP % change CIP % change CIP % change CIP % change
(Tesla"09, 10% Abs | Rel 15% Abs | Rel 20% Abs | Rel 25% Abs _ Rel
0 N/A  0.14514.883 N/A 0.16429.770 N/A 0.235 85.907| N/A

0.1260.14112.114

0.1
0.2

0.3

0.1260.14312.906
0.1260.15220.506

0.1260.159 25.736

0.706150.150 18.369
7.486 0.15421.774

12.147 0.165 30.879

3.0320.17034.204
5.996 0.17538.717

13.9210.18546.08]

3.417 0.250 97.862
6.894 0.258104.5972

12.5690.297134.917

6.431
110.051

26.363

The response of pure HTV silicone sample is showirigure 3.16. The peak
transmissibility ratio was observed to be aroundwtiich is much better than natural
rubber sample giving the indication that the matniaterial plays an important role in
controlling the loss factor of MREs.

The 10% sample shows very little improvement comgdo pure sample (TR of
10.93) and the relative enhancement was also woopnced (about 10.47 at 0.3 Tesla).
The transmissibility decreased with the increaseagnetic field as well as with the CIP
content. The force transmissibility registered 2% sample was the least and unlike
natural rubber sample, in Si-HTV samples, the samplith higher percentages namely
20% and 15% sample showed better relative impronemgh magnetic field. The 25%
sample depicted in Figure 3.20 showed the lowdsievaf TR at 0.3 Tesla (about 8.13).
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Loss factor variation with magnetic field of Si-HT8amples is depicted in Figure 3.21.

The Table 3.4 lists the values of the loss factor.

The relative change in loss factor showed an irstngatrend with the increase in
percentage of CIP. The overall relative change laasr than the natural rubber samples
owing to high initial loss factor and the 25% saenphowed better relative improvement
than other samples. It was observed that by compatie loss factor value of 25%
sample at 0.3 Tesla (0.124) with pure sample (0.0 total improvement was only
about 38% which is lower than the natural rubbensa.

The Figure 3.22 shows the behaviour of Nitrile miblsample without iron
particles. The damping property of Nitrile rubbgmuite high, which is evident from the
very low peak TR which was observed to be abous.5This is much less than all the
pure samples tested in the current research. TheallRe of 10% sample reduced from
about 4.69 at 0 Tesla to 4.3 at 0.3 Tesla showlay@a8% reduction. Figure 3.24 shows
that the 15% sample’s TR at 0 tesla was bout 3n@1ad 0.3 Tesla, it reduced to 3.6. The
Figures 3.25 and 3.26 shows the TR plots of 20%258% sample respectively. It was
observed that the relative change with the magretid was lesser than other matrix
materials. The loss factor variation among theildisamples is shown in Figure 3.27.

The loss factor values are much higher than aétrothatrix materials owing better
damping properties of the Nitrile matrix materidhe Table 3.5 lists the loss factor
values of NBR samples.

The relative improvement of Nitrile samples wasl#gn other matrix materials.
Since the initial loss factor of Nitrile is quitegh owing to inherent material damping, the
magnetic field induced effects are not much. THso andicates that high initial loss
factor may not be desirable for isolator applicasiowing to high damping factor.

Pure silicone RTV sample used for the study is & swtrix, and the force
transmissibility behaviour is shown in Figure 3.28e peak TR is about 7.6, which is
lower than natural rubber as well as Si-HTV puregias. It reduced to 7.4 for 10%
sample at O Tesla and to about 6.95 at 0.3 Tedia. I5% sample showed further
improvement damping property, which is evident frtme reduction in TR shown in
Figure 3.30. Further reduction in TR can be obgkie 20% sample whose value is
about 6.05 at 0.3 Tesla, which reduced from 6.50 &esla. The TR of 25% MRE was
about 4.34 at 0 Tesla, and it reduced to 3.51 stgpabout 19% reduction in TR with the
magnetic field. The loss factor variation of Si-R¥&mples is shown in Figure 3.33. The
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loss factor values are listed in Table 3.6. Thati changes of these samples were
higher than other samples and the 25% sample shtiveebest relative change of about
26% and an absolute increase of 135% when compategure Si-RTV sample.

The force transmissibility tests revealed interestiesults of the performance of
different samples. The samples with 15% and 20%eatnations showed better relative
improvement in loss factor values. But the highrettive improvement was shown by
25% Si-RTV sample at 0.3 Tesla, which is softentbéher samples used for the tests.
This indicates that softer matrix makes the aligningé iron particles within the matrix

easier which is reflected in higher relative imgrment.
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CHAPTER 4

PARAMETRS INFLUENCING THE MAGNETORHEOLOGICAL EFFECT

The performance enhancement of the MRE depender@emtage content of CIP, size of
the particles, matrix material, the input strainl éequency and the dimensions of the test
sample. This chapter deals with these aforemerdipaeameters and the analysis of each
experiment is dealt with in detail. The experiméstadies on the influence of the size of

the particle ingredient and the strain amplituderast extensively done.

4.1 INFLUENCE OF PERCENTAGE CONTENT OF CIP

The force vibration tests and the sandwich beans tesve revealed that the loss factor
and shear modulus of MRE samples increased witpe¢hsentage content as well as with
the magnetic field. The effect of addition of CIR the performance was analyzed by
considering a unit cell of MRE comprising of onlwa CIP particles. Assuming a
uniform CIP distribution, the distance between #ugacent particles will reduce if the
percentage concentration is increased. As the sgmardistance reduces, the force of
attraction increases between the adjacent partidles increases the relative motion
between the particles and the matrix at lower migrields. The increase in force of
attraction between adjacent particles can be eeriby performing a simulation using
FEMM software. Simulation was performed at two @iéint separation distance between
the patrticles, which is analogous to the condittbmeduced distance between the fillers
as the concentration is increased. The distributibcarbonyl iron powder in the matrix
was assumed uniform, and the diameter of the poweddum. The particle to particle
magnetic force of attraction is responsible for tinagnetic field induced property

enhancement. The force between two magnetic dip®lgisen by,

- HA.9;
F = 2 4.1
g (4.1)

Where,F is the force in Newtonsy; and g, are the intensities of poles 1 and 2
respectively in ampere-meterjs the permeability of the medium in Henry/meted ars
the distance of separation of poles in meters. fiinte between dipoles is responsible for
magnetic field induced enhancement in propertieBIRE. This effect can be studied by

computing the magnetic field energy stored in dipaar area.
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Figure 4.1 FEMM Simulation of force between CIP particle2im
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Figure 4.2.FEMM Simulation of force between CIP particles @tih

FEMM analysis package allows computing the magrfetid energy stored in the
selected areas by making use of the following i@ta{M. David 2009 and J. Brauer,
2006).

W=j@H(B‘)dB’JdV (4.2)

WhereH is the field intensity in Ampere turns/meter @as the flux density in
Tesla.V is the volume under consideration. The relationnects field intensity H and
flux density B as,

Where, L =4x107 Hirr is the permeability of free spacg{is the relative
permeability of the material. The equation (4.2) ba written as,
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W = j 6\ (4.4)

BZ
2u
From equation (4.4) it can be deduced that eneayed in a field is a function of
the surface area of the CIP. Total surface are@ases as the percentage concentration
of iron is increased. Increased surface area isesedhe stored energy resulting in
enhanced MR effect. The simulation results showetherease in stored energy with the
reduction in distance between the adjacent pastittem 2um to 1Qum (2.75x1¢ J at

20 um to 3.86x1C¢ J at 10um.

4.2 INFLUENCE OF PARTICLE SIZE

The performance of the magnetorheological elastensedependent on several factors.
The matrix material, the size of the carbonyl ipmwder and the dimension of the MRE
sample influence the characteristics of the testpba The matrix material dependency
was dealt in detail in the previous section. Instkection, the influence of particle
ingredient size on the damping capabilities aralisti Si -RTV based MREs were

prepared using carbonyl iron powders of 2 differelimeters with equal weight

percentage and compared with the performance & gilicone sample. The preparation
methods are briefed in earlier chapters. The minrogire was observed using Confocal

microscopy and the figures are shown below in Bgu3.

Figure 4.3Mlicrostructure of (a) 6.2am MRE and (b) 3.15m MRE.

To compare the behavior of all the samples, thestrassibility ratio acquired
from force transducers was plotted against inpeqiiency. The plots of the two MRE

samples at different magnetic fields were compahedd behavior of Pure-Si sample,
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which is shown in Figures 4.4 and 4.5 below respelgt The enhancement in loss factor
is investigated to assess the effect of particlgredient size on the field-induced
behaviour of MRE. The method adapted for calcugptime loss factor values from the
transmissibility plots has been discussed in detathapter 3.

—&— Pure Si

—e—3.15um (0T)
—A—3.15um (0.3T)

Transmissibility Ratio

—u

T I L) I T I T I L} I T I T I L) I L) I
0 50 100 150 200 250 300 350 400 450

Frequency

Figure 4.4. Transmissibility Ratio V/s Input frequency comgan of 3.15um MRE
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Frequency
Figure 4.5 Transmissibility Ratio V/s Input frequency comgan 6.25um MRE
Plots reveal that addition of iron powders has wmepd the damping
characteristics of the Si which is evident from tbduction in the transmissibility ratio in
the resonance region of the curves. The performah8RE with different particle size
is compared on the basis of MR effect. The MR ¢ffedefined as the ratio change in

loss factor to the loss factor of Pure-Si.
A= (o =) 17 (4.5)
Wheredn is the change in loss factdvg'glfis the loss factor of 3.1am MRE at

0.3T andl7g is the loss factor of Pure- Si sample. The lostwfaglues and the respective

percentage enhancements are listed in Table 4oWbel

Table 4.1 Loss factor values calculated from the transribtsi plots.

Sample Loss factor % increase
O Tesla 0.3 Absolute Relative
Tesla
Pure Silicone 0.129 0.129 NA
3.15um MRE 0.175 0.279 116.27 59.42
6.25um MRE 0.155 0.1934 49.92 24.77
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Figure 4.6.Loss factor variation with magnetic field

The 3.15um MRE showed an improvement of about 115% when ewetpto
Pure-Si sample and 6.2Bn MRE showed about 50% enhancements in loss fathar.
loss factor variation of the samples with magngdld is shown Figure 4.6. The 3.18n
MRE showed better MR effect than other samplesiéndurrent set of experiments. The
property enhancement of MRE with the magnetic fisldecause of the alignment of CIP
particles along the flux lines. During the procehlsye will be interfacial-friction between
the iron particles and the elastomer matrix resglin an improvement in damping
property. From the microstructure images, the 3u’b MRE had more agglomeration
which results in an increased effective diametethef particles. Increase in effective
diameter increases the interfacial friction resgtin higher damping ratio. Under the
influence of magnetic field, there is a dipole moindéormation between adjacent

particles given by the relation below ( Gong 2005).
m, =471, 14, R3H (4.6)

Where, 14 is the vacuum permeability, is the relative permeability of the

particles,R is the radius of the particles and

B=(u, = ) 1, + 20, 4.7)
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From the relation (4.6) with increase in the effexztradius due to agglomeration,
the dipole moment is increased which in turn impothe damping properties. It is

demonstrated by a simple diagram (figure 4.7).

Figure 4.7. Increase in effective diameter due to agglomenati

Consider a simple assumed agglomeration of pastialed the direction of the
field and the directions of the magnetic field aepresented by the arrow mark. In the
first case, the effective diameter is 3D, whiclthiee times that of the second case. This
causes higher dipole moment resulting in bettefopmance. From the microstructure
images (Figure 4.3), in particle size of 3{ifa MRE, the agglomeration in the direction
of magnetic field is more than that of 6.28m MRE which is evident in the
transmissibility ratio plots. In the present resbarthe smaller diameter particles have
shown better performance. Even though it can beladad that the particle ingredient
size does affect the performance of the MRE, thieeati experiments are not sufficient to
conclude that smaller size particles produce maglomeration resulting in better
performance. More studies are necessary to consertorete conclusions regarding the
extent of influence of the size of particles on M&E performance by employing
different-sized particles.

4.3 INFLUENCE OF DIMENSIONS OF THE MRE

The geometry of the MRE resilient element is anartgnt factor which needs to be
addressed while designing the isolator. The vamatin geometry may affect the
magnetic-field induction inside MRE which in tumfluences the smart characteristics.
This section explores the influence of the dimemsi@of the MRE on the damping
performance. The photographs of the tests speciarendepicted in figure 4.8. The shear
area is maintained constant, and the thicknesseoMRE was varied. The dynamic tests
were performed in a force vibration test set upvatying magnetic fields. Since the
thickness of the samples is different, the way esahple magnetizes and demagnetizes
is different. Carbonyl iron powders have excellerd@gnetic properties, and it has a very
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low or zero remnant magnetic field. But in orderetosure there is no hysteresis in the
samples, sufficient time is provided for relaxatimatween each set of experiment. Before
beginning the next set of experiments, it was made that the samples have no
hysteresis by measuring the magnetic field withsgameter across the thickness of the
sample.

The force vibration tests were conducted for athgles as explained earlier by
varying the input frequency from 30 Hz to 400 HheTtransmissibility corresponding to
the tested samples is shown below. The transmiisgilatios versus frequency graphs
were plotted for all the samples, which are showiigures below. Figure 4.9 to 4.11
shows the transmissibility ratio plots pure siliepn15% MRE and 25% MRE
respectively. From the TR plots, dependency of TRtockness is visualized from the
shift in peak amplitude. The thickness dependemiatran on TR is attributed to the

dependency of stiffness on sample thickness.

Figure 4.8VIRE Test samples
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Figure 4.1Q Transmissibility plot of 15% MRE
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Figure 4.11.Transmissibility plot 25% MRE
The loss factors estimated from the TR are ploitedrigure 4.12 and 4.13
respectively. These figures show the influencehofkiness on the loss factor variation.
As the thickness is reduced, the stiffness is mmed, which is evident from increase in
natural frequency as well as a reduction in trassihility peak. The loss factor of 16 mm
sample was found to be 0.07604, and it increaséd12935 for 4 mm thick sample, an
improvement of 70%. The MRE samples showed sintrkemds of loss factor reduction
with the decrease in thickness. The loss factoit%% MRE changed from 0.0942 for
16mm sample to 0.13698 for 4 mm sample showing #k¥ease. For the 25% MRE, the

loss factor changed from 0.1073 for 16 mm samp® 1853, showing 72% increase.
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The loss factor is higher for the thinner samples iareduced with the increase in
sample thickness. Similar behaviour was observelkuthe influence of magnetic field.
The analysis of the loss factor shows that thekttgss influences the property and lesser

thickness samples showed better damping propevtieh are evident from the plots.
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The thickness effect on the field-induced lossdawtariation in MRE is attributed
to the magnetic-field induction inside the matibhe intensity of magnetic field varies
with the distance between the magnetic dipoleshWitn MRE samples, the magnetic
dipole distance can be maintained closer, whichlt®g homogenous field distribution.
As the thickness is increased, the distance betteedipoles increases due to which the
field in the center of thicker MRE will be less th#hat of thinner samples. In other
words, the magnetic-field penetration is easiethinner samples. It is analyzed using
FEMM simulation of magnetic-field distribution asthe thickness of the MRE samples
for different thickness. The graph (Figure 4.14pwh the variation of magnetic field
across MRE samples of different thickness. It cenobserved that thinner samples
experienced higher magnetic-field intensity tharckér samples. The field variation
across thicker samples namely, 12 mm and 16 mm were non-linear and thinner
samples showed better linearity. This proves thainer samples will enable better
magnetic-field distribution resulting in improvedsk factor values. Overall it can be
concluded that it is more practical to employ MRt lesser thickness since it is stiffer

and provides better damping properties.
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4.4 INVESTIGATION OF HYBRID MRE

Conventional MREs are usually made of HTV matriaelich are quite complicated to
prepare. Silicone RTV is a soft matrix which is saited for high-strength applications.
To achieve better property and use the advantage fadrd matrix, a hybrid MRE by
mixing silicone RTV and Polyurethane harder maisiexplored. Mixing two polymers
utilizes the properties of both the materials. Bebaviour of this novel type of MRE was
studied by performing force transmissibility teskéie performance was investigated by
subjecting MRE samples to frequencies below 45 IHd at two different strain

amplitudes.

4.4.1 MATERIAL PREPARATION

Polyurethane (PU) and RTV silicone were mixed iopgr proportions, and its damping
properties were experimentally analyzed. The RTIMaie is a very soft material with
low shore A hardness. To improve its mechanicaperies, Polyurethane 7545 A/C was
mixed and a different type of composite was preghaRolyurethane A/C is a two-part
system consisting of resin and a curing agent tonbeed with 1:0.87 by weight. By
mixing these two polymers, four different typesMiRE sample were prepared i.e. Pure
Si, 80% Silcone: 20% PU, 70% Silicone: 30% PU a@#&Silicone: 40% PU. In total
eight, samples were prepared for experimental aigalfFurther increase of PU was not
possible because the working time of PU was 6 ragaind that of the silicone was 45
minutes. The difference in curing time made itidiift to mix when the percentage of PU
was higher. MREs were prepared by adding 5 gramsadjonyl iron powder to each
percentage of composite. The sample size was 2kBthmm x 6 mm in dimensions.
The test samples were prepared by sticking the legnbp Aluminuim strips of width 20
mm and thickness 3mm bent in the form of an “L."a@gacrylate quick glue was used as
adhesive.

The samples were analyzed using confocal microsedpeMTI, Bangalore to
understand the distribution of CIP. The imagessamvn below from Figure 4.15 to 4.18.
The silicone MRE shows uniform distribution of CtRroughout the matrix. As the
percentage of PU was increased, the agglomeratias moticed even though the
distribution of CIP was uniform. The pure sampldshayher percentage show the
formation of air bubbles which are difficult to asloas the mixing process cannot be

accomplished within the working time of polyuretban
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Figure 4.17 Pure 70-30 and 70-30+Fe MRE
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Figure 4.18.Pure 60-40 and 60-40+Fe MRE

4.4.2 EXPERIMENTAL ANALYSIS

Forced vibration tests were conducted for all thm@es as by varying the frequency
from 40 Hz to 400 Hz by varying the magnetic fiéeikdm O Tesla to 0.3 Tesla. The
Transmissibility Ratio plots obtained from the fercibration tests are listed in Figure

4.19 t0 4.22.

Transmissibility Ratio
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Figure 4.19.Transmissibility Silicone MRE samples
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The Figure 4.19 shows the response of pure sili@mksilicone MRE sample.
The transmissibility ratio of silicone at resonanseabout 7.8 and by adding MRE it
reduced to 5.48 showing approximately 29% reduchib@ Tesla. As the magnetic field
was increased from 0 to 0.3 Tesla the transmidgsibiatio further reduced to 4.75
showing about 39% reduction. When the transmissibitio of the MRE alone was
compared at 0 and 0.3 Tesla, the field inducedatemluwas about 13%. The loss factor
of the sample was about 0.1296 and it increaséll1i®24 at 0 Tesla and 0.2102 at 0.3

Tesla showing a 62% improvement.

—=— Si(80%)+Pu(20%)
: —o— Si(80%)+Pu(20%)+Fe-0T
8 - —A— Si(80%)+Pu(20%)+Fe-0.3T

Transmissibility Ratio
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Figure 4.20.Transmissibility 80-20 (Si+PU) MRE samples
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Figure 4.22. Transmissibility 60-40 (Si+PU) MRE samples

The behaviour of 80-20 pure sample and 80-20 MRé&eicted in figure 4.20.
Loss factor improvement of 80-20 MRE when compangith pure silicone was about
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78% which shows that by adding PU to silicone mathe loss factor can be enhanced.
In a conventional MRE, the damping of the MRE ca&nassumed to be a factor of the
damping present in the matrix material, the dampiinne CIP and the interfacial contact
friction between the polymer matrix and the CIP.hybrid samples, there exists an
additional friction between the two types of matdcsince they do not mix chemically.
The effect is visible in the form of improvement khamping by mixing. The
transmissibility ratio of 80-20 sample without irppwder was about 5.67 which is 26%
less than the pure silicone sample proving thatethexists an additional damping
introduced because of two immiscible matrices.

The behaviour of 80-20 pure sample and 80-20 MRé#emcted in Figure 4.20.
Loss factor improvement of 80-20 MRE when compangith pure silicone was about
78%, which shows that by adding PU to silicone mathe loss factor can be enhanced.
In a conventional MRE, the damping of the MRE ca&nassumed to be a factor of the
damping of the matrix material, the damping of @B and the interfacial contact friction
between the polymer matrix and the CIP. In hybadpgles, there exists an additional
friction between the two types of matrices sinagytdo not mix chemically. The effect is
visible in the form of improvement in damping byxinig. The transmissibility ratio of
80-20 sample without iron powder was about 5.67icivlare 26% less than the pure
silicone sample proving that there exists an aoldliti damping introduced because of two
immiscible matrices.

The response of 60-40 sample is shown in Figurd. fitiz 60-40 MRE sample
showed the best performance among all the samphestransmissibility ratio reduced to
4.33 for the pure sample, a 45% reduction when emeatpwith pure silicone sample.
Transmissibility reduction of MRE sample when magnéeld was varied from 0 Tesla
to 0.3 Tesla was least among all the samples d&@$buinly. This indicates that as the PU
percentage in the sample was increased, the siffred the sample also increased
resulting in more resistance for the interfacidglachbetween the particles and the matrix.
Hence even though there was an overall improveimet&mping properties, the relative
improvement with the magnetic field was compromistde loss factor of this sample
showed 158% enhancement at 0.3 Tesla when compatteghure silicone sample. But
the relative improvement of loss factor with thegmetic field was the least for 60-40
MRE sample of about 8%.
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The loss factor variation with magnetic field of #le samples are shown in
Figure 4.23. The filed induced improvement of saspleduced with the increase in the

polyurethane percentage, but the overall loss factproved.

—&— Pure Si
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Figure 4.23.Loss factor variation of the MRE samples
From the above analysis, it can be deduced thaichi{bREs can be a potential
isolator material. If the mixing issues are addedssthis can serve as an excellent
material as the experiments have shown that itpcaduce results equivalent to that of

nitrile rubber.

4.4.3 INFLUENCE OF STRAIN AND FREQUENCY

In this section, the effect of strain amplitude afrdquency is presented. Like

conventional viscoelastic materials, MRE also eibifrequency, strain amplitude and
temperature dependency on dynamic properties. Thesgerties are evaluated using
direct stiffness method focusing on frequency rabgiveen 5 to 45 Hz. Experiments
were conducted at lower strain amplitudes of 0.6¥B and 0.15 mm to ensure linear
viscoelastic behaviour. Polymers in general areavadross linked chains of molecules
and molecular level interactions happen during wheédion of polymers. These

interactions give rise to its inherent propertig® Istiffness and energy dissipation in
response to a cyclic deformation which is refet@ds damping. In homogeneous and
isotropic polymers like the samples tested in tres@nt work, the stiffness and damping
characteristics vary with the temperature andlesser degree with operating frequency.
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The frequency and strain dependent viscoelastipgpties are studied by adapting
direct stiffness method generally used to charestdhe isolators. In this method, the
stiffness of MRE is assessed with respect to thes groint or blocked transfer stiffness
(Pan Jie et.al. 2005).

Measuring input strain with respect to input forsealled driving point stiffness
and input strain to the transmitted force calledhalyic transfer stiffness. Both the
methods can be employed to measure the dynamiepiepof elastomers. But, dynamic
transfer stiffness method is said to be more efficsince inertial effects do not influence
it. In this test, both the stiffness value is meaduat two different strains and different
operating frequencies at varying magnetic fieldsau.3 Tesla.

Force at the input and blocked side are measureddKistler force transducers
and strain measurement was done using the micitmepaser pick up. The photograph
of the experimental set-up is shown in Figure h2kw. When a sinusoidal input force
is applied to a viscoelastic material, the resgltitisplacement is also sinusoidal with a
phase difference or lag. The plots correspondinginfut force versus measured
displacement shows a hysteresis behaviour whidlligical in nature. This behaviour
can be employed to compute the dynamic propertiéseoMRE viscoelastic propertied.
The slope of the major axis gives the stiffnesghefmaterial and the ratio of minor axis
to major axis (aspect ratio) is a measure of dagipihakes 2009) The dynamic
properties can be computed from the response @as'gbown in Figure 4.25 below.
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Figure 4.24 Experimental setup

The force versus displacement graph of all the $ssrgat an input frequency of 5
Hz is shown in the figure below. Because of theesimmber of graphs, only one graph
is shown. At the same operating conditions, thel@&Gample showed better results i.e.
the area under the curve was found to be maximuihtranslope of the curve which is a
measure of the stiffness of the material was higfasthe 60-40 sample indicating its
superior properties. With the increase in magniid, increase in slope of the loop is
noticed which is an indication of the stiffness amtement under the magnetic field.
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Figure 4.25.Force v/s Displacement plots at 5 Hz

Viscoelastic materials are a type of materials whdynamic properties are

dependent, to some extent, on input strain andatipgr frequency. Since in most

applications, viscoelastic materials are mostly leygd in lower frequencies, the

operating frequency was limited up to 45Hz in tberent work. The input frequency was

increased from 5 Hz to 40 Hz in steps of 5 Hz. Timmut strains of 0.15 mm and 0. 075

mm were input to the MRE samples at frequenciegingrfrom 5 Hz to 45 Hz. The

variation of blocked transfer stiffness with theeduency was plotted. The dynamic

stiffness extracted from the hysteresis loop issshim the Figures 4.26 to 4.29.
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Figure 4.26.Stiffness variation of Si-MRE with frequency

The behavior of silicone samples is depicted irufeégt.26. In this case, it can be
observed that the stiffness increase with additibiron powder and with the magnetic
field. At both the strain amplitudes, the stiffnesxreased with the increase in
concentration. The stiffness increase with resfefitequency is linear in this range. The
Figure 4.27 shows the stiffness variation of 80@&ed MRE samples. This sample
showed better performance than silicone MREs agjlaelh magnetic field as it is evident
from the graph. The stiffness increase with thgudemncy was more for this sample when
compared to the silicone sample. Figure 4.28 shtbe/plots of 70-30 MRE samples. As
the strain was increased from 0.075 mm to 0.15 thm,sample showed a decrease in
stiffness, which was more than the silicone an@8MRE samples. For both the strain

amplitudes, there was an increase in stiffness thhrequency for the tested range.
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Figure 4.27.Stiffness variation of 80-20-MRE with frequency
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Figure 4.28.Stiffness variation of 70-30-MRE with frequency
The Figure 4.29 below shows the behavior of 60-BVkamples. This sample
also shows similar behavior like other samples.tidd four types of samples have shown

linear behavior in this lower frequency range ofHb
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Figure 4.29.Stiffness variation of 60-40-MRE with frequency

The figure shows that the behavior of MRE is dependn frequency. With the
increase in frequency, the stiffness of the MREnigeased as generally observed in
viscoelastic materials. The frequency-dependenease in stiffness is attributed to the
increased stiffness of bulk polymer chains. Fromftbures, it is also observed that with
the increase in strain amplitude, the stiffnes$&E showed a decreasing trend which
can be attributed to the matrix bond breakage efjenerally found in rubber (Funt,
1987). The amplitude dependent behaviour is cargistith the increase in the magnetic
field. Compared to unfilled rubber, the influendestrain on property variation is more
pronounced in MRE samples consisting of CIP. Additof fillers creates weak interface
friction between the filler and the matrix whichris with the frequency as well as strain
amplitude. Experiments conducted verify that theynadic field and strain amplitude are

the key operating parameters which define the ptpgmhancements.
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CHAPTER 5

PARAMETER IDENTIFICATION BY VISCOELASTIC MODELING

Magnetorheological elastomers consist of viscorlgsilymer matrix and ferromagnetic
filler ingredient, which possess magnetic fieldindd behaviour. The overall dynamic
performance of MRE is a combination of viscoelastiaracteristics of matrix and the
magnetic dipole interactions of CIP fillers (GuojgaLiao et al. 2013, Lin Chen et al.
2013). The presence of CIP in MRE produce reinfagyaeffect, enhances the dynamic
modulus, and alters the energy dissipation reguftiom the interfacial friction between
the ferromagnetic filler particle and the polymeatrix. An effective model of MRE
should consider the contributions all parameters.

The modeling approach of MRE involves the constiutelations based on linear
viscoelastic theory combined with the effect of alg interactions. Past studies have
reported the parametric modeling using Maxwell, viel Voigt, and fractional
viscoelastic relations. The models are formulatpdnuthe basis of experimental results
where the parameters are extracted from the ermoimization function. In the present
work, a four-parameter model based on Kelvin-Veighdard linear model is modified to
depict the smart behaviour of MRE. The detaileccdpson of the element of the model
and the extraction procedure is illustrated below.

Most materials which are solid in nature follow Hets law of elasticity under
small strains.
o=Ee (5.1)

Where,E is the Young’s modulus of elasticity amhnde are the stress and strain
respectively. Viscous fluids behave very differgrahd a typical Newtonian fluid under
stress follows,

de
o=n— 572
dt (5-2)

Where,n is the Dynamic viscosity in Ns/mMost polymers exhibit a viscoelastic
property under smaller strains or in other worlls, esponse is elastic as well as viscous
when the operating strain is controlled within tireear range. This class of material
which exhibits both viscous as well as elastic beha and are classified as viscoelastic
materials. The stress-strain behaviour of thesenmadd is hysteretic in nature and when

operated in the linear range, the shape of theelast curve is symmetric. To study the
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viscoelastic behaviour, mathematical formulatiorvistoelastic theory is necessary. This
will enable to predict the material response tateaty loading conditions. MRE also has
an elastomer matrix which exhibits viscoelastic &xeébur. Popular linear viscoelastic
models can be fitted to the experimental data. fdhewing section briefs about some of
the most widely applied linear models and the dgwelent of the model used in the
current work by modifying the existing ones. In therent work, model is developed by

modifying the three-parameter classical solid Zenedel.

5.1 FORMULATION OF THE MODEL

The Maxwell model (Figure 5.1) describes a maltesaa dashpot which represents the

viscous behavior in series with spring describilagtec behavior.

G Cd

Figure 5.1. Maxwell Model

When a shear stress is applied, it is uniform thhothe element and the total

strain of the viscoelastic element can be expreased

E=E,+E, (5.3)

The governing equation can be written as,
—=—=—t— (5.4)

Where, € is the strain in the elemerts is the Shear modulus in Pascalis the
shear stress in N/m2 ar@}; is the damping coefficient in N-s/m. Suppose thatyclic
strain is input to a viscoelastic material, thess$rinduced also will be cyclic with a phase

difference.
e=ge* (5.5)

Where wis the frequency of excitation in Radians agds the strain amplitude.

The induced stress is,

@+0)

o=0l (5.6)
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iweza[iaaﬁciJ (5.7)

By rearranging the terms, we obtain the followixgression for stress induced in

Maxwell spring element.

0, = M £ (5.8)
IC,w+G,

Consider an additional spring element (Figure m2parallel with the Maxwell

spring, in which the total stress can be expreasatkpicted in equation 5.9.

ai Cd

ber)

Figure 5.2Zener Model

In this case, the stress is distributed to two elem and both the elements will strain

equally which is mathematically expressed as,
0=0,+0, (5.9)
Whereos is the stress induced in the additional springnelat. By substituting for

o1 from equation 5.8, we get,

. iIG,C,w
G =| =™ |4 5.10
[ide+GJ & ( )

WhereG* is the complex shear modulus since the matendeu consideration is

a viscoelastic material.

G +iG = iG,C,w+G,(iCiw+ G,) (5.11)
(iCqw+G,)

By rearranging the above equation,

G +iG = G,G, +iCyw, (G, + G,) (5.12)
(iC,w+G,)

By eliminating complex term in denominator, the &ipn 5.12 can be modified to,
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GHG:Y¥@+dmﬂq+@hmqqq+®—qwq@} 5.13)

(c%a?+G2)
By rearranging the above equation and separatiagdal and imaginary parts,

equation 5.13 can be re-written as,

G/G,+w’C,?(G + G) i _@CGY (5.14)
GlZ +w2Cd2 G12+w20d 2

G =G +iG =[

By comparing the real and imaginary parts, we obtdie expressions for storage

modulus G’) and loss modulus@”).

GG, +&’C*(G+ G)

G = Ty (5.15)
1 d
_ WG
S GG, (516)
1 d

However, both these models do not account for tlegmnatic-field induced
changes. To compensate for the magnetic-field iedwhanges, another elememh is
introduced, which is field-induced stress. Thisassumed to be in parallel with the
existing Zener model. The schematic of the modifiremtiel with the element accounting
for the field-induced changes is depicted in FigGr8. This has been developed by

extending the three-parameter linear viscoelastideh

— W

G

Figure 5.3.Modified Model
The total stress induced can be written as,
T=0,+0,+0, (5.17)
The magnetic field induced stress can be expreasedfunction of field induced

stiffness,
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0, =K.€ (5.18)
Where, K, =K.B (5.19)

B is in Tesla. By substituting these modificatiotiee equations developed can be

written as,
¢ =% @G (G G) KB (5.20)
- G’ +w'C,2 '
aﬁ 2
= d<251 : (5.21)
G +wC,

5.2 PARAMETER IDENTIFICATION

The model proposed in the study consists of fouampaters-G;, G, andCy deals with
the damping capabilities andl, the field induced stiffness. The equations 5.1& aui6
can be used to identify the parameters using thbadeof least squares to minimize error
between the stress predicted by the mofiglss and the experimental stresSress. The
parameters were identified for different experina¢lata using MATLAB optimization
tool. The MATLAB code is shown in the appendix bétthesis for reference. The force-
displacement experimental results of the silicof&Rsamples are considered for
parameter identification. Stress is calculated ibidthg the force by shear area and strain
by dividing the displacement by the original heigiitthe MRE sample. The sample in
consideration is Silicone RTV. The silicone MRE tned 5 grams of carbonyl iron
powder. The parameters were identified for differerperiments and the Table 5.1
shows the parameters identified for strain input0df5 mm and 0.075 mm at 15 Hz
frequency for a magnetic field up to 0.3 Tesla.

Table 5.1Parameters Identified for Silicone samples at 15Hz

Material Strain Km G, G, Cq Error
Pure Si -0.0065 187.751 124.564 11.9211  1.91E-06
Si+Fe-0T 0.15 mm 100.51 194.786 130.421 14.4091  2.18E-06
Si+Fe-0.3T 109.861 204.632 135.758 23.0573 1.32E-06
Pure Si -0.004 175.6498 91.1756 17.778 1.04E-06
Si+Fe-0T 0.075 mm 92.62366 218.431 145.584 16.4410 3.84E-06
Si+Fe-0.3T 102.8303 206.9081 146.287 11.8778  1(bE-

Similarly, this model can be extended for differdréquencies and different
materials to predict the four parameters. The pgdetow (Figure 5.4) shows the

comparison of experimental and predicted for 0.15strain. The comparison of stress-
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strain relationship at 0.075mm strain is shown igufe 5.5. Comparison between the

experimental results and the developed model slymed consistency. At both the strain

amplitudes, the parameter values increased witimtgmnetic field.
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Figure 5.4.Silicone MRE sample behavior at 0.15mm strain
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Figure 5.5 Silicone MRE sample behavior at 0.075mm strain

The errors between the simulated and the experahealues are very low, which

show the credibility of the model. This model candxtended for other samples and at

various other frequencies, which will be useful describing the performance of

Magnetorheological elastomers.
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CHAPTER 6

MRE AS A MATERIAL FOR CONSTRAINED LAYER DAMPING

Focus of the current research so far has beeneprtparation and characterization of
magnetorheological elastomers. The factors whidlaence the zero field as well field-
induced properties were discussed. This chapteives the application of MRE samples
in constrained layer damping treatment. The abilitly MRE in modifying the
characteristics of a base beam is evaluated bytiadape ASTM-E756-05 standard. The
response of the MRE sandwich beam is assessed thyioly the frequency response
function by impulse excitation in the presence afom-homogeneous field. The studies
are extended to understand the influence of mateierial and percentage concentration

of CIP on the loss factor and shear modulus ofwastdstructure.

6.1 MATERIAL PROCESSING

The preparation of the samples is explained inildetachapter 3. This method
also involved the use of the same type of matremeployed for force transmissibility
tests. The sample dimensions are strips of sizen20& 20mm x 6mm. Five samples of
these strips were produced by varying the percentag volume of Carbonyl iron
powder. The prepared samples were of 0%, 10%, X&P2@ and 25% by volume.

The strips using RTV silicone samples with simidimensions as the HTV
samples were prepared in the lab at NITK, Surattdsalexplained in the previous
chapters. Five samples were prepared with 0%, 174, 20% and 25% by volume of

CIP in each type of material. In total 20 samplesernemployed for experiments.

6.2 EXPERIMENTAL TECHNIQUE

Sandwich beam configuration is a very reliable méghe to measure the mechanical
properties of viscoelastic materials. MRE sandwielams were prepared by making use
of the strips prepared as mentioned in the prevsaegtion and ASTM standard E-756-05
-2010 was employed to evaluate the shear mod@)sad loss factorsf). The force
vibration tests discussed in previous section vpendormed using permanent magnets,
which could produce a magnetic field up to 0.3 &esh sandwich beam configuration,
electromagnet with a maximum capacity of 0.75 Tésld was employed, which allows
the tests to be conducted at higher fields. Expamisiconducted by Guoliang Hu et. al.
(2011) proved that the magnetic-field induced clesngre more if the field is applied
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near the fixed and the strain is more near thedfigad. In the current research, the
magnetic field was applied over a length of 50mnarnine fixed end of the beam.
Comparison of performance is made at the end, asdilpe sources of errors are also

listed.

6.2.1 SUMMARY OF THE METHOD

The configuration for the cantilever beam test spean is selected based on the type of
damping material to be investigated and the dampingerties that are desired. Fig. 6.1a
to 6.1d shows the four different test specimensclvtare recommended to investigate
tensile and shear damping properties of differgpés of materials over a wide range of

modulus values.

| ROOT SECTION et " 0
il
T 1 ¥  —
=, *
e a
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y, SECTION
E
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i I § i
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DAMPED ONE SIDE (OBERST) b

| 1 ‘1
: . ——— | 1%%

DAMPED BOTH SIDES (MODIFIED OBERST) Hy

SPACER MATERIAL : Hy
{ § ! ig
L1 1
k L S,

5
] v
SANDWICH SPECIMEN H

Figure 6.1 Configuration for test specimens (ASTM-E756-05)

d

Self-supporting damping materials are characterimedhaking a single, uniform
test beam (Fig. 6.1a) from the material to be teste

Non-self-supporting damping materials are charamdr for by a two-step
process. In the first step, a self-supporting me&dm which is called the base beam or
bare beam should be tested to find its naturalufragies. In the second stage, the
damping material is bonded to the base beam, alanged composite beam is prepared

by employing one of two test specimen configuraias shown above (Fig. 6.1b or 6.
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1c). The damped composite beam is used for expetinte find its natural frequencies
and corresponding composite loss factors. The dagnproperties of the material are
computed using the stiffness of the base beam whichlculated from the results from
the base beam experiments and the results of thpasite beam tests.

The method to ascertain the shear modulus of ndfrstggporting damping
materials is like the two-step method explainedvallnut needs two identical base beams
to be tested and the composite beam to be madeelgandwich specimen configuration
as shown above (Fig. 6. 1d).

Once the test beam configuration has been fingliaed the test sample has been
prepared, it is clamped in a fixture. Two transds@e used in the measurement, one to
apply an excitation force to cause the test beamilicate, and one to measure the
response of the test beam to the applied forcemBgsuring several resonances of the
vibrating beam, the effect of frequency on the malte damping properties can be

established.

6.2.2 SANDWICH BEAM PREPARATION

Sandwich beam specimens were prepared as peratdgasti E 756-05, which specifies
that the length sandwich core should vary from &8@40 millimeters. Aluminum was
selected as the base beam for the sandwich bease. iB@m dimensions are 240mm x
20mm x 1. 2mm. The root section of the beam iscalisince any inaccuracies, here can
alter the fixed-free boundary condition of the beaks it was recommended by the
standard, a spacer of thickness equal to the caterial, and of same material as the base
beam was used. The spacer dimensions were 40 mth mm@ x 6 mm. The MRE
sandwich beams were prepared by gluing the visstelanaterial in between the
aluminum base beams by using synthetic rubber badbdsive. The schematic of the

sandwich beam with appropriate dimensions is shovigure 6.2.

Alrmurmm bass beam | 1.2 man

.| Ty ey e T

; 40 mm | 200 mm

Figure 6.2.A sandwich beam used in experiment
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The standard specifies that both the base beanudshe of same dimensions and
their natural frequencies should match. One enth®fbeam was clamped using a table

vice to create the fixed-free boundary conditiohe Bchematic of the experimental setup

=

is shown in figure below (Figure 6.3).

Acceleraometer
N

—

TN
Root section &\\

Figure 6.3 Schematic top view of the experimental setup

Impulse hammer

In the current work, modal analysis is done througpact excitation technique
through an impact hammer of sensitivity 2.25 mVAN.per the standard; two transducers
are required- one to give input excitation and p#egjuires the response. Impact hammer
provides the impulse, and response will be gathdrgdthe output signal of the
accelerometer. A Kistler accelerometer of sensiti¥D1.9mV/g was used for measuring
acceleration of the beam and acceleration dataasggired by NI-9234 data-acquisition
module through NI-LabVIEW 2010 graphical programgqihe FRF of the acquired
signal gives the natural frequency spectrum ofts@ms. The first two dominant modes
are considered for analysis since the higher madesess likely to occur in reality, and
moreover, viscoelastic materials more often opdrat¢he lower frequency range.

The tests were conducted at different magneticHelels starting from O Tesla to
0.6 Tesla in steps of 0.1 Tesla. Magnetic field waglied using an electromagnet with a
pole diameter of 50 mm and can produce a fieldpotou0.75 Tesla. As explained earlier,
the magnetic field was applied over a length ofualiE® mm near the fixed end of the
beam.

The force amplitude must be kept constant for ateumeasurement of the
response. In the current experiment, to assurecthesistency in the readings, the
response of the beam was divided by the force audglias suggested by the standard.
The transfer function (in this casé/F or accelerance) as a function of frequency was

considered for the measurement. 15 averages wasideoed so that there is consistency
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in measurement. Even though the accelerometer ¢sntact with the beam, the impact
on the reading is not much because of the low weijhthe accelerometer, and the
impact time of the hammer is also for a fractionactecond. To verify the results, the
experiments were repeated three times in the samditons and the average of the
results was considered for analysis. A plot of #lteelerance against the frequency is
shown in the figure 6.4 for the Nitrile rubber sdeplo acquire sensible data; the tests
should be conducted in the linear range as thelatdnassumes that damping material
behaviour is in accordance with the linear viscst&datheory. If the force amplitude

excites the beam beyond the linear range, thetsesbtained will not be correct. To

ensure the linearity, as suggested by the stantterdnaximum displacement of the beam
should not be more than the thickness of the suiogobeams. To satisfy this condition,

the displacement was maintained below 1. 2mm (tt@sk of the supporting beam) this

was monitored by integrating the acceleration digna

Frequency spectrum

Trial 1
===<Trigl 2
------ Trial 3

Accelearnce (g/X)

0 T I T I T | L] I T ' T I T I T l T ' L I T I T
0 30 60 90 120 150 180 210 240 270 300 330

Frequency (Hz)
Figure 6.4.Snapshot of the impact test

The tests were conducted at different magnetic-flel/els starting from O
Tesla to 0.6 Tesla in steps of 0.1 Tesla. Magnkéltl was applied using an
electromagnet with a pole diameter of 50mm andpraauce a field of up to 0.75
Tesla. As explained earlier, the magnetic field wpplied over a length of about 50

mm near the fixed end of the beam. Using the halgy bandwidth technique, the
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shear moduluss; and loss factory; Values can be calculated from the response
curves with the aid of the formulas given by thengfard. The shear modulus of the

damping material is given by the following form@STM-E756-05),

[2nanHH1j

_ 2 2 |2

G, =| A-B-2(A- B -2( 4.)] 2 ) 4 )] (6.1)
And, the loss factor of the damping material isegiwy,

7= (A7) 6.2)

| A-B-2(A- B -2( &)

Where,

A=(f/ 1) (2+DT)(B/2)

B=1/[6(1+T?)]

Cn= coefficient for mode n, of clamped-free (uniforb@am,

D = pi/p, density ratio,

E = Young’s modulus of base beam, Pa,

f,= resonance frequency for mode n of Base beam, Hz,
fs = resonance frequency for moslef composite beam, Hz,
Af= half-power bandwidth of modeof composite beam, Hz,
G; = shear modulus of damping material, Pa,

H = thickness of base beam, m,

H, = thickness of damping material, m,

| = length of beam, m,

s=index number: 1, 2, 3, . .s<%n),

T = Hai/H, thickness ratio,

. = shear loss factor of damping material, dimerisgs)

n+= Afdfs, loss factor of sandwiched specimen, dimensionless
o1 = density of damping material, kgim

o= density of base beam, kg/m
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6.3 RESULTS AND DISCUSIONS

The field induced loss factor and shear modulugatian MRE samples evaluated as
per ASTM standard. First two dominant modes of fbeee response function are
considered for analysis. The field induced propertiiancements are compared for CIP
as well as the matrix material variation. This tedt also enable to investigate the
effect of frequency on the properties of MRE sampl€he variation in damping

property and shear modulus in different modes lofation can be investigated.

6.3.1 LOSS FACTOR VARIATION

The loss factor is a basic measure of damping ptesethe system. It is a measure of
how fast the oscillations of the system decay. Highe loss factor values, better is the
damping capability of a material. The loss facgenerally approximated as the twice
that of the damping ratio for the materials forceislastic materials. The damping ratio is
a dimensionless property of the material whichhes tatio of the damping coefficient to
the critical damping coefficient of the materialb implement MRE as smart vibration
isolation system, it is necessary to investigatedhtent to which the loss factor can be
improved with respect to the magnetic field so tihatan be used in vibration control
applications. The loss factor variation with reggecmagnetic field, CIP percentage and
the type of matrix material are plotted and showthe Figures 6.5 to 6.8 below

Model Mode 2 —=—NR
0,100 = 0.055 - . 10%

] | & —A—15%
0.095 e —v—20%

1 4 ‘ —4—25%
0.090 | -

v T

1 v 0.045 T
0.085 | |

l A
0.080 | 0.040

g ]
3]
& 0.075 4 0.035 -
= | ®
2 A ]
g 0.070 4
3 | 0.030 -
0.065 | ]
1 0.025 -
0.060 |
T | L L L L L i
0.055 | 0.020 ~
b ] | L L L L L l
0050 +—F7—"7—"F—->-—--—-"T"F——"7—"7 — T T T
0.0 01 02 03 04 05 06 0o 01 02 03 04 05 06

Magnetic Ficld (Tesla)

Figure 6.5.Loss factor variation of Natural rubber samples
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Figure 6.7.Loss factor variation of Nitrile rubber samples
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Figure 6.8.Loss factor variation of Silicone-RTV rubber sas®l

From the graph, it was observed that the properiesnfilled rubber are
unaffected by the presence of magnetic field. Vkisfies that the experimental set-up is
qualified to perform the field-induced property iadiions of MRE. As the particle content
of the filler is increased the loss factor of théRElis enhanced, but the loss factor
registered for first mode is higher than the secomdie. Under the magnetic field, the
loss factor variation showed a unique trend. Thss liactor initially increased with the
increase in the magnetic field but further increimsthe magnetic field beyond 0.3 Tesla
reduced the loss factor. The field dependent vanain loss factor is observed to be
consistent with the second mode which gives thacatidn that the field-induced
enhancement does not vary with the higher modesthar words, the field dependent
loss factor increase is consistent with the in@ess frequency, but the frequency
increase is accompanied by the reduction in lostofaas generally observed in
viscoelastic materials. The variation in field-iméd change in the loss factor of all
samples under all tested magnetic field and peagenCIP variation is listed in Table 6.
la and 6.1b.
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Table 6.1a Structural Loss factor values of the MRE samples

Percentage Natural Rubber Nitrile Rubber

content

/Applied % % % %

field m change > change m change > change

0% /0T 0.057 N/A 0.018 N/A 0.190 N/A 0.111 N/A

10% /0T 0.059 2.98 0.026 42.94 0.205 8.053 0.130 16.67
10%/0.1T  0.063 10.35 0.029 59.44 0.210 10474 0.134 20.72
10%/0.2T  0.065 14.56 0.030 67.78 0.217 14263 0.140 26.04
10%/0.3T  0.068 19.12 0.034 86.67 0.220 15.789 0.144 29.73
10%/0.4T  0.068 19.30 0.030 68.33 0.207 8.947 0.138 23.87
10%/0.5T  0.067 18.07 0.029 61.11 0.207 8.737 0.134 20.99
10%/0.6T  0.067 17.19 0.027 48.33 0.207 8.684 0.132 18.92

15% OT 0.060 491 0.033 83.33 0.210 10.44 0.134 21.02
15%/0.1T  0.064 12.11 0.036 98.33 0.219 15.16 0.138 24.32
15%/0.2T  0.068 19.82 0.039  116.11 0.232 22.11 0.144 30.09
15%/0.3T  0.072 25.61 0.042  131.11 0.254 33.63 0.150 35.14
15%/0.4T  0.070 22.81 0.039  115.0( 0.230 21.00 0.145 30.90
15%/0.5T  0.070 22.11 0.037  106.67 0.218 14.68 0.143 28.74
15%/0.6T  0.069 20.88 0.03 92.78 0.216 13.89 0.141 27.03

20% /0T 0.073 27.37 0.040 119.44 0.228 20.05 0.146 31.89
20%/0.1T  0.075 31.75 0.041  125.0( 0.234 23.21 0.151 35.68
20%/0.2T  0.080 39.47 0.043  136.11 0.249 31.16 0.153 37.75
20%/0.3T  0.087 52.28 0.047  158.84 0.267 40.63 0.160 44.23
20%/0.4T  0.084 46.67 0.044  144.44 0.246 29.63 0.155 39.73
20%/0.5T 0.081 41.75 0.043  137.2% 0.233 22.79 0.153 37.39
20%/0.6T 0.080 39.649 0.04 133.33 0.232 22.11 0.148 33.42

25% /0T 0.090 57.544 0.044 144.44 0.296 55.84 0.153 37.84
25%/0.1T 0.091 60.000 0.046 155,56 0.314 65.42 0.156 40.54
25%/0.2T 0.097 70.175 0.048 166.67 0.328 72.37 0.159 43.06
25%/0.3T 0.099 72982 0.053 191.67 0.339 78.63 0.164 47.48
25%/0.4T 0.098 71.053 0.049 170.56 0.310 63.16 0.159 43.60
25% /05T 0.095 66.842 0.047 158.89 0.294 54.74 0.157 41.26
25%/0.6T 0.094 64.737 0.05 151.67 0.293 54.00 0.154 38.56
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Table 6.1k Structural Loss factor values of the MRE samples

Percentage Silicone Rubber(RTV) Silicone Rubber(HTV)

content

/Applied % % % %

field m change > change m change > change

0% /0T 0.108 N/A 0.061 N/A 0.091 N/A 0.051 N/A

10% /0T 0.160 48.15 0.066 7.87 0.108 18.35 0.051 0.63
10%/0.1T 0.163 50.79 0.067 9.18 0.111 21.57 0.052 1.76
10%/0.2T  0.170 57.41 0.068 10.66 0.117 28.08 0.052 2.75
10%/0.3T 0.184 70.65 0.070 14.10 0.120 31.63 0.053 4.31
10%/0.4T 0.181 67.13 0.067 10.16 0.117 28.95 0.052 2.55
10%/0.5T 0.173 60.56 0.067 9.02 0.113 23.86 0.052 2.16
10%/0.6T 0.171 58.06 0.066 8.20 0.111 21.93 0.052 1.76

15% /0T 0.180 66.20 0.067 9.51 0.118 29.67 0.053 3.14
15%/0.1T 0.182 68.61 0.068 11.31 0.121 3341 0.054 4.90
15%/0.2T 0.188 74.35 0.070 14.92 0.125 37.36 0.055 7.45
15%/0.3T  0.197 82.22 0.072 17.21 0.128 40.57 0.056 9.02
15%/0.4T 0.194 79.17 0.071 15.57 0.126 38.18 0.054 6.27
15%/0.5T 0.189 75.00 0.069 13.61 0.123 35.01 0.053 4.12
15%/0.6T 0.184 70.09 0.069 13.11 0.119 31.23 0.053 3.53

20% /0T 0.200 85.46 0.068 10.98 0.123 35.16 0.054 5.88
20%/0.1T  0.203 88.24 0.070 14.26 0.129 41.43 0.055 7.84
20%/0.2T 0.214 98.24 0.071 16.56 0.133 46.11 0.056 9.41
20%/0.3T  0.227 110.09 0.073 19.84 0.140 53.85 0.057  11.37
20%/0.4T 0.211 95.19 0.072 17.87 0.135 48.73 0.055 8.24
20%/0.5T  0.208 92.16 0.072 17.21 0.134 46.91 0.054 6.67
20%/0.6T 0.198 83.70 0.070 15.41 0.129 41.71 0.053 4.51

25% /0T 0.228 111.29 0.071 16.39 0.135 48.35 0.057 11.18
25%/0.1T  0.238 119.91 0.072 18.36 0.141 55.05 0.057 1255
25%/0.2T 0.254 134.72 0.073 20.16 0.153 68.32 0.058 13.92
25%/0.3T  0.255 136.11 0.075 23.28 0.154 69.38 0.059 15.69
25%/0.4T  0.247 128.70 0.074 21.48 0.149 63.99 0.058 12.94
25%/0.5T  0.239 121.30 0.073 19.84 0.144 57.91 0.057  11.37
25%/0.6T 0.236 118.52 0.072 18.36 0.142 56.15 0.056  10.59

From the table, it is deduced that the loss fagtdMRE is a function of CIP filler
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content, matrix material and the magnetic field.eThterfacial friction is the major

contributor for damping in case of particle reirtied composites. As the particle content
is increased the number of interfaces are alsoe@sad which in turn increases the
friction. This improves the loss factor as evidéoim the increase in loss factor with

increase in particle content. The field dependiasd factor is imparted to the MRE due
to the magnetic force of attraction developed betwkéhem under the action of magnetic
field. When the magnetic field is applied, the iqmarticles get aligned with the magnetic

flux line which results force of attraction betwetre adjacent dipoles. The force of



attraction resists the interfacial friction whiclurther increases the friction under
magnetic field. At lower magnetic fields, the foroé attraction between the adjacent
particles is less, but it is enough to create atired motion between the matrix and the
iron particles. It results in interfacial frictioamounting to energy dissipation which
manifests as an overall enhancement in dampingepyopHowever, as the field is
increased, the attraction between the adjacentpesticles is high enough to cease the
relative motion between the iron particles and matdnder this condition, the particles
are arrested as friction cannot overcome the magf@tce of attraction and results in
decrease of loss factor as the field is increassard 0.3 Tesla. Similar results were
observed by S.K. Dwivedy et.al (2013) and Xin-lddgng et.al. (2008).

From the graph, it is also observed that the las®f registered for unfilled NBR
is the highest and for NR it is the least. Thistk&vas consistent even after adding CIP at
different percentages. Addition of ferromagnetlefs does not alter the trend in which
the loss factor is varied. This indicates that Ithes factor variation of MRE under zero
fields is the function of damping property of thatnx under unfilled state. However, the
variation depends on the type of matrix materiaithtthe magnetic field, the variation
rate was different even though every matrix matsti@wed enhancements when subject
to magnetic field. The Si-RTV sample showed bepercentage improvement of about
135% at 0.3 Tesla field than other samples. Natuwrbber at 0.3 Tesla showed an
improvement of 93%. But the Si-HTV and NBR showedskr improvement which
indicates that the influence of matrix materiapredominant on the relative changes in
properties. The trend observed for the second m@desimilar to the first mode, but the

loss factor values were lesser than the first mode.

6.3.2 SHEAR MODULUS VARIATION

Shear modulus of resilient element is a criticalapseter which reflects the isolation
performance of an isolator. In the current worle #hear modulus of MRE samples is
evaluated by sandwich beam tests. The propertyatiams are studied at different
magnetic fields to analyze the extent to whichghear property can be controlled. The
Figures 6.9 to 6.12 show the shear modulus vanaifahe samples at different magnetic
fields.

92



Shear Modulus (Pa)

Shear Modulus (Pa)

—&— NR(Exp)
—&— 10% (Exp)

2.1x10° - —a— 5% (Exp)
2.0x10° - m —v—20% (Exp)
—<4—25% (Exp)

1.9x10° -

1.8x10° -

1.7x10° - P//\v‘v
1.6x10° -

1.5%10° - A

1.4x10° ‘/’/k/"\‘\‘—_‘
1.3x10° -

1.2x10° 1 ———8—— 80— ® —is

1.1x10°

1.0x10° -
9.0x10° -
8.0x1 05 _- | L L ] L] L i
- I Y I J |} Ll I ¥ | L | ! ) L
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Magnetic ficld (Tesla)

Figure 6.9 Shear modulus variation of Natural rubber samples
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Figure 6.10.Shear modulus variation of Silicone-HTV rubber ptes
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Figure 6.12.Shear modulus variation of Nitrile rubber samples

The graphs show that the trend of shear moduluatiar is similar to the loss

factor, i.e. even the zero-field modulus of the nmas influenced by the addition of CIP.
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The application of magnetic field did not affece thnfilled samples. The plots were like
that of the loss factor i.e. initially it increasadd after 0.3 Tesla, it did not show any
improvement. The field-induced changes depend entype of matrix material. The
relative change of shear modulus of Si-RTV was aldei% and natural rubber was
about10% for the 25% sample. But the relative impnoents of NBR and Si-HTV were
lesser at 5% and 6.5% respectively. The followiapl€ 6. 2a shows the comparison of
natural rubber and nitrile rubber samples and 6shdws the experimental results of
Silicone HTV and RTV samples.

Table 6.2a Shear modulus values

Percentage Natural
content Rubber Nitrile Rubber
/Applied
field G (Pa) G(Pa)
0% /0T 8.35E+05 1.60E+06
10% /0T 1.16E+06 2.19E+06
10%/0.1T 1.17E+06 2.20E+06
10%/0.2T 1.18E+06 2.19E+06
10%/0.3T 1.20E+06 2.24E+06
10%/0.4T 1.18E+06 2.21E+06
10% /0.5T 1.18E+06 2.21E+06
10%/0.6T 1.18E+06 2.20E+06
15% /0T 1.38E+06 2.59E+06
15%/0.1T 1.42E+06 2.61E+06
15%/0.2T 1.45E+06 2.62E+06
15%/0.3T 1.50E+06 2.65E+06
15%/0.4T 1.45E+06 2.62E+06
15% /0.5T 1.44E+06 2.62E+06
15%/0.6T 1.44E+06 2.60E+06
20% / 0T 1.62E+06 3.12E+06
20%/0.1T 1.64E+06 3.14E+06
20%/0.2T 1.67E+06 3.16E+06
20%/0.3T 1.78E+06 3.30E+06
20%/0.4T 1.76E+06 3.19E+06
20% /0.5T 1.70E+06 3.19E+06
20%/0.6T 1.70E+06 3.16E+06
25% /0T 1.98E+06 3.73E+06
25%/0.1T 2.01E+06 3.76E+06
25%/0.2T 2.03E+06 3.77E+06
25%/0.3T 2.13E+06 3.93E+06
25%/0.4T 2.09E+06 3.78E+06
25%/0.5T 2.07E+06 3.77E+06
25%/0.6T 2.06E+06 3.76E+06
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Table 6.2 Shear modulus values

Percentage Silicone
content Silicone Rubber(HTV) Rubber(RTV)
/Applied

field G(Pa) G(Pa)
0% /0T 1.32E+06 1.36E+06
10% OT 1.76E+06 1.75E+06
10%/0.1T 1.79E+06 1.77E+06
10%/0.2T 1.82E+06 1.80E+06
10%/0.3T 1.86E+06 1.80E+06

10% / 0.4T 1.77E+06 1.72E+06

10%/0.5T 1.77E+06 1.70E+06

10%/0.6T 1.77E+06 1.70E+06

15% /0T 2.12E+06 2.12E+06
15%/0.1T 2.14E+06 2.14E+06
15%/0.2T 2.15E+06 2.16E+06
15%/0.3T 2.19E+06 2.23E+06
15%/0.4T 2.14E+06 2.12E+06
15%/0.5T 2.12E+06 2.10E+06
15%/0.6T 2.12E+06 2.10E+06

20%/ OT 2.54E+06 2.65E+06

20%/0.1T 2.54E+06 2.65E+06

20%/0.2T 2.55E+06 2.66E+06

20% /0.3T 2.60E+06 2.71E+06

20% /0.4T 2.58E+06 2.65E+06

20% /0.5T 2.56E+06 2.65E+06

20% /0.6T 2.55E+06 2.61E+06
25% /0T 3.01E+06 3.14E+06

25%/0.1T 3.01E+06 3.14E+06

25%/0.2T 3.02E+06 3.14E+06
25%/0.3T 3.09E+06 3.24E+06
25%/0.4T 3.03E+06 3.14E+06

25% /0.5T 3.01E+06 3.10E+06

25%/0.6T 3.01E+06 3.10E+06

To analyze the field induced property variatiom® beam is assumed as a SDOF
system. The variation in shear modulus is assatiatth the natural frequency change of
MRE under the magnetic field. The natural frequeoicg beam in fixed-free condition is

given by,

1 |k

Where k is the stiffness of the system in N/m andis the modal mass in

kilograms. For a fixed-free condition beam, théfrstiss can be calculated by,
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o - 3EI (6.11)

Where,E is the young’s modulus of the material in Pasice ,the second moment
of inertia in nf andl is the length of the beam in meters. The youngslufus and shear

modulus are related by the Poisson’s ratio by,

E
2(1+v)

(6.12)

From the equations 6.10 to 6.12, it is clear that ihagnetic field results in an
improvement of the shear modulus of the MRE. Undagnetic field, the carbonyl iron
particle in the matrix tries to get aligned in #stem thereby increasing the stiffness in
the flux direction. Increased stiffness enhances ghear modulus without altering the
system parameters. It was also observed that titease in loss factor as well as shear
modulus was only up to a field of 0.3 Tesla andatii@educed. This can be attributed to
the fact that the property enhancement is due ¢ord¢hative motion between the iron
particles and the polymer matrix. At relatively lemamagnetic field, the relative motion is
higher because of the lower force of attractiowieen the adjacent particles. At higher
field strengths, the force attraction is strongueggioto arrest the relative motion. This
results in a downward trend in field induced préoperhanges. However, it was also
observed that the samples showed better zero fetpberties as the percentage
concentration of iron powders was increased. Thattributed to the reinforcing effect by
the addition of iron particles. Comparing the perfance of the MRE samples prepared
from different types of matrices, it is clear tmabre the modulus of the matrix material,
more is the modulus of the respective MRE samplee Figure 6.14 shows the

comparison of the shear modulus of the pure samples
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The relative improvement of Nitrile rubber was lessnpared to other matrix
materials, which can be attributed to a higherahiodulus. The sample with softer
matrix, i.e. natural rubber and silicone-RTV showechigher relative change in the
properties even though modulus or the loss facitiwes are less than silicone and nitrile
rubber. For the HTV matrix materials which havehagpre-cure viscosity, mixing iron
powder is also difficult and mixing losses may berey which is evident from the higher
percentage of error in theoretical calculationse €hror was more for the MRE samples
with higher percentage concentration for all therioas. The difference is attributed to

the loss of CIP particle during mixing using thesti@ation process.
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CHAPTER 7

CONCLUSIONS AND SCOPE FOR FUTURE WORK

The current research was focused on experimertiaflyacterizing MRE to realize it as a
vibration mitigating device. The influence of thatmix and the particle concentration on
the field-induced enhancement in damping is studBasic studies on the understanding
the influence of filler particle size and the direem of the MRE are carried out. These
studies have been extended to understand the fregaad strain dependent viscoelastic
properties of MRE. A four-parameter viscoelasticdelois presented to simulate the
field-induced viscoelastic properties. As an aglan problem, the damping capability
of MRE was studied by employing it as material émnstrained layer treatment. The

experimental investigation yielded the followinghctusions.

1. The damping characteristics of MRE depend on thensic damping of the
parent matrix material. The addition of fillersagvely enhances the damping of
MRE. The enhancement in damping of MRE with lowam@ing matrix is
comparatively less than the matrix with higher damgp The zero-field
enhancement of Si-RTV for 25% fillers is about 86&b for Nitrile, it is 78% and
for SI-HTV it was only 21%. The field-induced enltement of damping
characteristics is a function of the matrix materideduced restrictions to the
motion of the fillers within the matrix promote bat interactions among the
fillers. Increased interactions result in increagg@rfacial friction and enhance
the field induced damping of the MRE with the softeatrix. The Si-RTV which
is the softest among the tested samples showedmar@ktive improvement in
damping at 0.3 Tesla for the 25% sample. Wheréas60%-40% Si-PU hybrid
which higher damping showed only 5% relative imgnonent.

2. Increased reinforcing effect resulted by the fdlemhanced the damping as the
number of interfaces are increased. Further iner@ashe filler content imparts
brittle nature to the MRE. The optimum damping elegeristics are obtained for a
concentration of 25% volume fraction of the fillefighis includes the cumulative
contribution of intrinsic damping of the matrix atiek matrix-filler interactions.

3. The intensity of magnetic field has a significanflience on the damping
characteristics of MRE. The interaction between filers and the matrix is

pronounced up to a magnetic field of 0.3 Teslardase in the magnetic field
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above 0.3 Tesla results in domination of the fifler interaction which results in
reduced damping characteristics of MRE.

. The basic studies on the filler particle size réseaits influence on the
characteristics of MRE. The MRE with smaller sizartigle is beneficial in
enhancing the damping as the number of interfagaadreased due to higher
surface area. The smaller-sized fillers resultgglamerations, which function as
larger size dipoles resulting in enhanced magrisid-induced effect. The loss
factor improvement of the smaller sized-MRE is att®@6%, and the larger sized
MRE is about 50% for a magnetic field of 0.3 Tesla.

. The hybrid MRE is beneficial in enhancing the ingic damping characteristics of
MRE. The damping of hybrid MRE includes the additib contribution arising
from the interface between the two matrices. Thatidn at the matrix -matrix
interface imparts additional frictional energy disdion resulting better damping
compared to regular matrices. The preparationybiit MRE is complicated
since it depends on the working time of both thérices. This results in difficulty
in mixing the two polymers as the percentage of iiatrix with the lower
working time increases.

. The stiffness of the test sample is a functionhef geometry. For the same cross
section, increasing the thickness reduces thenssiff and alters the damping
characteristics. The thinner MRE samples exhibitebelamping characteristics.
The loss factor of 4 mm thick MRE is about 70% mtran the 16 mm thick
MRE. The magnetic field induced damping of MRE degseon the thickness.
Uniform filed distribution within thinner MRE samgd result better filed induced
damping compared to thicker ones.

. The viscoelastic properties of the MRE dependetheroperating conditions like
frequency and strain amplitude. Increased frequeesylts in a stiffness increase
due to the reduced time available for the relaxatd polymer chains. Increased
strain reduces the stiffness of the MRE associatiéid the Payne effect seen in
rubbers. The stiffness reduction is almost 50% wtien strain amplitude was

increased from 0.075 mm to 0.15 mm.

. An application of MRE as a constrained layer dampumas experimentally
carried out by following the ASTM E-756-05 standaftie damping properties of

all the samples were observed to be increasingoup.3 Tesla, and any more

100



increase in the magnetic field resulted in detation of the damping properties
Shear modulus also showed a similar trend sinceesgn for finding the
modulus is a function of the loss factor. It can btencluded that non-
homogeneous magnetic fields are not an efficieryt @faonducting experiments.
The size of the pole of the magnet should be &t lequal to the cross-section of

the test sample.

9. A modified four parameter mathematical model wasettgped based on the
existing linear viscoelastic model to simulate thehaviour. The MATLAB
optimization tool box was employed for the modelipgocess. Stress-strain
experimental data of silicone sample at 15 Hz dpegdrequency was employed
for parameter identification. The parameter idécdtion was done for 25% RTV-
Si at zero field and 0.3 Tesla field. The developsatiel successfully simulated

the experimental results.
7.1 SCOPE FOR FUTURE WORK

The current study mainly focused on the experinieakeracterization of MRE
prepared by making use of different matrix materibly varying the percentage

content of carbonyl iron powders.

« The main focus of the current study was on the nasb region of the
frequency response curves. Since many applicabbnsscoelastic materials
involve frequency of operation less than 100 He, liehaviour of the MRE at
lower frequency needs to be addressed. SampledowtT natural frequency
need to be prepared to understand the magnetit-freluced frequency
changes of the MRE samples.

* Even though a small comparison work on the infleemé CIP average
diameter on the damping properties was done niviconclusive. To properly
investigate the influence of particle size, morga¥kments with different
particle size need to be conducted. Since ClPtisvailable in different sizes,
soft iron particles could be used as an alternatidMéerent-sized particles
could be prepared using the ball milling process] the products could be
used for preparing MRE with different-sized paggl

* The influence of strain on the damping of MRE neédsbe carefully
investigated. The current work focused on only twalues of strain
amplitudes in the linear viscoelastic range. Theabeur of MRE in the non-
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linear region also needs to be investigated thdryugThe influence of

magnetic field on the non-linearity also needsd@bdressed.

The hybrid MRE showed better damping properties tbanventional in the

current investigation. Due to the difference in twerking time of the

polymers, mixing was difficult. The tested samptestained same weight
percentages and higher percentages were not pedodue to difficulty in

mixing. By employing samples with lower pre-cursoosity and higher

working time, the influence of different volume @emtration on the

performance can be done.

Constrained layer damping can be carefully appbgdmaking use of a
mechanism to apply magnetic field uniformly acrtiss whole length of the
beam. Non-contact type data acquisition could kel der better accuracy in
displacement measurement. Finite-element studies bm performed by
making use beam theories.

MRE isolator/damper can be designed by incorpagain electromagnetic
coil. The characterization of the damper needsetaldne by subjecting it to
different types of input conditions. Different cooit strategies need to be

applied to investigate its feasibility as a tundatation damper.
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APPENDIX
MATLAB Code for parameter Identification

function [estimates, model] = fitcurve(~, ydata)

% Call fminsearch with a random starting point.
start_point =[ 6600.9488 10011.1719 1599.073Q71390];
model = @expfun;

estimates = fminsearch(model, start_point);

% expfun accepts curve parameters as inputs, apdtsisse,
% the sum of squares error for A*exp(-lambda*xdatdata,
% and the FittedCurve. FMINSEARCH only needs saewe want
% to plot the FittedCurve at the end.

function [sse, FittedCurve] = expfun(params)

kb = params(1);

k1l = params(2);

k2= params(3);

c2= params(4);

w=2*pi*15;

=1

for(t=0:0.0005:0.0665)
gla=(k1*kb+k2*kb+k1*k2)*((k1+k2)"2+(c2*w)"2)+c2"2*W2*k1"2;
glb=(k1+k2)*((k1+k2)"2+(c2*w)"2);

gl =gla/glb;

g2 = (c2*w*k1*k1)/((k1+k2)"2+c2/2*w"2);
phi=atan(g2/g1l);

strain=0.146947;

b=((g1"2+g272)"0.5)*strain;

FittedCurve(j) = b.*sin(w*t+phi);

=i+

end

ErrorVector = FittedCurve(1) - ydata ;

sse = sum(ErrorVector .» 2);

end

end
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